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ABSTRACT

Engineeriig the behavior of liquids osolid surfaces has wide applications ranging frim
design of waterepellingsurfacedor daily useto fluid flow manipulation in lab on chip devices
and inhibitng corrosionof machinery Given the ubiquitous interaction dfuids with solids,
these applications only represent a drop in the seememgliess ocean of opportunitidhus it

is not surprising that researchers have been trying to decipher this pnemofoe several
centuries now bt the complexity of this mtitscale phenomenon has left much to be

understood.

Recent advances in micro/nano manufacturing have granted researchers an unprecedented ability
to control surface texture and properties. This, combined with the fact that surface forces become
increasigly important at small scale, makes it an opportune timfocus studies in the area.
Understanding liquigsolid interaction and developing applications around the same has been a

central theme of thithesis

In this work | have explored the soliiuid interaction at a fundamental level and developed a
thermodynamic model of a liquid drop on a rough surfa¢te model is validated by several
experimental observations from other researchesing the modell have shown that the
geometry of roughnesdeatures could play an important role irthe determination of
thermodynamic state of the liquid on the surfasewell ascharacterization of solid surface
Further, | have used this understanding to predict wetting anisotropy on asymmetric sawtooth

surface and demonstrated the same experimentally.



| alsodemonstrate a passive cascadable microfluidic logic schidmelesignis centered around

interfacial phenomenaand does notrequire any external power and has no electronic
components. Tén scheme couldeplace electronic controls in diagnostic systems leading to
increased portability and reduced costsanalsobe used in environment harmful for silicon
electronicsln another applicatiorgeometry basedusface patterning is explored in creatingll

less flowin microchannelsl have usedhe latterto add scalability to the passive cascadable

logic schemeWall lessflow could alsoprovide tremendous increase in licpgds surface area

and open up opportunities to develop liqgak reactions systes or po<xdiel@iny ng@gHe lafi

filters.
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1. BACKGROUND AND MOTIVATION

Engineering the behavior of liquids @olid surfaces has wide applications ranging from the

designo f o-wapelblingd surfaces to fluid flow mar
designing better surfaces to inhibit corrosion and prevent fouling. Given the ubiquitous
interaction of liquids with solids, these applications only represent a drope isettmingly

endless ocean of opportunities that understanding the behavior of liquids on solids would
provide. Thus it is not surprising that researchers have been trying to decipher this pltenome

for several centuries nowubthe complexity of this mukscale phenomenon has left much to be

understood.

Recent advances in micro/nano manufacturing have granted researchers an unprecedented ability
to control surface texture and properties. This, combined with the fact that surface forces become
increasingy important at small scale, makes it an opportune time to focus studies in the area.
Understanding liquigsolid interaction and developing applications around the same has been a

central theme of thithesis

1.1 Research Objective and Scope

The objetive of this research is two fold: (1) To develop a theoretical understanding of wetting
on rough/structured surfaces and (2) to use the understanding to develop specific applications
(a) Anisotropic wetting surfacg®) Cascadable passive microfluidimgic (c) Wall-less flow in

microchannels



The first objective stems from gaining a fundamental understanding, from a thermodynamic
point of view, of the behavior of liquid on rough/structured surfaces. Lispiid interactions

are multiscale, with shapmforces ranging from Vader Walls at the molecular scale to gravity

at the macroscopic leveBut recent studies have allowed making reasonable approximations and
a microscopic modeling of the interaction has bskown to besuffice in explainingcertan
macroscopicobservations.Several researchers have presented such microscopic models in
explainingobservationsike contactangle which has beeshownto represent one of tteeveral
metastable statébatexists for a liquid drop placed on a roughigaiurface. Further, it has been
shown that the lowest energy of all such states corresporitie tmntact angle determined by
Wenzelrelation called the Wenzel angle, and experimental determination of Wenzel angle can
be used to characterize solid saeda. However, researchers have neglected the geometry of
surface roughness features in their modeling effdrtsthis work the focus has been on
developing athermodynamicmodel to qualitatively understand the behavior ofirap on
rough/textured surfacdsy accounting for the effect @fjeometry of roughness featuresths

latter could physically limit the statesailable to the drop and thosodify the associate@ibbs

energy barriers

Further, several applications are developed based upon the egslliissights from the study.
The first application is related to controlling the direction of wettability of a surface based upon
the surface structure. Such surfaces are term

liquid flow with applicatons in microfluidics.

The secondapplication deals with developing a microfluidics based logic scheme which can be



used to integrate control system into-t@chip type devicesAlthough, microfluidic based

logic schemes have been demonstrated in thelpd they have either used active devices (like
pumps) or havenot been scalable and cascada
interfacial phenomena is explored in designing a scalable and cascadable logic Stiedmnee.

system could lead to cheauseandthrow diagnostic devices and caalso be used in

environments which are too harsh for silicon electronics.

In thethird application, geometry basedrface patterning is explored in creatinguid-walls in
microchannels. This could provide fmendous increase in liqughs surface area and open up

opportunitiesto developliquias r eact i ons s ycslteansHileg.0 paoisrsi bl y

Liguid on rough/microtextured surface

SCIENCE TECHNOLOGY

Thermodynamic model Anisotropic wetting

‘ Waltless flow

Passive liquid logic

Noncomposite
wetting

Figurel.1l: Research scope and objective



1.2 Thesis Organiation

This thesis is divided into 5 sections. Following this introduction section is section 2,
ATher modynami c model:i nRjol ef orf o u@ihb bsu r & mecregy b
preseretss gninbf a ni sbased anphe ¢cherrmodyndma anedeloin Sect

Section 4details outi Cascadabl e passi ve 1@ectonBefnltuwiid-isc AlWad

lessflowinmi cr ochannel soO.



2. THERMODYNAMIC MODELING OF ROUGH SURFACES : ROLE OF

ROUGHNESS FEATURES

Assessment of tad dngle (WCAuphaygs @rs important role in the characterization

of solid surfaces by determination of their surface tension. However, common measurement of
cont act angle wusually involves measuring a o
metasthle states available to the drop. It has been suggested that YCA could be determined by
experimental determination of the global energy minimum of the drop, which has been shown to
correspond to the <c¢classical We n uvalénceaingtpbak f or
energy minimum and Wenzel angle has only be rigorously proven doominfinitely large

than the scale of the roughness, which discounts the geometry of the roughness features and is

not realistic.

Herel present the calculatiorfer a drop, much larger than the scale of roughness, and account
for the effect of geometry of roughness features. It is shown that the latter could physically limit
the statesavailable to the drop. Thisodifies Gibbs energy barrierand alters global emgy

minimum so that the lattenay not correspond the Wenzel angle

2.1Introduction

Wetting is the process of making contact between a solid and a [[ijuida medium which is

either vapor or another immiscible fluid. It is ubiquitous in natnd has applications in areas

like printing, adhesion, lubrication, painting and many mdreus it is not surprising that



researchers Wwa been trying to decipher this phenomerion more than acentuy now, but

much is left to be understood.

An important and measureabtdaracteristiof wetting systems is the contact angle (CA). It is
defined as the angle between the tangent toqoedi fluid interface and the tangent to the solid

interface at the contact lirad the three phasgg]. It is usuallymeasured otheliquid side

On an idealsolid surface, which ismooth, homogeneous, isotropic and -deformable, the

contact angle isorrelated to the interfacial tensiomsy Youngo08. equation [

Osk = 9. COSq, + G5, <21>

where,qy, 1 S t he Younga)sandcdg, @t andQ denategsolidliuid(, Ngaid-

fluid and solidliquid interfacial energy, respectivelit. has been suggested ththe molecular
interactions between the three phasasthe immediate vicinity ofhe contact lingalter the
interfadal energies between each pair of phasesd t hus modi fy Youngods
surfaces 4, 5. However, the modification has been found to be significant only for nanoscale
drops [68] and for larger drops, which would be the focus of this studyatemg.1 applies as

itis.

Assessment of YCA plays an important role in the characterization of solid surfaces by
determination of their surface tensid).[If Gibbs energy of an ideal wetting system (consisting
of a liquid drop on an ideal surface)gkotted, it can be shown that YCA represents the unique

minimum [1] and thus, is also thequilibrium contact angle. However, most real solid surfaces



are rough and chemically heterogeneous and far from the ideal surface that the YCA was derived
for. Therefore,the determination of the actual contact angjg)( which is the angle that the
tangent to the liquidluid interface subtends with theactual surface of the solid, and its

relationship to YCAjs of fundamental interest.

It has been proven theoreticallg, a general way that appdi¢o threedimersional systems, that

the actual contact angle of a macroscopic drop at equilibrium, is equal to the &YCQA.[
However, with the current experimental methods, it is usually impossible to measure the actual
contact angle as the same is either inaccessibleugh surfaces or varies from point to point, at

a microscale, due to heterogeneity. Thus, researchers have directed their effodmgnthe
relationship betweeryCA and an exerimentally measurable quantity, which is usually the

apparent contaetngle (APCA), also known as the geometric contact angle (GCA).

Fluid

Figure2.1: Macroscopically observable solid surface is in fact the apparent surface and the

macroscopically observable CA is the apparent Gef).(

APCA (gap is defined as the angthatthe tangent to thdiquid-fluid interfacemakes with the

macroscopically observablsolid surface when the system is aquilibrium (Figure 2.1).



However, it has been found that a range of observable APCAs exist for real s{ifadéks

The maximum ob<servable contact angle is calleché advancing contact anglg, and the
minimum is termedthe receding contact anglg,. The names are apt as these angles are
observed when contact linest advances or recedes respectively when liquid is added or
removed from a sessile drophe difference betweeadvancingandreceding contact angie
termed aghe contact angle hysteresis (CAHt is not immediately cleaas tohow to interpret

the existence of various APCAs and use the information to determine the YCA and thus it

necessary to understand the nature of CAH.

CAH canresult dudo several factorscluding surface roughness [13, 14diirface heterogeneity
[12, 19, liquid absorption and/or retentiofl6-18] and presence of liquid filml§]. Since
roughness and heterogenediye common characteristics of realrfages, theyhave been
investigated most widely. In this papéne surface is assumed lamogeneous and rough and
heterogeneity would d dealt with in future studies. It is also assumed thalidbe fills in the

roughness grooves of tiserfaceor in other words, the wetting is homogeneous.

Wenzel RO] was thefirst to describe theffect of surfaceougmess on surface wettability by

defining a c¢har acqt,dorroughsuriaceadie nz el angl ed,

COS@w) = fwenzelCOS(dy) <2.2>
where,rwenzel IS the ratio of the actual surface area to the geometrically projscotéatearea
The equation was developed based on an intuitive understanding of wetting by aveuageg

details of the rough surface. Shuttleworth and Bailey [13] first pointed out the concept of APCA



and provided a quantitative estimate of CAH. Latdwhnson and Detties s e mi n al p a
provided a thermodynamic perspectiveligliid-fluid-solid intelaction on rough surfacd44.

They modeled a twdimensional drop placed on an axisymmetric sinusoidal surface and
demonstrated the existence of numerous metastable, sthiek represented different APCAs.
Theyshowed thaGibbsenergy barriers exist bgeen differenimetastabletatesandargued that

thedroplet will assume a metastable stated the corresponding APCBasedon the available

vibrational energyJohnson and Dettre also pointed out that when roughness features are small
compared to thdrop, the global minimum in Gibbs energy can be approximated by the Wenzel

angle. Several models with additional considerations like gravity [21] and generalized roughness

profiles[227 have been presented since anedutshave corr

Recently, Wolanski et al. [23] havehown mathematicallyt h a t drdpsoinfinitedy large
compared with the scale of theughness 6 We n z e | angle does indeed
mi ni mumé in Gibbs energy. Al w largeutigehdrog sheuld h av e

realistically bea ratio of two to three orders of magnitigéems sufficient [24]

Thus, it has been suggested that if the global energy minimum is determined experimentally,
YCA can then be calculated using the Wenzel equa#iofew methods have been used by
researchers to experimentally determine the global energy minimum, most notably by placing a
drop on a rough surface and subjecting it to vibrations. This allows the drop to overcome Gibbs
energy barriersteamdeqrueddbribed 69ys the Oémost
correspond to global energy mini mum. However,

stated have not been completely and conclusiwv



t he algleorber gy mi ni mumdéd and Wenzel angle has or
large drog which is far from a realistic case.

In this study,l present a simplified thermodynamic model of a drop on a rough surface, with the

drop much larger thanhé scale of roughness. The geometry of the roughness features is
accounted for in the model and it is shown that it physically restricts access to various states that
would have been otherwise available to the drop. The effect of the same on Gibbs anegy/ b

and Gibbs energy profile of the system is further explored.

2.2. Theory

Considera drop sitting on a rough surface with isosceles triangular roughness fedtees.
particular roughness features have been assumed for ease of calculations amodehe

developed henceforth shall apply similarly to other roughness geometries.

The following assumptions are maide

1. Solid surface is nedeformable and chemically homogeneous.

2. Roughness features are infinitely long and extend in direction perpeardicthe paper.

3. Volume of the drop is constant.

4. Drop is longand cylindrical.

5. Drop is 6l arged so tfa8t | ine tension can be
6. It is assumed, on physical grounds, that the vertices of the roughness profile are rounded

over a very short distance

10



7. Drop wets the solid in the grooves weetting regime is noitcomposite

8. Drop is in thermal equilibriunwith the surroundings and theege no external force
Chemical reactions are neglected.

9. Dynamic effects due to motion of contact line have been ciegle

10. Adsorbed liquid and liquidilm contribution to contact angle hystereargneglected

11. Effect of gravity is negligible

12. Drop is surrounded by air at standard temperature and pressure STP

Using the above assuyntions, the drop can be assumed totwe dimensional (D). The
schematic of the-B wetting system is shown in Figu2e2. Although a 2D model is simplistic,
the attempt is here is to illustrate general features of the wetting system. Shbilaro2lels
have been previously employed by @®hers [14,228] and several trends have been validated
by experimental observationSor further discussion on experimental validation, please refer to

section 4.

A

A

Figure2.2: Schematic of twalimensional drop on a rough surfggé distance of conta line

from center, R roughness pitchg i geometric/apparemontact angléor agiven x and Ayrop)

11



To model the system, the equation that relates the Gibbs energy of the system to the geometric

contact angle (GCA) of the drop is derived. In Fig2z GCA is the anglg that the tangent to

thedropai r i nterface at X or X0 subtends with t he
' ine XX0, at a given value of x. It i's also
literature.

The Gibbs energy (GE) of the solidliquid sysem can be calculated by considering the
contribution of thanterfacialenergies due to liquidir (LA), liquid-solid (SL) and the unvited

solid-air (SA) areas [25]

GE =g Asnt 95 AL Y GaAA <2.3>

For the 2D droplet, the sdhiquid area (AL) per unit length of the drop is given by tivetted

lengh of surface roughness features, s

s=2*
(%osb § <24>

The liquidair area A a) per unit length of the 2D drdp the perimeter of the dregir interface,
Larop

a X @ <2.5>
I—drop =2*g* g%mo
With the given %ssum'ptioné(,o ungb6s equat i d6al0 ansl equadiaa8Blcdnye v al i d

simplified to obtain relative Gibbs energy per unit length of the drop:

12



GE =9, * (- cosd,*s + L,,,) + 9, * Lga <2.6>

Where, lsa Is the total area of solid surface {A) per unit length of the surface. Sincealis

constant for the given problem, it is hereby ignored and the Gibbs energy of the system is

referred to as the ¢&ér F)aRurheretd nor®alibelpshasebaear gy

assumed to be. 1t should be noted that equati@i is similar to the equation derived by

Johnson and Dettre [14].
GEreI = (_ COSC{Y*S + Ldrop) <2.7>

A relation can be obtained between GGA 4&nd x by imposing constant volume constraint. The

volume of the drop pemit length, Ayop (Figure2.2) is given as:

Adop= Vol . TofolOXXdF roughness features above

Using simple geometry it can be shown that:

e 3 & 2 g <2.8>
Volumeof OXX'= éq*a _X 8 + = u
g c¢sing+ tangp

(2%,)* * tanb @<2.9>

e
Volume of Roughnes$eaturesaboveXX'= gN - 1)* 2* 5 U
é a

13
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by

é - 2% x)?* o
Volume of liquid below XX'= gN * 2* (P- 27 )" *tanbe
é

<2.10>
2 Y

where, N = x/P rounded off to the lowest integad x = (X/PT N)*P

Thus, for a given xq is calculated, which is then substituted in equafidhto calculate the
relative Gibbs energy of the drop. Thereby x is varied and a plot of relative Gibbs energy is

obtained for varying).

For this study, the roughness pitch has been assumed ras.1l@itial GCA and x have been
assumed to be 5 Deg. and 5008 respectively. This results in a drop volume that corresponds

to a circular 2D droplet with diameter 5.5 mm, which isaround 550 times the pitch of

roughness features. The volume of the raagis features is ~3% the volume of the drop.

| model two case®ne withb = 50° and the other with =60°. Youngo6és angle is

7. Cal cul ati on f °arm noYshawn, hui will falowgnl asimitar fagHon.

221 CASE I: b=50°and P =10mm

With the given roughness parameters, relative Gibbs energy of the drop can be calculated using

equation2.6 and has been plotted in Fig@8.

14



The relative Gibbs energy profile initially appears smoothalmlibse look(inset)showsthat it is
sawtoothlike and consists ob v al | e y s @ Tha watleys Gdpiiederit soéahinimum or
metastable states arwbrrespond to the state when contact line is at the top vertices of the
roughness features, point B in Fig@2. The hlls represent bcal maxima or unstable states and
correspond to the state when the contact line is at the bottom vertices of roughness features,
points A or C in Figure.2. It should be noted thaincethe top and bottom verticese rounded

over a very short diance, theya | | ow t he Youngods c onfoaacgivenangl e

GCA.

7.00

6.00 1.88 i
1.86 “¥ifr

5.00

1.84

\ 1.82
4.00
1.80
\ 57.8°
45 50 55 60 65 70 75
3.00

2.00 \

Valleys

Relative Gibbs Energy (J/m X3

Min. Gibbs Energy

1.00 (Wenzel Angle)
57.8
0 30 60 90 120 150 180

Geometric Contact Angle

Figure2.3: RelativeGibbsenergy vsgeometriccontact angle for triangular roughness profile
with P =10 mm, b = 50°, circular 2D water drop witdiameter ~ 5.5 mnyy = 7. Inset:

Zoomed in image
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The difference in the relative Gibbs energy of a valley (metastable state) and the adjacent hill
(unstable state) is called Gibbs Energy Barrier (GEB) and represents the energy required by the
drop in a given valley to jumptthe adjacent valley. If the adjacent valley has a larger GCA,
GEB is termed as GEBlarger GCA (GEBL) and if the adjacent valley has a smaller GCA,
GEB is called GEB smaller GCA (GEBS). This is shown in Figur2.4, where GEB.; and

GEB-S; are the GBs associated with state 1.

@ Hill
| Valley

Rel. Gibbs Energyd/m)

>

Geometric ContacAngle (Deg.)

Figure2.4: Schematic of Gibbs Energy Barrier

The GCAs corresponding to GEB = 0 and GEBS = Orepresent thenaximumadvancing and
minimumreceding anglesespectivelyMetastable states exist only fGICA values betweerhe
maximum advancing and the minimum receding angdese, he term maximum and minimum

is applied to advancing and receding angle because they represent the limiting metastable states

in a system with zerperturbation/external noise

16



Figure 2.5 showsthe plot of GEBS and GEBL. The maximum advancing and the minimum
receding contactragle are also showit can be seen th#te maximum advancing contact angle

is (qy + b) and the minimum receding angle @ (- b), whereqy = 70° andb = 5(°. These
angks were first determined by Shuttleworth and Bailey [13] and are representative of the fact

that the Youngds equation is l|locally valid.

Thestates represented by tivees joining thevalleys and hills correspond to the state of the drop
between the veades Aand BorAand CinFigug2 . Th e s e qairi ¢ istatesasthen 6
Youngds equation cannot be | ocally qyaThissf i ed

therelative Gbbs energyassociated with these should only be interpreted qualitatively.

250

x GEBS

N
o
o

o GEBL

150

=

o

o
|

Gibbs Energy Barrier (J/m X-10

Max. Advancing
%%Angle

0 . /;O .40 57'%0 80 100 120 140 160 180
Min. Receding

Angle GeometricContact Angle (Deg.

0 Wenzel Angle

Figure2.5: Gibbsenergy barriesfor triangular roughness profile (P1® nm, b = 5¢) and

circular 2D water drop witkiameter ~ 5.5 mmwith gy = 70°
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The GCA with the least Gibbs free energy is shown in Figure 2.3 and 2.5. Although, it is not
possible to mathematically determine the angle corresponding to the global minimum Gibbs
energy for a metastable systgP8],i t has been saurgggeesds tderdo ptsh,att hfeo ra
approximated by the classical Wenzel angle [14,23,24]. The approximation seems valid for this
case as the Wenzel anglegig = 57.8°. It is interesting to note that the global energy minimum

is the state where GEB is equal to GER.. The reasons for the same would be discussed later.

While plotting Figure2.3 and2.5, it has been assumed that all the states are avadable
accessible to the drop. However, the geometry of roughness features physically restricts access to
certain oOunstabled states or hills, which <co
of the roughness features, represented by A and Eigure2.2. This modifies Gibbs energy

barriers and alters Gibbs energy profile. To demonstrate the same, two situations are considered

in this study and described as follows:

Case A:q> (180-b )

Consider Figur&6a wher e the dropd6s contact | ine is a

metastable state B1. The adjacent hill and valley correspond to the state of drop in vertex Cland

B2 respectively andptbthéremeBdy toe Giorstadlgl o ed |

GEB-Sig1) = GEreic1 1 GErelp1 <2.11>

18



The terms on right hand side are calculated using equaéon

But as shown in Figur2.6b, wheng; > (180- b) the roughness geometry physically ressritie
access to the unstable state at C1. The drop can be assumed to intersect B2 as soon as it reaches
C2, an intermediate point on the roughness profile. Therefore, the geometry of the roughness

features modifies GEE of state B1 and the modified valisggiven as:

GEB-Sg1ymop = GEreic2 T GEgrelp1 <2.12>

1

y=(180-p)y C1 Y

a) b) c)
Figure2.6: a) Dropwith g; > (180-b)b) Drop O6j umps 6 t awheagy acent

(180-b)c) Configuration of the drop afte

Since, Bl represents local Gibbs energy minimum and C1 represents local Gibbs energy
maxima, therefore the relative Gibbs energy of ittiermediate point C2 will lie between the
relative Gibbs energy of C1 and Bl or &gk1 > GEreic2 > GEreip1. Thus, from equation2.11

and2.12:
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GEB—S(B]_) > GEB-S(B]_.BZ) MOD <2.13>

Hence, for the given roughness profile, winen 130, the aatal GEBS for state B1 is lower as

compared to the value calculated without accounting for the geometry of the roughness features.

Due to the above reasons, GE®f state B2 would also be affected and it is assumed that:

GEB-L (g2)mop = GErelg2 T GEgeico. <2.14>

Again, it can be shown that:

GEB-L (B82) > GEB-L (B2) MOD <2.15>

It should be noted that since the drop is not at equilibrium at C2, the reduction L. GEdB

GEB-S should be interpreted only qualitatively. For the sameoreaBigure2.6b is just a

representative of one of the several possible configurations of the-éijuiderface The details

of the calculation can be foundsapplementary material

Case B:q<b

Another geometric constraint occurs when the GCAess Itharb, so that the corresponding

unstable state is inaccessible to the drop.
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Consider Figure2.7, when q; < b, the unstable state corresponding to the vertex C1 is
inaccessible to the drop and it is assumed that, from an initial metastable sttie &bp can
jump to B2 as it reaches an intermediate point C2. In this case;Ld&Bstate B1 is affected
and it can be shown that the modified Gibbs energy barrier {GEBwmop) is lower than Gibbs

energy barrier calculated without taking the getsme&onstraint into account. Thus,

GEB—L(Bl) > GEB—L(Bl) MOD - <2.16>

Trapped
volume

Bl Bl

-\eloyc2
P

C1 Cl1
a) b) c)
Figure2.7: a) Dropwithgy<b b) Drop &éj umpsd t ap<dd)j acent pe

Configuration of the drop after the 6j un

Further, as the drop moves from C2 to the metastable state B2, a small volume of liquid is
trapped in the roughness featurég(ffe 2.7c). This liquid volume achieves its own equilibrium

and subtends the Youngb6s contact angle with t
feature. The energy and volume of this trapped liquid is taken into account while calculating
Gibbsfree energy of the system. Fig28 shows the trapped volume and the change in total
volume of the drop for the case being considefée: details of the calculatisrfor the trapped

volumecan be found ithe supplementary material
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GEB-S for state B2s similarly affected and can be calculated as:

GEB—S(BZ) mob = GEga T GEco. <2.17>

As demonstrated earlier, GEBg2)mop < GEB-S g2); where GEBS @) = GEs2 T GEcy

Again, the statequafildhbop uaibis@sharepsesegtatioe®f one
of the several possible configurations of the ligaidinterface. Thus the reduction in GEB

and GEBL should be interpreted only qualitatively.

Abgeometric | imité i LGCAshustle whiet thSibles@nergybartielrse r an
are modified.

The lower and the upper bound of the geometric limit for the roughness features are given by
band( 1 8 O respechivilyFor the given roughness profile, the geometric limit exists f6K50

GCA < 130.

Figure 2.9a showva plot of relative Gibbs energy for the given roughness profile, both with and

without accounting for the O6geometric | imitéo.

minimum of the wetting system is unaffected and is given by the Wenzel angle
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Figure2.8: Total volume and trapped volume (inset) as a function of GCAiangular
roughness profile (P 0 nm, b = 5(°) and circular 2D water drop witiameter ~ 5.5 mmwith

gy = 70)

Figure 29b shows the GEBs. Circles and crosses represent-SsBBd GEBL calculated
without accounting for the geometric limit. Outside the geometric limit, SEiBd GEBL are
modified, as represented by diamond and square respectively. The modified GEBs should be
interpreted only qualitativelyAs can be seen, the maximum advancing and the minimum
receding angles are unaffected by the modification of GEBs. It should be hate@EBL is

equal to GEB S at the GCA corresponding to the global energy minimum, given by Wenzel

angle.
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Next, calculations are presented for roughness pnfiteb = 60° and P = 16m

222 CASE Il: b=60°and P = 0mm

Similar to the analysis for Case |, roughness configuration lvith6@ is modeled. Figur&.10

shows the total volume of the drop and trapped volume as a function of GCA.
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Figure2.10: Total volume and trapped volume (inset) as a function of GCAiangdar

roughness profile (P £0 nm, b = 60°) and circular 2D water drop witiameter ~ 5.5 mmwith

Jy = 7C.
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The upper and | ower b ounds®afido@ respebtigely rgl ¢he me t r i
relative Gibbs energy and GEBs are shown in EguLO0. It can be seen that unlike the previous

case, Wenzel angle is not the GCA corresponding to the global energy minimum of the wetting
system. This would be discussed in detail in the next section. The GCAs corresponding to zero
GEBs represent the mimum receding and the maximum advancing contact angle and are 10

and 120 respectively. As earlier, thmaximum advancing contact angke (gy + b) and the

minimum receding anglis (qv - b), wheregy = 7¢° andb = 60.

230 Sy st em e ctateof theldmop u mé

6System equilibriumd state is defined as the
moved away, will tend to return tander perturbations which have Maxwell-Boltzmann
distribution, representativaf thermal energy of the molecules at a given temperaByresecond
|l aw of thermodynamics, the dédsystem equilibri
energy minimumHowever, for a metastable system, there isanalytical way ofdetermining
theglobal energyminimum 2 9] . Thi s section explains as to
can be determined using Gibbs energy barrier plot and it is shown that modificatienlatter

could shift the 6system equilibriuméb.

For a wetting system, existence of several metastable states was established by early models and
experiments[14,15, 30-34] and can be seen from the two cases modeled A¢ra. given
moment, the stataniwhich the drop exists depends on several factors like the method of drop

deposition and the history of the dr&ay, the system in a given state is perturbed and at a given
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time the magnitude of perturbationDE. Further, assume that the perturbations haviecawell-

Boltzmann distribution

Figure 2.12 shows a section of the relative Gibbs energy profile. Assume that state 3 is the
current state of the system and the corresponding Gibbs energy of the sysEnirhe energy
required to move the system from state 3 is the difference in Gibbs energy of state 3 and an
adj ac eii thicld is eithdr & or 2. This difference is given by the GEBs as shown. For

simplicity, it is assumed that GEB; = GEB-L3

UnderperturbatiorDE, there could be three scenarios:
Case 1DE < GEB-S;
Case 2: GEB.;> DE > GEB-S;

Case 3DE > GEB-L3

£

é GEBL,
L

%)

o

o :

0] @ Hill
D | Valley
x

q
Geometric Contact Angle (Deg.)

Figure2.12: Section of Gibbs Energy profile
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In Case 1, the system maintains status quo as it does not have enough energy to reach either state
4 or 2. In Case 2, the system attains state 4 and either comes back to state 3 or goes to state 5. If
the system goes to state 5, it does not have enough energy to come back to state-Bss GEB

DE and therefore, either the system stays in state 5 or I coove to a state with a smaller

GCA depending on the energy barrier required to do so. In Case 3, the system could either move
to state 4 or state 2 and either return to state 3 or move to state 5 or state 1. If the system moves

to state 5 or state 1,again has enough energy to return to state 3.

As the perturbations are Gaussian, a perturbation with lower magnitude is more likely a higher
magnitude one. Therefore, since the perturbation required to move to state 5 is smaller than the
one required tonove to state 1, it is more likely for the system to move to state 5 as compared to
state 1. For a general case, if Gibbs energy barrier (GEB) required to move to a state with lower
geometric contact angle is less than the GEB required to move to avigktatégher geometric
contact angle, over time, the system moves to a state with lower geometric contact angle. A
similar argument will hold if the inverse is true. Thus, to understand the dynamics of the system,

thevariation of GEBs for the two casemodeled hereneeds to be understaod

2.3.1 CASE | b = 5 and P =10mm)

For this case, the followingb<ervations can be made from Fig@.8b:
1.Wenzel Angle liesnsidet he oO0geometric | imito

2. GEBS = GEBL at the Wenzel angle
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To start with,assumehat the drop is in a metastable state correspondingaG4 lower than
Wenzel agle. This state is to the left of the Wenzel angle in Gibbs energy barrier plot (Figure
2.9Db) and it can seen that for such a state GE8lower than GEBS. As explainedalier, over

time, the system would move to a higher GCA and such a movement will coutitiudne drop
reaches the state where GEBs equal to GEBS, which in this case corresponds to the Wenzel
state. A snilar argument would apply when the initidhte corresponds to a GCA greater than
the Wenzel angle. Again, the drop would try to attain the Wenzel state wher& @E&jual to

GEB-L. Further, f the system is moved away from the Wenzel state, in either direction, it will

tend to return back. Thus,or t hi s case, Wenzel st athus,ini s t he
this case thanodification of GEBs doesnot pl ay a rol e in deter mina
equil i briumd angl e.

It can be seen from Figuz9a that Wenzel state is also the state cpmeding to the global
energy minimum of the system. This is no coincidence but follows from second law of
thermodynamics.tlcan be showra perpetual motion machine can be createid t he O0syst

equi | i br i uaoto6orresgordttoghe dlabal enengynimum.

2.3.2 CASE Il (b = 60° and P = 10mm)

For this casehe following observations can be neaflom the Figur@.111
1.Wenzel Angle lieoutsidet he 6égeometric | i mitéd
2. Due to the modification of GEBSEB-S and GEB-L are equal at a GCA different from the

Wenzel Angle.

30



Using similar arguments as earlier, it can be shown dkat time, the drop tends to move
towards thestate wher&sEB-L andGEB-S are equalDue to modification of GEBs, this state is
different from the Wenzel state (Figd.1b). Thus, in this case,tlles y st em equi | i br i

does not correspond to the Wenzel angle.

Also, it can be seen from Figu&lla that Wenzel state is not the state corresponding to the
global energy minimum of the system. This state is represents GCA for whictsGE8quato
GEB-L and again this follows from second law of thermodynamics. Thggnaralizedset of

condition for isosceles triangular roughness features can be stated as

If, b<gw<180-b;thengqw=&ystemgqui | i bri umé angl e
aqw < b <180-b ;thengy | Systemgui | i bri umd angl e
b < 180-b<qw;thengwl Systemgui | i bri umd angl e

Where slope of triangular roughness featurb ¥Wenzelangle= qw.

Whengy < 9, the above relations reduce tobif og; only thengw = @Systemqui | i br i umo
angle This is plotted in Figure.1 3 . Al t hough Youngds angl e can
represents the hydrophilicity of the surface and is inversely related to the latter. The regime

mar ked as O6complete wettingd repmgsentOsy Ot he i a

O (@n.

It can be seen that for isosceles triangular roughness features, when geometric limit is taken into

account , the range of applicability of Wenzel
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roughness features are ghaHowever, real surfaces consigif both sharp and blunihree
dimensionalroughness featureSuch sur faces canot be model ed
roughnesdeaturesinto a roughness faator as geometry could significantly modify the Gibbs
enery barriers and play an i mportant role in
surfaces, ti is not immediately apparent as totlife Wenzel angle would correspond to the
6system equi |l i br irgyminimamstaie)eandéxgdrirnental Ivildaton és

necessary.
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Figure2.13: Applicability of Wenzel relation for hydrophilic surfagéth isosceledriangular

roughness features

2.4 Comparison with experimental data
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Several studies 2@, 30634] have attempted the experimental determinatmord system
equilibriumdé contact angle for rough surfaces
experiments have helped elucidate some key aspects of the nature obdiepiichteraction

which allow comparison of the modeling effort and the expental studies for rough surfaces.

These are presented belew

1. Multiple metastable states: The existence of multiple metastable states of a sessile drop on a

rough surface is very well knowB8(@-33] and supported by the current model.

2. Effect of vibratons on contact angle hysteresis: Experimental studie83Bhave reported
the reduction of contact angle hysteresis in presence of vibrations. This matches well with the
predictions from the model that vibrational energy allows the drop to overcoms &iblgy
barriers, thus reducing the advancing angle and increasing the receding angle and thereby

reducing the contact angle hysteresis.

3. Distribution of Gibbs energy barriers: Volpe et al. [32] added vibrations to a standard
Wilhelmy microbalance expgnie nt t o obtain a O6system equil il
rough and/or heterogeneous surfaces. They showed that Gibbs energy barriers increase going
toward the absolute Gibbs energy minimum. This result matches with the predictions from the
model forCase | (P = 1@m andb = 5(°). However, there is still debate over the method used
to experimentally determine the O6system equi

shows that it is not necessary that the Gibbs energy barriers would alwaasegoing to
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the Osystem equil i bnmandbo= 6@)tamdtcareful eRpesmentsiaile : P

required to validate the same.

4. Advancing and Receding angles: The values of advancing and receding contact angles match
the predictions by Shuttlewih and Bailey, which have been experimentally shown to be

relevant [34,35].

5. Reproducibility of advancing and receding anglésas been observed during experiments
[36] on hydrophilic substrates, that receding angle measurements are difficult thucpes
compared to advancing angl es. This could be
are numerous metastable states for contact angles close to receding value while higher contact
angles, close to the advancing value, have fewer metastatas. sThis can be seenkigure

2.14.
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Figure2.14: Histogram of metastable states for the same surface as UsSgdrne2.11. Each bar

represents the number of metastable states for a GCA rangebalegrees.
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6. Relation betweeriWenzel angle andyjlobal energyminimum (GEM) Researchers have
suggest ed nsgstewm aquilibrugstatebfehe drop, which will correspond to the
GEM, by placing a drop on a rough surface and subjecting it to vibrations. As the drop
overcomessibbsenergy barrierst tries to reachhe Gystem equilibriuréstate However,no

conclusive guideline has been establishe@togrizet he démost. stabl e state

Wolanski et al. 37] proved mathematically that when the drop is sufficiently large compared

to the roughness dea it becomes axisymmetric as it reaches the GEM. Meiron et al. [24]
used the opposite but unproven statement t ha
rough surface becomes round, it s at t he
hypothesis to identify GEM.Theymeasuredpparent contact angten homogeneous surfaces

of varying roughness by vibrating a sessile dropey used data only from axisymmetric
dropstocal cul ate the contact angle fromtshbf opods
Omost stabled contact ang!l e mimmaum calcdationsyas| | Wi
approximated by Wenzel angle, for the rough surfaces. However, the empirical evidence is not
conclusive as the parameter® hmeen doropleteldent i f

and conclusivelgstablished.

Further, it is shown in this study thsihce several states are inaccessible to the drop, Gibbs

energy barriers are modified and global energy mininmugy not correspond to th&enzel

angle. Howee r as pointed out, this shift in &ésys
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may only occur for surfaces with sharp roughness features amdiulc experiments are

required to test this conclusion.

25 Conclusions

The study presents a two dimensbihermodynamic model for a drop, in a AdmMposite
stat e, on a rough hydr op’)hwitH tiaogular featdres. Dee tqtheo u n g 6
simplistic nature of model, similar to other tloamensional modelfl4,2528], the attempt is to

illustrate general features of a wetting system.

The model reaffirms the existence of sevéyahl equilibrium states for @ropplaced on a rough

surface. However, it is pointed out that, due to the geometry of roughness featudeeptise

physically unal# to access all the local equilibrium states. This leads to reduction in the Gibbs
energy barriers for the metastable states out
t hat i f the Wenzel angl e | i e scorrespangto theeglobah e 6 g

energy minimum.

For real surfaces, the result could mean that the Wenzel equation might hold only for surfaces
with weak roughness, where small and bl unt r
i mito, o r eskuhydroplulieitg, where Wenzelangle is large. For hydrophobic
surfaces, it can be shown that the Wenzel angle might hold only for either weakly hydrophobic

surfaces or surfaces with weak roughness.
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Although a quantitative estimate of the reductiorGibbs energy barriers cannot be obtained,
calculations here demonstrate atrendh cases where Wenzel angl e ¢
6system e qu atheotetical detariinatidn gfobal energy minimunis not possible

and the same would have be measured experimentallyowever, such a measurement might

be useless in the estimation of Youngds cont a

equation which could relate the two for surfaces of different roughness.

Supporting Informati on Available

Appendix A shows the calculation of trapped volume and the modification in Gibbs energy

barriers due to the geometry of roughness features.
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3. ANISOTROPIC WETTING SURFACES

3.1 Introduction

Anisotropic wetting surfaces have special wetting characteristics as they favor wetting in certain
directions more than the others. These surfaces have several possible appéaation
microfluidics, preferential drainage in aonditioning evaporators, evaporatdnven
deposition etc..Wetting anisotropy has been demonstrated both chemicallyahd using
predefined surface structureésg] andthe scope of this study isilited the design of anisotropic

surfaces based on the latter.

Several studies have been carried out to design and model anisotropic scafsoesn surface
structure but most of them have been concerned with micro/nano gxaiallel grooved
structures[2-6] which provide orthogonal anisotropythat is the advancing and/or receding
angles are different in directions perpendacuhnd parallel to the grooves as shown in Figure

3.1.

—

- 100 am

Figure 3.1: Parallel grooved structures showing orthogonal anisotrgeys b) and c¢) show the
difference in the shape of the drop when it is placed parallel and perpendicular to the grooves

respectively 2]
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There have been very few studies in-kgght anisotropy and those have been mostly limited to
hair/fiber like stuctures J]. For a grooved structure, lafight anisotropy implies that the
advancing and/or receding angles depend on the direatioreasuremenperpendicular to the

grooves.This is shown in Figure 2.2.

Figure 3.2: Lefiright anisotropy in bent halike structuresT]

Based upon the results from the model developed in the earlier sdettenght anisotropic

structures are proposed and characterized in this work.

3.2Theory

In earlier study, a thermodynamic model was developed for a dropdptat a rough surface.

The roughness was assumed to consist of isosceles triangles. Using the same anethod,
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thermodynamic model is developed for roughness features cogstdtiasymmetric triangles.

Again, the drop size ithedr@gpmuch | arger 6 than th

Two surfaces are shown in Figure 3¥8h same geometric featurésit different orientations.
The assumptions are same as for the model in earlier chdjtemparameters used to model the

surfacewereYoungdos conf <2, azd@ PeDmm. 70

@ (b)

Figure 3.3 Two-dimensional symmetric profiles of sawtooth with asymmetric triangular features

Since, Gibbs energy barriers play a key role in determination of advancing and receding angles,
the same are plotted for Imothe roughness configurations, as shown in Figure 3.4 a) and b). In
thisstudy t he r ol e of nd goaesidenedtag has beénishoivrt théteisane

would notaffect the values of advancingdareceding angles here.

As earlier, the maximuradvancing and the mimum receding angles in Figure Idrrespond
to the maximum and minimum apparent angles as determined by Shuttleworth and &ailey [
Also, since Wenzel factor, 9] is same for both the profiles and hence the Wenzel angle is also

the same (~6% and corresponds to geometric contact angle with-GESGEB-S.
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Figure 3.4 Gibbsenergy barrier vggeometriccontact angle foroughness configuration shown

(o]

ininsetwith P =2nmm,a =° 7=@®and circular ® liquid drop with diameter ~1.4 mm
with gy = 70
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However, it is interesting to note the two surfaces have different advancing and receding angles.

This result is used in the design of anisotropic surfaces in the next section.

3.3Experiments

Simulatians in the previous section demonstrated the difference in the advancing and receding
angles of two similar roughness profiles with different orientations. Based upon the simulations,
it is proposed that surface with an asymmetric periodic sawtooth pvedildd demonstrate
anisotrofy andthe advancing and receding angles would depend upon the direction in which

measurements are taken along the sawtooth.

Figure 3.B shows the surface profile ofnaEchelle grating (GE1328875) having 79

grooves/mm and a &te angle of 75that was purchased from THOR lalsafw.thorlabs.coh

The surface of the grating is coated with Alumina and has the desired asymmetric periodic
sawtooth profile. As shown in the figure, a nomenclatfreve andive is assumed to denote

theorientation of sawtooth

25,
/\X

(@)

Figure 3.5: Continued on next page
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(b)
Figure 3.5 (a) Schematic dEchelle gratingsE13250875with 79 grooves/mm. Direction of

arrow indicates orientation of sawtooth, +x dmxdepresent the head and tailtoé arrow

respectively(b) SEM image othe grating

Contact angle measurements were made using a Contact Angle System OCA 20 (DataPhysics
Instruments GmbH, Germany) at 18.8 C and /¥ The usual contact angle variability for the

measurement techniqueead is+/- 2°.

3.3.1 Measuring wetting anisotropy

A common method to measure the wettability of a solid surface for a given liquid is to determine
the static contact angle. Researchers have used difference in static contact angle as a measure of
anisotrgy, specially so in the case of orthogonal anisotr@]. However, it was shown in the

earlier chapter that static contact angle of a liquid on a rough solid surface represents one of the

several metastable states that the drop can exist in. Hentie,cstatact angle is not a good
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measure of anisotropy as it is not repeatable and depends on method of drop deposition and thus

should only be used as a qualitative measure of anisotropy.

Tilt angle required for sliding of drops deposited on a surface h#so been used to measure
anisotropy fl]. However, the critical tilt angle of a drop depends on the advancing and receding
angle and the shape of contact line. The latter could be difficult to reproduce in different

experiments and tepeatable hethodsohbebsurmg amisotragpye a

In this study, advancing and receding contact angle measurements have been used to measure
left-right anisotropy. The measurements have been shown to be repeatable using two different

experimental methods.

3.3.2 Static contact anglemeasurements

As pointed out earlier, static angle measurements should only be used as a qualitative
measurement of anisotropy. Here, static contact angles are measured by dep@sitidgop

from different heights on to the sadeof the grating. The measurement data is shown in Figure
Figure 3.6(a) and (b) for the parallel and perpendicular directions with respect to the sawtooth
profile respectively. The diffent contact angles in Figure 3aBe representative of different

metastable states that the drop assumed as it was let go from different heights.
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Figure 3.6 Contact angle data (a) parallel and (b) perpendicular to the sawtooth

Al t hough,

t

he

contact

angl e

apparent when liquid is added and removed from the droplet.

d a t teopy,atliecsane isd o e s n

As shown in Figure 3.7as liquid is added to the dropléte contact line advances in only one

direction and the droplet becomes asymmetric with respect to the fixed logddceeference

line. Also, as the liquid is removed from the dropkgure 3.7bthe contact lie starts receding

from one end, which idifferent from the end whetbe contact line was advancing
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m

Direction of sawtooth

(b)
Figure 3.7 Wetting anisotropy apparent imidirectional advance of contact line w(ih)

addition andb) removal of water

3.3.3 Advancing and recedingcontact anglemeasurements

Due to wetting anisotropy, the measurement of advancing and receding contact angles was not
possible in the usual amner- that is by addition andemoval of liquid from the drop, as the
liquid would advance and recede from only one end. Thus, two different methods were used and

compared for repeatability.

A) Constant drop volume, varying tilt stage angle
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In this method, the drop volume was fixed at @0and the tilt stage angle was varied until the
drop just started to slide and the advancing and receding angles were médsaredperiment
was only done for therientation of sawtooth shown in Figure 3.8. Tieasureddvancingand
receding angles wer8% and 25 respectively. This is shown in Figure 3.8, for the given

orientation of the sawtooth.

Grating

Drop

Figure 3.8 Measurement of advancing and receding angle using fixed drop volume method.

Orientation of sawtobtshown in the images. Advancing angle 2 &eceding angle = 25

B) Varying drop volume, constant tilt stage angle

In thesecondexperiment, the tilt angle of the stage was fixedwater was added to the droplet
until the contact line started to movEhis gave an advancing angle of 12@d 85 for drop
sliding towardghe +veandtheive direction respectively. The latter reading matches well with

the data from fixed drop volume, varying tilt angle experiment.
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() (b)
Figure 3.9 Measurenent of advancing angle with fixed tilt angle method. Orientation of

sawtooth is shown in the images
3.4 Comparison of experiment and theory

Table 3.1compares the advancing and receding angle measurements from the experiments and
the predicted value bad upon Shuttleworth and Bailey equati8h [t should be noted that the
predictions are the theoretical maximum values for the advancing and recessing angles as the

vi brations havenét beemgotsakemtiarctto alamgd@eu mts.s uT

65°.

As can be seen, the advancing angle measurements match well with the predictions. The model
overestimates theeceding angle measured along the direction of the arrow as shown in Figure

3.5a This error could be due to the presence of liquid @n the surfacglq].

50



