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Abstract

A superhydrophobic surfaceharacterizeavith a water contact anghlaorethan 15@ can
show lotus or rospetal effecdependingn the adhesion strength to dropl&sr the lotus
effect,droplets can roll off the surfaceasmall tilting angle, usually less thanelBor the
rosepetal effect, droplets can adhere to the surface y¢urning the surface upside down.

Both effectshavegainedmuch attention for their wide applications.

Electrospinning is proven to be an efficient and versatile technique for developing super
hydrophobigy based on the surface roughness provideth&@génerated mickand nane
fibers. However, currerglectrospinning methods suffer fraamack ofstrategic approach
to superhydrophobicity arabmplexfabrication.Based on the influence of fiberorphology
parameters on surfageettability, his thesigesearch aims tdeveloprosepetal and lotus
superhydrophobic surfaces using uniaxially aligned fibers and biaxially aligned fibeyas

respectively Both fibers ardabricated by simple orstep electrospinning.

This thesis starts with buildingn integrated thermodynamic model for droplet wetting
on various parallestructured surfaces to understand the wetting behavior. The retateb
free energyo the continuous movement of thrphase contact lines (TPCLig) different
wetting states, and the forming conditions of free energy barrier are derived from the model.
Then the model and the forming conditions of energy barrier are validatedlasang the
literatureand experimental datssingaligned fibersThe model indicates that compared to
structuresvith sharp edgeround structures can broaden the range of apparent contact angle
(APCA) for energy barrierd hus surfacepatternedy round structuresanachieve large

APCAswith high contact angle hystsis, whichare needed faiosepetaleffect

Then this thesispecifies the wetting model for surfaces patterned by uniaxially aligned
fibers based on th@recedingntegrated modelThe modeindicates that the energy barrier
increases with fiber diameter atietbasal width of dropletUniaxially aligned polystyrene

fibers with average diamesss f 0 . 9 a n imtertiber8listanogl) aomdo to 1450

Vi



em ar e ftoassthdy thewaetting ldehavior on surfaces dresseatidgpyed fibersBased
on the wetting behaviopetaleffect surfaces afabricatedusinguniaxially aligned fibers
withanaveragel i amet er olbetwkenl8 amdat 80 em. péthke APCA
effectsur f aces ar e -1libn6 ea raanndg ed roofp|1le5t0se can adhet

turningthe surfaces upside down.

After that, this thesistudies the wetting behavior on surfaces dressed by aligoeaus
fibers Uniaxially and biaxially aligned pous fibers are fabricated onto substrate surfaces
throughone sstep electrospinning with controlled relative humidiiynthe uniaxiallyaligned
fibers droplets are itheCassieBaxter (CB) statewhdnn s | ess t hbgreatek 8. 2 ¢ 1
than 18. 2 &m, theWNenzelstage otcur@nihehiakiallyahgned porous
fibers, droplets stay in CB sta¢@en wherl reaches8 4  Mane importantly, there is no
change in theariationtrend of hydrophobicityor | between 8.2 and 34m compared to
that forl below 18.2cm, indicating thathedroplets staynthe uppeflayer fibers without
contactingthe lowerlayer fibers or substratBlumerical simulatiorusingSurface Evolver
shows that a&CassieBaxterfi r e s t 0 Re) waitidgcofitribatedo a more stabl€B state
in thebiaxial structureLotus-effect surfaces atusdeveloped based on theRawetting
usingthebiaxial structureAs a resul tg rtubthtesodeptivatbeewgérs

159¢e and -b62eaagdesoflrom 10e to 3e oflurmewat e

Finally, two potential applications of thievelopediaxial structureare demonstrated.
First, the biaxial structure is used to develogagerproof, breathable, asdperhydrophobic
membrandoy depositing fibers on a supporting commercial nylon mesh. The breathaibility
the membrane guantifiedoy water vapor transmission ratehichis 20.8+0.1 kg-ni 2-d' %,
The second application issarface layer for wearable electroniédgter being @tched with
thebiaxial structurdor 60 minutes, the human foreaskin shows unnoticeablehange in
temperatureln addition,the average transmittancetievisible region (386760 nm) ofthe

biaxial structures 83.6+ 3.1% using a UWis spectrophotometer.
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Chapter 1 Introduction

1.1 Background

Liguid wetting of solid surfaces enubiquitous phenomenan nature[1]. The wettability
of solid surfaes which is ofterassessebly sessile droplet contact ang[&], is animportant

property to varios applications related to ener@f, environmeni{4], health[5], etc

Figure 11 shows theclassification osurfacewettability based othe contact angle(A)
superhydrophilitty, (B) hydrophiligty, (C) hydrophobiity, and (D) superhydropholiig.
Specifically, a hydrophilic surface hasstrong affinity to liquid, therebghowinga contact
anglel ess than 90e. The surface Ilovwertmu®pléer hydr o
[6]. Converselya hydrophobic surface repels liquid afmbwsa contact anglgreater than
9 0 e. thWbostact angle igreatethan15@ t he sur face can be de
ir epseet al 0 s u p surfdcgdebendipylomskadhesion strength to droplefor
thelotus superhydrophobicitgsshownin Figure 11 (D-1), the sliding anglewhich is the
threshold tilting angle of the surface when droplets start to slide, is usually lessg¢fdn 10
In contrasttherosepetal superhydrophobicityas strong droplet adhesion, so droplets stay
pinned on the surface even by turning upside d@pms shown ifrigure 11 (D-2).

(A) (B)

(€)
Contact angle (6) \! ~
- 7 77‘” o

Superhydrophilicity, 8 < 5°-10° Hydrophilicity, 8 < 90° Hydrophobicity, 8 > 90°

4

6>150° ) Sliding angle < 10° 6>150°

Lotus superhydrophobicity Rose-petal superhydrophobicity
Figure 11. Classificationof solid surfacewettability based on contact angl@) super
hydrophiliaty, (B) hydrophiliaty, (C) hydrophobiity, and (D) superhydropholiyg.
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Figure 12 demonstrates that water droplets roll off (A) lotus leaf while rain droplets are
retained on (B) rose petalBhe lotus superhydrophobicjtglsoknown asii | ot us ef f ec
originates fromthe extreme water repellency atie self-cleaning property of lotus leaf
(Nelumbo nuciferg[9, 10]. Similarly, therosep et al super hydrophobicit
is defined based on tiplhenomenothat water dropleteemainsphericabn rose petals but

cannot roll off even by turning the petals upside dilj.

Figure 1.2. Droplets on(A) lotus leaf[12] and(B) rose petal$l3].

Both lotuseffectand petaéffecthave receivedhuch attention for their wide applications.
Forthelotuseffect the ability to remove surface contaminants suctiussparticlesusing
droplets allows for develapg self-cleaning surfacests applications can be found in any
field where clean surfaces are necessary, sustrsors, solar cellgxtiles[14]. Moreover
the surfaces with lotugffect also exhibit properties ahticorrosion[15], antticing [16],
anti-fogging[17], etc.Forthepetal effectretairing spherical drogts withstrongadhesion
are promising fomicrodropletransportatiofl8], lap-on-chip device[19], singlemolecule

spectroscopy20], etc.

1.2 Motivations and challenges

The wettability ofa solid surface isontrolledby surface roughness and surfacery. For

a flat surface, its apparent contact anglleich equals thetrinsic contact anglef surface

material, cannot exced@(ebecause aaterial withanintrinsic contact anglgreater than

120e i s found[6].eTheyefore proper surface roughness is neededeweelop lotus or

rosepetal superhydrophobicitwhich requiresnapparent ont act angl e gr eat
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Variousfabricaton technologiesuch adithography[21], chemical22] or plasmd23]
etching laser micromachining4], and electrospinng(25] have been usddr developng
superhydrophobic surfacesmong them, ectrospinning is &éacile and versatileechnology
to producefibersin micro- and nanoscaley applying a high voltage on a viscous polymer
solution.Theproducedibers, whichmayalso havesecondaryiber morpholog, increase
surface roughness, enablisigperhydrophobity. Moreover electrospinning isonsidered
anadditive manufacturingechnology and thentroducedibrousstructures featured with
ahigh air permeability due to the interconnectivity between 4fiber poreq26], which is
needed for many applicationBhus usingelectrospinningo developsuperhydrophobity
receivegyrowingattentionin recent years as evidenced by the rising numbereahnual
publications as shown irrigure 13.

40 -

Number of publications
- =y N n w (43
(=] W o W o w

W

0
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Year

Figure 1.3. Number of publications creating superhydrophobicity lejectrospinning (data
obtained by searching keywords fAelectrospi

of Science databasm April 28, 2023

The electrospinningpased methods for developing superhydrophobicity catalssified
into onestep electrogpning and electrospinning followed by post treatradfdr the one
step electrospinningiethodssuperhydrophobicity girectly realizedn the asspunfibrous
structureskor those with post treatmansuperhydrophobicity iachieved bynodificatiors

of fiber surfacesfter electrospinning



At presentmost electrospinning methodsalize superhydrophobicity ligcreasindiber
surface roughness and/or reducing fiber surface en€ogycrease fiber surface roughness,
a secondary fiber morphologycludingbeadqd27] and nanoparticlek8] is oftencreated
onthefiber surfaces in electrospinnif@P] or after electrospinniniy post treatmes{30].
Moreover methodssuch agopolymel31] andcoaxial[32] electrospinningf alow surface
energy polymer with an electrospinnable polynaed coatinghe asspunfibers withathin
layer ofalow surface energy materislich apoly(perfluoroalkyl ethyl methacrylat§33]

after ekectrospinninghave beemeportedo reducehefiber surface energy

However astrategia@approach to superhydrophobidityelectrospun fibers still lacking
Current theoretical works have limited abilitiesguiding the development dfber-based
superhydrophobity because either the works are limited to only investigating the stability
of wetting state or the theoretical structures are diffimulieplicae. The control of fiber
morphology parameters, including fiber diameter, Hitegr distanceand fiber orientation,
in previous works has often relied on traalderror approache#s a result, thick fibrous
mats are usuallymadeto reduce the heterogeity of fiber morphology, reducingthe air
permeability and transparendg.addition thefibersmayshowdifferent wettabilitydespite

similar intrinsic contact angles and secondé®gr morphologieg§27, 34, 35]

Moreover existingelectrospinningoasedmethodsusuallyinvolve complex fabrication
processefor achieving superhydrophobicityo induce secondafiber morphologes, for
example,nanoparticles arblendedwith polymer solutiongor electrospinningpr coaed
on the fibersafter electrospinningHomogeneous mixingf nanoparticles witta polymer
solution taks extra efforts to disperse the nanoparti¢8&, andpost treatmestareneeded
to coat fibers with nanoparticleslternatively, copolymerandcoaxial electrospinning, and
coatingfiber surfaceafter electrospinning a@tenadoptedo reduce fiber surface energy
All these carcomplicate théabrication and limitheirapplicatiors. Therefore, dimpleone

step electrospinning method withoulditive is nee@dto develop superhydrophobicity.



1.3 Research objectives

This thesis aims tdevelopsimple electrospinningased methods ftihefabrication ofpetal
and lotus superhydropholsarfaceswith strategic approacihe objective is achieved by
the followingsteps. First, understanding tth@pletwetting behavior oparalletstructured
surfaces helpto develop superhydrophobicitfhe influence of fibemorphologyon the
wettability ismodeledandexperimentallyalidated. Then superhydrophobisurfaceswith
petal effectire developedsing aligned fibertabricated by onatep electrospinning\fter
that,the wetting behavioof droplets oruniaxially (mono layerjand biaxially(dual layes)
alignedporous fiberss studied Later, lotus surfaces ar@abricatedusing biaxiallyaligned
porous fibersnadeby onestep electrospinningrinally, thedevelopedotussurfaceis used
to developawaterproof, breathabland superhydrophobic membrane, arsairface layer

for wearable electronics.
The following specific tasks are completed in this thesis work:

1) Developan integrated thermodynamic model for wettagiousparalletstructured

surfaces.

2) Quantify the influencef fiber morphologyparameteson the wettabilityof surfaces

structured by alignedlectrospuriibers.
3) Developpetal superhydrophobic surfaces using aligeledtrospuriibers.
4) Compare the wetting behavion uniaxially and biaxiallyaligned porous fibar
5) Developlotus superhydrophobic surfaces using biaxiallgned porous fibers
6) Demonstrate the potential applications of degelopedotus surfaces.
1.4 Thesis structure
The thesis is organized as follov@hapter Ipresents the background of supenayahobic

surfaces with lotus and rogetal effectsfollowed by introducing currerglectrospinning

basednethoddor developingsuperhydrophobic surfacd3espite the substantial progress
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in research, theeelectrospinningoased methods stitivolve complexity in fabricatiomnd
lack strategic approadio superhydrophobicityl herefore this thesis is motivated tievelop
simple onstep electrospinning methods for fabrication of l@nd petasuperhydropbbic

surfaces based @strategic approach

Chapter Xtartswith the wettingtheoryand the methods to modify surface wettability
by electrospinningThe surface wettabilityan bemodified by controlling fibemorphology,
fiber surface chemistrygr both. Based on the fundamentals &nemethodsa detailed
literature review about developing superhydrophobicity based on electrospirpriogics.

For both lotus and rogeetal superhydrophobicity, the elecpmnningbased methods can
be classified into onstep electrospinning and electrospinning followed by post treasment

based orthe fabrication steps.

Chapter 3Jetailsan integrated thermodynamic model for dropleetting on parallel
structured surfacesith various crossectionsincludingcircle,elongated circlgrapezoid,
rectangleandinverted trapezoidlhe model relates free enengythe continuous movement
of threephasecontact lins in different wetting statesandthe forming conditioafor free
energy barriearespecified Then the modéand the forming conditions of energy barrier
are validateexperimentdl by electrospun fibers and existing experimental and theoretical
works.Based on the validateshodel, the wetting behaviors on various paratelictured

surfaces are studied and compared.

Chapter 4ntroduces thelevelopment gpetateffect surfaces based on uniaxialigned
electrospuriibers. First, alignedpolystyrenefibers withvariousfiber diameters and inter
fiber distancesreproducedonto substrates lgimpleonestep electrospinningollowed
by characterization diber morphology and wettabilityrhe influence of fibemorphology
parameters on theettability of surfacedressedy aligned fibers is experimentally studied
with explanation of mechanism basedaonetting modefor aligned fibers. The model is
specifiedfrom the integrated modahtroducedn Chapter 3Then petakffect surfaces are

constructedising aligned fiberbased onhteinfluence offiber parameters.
6



Chapter Sadoptsaligned porous fiberto develop lotugffectbecausehe porous fiber
surface reduces the contact area between fibers and diepdgbe alignment serves as a
track to facilitate droplstrolling off. First, uniaxially and biaxially aligned porous fibers
aredepositedonto substratsurface by onestep éectrospinningwith controlled relative
humidity. Thenthemeasuredhydrophobicityof surfacegiressed byniaxially andbiaxially
aligned porous fiberis comparedndexplainedoy numerical modeling. A numericadodel
is developedn Surface Evolveto determine the wetting state of droplets on fithesssed
surfacesFinally, based on the biaxially aligned porous fibers,dstufacesre constructed

following a strategic approactonsideringhe influence of porous fiber pararast

Chapter edemonstratethe potentialengineeringapplications of théiaxial structuren
Chapter Shased on the lotus effect and the expected high breathaduiliyyconsisting of
two layers ofalignedfibers. Two engineeringapplicationsare demonstratedncludingl)
development ofvaterproof, breathabland superhydrophobic membrane, &hd surface

layer for protecting wearable electronics.

Chapter7 summarzes the conclusions of this thesis researchth@drecommends the

research directions for the future.



Chapter 2 Literature Review

2.1 Basics of surfacewetting

This sectionintroduces thevetting theories for flat and rough surfadkat are needed to

understandrarious wetting phenomena.

2.11 Wetting on ideal flat surface

Figure2.1 presers the schematic @fdropletwettingon anideal flat surfaceTheapparent
contact angléAPCA, da), which is themacroscopically observexntact angl¢37], canbe
expressed by thewdl n own Yound3,sB9%equation

cosg, = M (2_ ]_)

9v

whereo is surface tensiorthe subscripts S, L, and Yepresensolid, liquid, and vapor
respectivelyThe APCA for a flat surfacés also known atheintrinsic contact anglé CA,
dv) [40] of the surfacematerial which is determinedoy the cherncal composition of the
surface Note that surface tension var@songdifferent liquids, so theontact angldéor a
certain solid surface varies with different probing licuibh this thesis, the contact angle

refers to water contact angle unless specified otherwise.

Liquid droplet Vapor

Three-phase
~" contactline

Figure 2.1. Schematic ofiropletwettingon an ideal flat surface



Figure2.2 showsthe schematic of the change Gfbbsfree energy witrAPCA on aflat
surfaceFrom a thermodynamjeerspectivethe spreading of a droplet on a solid surfzae
beregardedisa Gibbsfree energy minimization process with the movement of threse
contact line (TPCLFigure2.1). The movement of TPChalongthe solid surfacechanges
APCA. The threephase system is at the global minimum of free energy whisrreached.
Thereforedy is the equilibrium contact angle (EC#r flat surfaces.

e e e e
Ideal flat surface

Free energy

A
Global minimum
(equilibrium state, APCA=6)

Apparent contact angle (APCA)

Figure 2.2. Schematic of the change of free energy WWBCA on flat surfaces

2.12 Wetting on rough surface

In reality, most surfacesxhibitacertaindegreef roughnesg~igure 23 showstwo potential

wetting state®nrough surfaceqA) composite statand(B) noncomposite state

(A) (B)

Liquid droplet Liquid droplet

O, L

Figure 2.3. Schematics of (A) composite wetting and (®nhcomposite wetting on rough
surfaces.

In composite stat@lso known a€assieBaxter stat¢41], airis trappedunderthedroplet

and the contact angti can bemodeledusing Casg-Baxter equatiofd1]:
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cosg, = f, cosqg -f, (2.2

wherefi andfz are the ratis of solid-liquid and liquidvapor interface aresarespectively,
under the droplet to the droplet basal are&idgure 23(A), fi=12/11, f2=1 1l2/l1 given that

the structure surface hasgligible roughness.

In noncomposite statey Wenzel[42] state the solid surface under the droplet is fully

wetted by liquid and the contact angtfa can beanalyzedusingWenzel equatiof42]:
cosg, =r, cosqg (2.3)

whererw is the ratio of the actualto the projected solidiquid interface areawhich isrw =
(I1+2h)/1 asshown inFigure 23(B) given that the structure surface has negligible roughness
Foranintrinsically hydrophobic or hydrophilisurfacethenoncomposite state enhances its

hydrophobicityor hydrophilicitysincerw is always greater than 1.

Figure 24 showsa schematic of the change@®@ibbs free energy wittARPCA on a rough
surface TheCassieBaxter equatiomnd Wenzel equatiagive the ECAfor compositeand
noncompositstate, respectivelg3]. Different fromFigure2.2, local minima of freenergy
exist inFigure 24, soadroplet may be pinneatametastable statndexhibit ametastable
contact angle (MCA)because ofree energy barrie[37, 44] The largest and the smallest
MCAsare advancingontact angle (ACAand receding contact andRCA), respectively

[2]. The difference between ACA and R@®known ascontact angle hysteresis (CAH)

L

Rough surface

Energy -
barrier ...J....

Local minimum
(metastable state)

Free energy

A
Global minimum
(equilibrium state, APCA=ECA)

Apparent contact angle (APCA)

Figure 2.4. Schematic of the change of free energy WNBTCA on rough surfaces.
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2.13 Wetting transition

Evenif on the sameough surface, the wetting statiealiquid dropletmay transit fronthe
composite tanoncomposite statgpon receivingxternal perturbatiaresulting indifferent
ECAsandCAHSs[9]. This transition process is termegtting transition: liquid penetrates
into the surface grooves, and finally the liqui@por interface undehedroplet disappears.
Wetting transition can battributed tathe lowersystemenergy ofthe noncomposite state
compared tdhe composite statelhe two wetting states are separated®ymmetridree
energy barries, sowetting transitions generallyconsidered to be irreversié5]. When
the composite state isnergetically favorabldransition from noncomposite to composite

statecan beachieved46, 47}

Figure 25 preserd twopossiblemechanisms of wetting transitiofA) sagging and (B)
depinning For the saggingrarsition, theinternal TPCLgemainpinned at the top edges of
surface structuresvhile the liquidvapor interfacainder dropletieformsand touches the
groovebottom.The sagging transitiois likely to occuron the surface with low structure
[48]. The depinning transitionccurs wherthe dropletgairs enough energy to overcome
the free energy barribetweercomposite and noncomposite sta#ss a resultthe internal

TPCLsare depinnedand proceed down the structure

(A) (B)
Liquid droplet Liquid droplet

.f' b ]

!

Internal TPCL

Figure 25. Schematics of wettinggansition from composite to noncomposite state because

of (A) the sagging of liquievapor interface and (B) the depinning of internal TREJL

Composite state is usually featured with high contact angle and low[@Athich are
neededor lotussuperhydrophobic surfaceBherefore, mny efforts have been devoted to
enhanmg the stabilityof composite statby modifying surfacestructure ana¢hemistry

For surface chemistrypgttreatment mathods such ashemical or physical vapdeposition
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[33, 49]andplasma treatmei50] have beenisedo introducechemicals or chemicgroups
to reduce surface enerdyor surface structuress-entrant structures suchm@scro hoodoo
[51] andinverted trapezoifb2], andhierarchicaltructureg53] aredevelopedo stabilize
the metastable composite stafhese surface structurean befabricatedby techniques
such ageactive ioretching followed bysotropic etching51], 3D diffuser lithography52],

or electrospinning53].

2.2 Modifying surface wettability by electrospinning

There ar@a fewmethodssuch asemplate synthesisplgel methodlaser/plasma/chemical
etching,layerby-layer depositionandelectrospinning25, 54] to modify the wettabilityof

a solid surfaceAmong them, kectrospinning isfacile andversatiletechniqueo produce
continuousmicro- andnanofibes [55], providing adjustabé surface roughness to control
surface wettability54]. Moreover electrospinning is considered an additive manufacturing
technologyallowingfor surface modification on valuable substr@sey., for insitu wound

dressind56]), and the introduced fibrous structure is featured with a high air permeability

Figure 2.6 depicts a typical electrospinning setup that consists of three péeesdliag
devicewith ametallic needle, a highioltage power supply, and a grounded colle[3af.
The highvoltage power supply is connected to the needéating an electric field between
the needle and grounded collector.tAspolymer solutiorfrom the feeding devickorms
a droplet atheneedle tip, surface charges are induced on the droplethaalctrostatic
repulsion of surface charges deforms the droplet into a conical lisplenpown as Taylor
cone)[58]. Oncethe supply voltage exceedshadshold value, the electrostatic repulsion
overcomes the surface tension of droplet and a chargéth¢z) is ejected from the droplet
towardthe collector. The charges on the fiber induce bending insyalogitising stretching
of the fiber and rapidvaporation of solvers7]. At the end of the process, thiedr reaches
the collector and newovenmatis formed.lt is worth noting that singlspinneret electro
spinning may suffer from low throughput, resultingilow production rateThis issue can

be addressed by multipteeedle electrospinnin9].
12



Feeding device

[
OO
o o

High-voltage
power supply Jot —

§ s
Fiber

Grounded collector

Metallic needle

Figure 2.6. Schematic of a typical electrospinning setup for fiber fabric4&@h

Surface wettabilitys controlledby surface structure and surfaaeergy Based on this
principle, modifying surfacewettability using electrospn fibersis realizedby controlling

fiber morphologyand/orfiber surfacechemistry which arediscussed in detail as follows.
2.2.1Modifying surface wettability by controlling fiber morphology

Based orsurface morphology, treectrospuriiberscan becategorized into (1) fibers with
smooth surfacand (2) fibers with secondamyorphologyincludingbeads, pores, grooves
and roughned&0]. Droplets onlhese twdypesof fibershave different wetting behaviors

so they ar@liscussed separately.

Forordinaryfibers withrelativelysmooth surfacehediameter, inteffiber distanceand
spatial distributiorof fiberscaninfluencesurface wettabilityFor exampleMa et al.[61]
fabricated randomly distributed poly(caprolactone) (PCL) fibers vatiousdiametersy
adjustingthe PCL solution concentratidior electrospinningwatercontact angle increases
from 11%®to 12%as fiber diameter decreases fromt.2.58em. The increase of contact

anglewasattributed to théighersurface roughnessy thinner fibers

Compared tdiber diameter, thanter-fiber distance andpatial distributiorshow greater
impacton surface wettabilityFor exampleKakunuri et al[62] fabricate cellulose acetate

nanofibers using megtollectors with variousopening sizes.e., 50¢ m, €1n®,0 an d
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e mfibers have highattistribution densityaround mesh lirei.e., 77%coverageompared

to 28% coverage aroundesh openingsothe fibrous mais patternedollowing themesh

As a resultthe contact anglef the patternedibrous mas increasegrom 90eto 13& by
decreasing the mes BOsonpykilenompgtterhethatrhasza @odtacE m t o
an gl e Adrénsit®rifrem hydrophilicity to hydrophobicity is achieved bgntrolling

fiber spatial disibution given that the fibers have similar diameter distributdoreover,

Bagrov et al[63] modifies the wettability of aluminum foidy depositingnylon-11 nane

fiberswith varying interfiber distanceSurface coverageate of fibers increases from 0.7%

to 20%, wheretheinter-fiberpore size s a r o u mhydncrasihg electngspinning time

from 2minto 5 min As a result, contact angle increases frorfeto 124

Thelargevariation ofcontact anglén ref.[62, 63]is explained by thehange of wetting
state.Specifically,droplets on fiberslressed surfaceésnd tochangerom Wenzel stat¢o
CassieBaxter statavith decreasingnter-fiber distanceleading tdargerequilibriumcontact
angles. However the influence of fiber diameter on wetting stateelatively smalldue to

the limited adjustblerange of fiber diametday electrospinning

Based on electrospinninfipers with various secondary morphologies can be generated.
Figure 27 shows the scanning electron microscope (SEM) imagd®\) beaded64], (B)
porous, (C) groovefb5], and (D) wrinkled66] fibers. These secondary morphologies are

provento havesignificant influenes onthe wetting properties dibers.

Beadediber, or beadon-stringstructurewhichcanbeproducedy reducingtheapplied
voltageor the concentration @he precursor solution for electrospinnif@y], canenhance
thesurfacehydrophobicity. For exampleHong et al[34] preparedeaded poly(vinylidene
fluoride) (PVDF) fiberdy reducingheconcentration oPVDF solution fron25 wt%,which
is for beadless fibers, to 20 wt%the beaded fibermre featured with-9  so@adsand100
-150 nminterconnectedibers while the diameter fobeadless fibers around960nm. As
aresultthec ont act angl e i nc[B4 a@he easotiesrindhatthdl@&dgee t o 1

beadsasprotrusions of fiborous mahold dropletwith air pockets underneathlowever,
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the beded fibers also show high CAH, indicating thare is contact between droplet and

fibersalong TPCL.

Figure 2.7. Scanning electron microscope image of (A) bed6é[ (B) porous, (Cyrooved

[65], and (D) wrinkled66] electrospun fibers.

As another exampl&Yyong et al[53] usedpolystyrene (PS3olutiors with concentration
of 8 wt%, 10wt%, and 20 wt%or electrospinningresulting inheavily beaded fibers-650
bead$ mnv), partially beaded fibers-160 beadémn?), andbeadlessibers, respectively
Theaveragebeaddiameteris5. 0 e m and 13. 5 & m leadedfibeesavi | y
respectivelylt turns out thatontact angle increaséem~1 4 0e f or be-da8Dess f
and~160 e f o r amglleeaviy beaded fipersespectivelyln addition dropletswith a
vol ume of 5 ¢L sudacexoverddby beadddoerbwitioroi-off amgles

of 28e-46e
Porous fibers can be fabricateyl(1) phase separatiasf solution jets irelectrospinning,

(2) condensatiomf water vapor ontthejets inelectrospinningand(3) selective removal
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of sacrificial componerdfter electrospinninfs8]. For porous fibersacompositeof solic-
liquid and liquidair interfaces maybeformedat fiber surfaceresulting inanincrement of
hydrophobicity[33]. For exampleMiyauchi et al.[69] fabricatel porous PS fiberbased
on the phase separationsofutionjetin electrospinningthe solvento prepare PS solution
is a mixture oN,N-dimethylformamide (DMF) antetrenydrofuran(THF). As a result,lie
poreson the fiber surfacancrease contact angle frald4e for smoothfibers to 158¢ and
decrease rolbff anglefor 1 2 dropletb y  Béreover,McCann et al[70] andMa et
al.[33] have proven thagorousPVDF andpoly(methyl methacrylatdfMMA, respectively,

fibers camalsoincreasecontact angle comparednonporous fibers

Different from porous fibersa noncomposite soktiquid contactinterfacecan form at
fiber surface fogrooved or wrinkled fiberbecauséhegrooves or wrinklesay be wetted
by liquid for their lowstructureheight and large openiraged[71, 72] As a resulta higter
CAH is createchndcontact angle maglsoincreasevith the increasetiber roughness~or
instanceLiang et al[72] comparedhewetting behavioref groovedandsmoothpoly(L-
lactic acig (PLLA) fibers. Thegrooved fiberdiavea contact anglef 145 comparedvith
that of13%for the smoothfibers CAHs are compared kafligning fibers angneasuringhe
difference otheroll-off anglesalong two directiongparallel and normab thealignment
Consequenthytheroll-off angledifferencefor grooved fiberside h i g lhatfor sthooth n
fibers indicating a higher CAH.

2.2.2Modifying surface wettability by controlling fiber surface energy

Fiber surface energg determiredby the ckemical compositiosatthefiber surface There
are manly two ways tocontrolthe surface chemistry: (13djustprecursor solutiotefore

electrospinningand @) apply post treatmeiatfter electrospinning.

Polymer blendingn precursor solutiobefore electrospinning a simple ancdefficient
way to modify thewettability of fibrous surfaceespecially ircreatng superhydrophilitty .
Usually, wvo polymerswith opposite wettability, i.e., hydropholme weak hydrophili@and

hydrophilic,are blendedror instanceurusu et al[73] blendedooly(styreneb-(ethylene
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co-butyleng-b-styreng (SEBS)with Pluronic F127to turn hydrophobielectrospursEBS
fibers hydrophilic.Pure SEBS fiberbavea contact angle of 189By adding15-20 wt%
Pluronic F127nto SEBS solution, the obtain@EBS/F127fibersshow a contact angle of
Oe Moreover Li et al. [74] blendedhydrophobicpoly(ethylene tereghalatg (PET)and
hydrophilicpoly(vinyl alcoho) (PVA) in hexafluorasopropanol(HFIP)for electrospinning.
Compared witlihecontact angle of 13for pure PET fiberstheobtainedPET/PVA fibers
show @contact angleven whera smallamount of PVA is used.e., 1/20weightof PET.
However for thepolymer blendingnethod the changef contact angle with blending ratio
is not continuoudecause the hydrophilic polymer tendsaggregate at fiber surfagés,

74].

In additionto thepolymer blendingtheprecursor solution can also &éjusted by adding
inorganics.In contrastvith that by polymer blendinghe change of contact anddgadding
inorganican be continuoug.or exampleAbdalhay et al[75] added hydroxyapati{@iap)
into nylon-6 solution for electrospinnind.he nylor6/Hap compositeibers show contact
anglescontinuouslyvarying from130eto Oewith increasing Hp from 0 wt% to 10 wio.
This continuoughange of contact angbanalsobeachieved by addingriton X-100 non

ionic surfactantnto polyamide 6 (PA6) solutiof76].

Compared to adjusting precursor solutiapplyingpost treatmerstafter electrospinning
to modify fiber surface chemisthas less restriction @pplicablgpolymers electrospinning
parameters, eté few posttreatmenmethodsave beenisedjncluding initiatedchemical
vapor depositiorfiCVD) [33, 61] plasmaetching[34], dip coating[77, 78] Forexample,
Ma et al.[61] usediCVD to deposit poly(perfluoroalkyl ethyl methacrylate) (PPFEM&)
low surface energy0.0093 J/m) polymer,onto electrospun PCL fibers. Afte€VD, the
contact angle of PCL fibers increases fromel2Beto 151602, and 20 e¢L
roll off the surface at threshold tilting angle f -1 & é&s another examplé&choolaert et
al. [77] modified poly(2-n-propyl2-oxazoline) (PnPrOx) nanofibewath diameter of 200

400 nmby dip-coatinginto tannicacid By increasingannicacidconcentration from 0 wt%
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tolOwt%ocont act angl e de c.riteshaddds oted thamanydkel2varng t o 4 |
works also combine thmodification of fiber morphology, so they afiscussedn section

2.2.3 and section 2.3
2.2.3Modifying surface wettability by combining fiber morphology and surface energy

Controlling both fibemorphology and surfaanergyis usuallyaimedat creatingextreme
wettability, i.e., superhydrophilicitgr superhydrophobicitylo develop superhydrophilic
fibrous surfaceghe basic principlés to increase fiber surface enemyarough surface.
As explained by Wenzélsquation, Eq. (2.3ypughnessntensfies thehydrophilicity for

intrinsic hydrophilic materials.

To increase fiber surface energy, maonkolarsadd inorganics such as metal 0x§i€9,
80] and silicate mineral$81] into precurso solution followed by thermal treatment after
electrospinning t@xpose inorganics at fiber surfacésr exampleWang et al[79] added
Ti(Obu)s into poly(vinyl pyrrolidone) (PVP}¥olution for electrospinningifter calcination
of asspun fiberainder 500 , TiO2 nanofibes withnanochannels on surfaca® obtained
The contactangleofd. dr opl et r eac hes leddepositioriSimilay, 3 0 ms
Zhu et al[80] mixed FeAe and PVAfor precursor solution, ardFeOz nandiberswith
rough surfacewere obtained after calcinatiofs a result, dropletsn theU-FexOs fibrous
surface spreado Oecontact angle within hundreds wiilliseconds.In addition, Tijing et
al. [81] decoratechydrophobicpolyurethane (PUjibers with hydrophilictourmalinel
nanoparticleby addingTM nanoparticles into PU precursor solutigvithoutthe need for
thermal treatment, th@sspunbeadedibershave contact anglesarying from125to 13¢

by increasing TMamount from 0 to 5 wt%.

2.3 Developingsuperhydrophobicity by electrospinning

Electrospinning is proven an efficient metHod fabricatng superhydrophobic surfacés.

this section, the electrospinniiogised method®r fabricating superhydrophobic surfaces
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areintroducedBased on thé&abrication steps involvedhé methods are classified ir(th

onestep electrospinning an{@) electrospinning followed by post treatment.
2.3.1 Onestep electrospinning

Onestep electrospinning refers to that superhydrophobic surfaces can be directly obtained
after electrospinning without any post treatm&able2.1 summarizes the orsepmethods

in literature. The first two columns explain the mechanism and materials, respectively, to
achieve superhydropholiiz, and the third and fourth columns show theasured surface
wettability. The mechanism is essentially controlling fiber morphology offtaedsurface

energy, as discussed in Section 2.2.

Table 2.1. Onestep electrospinning to develtggus superhydrophobicity

Contact Roll-off angle

Mechanism Materials angle (droplet Ref.

volume)
Beaded fibers PS 16Ce - [27]
Beaded fibers PANI/PS 162 <5e [82]
Beaded fibers PS 155 5¢ [83]
Beaded fibers PVDFHFP 157 6¢10¢L) [84]
Beaded fiberNsFt)JIoped with T:O PCL/TiO 1568 ) [85]

s

Fibers with nangoprotrusions PS 154e - [86]

PVCI/TIOz 168
PSITIQ 178 - [87]
PVCl/graphene 166¢

Fibers doped with Ti@NPs or
graphene NFs

Fibers doped with Si€ENPs PS/SIQ 157 2.28 [28]
Patterned fibers PS 167e 5e(5¢l) [88]
Copolymer fibers PSPDMS/PS 163 15¢ [31]

Grooved fibers with Teflon oute

layer PCL/Teflon 158 7e(10¢lL) [32]
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PANI: polyaniline; PVDFHFP: poly(vinylidene fluorideco-hexafluoropropylene PVC:
polyvinyl chloride; PDMS: poly(methylhydrosiloxaneyPs: nanopatrticles; NFs: nanoflakes.
& contact angle hysteresis.

As shown inTable2.1, most onestep methodeely onfabricating fibers with secondary
morphology especially beaded fiber® realizdotussuperhydrophobicityA hydrophobic
or weak hydrophilic polymer such as 23, 82, 83Jand PCL|85] is oftenused to prepare
a precursor solution that has a lower concentration than that for beadless fibers. As a result,
beaded fibers with microbeads and interconnected nanofibers are obtained. When droplets
are deposited on the surface, the intrinsically hydrbhar weak hydrophilic microbeads
with higher height than nanofibers can support the droplets in GBasier state, resulting
in lotus superhydrophobicity. For example, Jiang et[ar] fabricated beaded PS fibers
using 7 wt% PS/DMF solution. The diameter of beads and fiberg &18and 660140 nm,
respectively. Tebeadon-string structure increas contact angle to 16@ompared td3%
for beadless fibers of 420 nm by 25 wt% PS/DMF solution. Based on (Gesdier model,
Eq. (2.2), the fraction of liquidir interface is calculated to be 0.924]. However, beaded
fibers have higlstructuralheterogeneity, resulting in a low mechanical stref@jthor even

being hard to be frestanding27].

Another common secondary fiber morphology in depmg superhydrophobicity is the
nanoeprotrusions on fiber surface, which are created by adding-particles[28, 87]or
flakes[87] into the polymer solution before electrospinning. For example, Lin §8&l.
added Si@nanoparticles into PS/DMF solutioRigure 28 shows the obtained PS fibers
with varying content of Sienanoparticles. Nanprotrusions form at the fiber surfaces and
increase with the content of Si@anoparticlesBy adding7.7 wt% and 14.3 wt% &iO,
contact angle increases from g48153and157¢ and CAH decreases fromtd 3eand 2 ,
respectively. The obtained superhydrophobicity is attributed to thepratraisions and
the grooves on the fiber surfaces, which held liquid from penetrating to the inside of fibrous
mat. Based on similar mieanism, TiQ nanoparticles and graphene ndlakes are doped
into PS and PCL fibers for superhydrophobi¢gy].
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Figure 2.8. ElectrospurPSfibersdopedwith (A) 0 wt%, (B) 7.7 wt%, and (C) 14.3 wt%
of SiOz nanoparticle$28].

Without engineering the secondary morphologiefbers, Wong et al[88] proposed a
method to develop superhydrophobicity by patterning smooth PS fibers. The collector for
electrospinning consists of a PDMS substrate and two paaateiged electrodes on the
top. Before electrospinning, the substrate isgtretched with vigying strain, i.e., @.00%.

In electrospinning, PS fibers are deposited onto thestpe¢chedsubstrate with alignment
by the two parallelrranged electrodes. After electrospinning, thestretchedsubstrate

is relaxed and gets shrunk, resulting in et#ike PS fibers. By increasing the strain ofpre
stretched substrate from 0% to 100%, contact angle increases freto 18%and sliding
angle decreases from@&finning to ® The lotus superhydrophobicity can be attributed to
the large curvature ohe wakelike fibers, which help trap air under droplets and maintain

CassieBaxter state.

In addition to adjusting fiber morphology, superhydrophobicity may also be reached by
lowering fiber surface energy. For eatep method, this cammly be realized byadopting
low surface energy precursor for electrospinning. However, polymers with very low surface
energy like PDMS and poly(tetrafluoroethylene) (PTFE), often havelestrospinnability.
To overcome this problem, methods such as polymer blefilng9]and coaxial electro

spinning[32] are proposed.

As an example, Ma et gB1] blendedcopolymerpoly(styreneb-dimethylsiloxane) (PS
PDMS)with PS for electrospinning: PDMi&as a very low surface energy of 1€n8l/m,

given the lowest surface energy of 18 mN/m by PTHE PS has high electrospinnability.
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The obtained PDMS/PS nanofibers have diameter of -#&0 nm, witha contact angle

of 163° andCAH of 15°. The high hydrophobicity is attributed to the aggregation of PDMS
blocks at fiber surfaces, as verifiedXyray photoelectron spectrometéurthemore, Han

et al.[32] produced coaxial fibers witleflon AF assheath and PChscoreby coaxial
electrospinning. The obtained coaxial fibers have diameteRofle m wi t h

surface; the coaxial structure is verified by gyetispersive Xray spectroscopy. Asrasult,

the contact

angl e i s e«lhadracpleati z edan or dlel

tilting angle of ~7e¢.

2.3.2 Electrospinning followed by post treatment

Table2.2 summarizes theethods of electrospinning followed by post treatnbedevelop
lotus superhydropholoity. Most of the superhydropholiig in Table2.2 aredevelopedn
a way thaffiber surface roughness is finstodified by creating secondary morpholpm
electrospinning or by post treatmexiter electrospinningand therfiber surface energy is
reducedby coatingathin layer of low surface energy material. other wordsthe super

hydrophobicity isachievedoy controlling bothfiber morphology andiber surface energy.

Table 2.2. Electrospinning followed by post treatméot lotus superhydrophobicity

gr ooves

Contact

Roll-off angle

Post treatment methoc Materials Ref.
angle (droplet volume)
CVD PVDF/DMDCS 153% - [91]
iCVD PMMA/PPFEMA 163 - [33]
iCVD PCL/PPFEMA 17% 2.%(20el)  [61]
. Poly(AN-co-TMI)/

Annealing fluorolink-D/T2EH 167 4e(5¢l) [92]
Thermal imidization Pl 160e - [93]
CF4 plasma etching PVDF 164e 5e(12.5¢L) [34]

LBL/CVD Nylon 6/PAH/SIQ NP9 168¢ i [33]

(CR)(CR)5(CH2)2SICls
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Cellulose acetate/PAA/

LBL/FAS modification TiO2 NPS 162
PEO/SIQ NPs/FDTS 160e
Calcination/fluorination PAM/SIO: NPS/FDTS 14%
PAM/PS/SiQ 159
NPs/FDTS

Calcination/FAS o .
modification PVA/silica gelSiO: NPs 155

. . PAN/SIO.
Dip coating NPs/Ag/PFDT 157¢
Dip coating SBS/SiQ NPs/FDTS 156¢

Dip coating/blade

coating PAN/ASO/SIQ NPs 156e

Physical deposition PU/SIQ NPs/DTMS 157

Surface grafting/

hydrothermal method PU/SIQ particles 152

2e(12¢l)

<2e(10¢l)

3e(12¢l)

8e(5¢l)

5e(12¢l)

5e(10¢lL)

[78]

[94]

[95]

[96]
[97]
[98]
[29]

[30]

CVD: chemical vapor deposition; iCVD: initiated chemical vapor depositiBh;: layerby-layer

deposition; FASfluoroalkylsilane;

DMDCS: dichlorodimethyl silandluorolink-D: perfluorinated linear diol; T2EH: tin(ii) ethyl

hexanoatePl: polyimide;PAH: poly(allylamine hydrochloride)PAA: poly(acrylic acid) PEO:

poly(ethylene oxide)FDTS: (heptadecafluord, 1, 2, 2tetrahydrodecyl)trichlorosilan@®AM:

poly(aayl amide) PAN: polyacrylonitrile PFDT: 1H,1H,2H,2HperfluorodecanethipSBS:

poly(styreneb-butadieneb-styrene)ASO: aminasilicone oil; DTMS: n-dodecyltrimethoxysilane

In Table2.2, a fewsecondary fiber morphologiese includedporous fiber$33], beaded

fibers[34, 61, 92, 93]andnanoparticle decorated fibd29, 30, 33, 78, 9496, 98] Here

the nanoparticle decorated fibers discussed in detail sinceius fibers and beadéters

areintroducedin Sectiors 2.2.1 and 2.3.INanoparticle decorated fibecan beproduced

by eitheraddng nanopatrticlesto precursosolutionbefore electrospinnini9, 9496] or

coatingnanoparticles ontthefibers after electrspinning[30, 33, 78, 98]

Foraddng nanoparticlesito precursosolution,thenanoparticlesnaybe partiallyburied

in theelectrospuriibers as shown ifrigure 28. Posttreatmenby calcinationcanroughen

fiber surface by pyrolysis of polymematrix. Figure 29 compareghe morphologyof (A)
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PEO/SIQ and(B) PVA /SiO: fibers before andafter calcinationThe calcinationexposes
the SiQ paricles bymelting or burning outhe PEO or PVA resulting in enhanceiiber

surface roughness.

Calcination
at 500°C
)

Calcination
at 800°C
=

Figure 2.9. Changeof surfacemorphologyof (A) PEO/SIQ [94] and (B) PVA/SIQ [95]

fibers beforeandafter calcination.

Different from onestep methodsvarious st treatmerstallow to coat fibes with nane
particlesafter electrospinningFigure 210 shows the SEMimagesof various electrospun
fiberscoated with Si@nanoparticledy post treatmestIn Figure 210(A), nylon-6 fibers
are coated with positively charged PAHd negatively chargeésD nmSiOz nanoparticles
by LBL deposition[33]. In Figure 210(B), PAN fibers are first modified by ASO usirmip
coating and then coatéy 7-40 nm SiQ nanoparticlesisingblade coating98]. In Figure
2.10(C), PU fibers ardirst grafted with-NCO group andthen treatedvith (3-aminoproyl)
triethoxysilane (APTE} andfinally coatedby SiOz particlesby hydrothermal methd@0].
Comparedvith thedopedfibersin Figure 28 andFigure 29, the fibers inFigure 210show

higher surface roughness

24



Figure 2.10. SEM image®f (A) nylon-6 fibers[33], (B) PAN fibers[98], and (C)PUfibers

[30] coatedwith SiC: nanoparticlesfter electrospinning

After developingsurface structurento fiberspost treatmerguch asCVD, dip coating,
physical depositiorgan coat fibers with a thin layef low surface energy materit help
maintaindropletsin CassieBaxter stateAs shown inTable2.2, the low surface energy
materialcan befluoridesuch as PPFEM/fS3, 61} FDTS[94] and PFDT[96], andsilicide
such aDMDCS [91]. Note that he coatd layer should behin to reserve theeveloped
surface structure of fibers. FexampleMa et al [33] fabricatedoorous PMMAmicrdfibers
with average pore size of 80 nithe porous fibers have a contact angle oEIAZincrease
thehydrophobicityof the porous fibersaPPFEMAlayerwith thickness 080 nmis coated.

As a result, he PPFEMA coated fibergetainedthe porous structure and show a contact

angleof 163
233Superhydrophob+ipeittaay oweffi et ose

Superhydrophobpbietaty wi fnessickyosspérisydroptholioitigy
alsoimportant tomanyapplicationsincluding microdroplet transportation/collectigi 8]
andlap-on-chipdeviceqd19]. On a sttky superhydrophobic surfacedroplettakesa quasi
spherical shapwith contact angle greater than £560 the contact area between droplet
and solid surface is smalNeanwhile the droplet can be hold in place without movement

because of the high agléive force by the surface.

Table 23 summarizeshe electrospinningbasednethodgor developingosepetaleffect
surfaceswhicharecategorizednto onestep electrospinning and electrospinning followed
by post treatmenihe first columnlists the post treatment iolved; the second and third
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columnslist the surface morphology and the materiagspectivelyof fibers; thefourth

ard fifth columns show the wetting behaviansthefibers.

Table 23. Electrospinningbasedmethods fopetalsuperhydrophobisurfaces

Posttreatment Fiber Material Contact Adhesion strength Ref.
morphology angle (droplet volume)
- Smooth fibers CA 154¢ 90epinning [99]

- Smooth fibers  PolyPhe 160e  180epinning(2¢eL) [100]
- Beaded fibers FPI 158 98¢eN [101]
- Smooth fibers 2-PGA-Phe 154¢  18Cepinning(lel) [102]

- Beaded fibers PVDF 15Ce  18Cepinning (3eL) [34]

- Beaded fibers PS 152 113¢N [53]
Thermal .
imidization Beaded fibers Pl 151 80¢N [93]
SiCla/H20

treatment/ Beaded fibers PVA/silica 168 180epinning (2eL) [103]
silanization

CA: cellulose acetat@®olyPhe: poly(Lphenylalanine); FPHuorinated polyimidep-PGA-Phe:
2-PGA modfied with L-phenylalanine ethylester
& advancing contact angle

Lotus fibers require droplets stayingtire CassieBaxter state, so a proper combination
of structured fiber surface and Ider surface energy is needétbwever, br rosepetal
fibers,droplets can be in partial wetting or Wenzel stateereforemostof therosepetal
fibersin Table 23 areproducedoy onestepelectrospinning without post treatmeatcoat
nanoparticles or low surfaemergy layer-or examplefFigure2.11 presengthreerosepetal
fibersthathave smooth fiber surfaemdarefabricatedusinghydrophilic polymersFigure
2.11(A) showscellulose acetatewhich has an intrinsic cwact angle of 64 fibers with
diameter of 358100 nm[99]. As shown in the insethé cellulose acetate fibemnave a
contactangleof 14 and dropl ets are pinn8O0Egueen by
2.11(B) and (C) arefor PolyPhe[100] an d -PGA-Phe [102] fibers respectively.The
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intrinsic contact angle ahe PolyPheanda-PGA-Pheis 7 5and7 0 eespectively Both

fibers have contact angle greater thaneks@l can pin dropletst atilting angleof 1802

Figure 2.11. SEM images a$uperhydrophobic (A) cellulose acetgg8], (B) PolyPhdg100],
and( C }PGA-Phe[102] fibers with rosepetal effect.

Beaded fiberare also widely used tyeaterosepetal superhydrophobicitizorexample,
Gong et al[101] fabricated beade@PI fibersusingone step electrospinningNanopapillae
form on the bead surfacecreasing the surface roughness of bdae beaded FPI fibsr
havecontact angle of 158nd adhesioforceof 98¢N. The high adhesion is attributed to
the noncompositeterface between fibers and droplet, anel hydrophilic groupsf FPI
molecuks. The composite interface betwdsgads and droplet contributes to the lightact
angle.In addition beaded PVDIF34], PS[53], P1[93], and PVA/silicd103]fibersare also
reported for thdeasibility of developingrosepetal superhydrophobicitfComparedo the
lotus beaded fibergported inTable2.1 andTable2.2, rosepetal beaded fibers have higher
fiber surface energgmallersize contrasbetweerbeadsand fibers, antbwer distribution

density of beaded fibers.

2.4 Summary

In this chapter, Section 2ptovidesthe fundamentalof droplets wetting on flat and rough
surfaces that are neededitwlerstand various wetting phenomedaanideal flat surface,
droplets wetting is governed liiye intrinsic contact angle of surface material baseth®n
Young equationOn a rough surfagadroplet can bén either composite or noncomposite
statedepending on the existence of air pockets under the dropledsthe contact angtan

be predicted by Casskaxter or Wenzel model, respectiveljoreover wetting transition
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from thecompositestateto noncomposite state may occur if composite statetihhaomoe

dynamically stable.

Section 2.4ntroduces thenethods to modify surface wettabiliiggingelectrospinning.
In essence, surface wettabilitydisterminedy surface roughness and surface enewtych
can becontrolledby electrospuriiber morphology and fiber surfackemistry respectively.
The fiber morphologyncludingfiber diameter, intefiber distancespatial distributionand
secondary fiber morpholgguch adeads, pores, and grooves stnewnto be effective in
controlling surface wettabilityl he fiber surface chemistry can be manipulated by adjusting

precursor solution and applying post treatment such as CVD and dip coating to fibers.

Based on Section 2.2, Section 213t reviews the electrospinnirgased m#nods to
createlotussuperhydrophobicityBased on the fabrication steps involvéd iethods are

classifiedinto onestep electrospinning and electrospinning followed by post treatments.

The most commonly used oséep method is creating protrusionsfilner surfaces, i.e.,
beaded fibers and nanoparticlecorated fibersSlhe mechanism farreatinglotus effect is
that the protrusionsan support droplets in Cas#axter state with less continuous liquid
fiber contactinterface, resulting in high cortbangle and low droplet adhesion. However,
the beaded fibers suffer from low mechanical strength due toghéeterogeneitygomplex
preparation for a homogeneous solution is needezldotrospinningnanoparticledecorated
fibers.Moreover, methods using patterned fibers, coaxial or copolymer electrospinning are

alsoreported, but limited by the complex setup or operation.

For the electrospinning followed by post treatments, most of thedffiecstsurfaces are
developed in @rocalurethat fiber surface roughness is first modified by creaegpndary
fiber morphology, especiallyurface protrusionsn electrospinning or by post treatmgnt
and then fiber surface energy is reduced by coating a layer of low surface energy material
after electrospinnind=ven thoughhepost treatment after electrospinning allowséparate
fiber fabrication and surface modificatiahg fabrication is complicated by the multistep

process.
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In comparison, developing peteffect surfaceby electrospinnindhas less requirement
on the fiber morphology and surface energy than that for lotus surfdmeseason lies in
thatliquid can penetrate into the intBber spaces sacomplete CassiBaxter state is not
needed for petal effectherefore, the petal effelaés been achieved usirigpthsmoothand
beaded fibers with a relatively high surface energy, for example, smooth cellulose acetate

nanofibers with random distribution.

Despite the sulbantial progress in developiredectrospursuperhydrophobic surfaces
several limitationpreventingoroadapplicatiors exist. Firstastrategic approach super
hydrophobicity considering the influences of filmorphologyis neededCurrently, nost
works rely on increasing fiber surface roughness and/or reducing fiber surfacewitlergy
low surface energy matersdb realize superhydrophobicijtgo fbers araisuallyrandomly
depositedwith little control. As a result, a thick fibrous mat is usually madeeuce the
heterogeneity of fiber distributionausinga decrease of air permeability and transparency,

and alsawaste of materials.

Secondcurrent methodsften involve complex fabricatigprocessg Toincreasdiber
surface roughness, nanoparticles are widdlyptedoefore or after electrospinning. Before
electrospinningnanoparticles should be homogeneously blendedagiholymer solution,
soanextra step might be needed to dispéhsmanoprticles. After electrospinning, post
treatment is needed to coat fibers with nanoparticlesediacethesurface energyf fibers,
copolymer(low surface energy polymer and electrospinnable polyorecpaxial electro
spinning,or surface coatingfter electrospinning areften used All these methods can

increasehefabrication complexity.
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Chapter 3 An Integrated Thermodynamic Model for

Wetting Various Parallel-Structured Surfaces

3.1Introduction

The wettability of a solid surface is often characterized with a sessile droplet contact angle

[44, 104] A hydrophilic surface has strong affinity to liquid, thereby showing a statitact

angle | ess than 9 0fggging glisespO5hhea pips[@dS]dcentacti n an't
lenseq107], etc. Conversely, a hydrophobic surfat®wing a static contact angle greater

t h a nis @&S8rable for selfleaning[108] and antiicing [16] surfaces.

Patterning surfaces with parallel structures or grooves is an effective and facile method
to control the wettability of solid surfaces. Structures with varomasssectionshapes are
fabricated, including rectangle and trapezoid structures by photolithogiEp@ly micro-
milling [110-112], and laser micromachinif@13], and round structusdy electrospinning
[51, 114, 115]The mechanism of modifyirgurfacewettability by parallel structures is by

changing surface roughness.

The wetting state of iquid droplet on a rough surface can be either composite er non
composite. In composite state, which is also known as G&ssiter stat¢41], air pockets
form along the solidiquid interface. In the noncomposite state, or Wenzel §#2fe the
solid surface under droplet is fully wetted by liquid. The equilibrium contact angle (ECA)
on a rough surface can be predicted using G&ssi¢er mode[41] or Wenzel moddl?2].
In reality, however, the free energy barriers that prevent a wetting system from reaching its
global minimum of free energy may devi#ite actual contact angle from the EQ44]. In
addition a free energy barrier may separate composite and nhoncomposgeasthtender

the wetting transition between these two stftés, 117]

" The contents have been publighe Colloids and Surfaces A: Physicochemical and Engineering Aspects
655 130214
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Therefore, the energy barriers are important to predict wetting behaviors. Many articles
[51, 118124] have reported thermodynamic models describing the change of free energy
in wetting to analyze energy barrier. These models can be divided into two categories based
on the calculation of the soHidjuid or liquid-vapor area under droplet. Specificallymso
works calculate the soliliquid or liquid-vapor area using a statistical distribution density
of structures; the energy barriers in wetting transition for pi[tel8-120], sphers[120],
andmicro hoododcstructureg51] are obtained. However, the energy barriermedalong
the movement of exterior thrgghase contact line (TPCL) are difficult to analyzehiite

statistical distribution density.

Alternatively, the solidiquid or liquid-vapor area can be correlated with the position of
exterior TPCL on every structure. For example, Li efl#1] and He et al[123] studied
the energy barriers in wetting pillar structures with differentviggvs by calculating the
energy difference between discrete pioss of exterior TPCL; Tie et dl122] studied the
energy barriers in wiing trapezoid, rectangle, paraboloid, and triangle strips. Hower,
variation of free energy with the movement of exterior TPCL inside structure gnovage
not included. Kim et a[124] modeledthe exterior TPCL moving in rectangle grooves by
assuming the liquid front inside grooves as a vertical line, but this assumption cannot fit re
entrant structures, e.g., inverted trapeztdaddition numerically calculating the energy

difference betwerdiscrete TPCL positions can only give the magnitude of energy barriers.

Besides the magnitude, the forming conditions of energy barriers are also important. For
example, specifying the forming conditions of energy barrierdtelmaximize metastable
contact angles for superhydrophobi¢it25] and analyze the adwucing and recedingpntact
angles for contact angle hysterd4i®1]. To this end, Shuttleworth and Bailgy26] studied
the movement of exterior TPCL on wavy surf;
considering intrinsic contachgle (ICA) as local contact angle. They modeled the initiating
and ending conditions of the energy barrier in noncomposite state. Later, Eick25hl.

related free energy to apparent contact angle (APCA) as droplets spread along sawtooth
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surfaces. They derived similar equations by minimizing system free energy. More recently,
Long etal. [2] extended the application of theodel for the initiating and ending conditions

of energy barrier to paralkstructurel surfacesMoreover, othescholarsmodel contact

angle hysteresis, which is same with the initiating and ending conditions of energy barriers
without external perturltieons [124], for pillars[127, 128] sphere$129], and reentrant
structureg130]in composite state. However, the forming cormuagiof energy barrier may

be discontinuous and complicated by (1) the interplay between ICA and the nsuitiiplee
inclination angles of round or quadrilateral structures, and (2) the penetration of exterior

TPCL inside the groovd414].

In addition, the reported thermodynamic modlélsl, 114, 122, 124klating freeenergy
with theexterior TPCL position for parallel structures are shape specific. There is a lack of
an integrated modiéor various simple geometriesiich agrapezoid112, 113] recangle
[109-111], inverted trapezoiflLl31], circle[51, 114] and elongated circlg15]. Besides
evaluating the wettingehaviorsf existing structures, an integrated model can also guide

the degyn of new structures.

Therefore, the objectives of tlehapterare tobuild an integrated thermodynamic model
relating free energy with the continuous movement of TPCLshans$pecify the forming
conditions of energy barrier in wetting various paratelicture surfacesFigure3.1 shows
the crossection of the studied parallel structures: (A) skadge and (B) round structures,
which are often reported theliterature. As illustrated, both types of structures are fipeci
case of the base structure. This analysis enables the development of an integrated model in
this work. Accordingly, the rest of tlelaptelis organized as follows. SectiB® introduces
the thermodynamic models for different wetting states. Theakitonditions for creating
energy barriesare derived from the models. Then SecB8d&walidated the thermodynamic
models and the forming conditions of energy barrier using experimental data by electrospun
fibers and existing experimental and theorétwarks. SectiorB.4 compares the forming

conditions and magnitude of energy barrier for varjpausllelstructures.

32



Figure 3.1. Crosssection view ofvariousstructures: (Al) trapezoid; (A2) rectangle; (A

3) inverted trapezoid; (R) circle; (B2) elongated circle.

3.2 Theoretical Analyses

Figure3.2 presend the schematic of a liquid droplet on a paradtelctured surface. Two
dimensional thermodynamic models relataygtenfree energyvith the position of TPCLs

are built forthecomposite and noncomposite states, and wetting transitiomsEhenptions
aremadeas follows: 1) the liquievapor interface 1s treated as a circular segment with a
radius ofR1 by ignoring the effect of gravity for droplet smaller than capillary le{gR];

2) the liquidvapor interface 2 is assumed planar by ignoring the effect of Laplace pressure
[132]; 3) theline tension is ignored so Young equation is locally vil&B]; 4) the droplet

volume remains constant by ignoring droplet evaporation

= | iquid-vapor interface 1
= |_jquid-vapor interface 2
Liquid —— Solid-vapor interface

= Solid-liquid interface

Exterior fi————""""" R

TPCL

J Surface structure
6

PP PIPADIWIY

Cross-section view Interior TPCL

Figure 3.2. Schematic of a liquid droplet on a parak#luctured surface
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The change of f r e eE, [miore and gfterphe dropletrcontactsdhe pt h ,

structure surface iRigure3.2 is:

DE {Ly, Ky)ay (s <5 (3.1)

whereL ando are interface length and surfaeasion respetively; L, V, and S represent
liquid, vapor, and solid, respectivelfhen dviding Eqg. 8.1) bya.v and applying th& oung
equation 38, 39]give

DE/gLV :LLV1 Hi_VZ I‘S-L cos \q (32)

wheredy is the ICA of solid surface. For a given volumedifjuid, thesystemfree energy
before contactingamilva r e ¢ o n st aHfty pf Eq. 8.2) standstfoh systeee free
energyper unit depttior the rest of thishapter Based on the geometric relationship shown

in Figure3.2 and the constant crosgction ared, of the droplef122, 134] we have
Ly =2Rg, 2R gq/sin 4 (3.3)

S=(g, sin gcos,§yR/sih , g% (3.4)

whereda isthe APCA, andS is the area difference between the liquid below external TPCL
andthe structure above external TPCL to account for the liquid penetratidhegimoves.
ThelL.v2 andLsc in Eq. 3.2) are functions of APCA anithe position of TPCLs, and they

depend on the wetting states, which are specified as follows.

Figure3.3 shows the composite and noncomposite states, and wetting transition for the
sharpedgeand roundstructures irFigure3.1. Differentfrom earlier 2D modelgl21, 122]
the model in this paper considers the movements of exterior @R@geach structure, so
the enegy barrierencountered at each surface can be analyzed. As the droplet spreads along
the structures, thexteriorTPCL moves in a cyclic pattern. The position of the exterior TPCL
is describedisingn, s, Uo anddo: 2(n-1) is the number of structure wiihat have beefully

coveredby droplet;sandio arethe wettedength of then-th structureunit along horizontal
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and inclined surfacesespectivelyds is the angular position @xterior TPCL The nterior

TPCL usesii or d; for inclined or curved surfaces.

Composite state Noncomposite state Wetting transition

[ |

:':t &

T2 (T3)
C1: n, s=0. C1" n+1, s=0. W1: n, 6,=0, s=0; W4: n, 6,=2h/sin@, s=l-2hitanp; T1: 6=0;
C2: n, s=l,-2hitang. W2: n, 6,=hlsing, s=0; W1"n, 5,=2h/sing, s=I;-2hftang. T2: é;=h/sing, A, -%0;
W3: n, é,=hlsing, s=I-2h/tang,; T3: o;=h/sing, AL>=0.
| [ |
o ! i
Liquid droplet " s }
! c2s o !
T ) |
S e e w— pr—
n-1 n n+1 T T2(T3)
C1: n, s=0, 6,=180°-6y; W1: n, 6,=0, s=0; W4: n, 8,=360°, s=h; T1: 6=6y;
C2: n, s=h, 8,=360°-6y; W2: n, 6,=180°, s=0; W1" n, 6,=360°, s=/,. T2: 6=180°, ALv»#0;
C1" n+1, s=0, 6,=180"-6y". W3: n, 6,=180°, s=1; T3: 6=180", A\»=0.

== Solid-liquid interface === Liquid-vapor interface1 === Liquid-vapor interface 2 for composite state

= Liquid-vapor interface 2 == Liquid-vapor interface 2 in wetting transition

Figure 3.3. Schematics of composite states for the (A) steaige and (B) round structures;
noncomposite states for the (C) shagge and (D) round structures; the wetting transition
for (E) shap-edge and (F) round structures. (trapeztid9 0 e ; r &=x9tOaen;g lien:ver t

trapezoid(i>9 0 e ; |£=i0;relonigated circldzi 0)

However a fewgeometry constraintanit themovemenbf exterior TPCL. becaus¢he
liquid front cannotintercept with structuieat any point besidesxteriorTPCL. Figure 34
(A) and(B) illustratethe geometry constraints fthre exterior TPCL othe sharpedge and
roundstructures, respectively. As shownFigure 34(A-1), the twogreendottedlines set
the boundary of the liquid frontyhich is denotedby the blue linelt should be noted that
the liquid front inside grooves iseated as straightline, which is tangent to the liqufdont
curveoutside groove[2, 114] for simplicity. As a result, there are upper and lowsnits

for da corresponding tboundary of the liquid front
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A1) 23 _ +
( )h L‘i’lia’“' T (A-2) (A-3) ‘ 2
1 @

50'1 1

Extreme liquid front for the
lower limit of 8,

Extreme liquid front for the
upper limit of 8,

Figure 34. Geometry constraints for tmeovement oexterior TPCL on the (A) shaigdge

and (B) round structures

Forthe sharpedge structureis Figure 34(A), there is no constraint for the pat3d.e.,
when the external TPCL is on patt8B2Zbecause -3 is the top surface. For the pathd, 3l
1 a, -2 ahichdomespond tBigure 34(A-1) to (A-3), respectivelythe constraints, i.e.,
the upper and lower limitsf da, areexpressedisingEq. (3.5), whichis derived based on

geometric relationships.

3-4:/j <q ¥80 aretan a{)sm_/ . _
l,-1, &h/tary g cos j
4-1": arctanL_ g, <80 arctan S Sl - (3.5)
h/tary +s' | -, Wtan; s-
1- 2': arctan h- d;sin / q, <80 7 -

l,-1, f/tanj cos j

whered, I3, |2, andh are all geometry parameters as introduceigire 3.1; sgandtoQare
the wettedength ofeachhorizontal anchon-horizontalsurfacesrespectivelyby exterior

TPCL For the round structures,

1- 2:arcsin r2 - +arctan% & & if g <18
\/(Il- rsing,)” {r cos g) l,- rsing,
g,-180 ¢ 180 arcsin rz = arctan% if g >18
\/(Il- rsing,)” 4r cos g) l,- rsing,
2- 1':2arctanr—l K, <80 _Zarctaflnr—l
S -s
(3.6)
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wherer andl1 are geometry parametet;is thelocation of external TPCbn each round

structure
3.2.1 Geometric transformation

Figure 35 defines the geometnf the base structure iigure3.1. The positions of exterior
and interior TPCLs are describesingd, anddi in Figure 35 (A) and(B), respectively. In
both figuresthe gold (color) region represents a single base stryetoaats side walls are
two arcs wih a radius of. As r approaches infinity, the arc walls become straight, so the
base structure becomes a shagge structure with an internal angfdi, as showrigure
3.1(A). With afinite r, the base structure becomes an elongated circle ihgnand(i=

90g and then becomes a circlelasquals zerpas showrFigure3.1(B).

Interior
TPCL, C'

DE=6,', EG=l,, AF//BE BD'=&;, EG=/,, AF//BE
= Liquid-vapor interface 1 = Solid-vapor interface
=== Liquid-vapor interface 2 = Solid-liquidinterface

Figure 35. Geometry of the base structuneFigure3.1 with (A) exterior and (B) interior
TPCLs.

In the geometric transformation from the baseharpedge structui® asr approaches
infinity, the exterior TPCL at the pointi@ Figure 35 (A) moves right to the point [land
theinterior TPCL at the point @n Figure 35 (B) moves right to the pointd@So theheights
of exteriorTPCL (length of KJand interior TPCl(length of Kalg are fixed atioasini and
hi Gi-sind, respectivelyThenEgs. (3.73.8) are obtainedased on the geometriglationship

of KJ=OE:cos( JOE)T OC-cogl andLK>OB-cos( BOK X OCxcod, respectively.
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d,sin j=rco{ 180 2, g r eos, (3.7)
asin j=r cos g+ cos, (3.8)

wherer, (, andds1= 0T arcsinf/(2rsind)) areall structue parametersMeanwhile for the
exterior TPCLthe length ofirc CEapproache.cand the difference between fjections

of OC andOE on CDapproachesibgcodi. Then the following relations can bétained,
imr(g,-180 ~ ) ; (3.9)
limrsing,-rsin g = -&os (3.10)

where ds2 is defined a1 ds1 for do<180g andT1 ds1 for do >1802to simplify Egs. (3.9)
and (3.10)Similarly, for the interior TPCL irrigure 35 (B),

imr(g- q) = (3.11)
limrsing - rsin g =, dos (3.12)

The geometric relationships of Eqgs. (3(3)12) are used to integratariousstructures.
3.2.2 Composite state
In thecomposite state, the exterior TPCL moves in a cyclic pattern @1 g as s howr

in Figure3.3(A-B). Substituting Eqg. (3.3) into Eg. (3.2) gives,

DE q,
— =2R A coxy (3.13)
gLV RZ sin /g +LLV2 I-'SL Y

whereRy, LiLvz, andLsL are specified based on the geometric relationshipgiure3.3(A-

B) andFigure 35. For thebase structure, the half basal wid® is expressed d5q. (3.14)
R, :% {n YL rfsing, sing) s (3.14)

wherel, |1, |2, h, andds2are geometry parametenss, anddo describe the location of external

TPCL. Note that the(sindo sindsz) ands of Eq. (3.14) represent the accumulated wetting
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length of the inclined and flat surfaces, respectively, in one structurd heitiquid-vapor

interface under the dropletv: is expressed as

L, =(2n -1)2]1 l5 jl Z {sing  sing) (3.15)
e tarny

whered describe the location afternalTPCL. The liquid-solid interfacd_Lv2 is

2(+9( g 2498 (316

xq g

1-O: O

L=2(n 93, 2
¢

tan/

where (b)c1 is the angle of initial poinin the cyclic pattern of CAC2-C 1; ¢k3=0 for do <
180 edzadkufdrdo> 18 0e . HEBIH)aretliehtedgradel] modébr compositestate.

Particularly, for the sharpdge structureim Figure3.1, Ui =0; Uoo= (UoQc1 = h/sind for o
<1 8 0 gt foddo> 1 8 = (do)c1+2ds3 The integrated model can be specified into
the sharpedge model by substituting Egs. (3.10), (3.12), and (3.11) into Eqs-33.6%
respectively.

a 2h
1, 4— 2 (n +) | —_— -
% 02 W B gl (24 Q. 0

tan =
/ (3.17)

2h
tan/

Qz(n 1)

e

O @_QJO

0, @

603 Gog

-

For the round structured,=1 8 i0de and (b)c1=dy. The model is specified into

— =g, 1, 2n Y, 2sing, 3 s (2 +)(I, +, e sing)
9 n g (318)

@(n- (1, + (180 “g)) 2(rg .§- 2 gpos,
The next step is to analyze the variation of free energy with the exterior TPCde Eohe
varies continuouslgsthe exterior TPCL moves from C1 to C2. Then the variati@dd v
with sfor the sharpedge structures calculated by taking the derivativeked. (3.17) with

respect tc,
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A(DE/GL,) _ pp A4S YR, A g,
ds dR ds gsqu

€03}, (3.19)

From te derivativeof Eq. 3.4), whereS is zero in composite statejth respect tdz,

dg, _sing,( g- sin ,qcos, )

= _ (3.20)
dR, R(g,cosg- sin,y
Substituting Eq. (3.20) into Eq. (3.19) gives,
DE
M 2(cosg, -cosg) (3.21)
ds
Then t he \Eavwithdfrono@l todCP casebdetermineds,
d(DE
,{e ( /gLV ) < O qA > g
ds
i 4(DE/g,,) (3.22
1—9'-\’ >0 <

Based on the same methéd). 3.23 can be obtained for GT2 of the round structures,

éd - q
1%“’ g, {180 @) & . 180+ ,) 7 -

lld @ (323
%%>0 g, <q (-180 _yé’ or , ga :(7180+ Y)

For either type of structure, tlegteriorT PCL j ump s fbecaumweh€@®isnmboo C1l q

intermediate point in betweeRrom Eg. (3.17)the change ofaeE/av fromC2 t as C1l a

expressed as

aDE 0 0a42Rg, 0 2R g
De— 6 2% S faad § 234 (3.24)
ggLv ey tan / ~C Smch*i- S(';nA %2

Thederivativeof 2R-da/sinda with respect tdRz is

d(ZquA/Sin Q)ZZ aa ) sin H- AFOS, ‘VjA
dR, sing, sif g R

(3.25)
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Substituing Eq. 3.20 into Eq. .29 gives

d(2R.g,/sin g)

0R, =2co0s, (3.26)
Then Eq. 8.29) can be rewritten as
aDE 0 0 R2+aél T
Dee— 6 -2% 6R* tog, R, (3.27)
(;gLV Ss.cr tan / -

wherecoda is higher thanl, so the integration is always larger tligii |2+2h/tand). As
a result,gp E/av)c2ciwis always positiveindicating that free energy increases from C2 to

Cla.

Figure3.6 illustrates the general approachdetermindghe forming conditioaof energy
barrier.After calculating the critical APCAs$he full APCA range[ O e , ,isHi8idedinto
severakubranges by the critical APCAs. The next step is to determine the local mohima
free energy, which indicate the formation of energy barrier, by analyzing the variation of
aE/av alongonemovement cycle foexternalTPCL for each APCA subange. Then the
APCA subrangeghat formenergy barrier are located and the forming conditions of energy
barrier are specified.ake the sharedge structures in composite state as an example. The
critical APCA ofdy fromEq. (3.22) divides t tpand,l | APC
1 8 Olerj .dv]0,&/nsekeeps decreasing as the external TPCL moves frol6280 1 g .
In [dy, 1 8 ®xy first dedareases along €12 and then increasesalongC2 o, cr eat i |
a local minima at C2 and an energy barrier foffas a higher accuracy, unrealistic energy

barriers due to the geometry constra{seseFigure 34) for TPCL should be removed.

Calculate the critical Divide APCA range Analyze the change of Locate the APCA Consider the
APCAs for each surfaces [ into sub-ranges using (| free energy for each |+ sub-rangesthat [ geometrical constraints
in one structure unit the critical APCAs APCA sub-ranges form energy barriers for the exterior TPCL

Figure 3.6. Procedure to specify the forming conditions of energy barrier
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In thecomposite state, the forming conditions of energy barrier are as follows. For the
sharpedge structures, energy barrier forms when APCA is greatedihaa.,[dy, 1.8 0 e ]
The round structures can extend the range of APCA for energy barrievioll@dd e , 18 0 e ]
becausehe surface oh round structure has continuous inclination angles to the horizontal
plane. However, the APCA range for round structures may shrink because of the geometry
constraints, which can only be determined with known structu@npers and thereby

presented as part of the results in Sectidn 3
3.2.3 Noncomposite state

Figure3.3(C-D) presenthe norwomposite state. In this case, exterior TPCL can enter the
grooves and move in the cyclic pattern of WP2-W3-W4-W1 a oW2-WMlag f or ci r c

MathematicallyLLv2 =0 for no liquidvapor interface under dropjetsulting in

DE q
—=2R,
gLV Sln g

|_SL cosy, (3.28)

whereR: andLsL are specified based on the geometric relationshipgure3.3(C-D) and
Figure 35. The half basal widtfR: is the same with that for composite state, as expressed
in Eq. (3.14)The liquid-solid interfacd_Lv2 is

L=l 4, 20 DY,

(%)
& tan/ 2(a, 9) 32( F( )7 -24 98 (329

where (b)w1 is the angle of initial point in theoncompositeyclic pattern;dss=0 for do

< 1 8aharks=dsifor do> 1 8 Hos..(3.28), (3.14and (3.29)arethe integrated model for
noncomposite state. Particularly,= h/sini and (e)w1 =0 for the shargedge structures
The integrated modélecomeshe sharpedge model by substituting Egs. (3.10) and (3.11)
into Egs. (3.14and (3.29)respectively.

2h 2h
tan / sin

DE 2R % -%1 L 20 D —- +) 2, B &o&q (3.30)
e

gLV Sln /g
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For the round structuredi=1 8 0 e dopwir@ €The model is specified into

DE q e
—=2 A gl L 2t 1 Z 3.31
S=RGE Ak 2 Db - 2ry e s g (33D

For boththesharpedge and round structurésh e v a r iEat witb sangWR2 e

W3 andW4-W1 ¢or W2-Wlafor circle) are the same as that for C2. For W2W3 and
W4-W1 a , (3.4 becomes

W2-W3: Rop Rzqu sin gCOSAq-(zn ]) %roove
sin’
K (3.32)
W4-W1': Rgp = Rzz qA - Sl-nzg COSAq_2n§tructure
sin” g,

whereSyroovelS thecrosssectionarea of single groove between two adjacent structures, and
SstructurelS thecrosssectionarea ofonestructure. HoweveiSgrooveandSstructureare constants

whenTPCL moves from W2 to W8r W4-W1 ,aespectivelyThus, Eg. (3.20 and(3.22

are still vaid.

For W3W4 of the shargdge structuresde/av with o, SOEQ. (3.30) is specified as,

DE q. @ 2h. & 2h h B, @
=2 A @l kB o2 1 — +— —— /iU gos
9y stin,g g 7 0 V6 Jj sin 4)/2%2 tan  /sin Qj"u@ ?
(3.33)
The derivative of Eq.3.33 with respect tab is
DE .
d(DE/Gy) _ oy SiNga- 4C0SAqdn G w9 oo (330
da, si’ g d,d ¢ smA q
TheEq. 3.4) becomes
Rip=RDBEN AT (o0 ) G 2 (3.35)

S i n qA roove'

whereSyroove@nNdSsructure@rethe partial area of groove and structure, respectiaslghown

in Figure 37. From Figure 37, the following relationship can be obtained,
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Sslructure‘

\:\\\\\\w ““““ L

AC=l,-2hltang

‘. a’qaé "=~ "L# - o
A X l‘| 'I': / ND=/,
~._ . ‘.‘-..1 1] KL=(I1 -12)/2
. \ 1 !
~ . e = [ /
J"f _________ K(w4) Ly

Figure 3.7. Schematics 0&roovmand Structurefor the base structure.

Sstructure AHGC -Q S:GF (336)

whereSsnce and Scer are expressed as Eg8.37) and (.38, respectively, based on the

geometric relationshipshown in the inset dfigure 37.

2h
tan/

Suisc = b &,c0S / Gekin (3.37)
g -

2

Seer 8(/ -p -4 sln(2 39 = sn(z() ﬁaersm sl—g JeostOs;n (3.38)

For Syroove point Kcan be tre&td as the location of the interior TPCL. Th8ovexcan

be calculatedby

. - 1 . 1 .
Sgroove'zZSEFKL :2|3(d| -QSIn / F_g o d - R-q _Z-gyn'o 5 Sq( iEi 25)4

(3.39)

wherels is expressed bl/21 |2/2+h/tanii+rsinds. In composite statef = "1 dy or O when
there is no penetration of droplet. In noncomposite sfat@((1 ds1). In wetting transition,

d varies with penetration depth. For the shadge structures in noncomposite stS§Rove

andSsrucure@re specified as

a

- 0
Sstructure' = dtan -/0

Syoowe = ( a’)( Lz (F @ftan )

(3.40)
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After substituting Eq. (3.40) into Eq. (3.38q. 3.4)) is obtained from the derivative of

Eq.(3.35 with respect tabg(same withlo for derivative).

dg, _sin’g, sin j- sin ,gcos (j, gsin, cgg)

= : (3.41)
da:; Rz(sm q- A‘pOSA)q
Substituting Eq. (3.41into Eq. B.34) gives
d(DE/gy ) _
d—a{)w =2(cogg, -/ €os,q (3.42)
Sol vi Ba)dit@ a n Bovidlieae0 for Eq. (3.42)gives
éd(DE/g , .
$%>0 J -9 G </jy*q
i ° (3.43)
7 d(DE/g, . .
'II‘(#OLV)<O g, </ -~qor Iyt Gac

For W1-W2, Eq. (3.49 can be obtained by the same derivation methitdthat of W3
w4,

—d(D:égLV):Z(cos(qA +)) €os,q (3.44)

Sol vi By)/die@ a n Boavifdiael for Eq. (3.44) gives

&d(DE : -

%%w g, -/ sq 30 (T i,) e

§ . (3.45)
i%>o g, <g - for360 (_ '/.Y)qA

Fortheround structures, the critical APCAs are the same as #tusenin Eq. (3.23.
However, the restriction af <do< 3 G €vgn composite state is unneedechoncomposite
state. Thus, &/abvad=di+ (i8S eenbemnttained f@achround

structure.
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The forming conditions of energy barrier in noncomposite state depend on the ICA and

structure parameters because the relative size of the multiple critical APCAs is needed for

the procedure ifrigure3.6. Thereforea case study is shown in SectioA ® illustrate the

use of this model.

3.2.4 Wetting transition

Figure3.3(E-F) showsthe wetting transition from composite to noncomposite state: liquid

penetrates into theurfacegrooves, and finally the liquidapor interface under the droplet

disappears. The level of penetration is descriiyeithe position of the interior TPCL, i.e.,

the penetration lengthiif and angled) for theinclined and curved surfaces, respectively.

Additionally, the exterior TPCLare fixedat C2in the wetting transition.

Considering that the exterior TPCasefixed at C2, he free energper unit depttor the
base structuratany penetration level between T1 and T2 is calculaydey. (3.46), which

is derived from Eg (3.14)-(3.16)

Eor, B gon Y3 1 2 a(sig sing) g
g sin g c tan 4 =
e & 2h & g (349
e a
@ngh-—— g2(n (g q) 26 ,9( yg 2.-@os,
é ¢ fay = a

wherer(do (do)c1i ds3) is constantParticularly,(Ti)c1=0 for the sharpedge structures and
(di)ca1= 1 8 @vdor the round structure$hen the variation of free energegr unit depths
anal yzed by Hiboivfvitheespechtwii a & o In deiodpgd =0 leasts to

_ sing, € 2h , : g .
cosg+cosg = —24 |,- —+— PB(-sin. g sin:)gySi 3.47
s+ cosg = S0 21 vy elsing sinagsin - 3.47)

In the case of neglecting ti@luenceof liquid penetration (into grooves) afa [133],
da can be treated constant. Then the right side o{E47), from the d(Rda/sinda)/dd,
becomes zero. Then for the shargl g e s t Eoueibcreasesdrom Tee to T2 when

db>180Geéeading to an ener gy b &owvalwaysincre&sesr

t

he

from Tl to T&<d<elc8lues,e slolB0aen ener gy barrier
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From T2 to T3, the liquivapor interface 2 disappedis.vz2 =0), sothe change of free

energyper unit depths

Qo

DaeD—E

= (2n 1{l, 1,){1 cosy,) (348
cIv

,Sl- oo

w h e r EBov)rs@s calculatedy Eq. (3.28). The Eq. 8.49 is always negative, indicating
thatT2ZT3 process i s ther modynami/xviwrdrdisgheftegp ont an ¢

energy barrier to be overcome for the transition from noncomposite to composite states.

Then weevaluate the stability at T1, which corresponds to the composite states by

difference betweef BEov)ti from Eq. (3.46)a n dE/ofv)ee:

aDE 0
Dee— 6 = (2n 1)aé1 o
QgLv TIT3 an /

(sm(ql) sin g{)

- O: O

(3.49

& gqg 0 8
z@ggg—%g- —%55 ) a(Zn 9g2r((a), (A) (L-1) gosy

wher e a Hoawksisindicates a gieble composite state, while a negaafzéLv)r1-

T3 indicates either a metastable or unstable composite state. Particularly, for thedgearp
structures, §)T1=0 and {i)ts = h/sin(i. Then neglecting the change &f andequatingEq.
(3.49)to zero give

[,-1, &hcot/

. (3.50)
l,-1, &hcsg

cosg, =

For theround structuresd)ti= 1 & @veand ¢f)ts= 1 8 ThenEq. (3.51) is obtained.

l,-1, & sing,

(3.51)
|1' | . &g,

cosgy =

3.3 Model validation

The preceding models are validated using data in the literature anceipesenentally
obtained in our lab. First, the thermodynamic model is validated with experimental data in

reference. Then the forming conditions of energy barriers in noncompasgt@st verified
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with an existing model and validated by experimental data using electrospun microfibers.
Last, the model for wetting transitigmvalidated withanexisting model and experimental

data from the literature.

Figure 38 compares our thermodynamic moétai composite statevith the experiment
data andheoreticamodelsfrom Ding et al. [110] for rectangle structussand Wanggt al.
[113]for trapezoid structusan terms otheequilibrium contact angle (ECAppecifically,
ourmodel relates free energy to APCA, so ECA can be predicted by the mioiraization
of free energyOur model accurately interprets the experiment data with mean differences
of 1.85% for rectang&(vs. 3.49% in ref{110]) and 1.89% for trapezadvs. 3.06% irref.
[113]), respectively. Tas our thermodynamic model is validated and can be usathlgze

freeenergy barrier.

= Experiment data from Ref. [110]
140 F - -=-=--Model from Ref.[110]
—— Composite model of this paper
© 130
o T3
g 120 | R,
o110 | e ks
g L
® 100 1 1 1 I
T 01 0.2 0.3 0.4 0.5
b
c 3
g 130 o Experiment data from Ref. [113]
= Model from Ref. [113]
E 120F S — Composite model of this paper
Sof 0 Tl
= 2
o
L 100 - T N
h :/ \ / \ """""""""
90 F ’.;_—7“‘”————7 T
5 '
80 1 L 1 1 1 1 1

0.3 04 0.5 0.6 0.7 0.8
(7,-2hitang)/l, of sharp-edge structures

Figure 3.8. Validation of the thermodynamic model with experimental data in the literature

[110, 113]

Figure 39 shows the verificabn of our model for the forming conditienf freeenergy
barrier with the moddrom Eick et al [125]. The forming conditions of energy barrier for
sharpedge structueinthenoncomposite state are specified using E322), (3.44), and

(3.45)and following the procedure figure3.6. Here we use hydrophobic magds (i.e.,
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120dg>90e) as TareecetizgabARPASremtheEgs. (3.22), (3.44), and (3.45)
divide the full APCA r-mmeseThevériatiorDoéfreeehdgye] i |
in each subrangeis analyzedor the cyclic pattern of WIW2-W3-W4-W1 a t o det er m
the formation of energy barriers. As a resti, $olid lines with arrondenoteour modefor

sharpedge structures, covering triangle, trapezoid, rectangle, and inverted trapeoid as
increases fromarctartf2) t o 90e or greater. Thetiangle ne wi f
reported byEick et al [125], and it coincides with our mod#dr the triangle case. Thus,

our model is partially verified, and our model careextto quadrilateral structuresshould

be notedhatthe forming conditions of energy barriers are discontinuous whed 810 e

(/2 because of the monotonical variation of free energgivfoda >1 8 10|l 8 0dei Uil

<«——> Forming condition of energy barrier by our model
3+ Forming condition of energy barrier by Eick et al. [125]
180 |-

L N 4 h

6 4

Coincide with
180-/180- ©°ur model

8,9l AN \

Apparent contact angle 6, (degree)

6,>180-¢/2
16v-0| |- s =
ol Triangle L
(W)\ Trapezoid ( [\ ) Inverted trapezoid ( | | )
1 - 1 _ |
0 arctan(2h/l,) 0 180

Internal angle of sharp-edge structures ¢ (degree)

Figure 3.9. Verification of the forming condition of energy barriers witlodelreportedn
reference; thenodel in ref[125] is for trianglestructure, a specific case of our modeli at

=arctan(/12).

For the round strucures, model or experimental data for the forming conditions of energy
barrier inthenoncomposite state are rarely found in the literture. Thus, we experimentally
validate our model using aligned electrospun microfidéesse fibers canditreated as the
round structures shown kigure3.1 (B-1). The details for fabrication and characterization

of the fiberscan be found in Section 4 Rigure 310 shows the validation with experiment
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data. Based on EB.23, afreeenergy barrier formateach round structure if the exterior
TPCL is not limited by the geometry constraints. This statement is validated by that three
alignedf i bers (with a mean radius of 0.9 em) at
no energy barrier foremat the midile fiber because of the droplet deformation by gravity.
Then theAPCA is predicted by Eg (3.4) and (3.31)at the first advancing energy barrier.
Meanwhile, the ECA calculated usiigs. (3.4) and (3.31% shown for comparison. The
prediction fits withthe experimental data widnmean difference of 2.30%

180
-l -

90

—— Predicted contact angle
(at the first advancing energy barrier)
- - - Equilibrium contact angle
»  Measured contact angle (three fibers wetted)

il OO0

0 . I R 1 . I . 1 . I
400 500 600 700 800

60 |

Apparent contact angle (degree)

Average distance between fibers 7, (um)

Figure 3.10. Validation of the forming condition of energy barrier round structuresing

aligned electrospun microfibpens0 . 9 . € m)

Figure 311 verifies our model for the wetting transition using the méaleh Vrancken
et al [47]. The critical ICAs separating stable composite and noncomposite staties for
sharpedge structures are calculated using Eq. (3.50) and plotted as the dashed lines, which
exemplify trapezoid, rectangle, and inverted trapezoid whiem cr eases from 80
Here the change of APCA due to droplet penetration into grooveglected. As depicted
by the inset, the region above or underdhtcal ICA lineindicates that the composite or
noncomposite state is thermodynamically stable. The solid line is the modétad ICA
line for the rectangle structure reported by Viereet al [47]; it coincides with our model

whend i s . 1@ dgition, the square points in the inset are predicted to be in composite
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state, which agrees with the observations in the experiment and Lattice Boltzmann Method
(LBM) simulation. Then the ICAs of square points aduced to below critical ICA line,
as depicted by the roumdllow points, via electrowetting. As a result, wetting transition is

observedn experiment and LBM simulatiofd 7].

160

180

----0ur model-Eq.(3.50)

Stable composite region
Vrancken et al. [47] P g

: 120 In composite
160 m o Experimental data [47] ___‘:;v‘:—stat;—
oo LBM simulationdata [47] i
In noncomposite =90
8O- state «—

140
w)|  Stable noncomposite region

L
15 20

120 - N Zoom in

Critical intrinsic contact angle (degree)

100 | ) )
B L @ =100
Tl =110
80 | ----27
L 1 " 1 " | " | " 1 L ]
0.0 05 1.0 15 2.0 25 3.0

(Z,-1,)/h of sharp-edge structures

Figure 3.11. Validationof the model for evaluating the stability of composiegting state
with theresults in reference; the modelref. [47] is for rectanglestructure, a specific case

of this paperafi=9 0 e .

34 Results and discussion

This section compares the energy barriers o$thestures irFigure3.1 usingthe validated
models with specific structure parameters and ICA. Thetsiresadoptechave the same
height and spacing, and our focus is on comparing the shapes of structuted: & m,
4 ehm3 erml . 5 de=@ 5 Ehe internal anglé of the sharpedge structures varies

from 65¢ t adrodeilvoleme ainsd 2 heel .

Figure3.12 specifies the forming conditions of energy barrieth@noncomposite state
following the procedure ifrigure 3.6 without considering the geometry constraints. The
critical APCAs for energy barrier are calated using Eqs3(22), (3.43) and (3.45) fahe

sharpedge structures and Eq. (3)Zor round structures~or the trapezoid witli=6 5 ¢ ,
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energy barrier format W3 wherethe external TPClLocateswhen APCA is betweedy

anddy + (i, andat W2 when ARCA is betweerty i (i anddy. When( increases t® O e

he

upper limit of APCA for the energy barrierncr eases t o 180e Hvecause

+0(at W3), ex(ienecdrse als8e0se .t 0Asl15e¢ for an

nv el

of APCA decreases tod0@ég( a&ti nW2) t hies chheltowal e

— Rectangle ¢=90"( l: )

= Trapezoid ¢=65" ( g L)

z
C

Free energy AE/y,, (M)
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Figure 3.12 The forming conditioaof energy barrier for (A) trapezoid, (B) rectandl€)

inverted trapezoid, and (EYeround structurem noncomposite state=9 5 e ; EB:

barrier).

ener

For circular structure, the variation of free energy from W1 to W2 is curved because the

round surface has continuously varying inclination angléenagaorizontal plane; energy

barrier may format every structuréecause a local minimum of free energyat da +

( 1 8 d)e=xists within WiW2. For the elongated circle, the forming conditions of energy
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barrier are the same: the local minima of free energy afe=afa + ( 118d¢),avhich lies

in W3-W4 whenda > dvy and WW2 whenda < dv.

Figure3.13 shows the magnitude and forming conditions of energy barrier considering
thegeometry constraints. Ftresharpedge structures, the APCA ranges for energy barrier
are ind@endent on the geometry constraintgs,[ 180e] for cdriimpdsi te s
+{] for noncomposite state. In composite state, droplet sits on the top s@a«e?) of
structuresso the movement of the external TR€hotlimited by the geometry constraints
In noncomposite statenergy barrier format W3 and W2 when APCA is in the range of
[dy, dvy + 0] and [dv T G, dv], respectivelyEven though thexterior TPCLis limited by the
geometry constraintst can still encounter the energy barrieh&3 for large APCA i.e.,
arounddv +(, as shown ifrigure3.13(B), andatW2 for small APCA i.e.,dvi (i. However,
the APCA range may be discontinuous as showkigare 39: for hydrophobic materials,
an ICAmoret h a n1 (2 8aisps monotonical variation of free energy when APCA is
bet we eindyi [li,8 dased orEqgs. (3.22), (3.43)3.45)andFigure3.6. Similarly, for
hydrophilic materials, an ICAelow (i/2 results ina monotonical variation of free energy
when APCAlies between (v, (7 dv]. For round structures, the APCA ramdgecrease to
[ 10e, 171e] for circle and [ liddguetahleslog] f or
gapdistancebetween adjacent strtwres, preventing the exterior TPCL from reaching the

local minimum ath=da+( 1 8 d)e

In summary, the round structures extend the range of APCA, especially the lower limit,
that forms energy barrier in composite state. This indicates that rountlistis magause
higher contact angle hystereaisng the direction perpendicular to the surface struature
developing superhydrophobic surfaces. In noncomposite state;g¢h&raat structures, i.e.,

inverted trapezoid and round structuresnincreasethe APCA range for energy barrier.

N

This result can gui de dfféctéor appmicatohsugh amwatet o f

harvesting135] and droplet transportatigt36].
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Figure 3.13. Themagnitudes of energy barriertime (A) composite and (B) nhoncomposite

states.

In Figure3.13, both advancing (solid line) and receding (dash limeygy barriers are
presented. In composite state, the energy barriers increase toward the moving direction of
' iquid front because . Bashdeon BgodAutramlie al |y
dominate the change of free enempr unit depthso the magnitude of energy barrier is
most | y i nfLivisa mdeeds ednstantad-rom Eq. (3.26),

oL _d(2Rg,/sin g)
dR,

2cogg, (3.52)

Then t he \LarwithaRtis eapnessedfas s

dbL,, - d2(2R2£7A/Sin Q) _ ,)sinqu ( AG Sin, qosA)
dR, dR R (ga.cosg- sin,g

(3.53)

where the right side is proved positive ffarin the rangef [0, "], soad.Lva monotonically
increases witR.. The trapezoid and circle show relativghgateradvancing energy barrier,
resulting from the longer distancéC2C1 g (a | ocal mi ni mum at
receding energy barriers are derived from the shorter distance ©@2Qh noncomposite
state theinverted trapezoid shows relativalyeaterenergy barriers in both advancing and
receding directios. The round structures have similar energy baiecause of the same
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forming conditiors of energy barriers. In addition, the cusp&igure3.13(B) result from

that the geometry constraints also vary with the APCA.

Figure3.14(A) presend the variation of free energer unit depttwith the penetration
depth in wetting transitiogiven that the APCAs equal to the ECiAshe composite state
which are calculatedtne 153e¢, 129e¢, 113e¢e, 138e¢e, and
trapezoid, circle, and elongated circle, respectiveing Eg. (3.17)-(3.18) As the internal
TPCLs moverfom T1 to T2, an energy barrier forms tbherectangle, inverted trapezoid,
and round structures because free energy increasesding to Eq. (3.47Moreover, the
energy barrier for the rentrant structures, i.e., inverted trapezoid and round stesctsr
greater because of the increased lieuagor interface under the dropleith penetration
depth From T2 to T3, the liquidapor interface under the dropkiddenlydisappears,
causinga reduction of free energy for all structures. Converselyy#teng transition from

noncomposite to composite needs to overcome this energy difference between T2 and T3.
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Figure 3.14. (A) Variation of free energger unit depthn wetting transition at the ECAs
in thecomposite state; (Bje stability of wetting stasdor the sharpedge structures with
e, ehm3

varying internal angle and ICAiE1 0 em) .

Figure3.14(B) presentdhe stability of wetting stasdor the sharpedge structures. The
two critical (daskd) lines areplottedby substituting structure parameters igigs. ¢8.47)

and @.50 by ignoring the change of APCiA wetting transitionDepending on the relative
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sizes of free energper unit depthat T1, T2, and T3, the whole mégdivided into stable
noncomposite, metastable and stable composite regions. In the stable noncompaosite regi
freeenergydecrease from T1 to T3, so noncomposite state is energetically favored. In the
metastable composite region, noncomposite statere stablethan composite stataut
thewetting transition from composite to noncomposite state needs to overcome an energy
barrier. In the stable composite region, composite state is thermodynamioadigtable.
Practically, the area of the stable composite region is discounted becauseial midite
dhabove 12 Gognd[il3] Rorahe eoling structuretsyo regionsj.e., metastable

and stable composite regions, ekiased orEgs. (3.47) and (319 by ignoringthe sagging
effect In both regions, an energy barrier forms in transition to noncompositdatabe
increased free energy from T1 to Ti2reverse, there is also an energy barrier for transition

from noncomposite to composite stdtee tothe increased free energy from {G3T2.

3.5 Summary

This chaptereportsan integratethermodynamic model, which relategstenfree energy

to the continuous movement thireephase contact lirsg for five parallel structures based
on geometric transformation. Earlier worfd5, 126]reported the initiating and ending
conditions of fre energy barriers for inclined surfaces. In this work, the forming conditions
of energy barriers for the shagoge and round structures are derived from the integrated
model, and validated with experimental data from our lab and existing model. Thé&specif

results and implications are as follows.

(1).For sharpedge structures with an internal angland intrinsic contact angl#, the
initiating and ending APCAs for energy barriers in noncomposite statl aré and
dv 1 G, respectively. Therefore, incraeag G can expand the APCA range for forming
energy barrier. However, the APCA range may be discontinuous avhisrsmaller
thand/ 2 or | aridg/d.r than 180e

(2).For round structures in noncomposite state, an energy barrier may form for every

structure atla + (1181 pecause the round surface has continuous inclination angles
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with respect tahe horizontal plane. However, the geometry constraints can decrease
the APCA range for energy barriers to [1
work. Increaing the gap or reducing the height of the structure can relax the geometry
constraints.

(3).In practice, round structures, e.g., aligned electrospun microfibers (with a mean radius
of 0. adeablen) pin the droplet at the first advancing energy bavietastable
contact angles greater than 150e are feas:s
structures can achievarge contact angle with high contact angle hysteresis. These
findings are helpful ideveloping rose petal effect for applicatioike Imicrodroplet

transportation and water harvesting.

Overall, thiswork provides insights into the interfacial behavior, especially in metastable
state, of wetting rough surfaces. The integrated model can guide the design of structures to
control surfacevettability. However, theelationshipbetween metastable contact angles
and the magnitude of energy barrier is unknown. Therefore, quantifying the influences of
energy barrier on metastable contact angle is needed in future work. Moreover, analyzing

the aenergy barriers for hierarchically roughened fibers deserves attention in the future.
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Chapter 4 Devdoping Superhydrophobic Surfaces with

A R o-Beet &ffeat using Aligned Electrospun Fibers

4.1 Introduction

Superhydrophobic surfaces with rgsetal effect, alsoeferred toaspetaleffect surfaces
showcontact angles greaterthan#50and hi gh dr o pahgnthedrdpletssi o n,
even by turning upside dowa8]. Thepetateffect surfacebavesuchpotential applications

asin droplet transportatiofi8], lap-on-chip devicg19], single molecule spectroscoj0].

Petaleffectsurfaces can be fabricatesingchemical etchingl38], electroless galvanic
depositior[136], plasma reactive ion etchifig0], andelectrospinning101]. Among them,
electrospinning is aersatiletechnologyto developsufficient surfaceoughness fopetat
effect surfaces by fabricatimgicro- and nanofiberdn contrast to subtractiveanufacturing

electrospinnindnaslittle destructioron the surface to be modified.

Detailed éectrospinningbased method®r the fabrication of petakffect surfacebave
beenintroduced in Section 2.3.8 brief, petaleffect surfaceareproduced byeitherone
step electrospinnin@9-102] or electrospinning followed by post treatm&®B3, 103] The
high contact anglgi.e., greater than 180s realized by the surface roughngemerated by
fibers or beadghe high adhesion is achieveddigplets penetratginto interfiber spaces,
resulting in increased liguidolid contact interfacédowever,a fundamental understanding

of achieving fibetbased petal effect by controlling fiber morphologgti#i lacking

The fiber morphologyarametes; including fiber diameter, intdiber distanceandfiber
orientationcaninfluencethe surface wettabilitgs reported bgarlierexperimental studies
For examplegecreasing poly(caprolactone) (PCL) fiber diameter fBo2em to 0.58em
increasesontact angle from 1E%0 123[61]; decreasing the intdiber distance ofylon
11 nanofibers byncreasing thsurface coverage rate of fiber from 0.7% to 20% increases

contact angl ¢63]fconparedicsarglomiyalistrib@et! §bers, directiomal
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aligned polystyrene (PS) fibers sh@gW. great

A few theoretical workbavestudedthewetting on fibrous surfaceshile most of them
are focused on the stability Cas8iaxter (CB) state to guide the design of latffect For
instanceRawal[139] built an analytical model relating fiber parameters with the stability
of CB state for randomlgistributed fibers; Bucher et #.40] modeled the critical hydro
static pressure dhe CBstate for aligned fibers using numerical simulatidowever, as
reportedby Meng et al[114], dropletson fibersdressed surfacesn be pinnety thefree
energy barriesin the Wenzel stateesulting ina higher contact angle th#éme ECA Thus,

the CB gate may not be necessarydievelopng petateffect surfaces.

Therefore, the objective of thissearchs to strategicallyapproach petal effeblased on
theunderstanthg of theinfluence offiber morphologyon the surface wettabilibA strategic
approach enables to achieve petal effect with less fibers than that by random deposition, so
less impact, such as reduction of transparemchair permeability, is caused to the original
surfacesAligned electrospn fibers are used handor thesimplicity in leveling the contact
interface and quantifying fiber parametekscordingly, the rest of this chapter is organized
as follows. Section 4.2 introduces the experimental methods for fabricating aligned fibers,
and characterizing fiber morphology and surface wettapditheoretical wetting moded
built based on the integrated model in Sectiom [3elp understand the wetting behavior on
surfaces dressed by aligned fib@rksen Section 4.4 experimentafijudies the influencef
fiber parametersn the wettability of surfacedressedy aligned fibers with explanation
of mechanisnbased on thevettingmodel petateffect surfaceare developed considering

the influence of thermorphology

4.2 Methods

4.2.1 Materials

PolystyrendPS MW=280 kDa, ICA=95¢[114]) andN,N-Dimethylformanide (DMF,ACS

reagent(09.8%)are purchased from Sigma Aldrich, US. All chemicals are usestaed
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without any purificationlt is worth noting that this thesis selected PS as an example. Other
polymers such as PVDF and PMMA may also be used to gepelal effectTransparent
tape with a watercontact angle measured to bé&9s supplied fromWisdom Electronics

Inc. Deionized water is used fopntact angleneasurment.
4.2.2 Fabrication of aligned fibers

Aligned fibers ardabricaedas follows. First3.2 gof PSpelletsis dissolved in 10 mL of
DMF to prepare 82% (w/v) PS/DMFsolution. Then the polymer solution is transferied
a syringe connected to a metallic ned¢d2gaugejor electrospinning: the solutidaeding
rate is 08 mL/h; the applied voltage 3.5 kV; the distance betweecollector ancheedle
tip is 10 cm. Arotating fincollector, as shown irFigure 41, with a rotating speed &100
rpm is used to aligfibers.The alignment of fibers was driven by the mechanical stretching
exerted by the rotating collector and the electrostatic force bativeadjacent fing141].
Transparent tapes are attached to the collector, so aligned fibdepasited on the tapes
in electrospinningT o fabricate fibers witla greatediameter36% (w/v) PS/DMFsolution
and accordingly voltage of 13.0 k&fe usedThe electrospinning time varies fralrio 30
seconds to control intdiber distancesAfter eledrospinning, fibers are dried avacuum

oven to remove residual DMF.

X

Figure 4.1. Schematic oélectrospinning witla rotatingfin collector
4.2.3 Characterization of aligned fibers

Thfei mer phot bgyacusseiandgzeem®il sisi on scanning el ec

(Zei ss L &00 1960 ihagesat tnagnifications of .D-2.0kX are analyzed by
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ImageJ, an image processswftware for fiber diameter. In addition, an optiaaicroscope
(Swift SW38B, USA)with a digital inlens camera is used to capture images of the fibers
at low magnifications of 4Q,000X. These images are then analyzed using Swift Imaging

3.0 software to determine the average cettt@enter inteifiber distance.

Then theappaentcontact angles of thaepared fibedressedurfaceswith varyingfiber
diameters and intdiber distancesare measuredsing a contact angle goniometer (Ossila
Ltd., UK) with sessile drop method: &P water droplet with standaxdkeviation of 0.0&L
is generated by a 1 syringe (minimum graduation of 0e2.) with agauge32 stainless
steel needle; then thee2 droplet is gently deposited tmthe testingsurfaces at a height
of 1.5 mm; the measurement process is video recanm@the image for measuring contact

angle is captured from the video 5 seconds after the droplet is deposited
4.2.4Theoretical analysis

A theoretical model is built based on Chaptéry3reating fibers as circular structure with

a smooth surface (or negligible surface roughnéssklp understand the wetting behavior

on surfaces dressed by aligned fib@ise wetting state of a droplet amough surface can

be either composite or noomposite. In this chapter, the dropgkexpected to be ithe
noncomposite state because the Hitegr distancel, is much larger thathefiber radius,

r,. Specifically Figure 42 shows the geometry of fiber structure that causes a noncomposite
state because of the sagging of underneath hgajbr interface onto the substrate. The

relationship betweenandl for a specific droplet volume is provided as follows.

o = |iquid-vapor interface 2
Liquid Solid-vapor interface
droplet Solid-liquid interface

:L2

Fiber
Ly Substrate

I

Figure 4.2. Fiber structurdor anoncomposite wetting state by sagging effect.

To ensure a noncomposite state, the lowest point of the saggeeMagpadinterface in
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Figure 42 should have touched the bottom substrate eveariétls no external perturbation

to the thregphase system. Therefore, the follownedationshipshould hold,
L,=r +*cosg, (4.1)

whereLs is the sagging depth of liquiapor interface, and is the angle representing the

location ofinternalthreephase contact line (TPCL) on fiber, as showRigure 42.
Based on the geometrglationslip in Figure 42, we can obtain Egs. (4.2) and (4.3).
L, =R, - R12 Li (4.2)
g="-q “r (Lg/R} (4.3)

whereRu is the radius of the sagged ligewdpor interfacedl is the intrinsic contact angle
of fiber; L1 is the horizontal distance betwedeinternal TPCL and the lowest point of the

sagged interfac&ubstituting Eqgs. (4.2) and (4.3) into (4.1) gives,
R-JRE - #1 cof g, ar{ly/R)) (4.4)
Solving Eg. (4.4) gives thiel, which can be substituted into Egs. (4.3) and (4.5I\. for
L,=1/2 +sing, (4.5)

Then the relationship betweemnd| for noncomposite state is obtained.

Figure4.3 shows the schematic of a liquid droplet on a surface dressed by aligned fibers

in noncomposite stat@hefiber can be treated as thiecular structurein Figure3.1(B-1).

= | iquid-vapor interface 1

Solid-vapor interface
Liquid droplet = Solid-liquid interface

Exterior
TPCL

O

Figure 4.3. Schematic of a droplet on a surfatressed by aligned fibers in noncomposite

state.
62



For a surfaceatterned by fibers withninter-fiber distance of andafiber radius ofr,
Eq. (3.4) can be specified into Eq. (4.6).
. (gu - sin gcos ,JR?

= A {2n Drgl(1 cesy) rpgri(+p , gsin, gs,) (4.6)
sin’ g,

whereSis the constantl22, 134]crosssection area of dropletfx is the apparent contact
angle (APCA);R: is half of the basal contact width and can expressatyn, do, ands,

which are used ttncate the external TPCL, as follows.
R,=(2n ) 1/2 Fsing, s 4.7)

Then Eq. (3.8) can be specified into Eq. (4.8).

DE _ A i
. =2R, Sn 7 {4(n Bpr 2rglcos,g [ (@ - g eos, (4.8)

whereE is the free energy of the thrphase systerper unit depthavv is the liquidvapor
surface tensiorgvi anddvz are the intrinsic contact anglef thefibers andthe substrate,
respectively. Egs. (4-8.8) are theavettingmodel that relates free energythe movement

of theexterior TPCLs, which relates to APCA, arsurface dressed by aligned fibers.

4 3 Results and discussion

Figure4.4(A-B) presenthetypical optical microscope images of geoducedaligned PS
fibers using 32% and 36% (w/v) PS/DMF solution, respectivelgrage inteifiber distance
whichis controlled by the electrospinning tirag increasing the time decreases the distance,
is characterized bgtividing the covered width of fiberaprmal to the alignment direction,

by the number of intefiber spacedrigure4.4(C-D) show theSEM image for thealigned

PS fibersEach image caonly show 2 fibersit maximumnbecause of the sparse distribution.
ThenFigure4 4(E-F) providethe fiber diameter distribution byneasuringnore than 30
fibers for each concentratioAs a result, 32% and 36% (w/v) solution generates beadless

fibers with diameter of 080.1em and 1.8 0.2em, respectivelywhich are used to study
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the influence of fiber diameter on surface wettahilltye solutionviscosity increases with
polymer concentration, resulting in thicker fibdrgther increasing polymer concentration

causegjuick solidification of solution out of the spinning needle tip

" | - TE |

| |

Ave. fiber diameter: 0.9+0.1 pm (F) T Ave. fiber diameter: 1.8+0.2 pm

Fitted distribution
L curve

__ Fitted distribution curve

Frequency (%)
S

06 0.7 0.8 0.9 1.0 11 14 15 16 1.7 18 19 20 21 z2
Fiber diameter (um) Fiber diameter (um)

Figure 4 4. (A-B) Optical microscope images (40X magnificatiohjhe fabricated aligned
PS fibers usingA) 32%and(B) 36% (w/v) PS/DMF solution(C-D) SEMimages (2.0kX
maghnification)of (C) 32%and(D) 36% (w/v}) (E-F) fiber diameter distributionf (E) 32%
and(F) 36% (w/v)by measuringnore than 30 fibers
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For fibers with diameter of 08m and 1.&m, the inteffiber distance that ensure? aL
droplet which is used in experiment honcomposite state is calculated to be greater than
39em and56 em, respectively, based &us.(4.4) and (4.5). The intdiber distances in the

following study areall greater thaifO em, sodroplets are in the noncomposite state.

Figure4.5 shows the influence of fiber diametet)(on thewettability ofsurfaces dressed
by aligned fibersWe focus on that only two fibers are wetted by the droplet, such that the
results are not interfered by the number and distribution-b&tween fibersThe triangle
and inverted triangle symbatenotethe measured AP&S for fibers withd of 0.9em and
1.8em, respectivelyThe black dashed line shows the theoretical equilibrium contact angle
(ECA), predicted using Egs. (4468) by locating the global minimum of free energie
experimental APCAs deviate from the thetical ECAsin Figure4.5, indicating thathe

droples should bepinned ametastable stage

n W wp
i \w\
.|
»
'y & &
0 +

Experiment data: Theoretical model

Apparent contact angle (degree)
3
I

A d=09 pm — d=0.9 ym
v d=1.8 um — d=1.8 um
30 | - --ECA

1 1 1 " | 1 1 1 | L 1 L | L ]
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Figure 45. Influence of fiber diameter on the wettabilitysafrfaces dressed blignedfibers

(average fiber diameter: 0.9 em and 1.8 e&em

To explain the metastable statd=igure 45, Figure 46 shows the variation of freenergy

per unit depttwith APCA by substitutindiber parameters afi=1.8¢ mli=1060 gaman
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example to explain the metastable state)d r o p | et ve=I9udee 9 G £ EB.n¢ b,
(4.6-4.8). The ECA corresponds to the APCA where the global minimum of free energy is
located As indicated by the inset Bfgure 46, an energy barrier, which can hinder theee

phase system from reaching the global minimum of free energrmed at the location

where fibers are locateds a result, the droplet isrpied at the local minimum of freaergy.

5.0x10°
4.0856x10°
-3
4.8x10™ |- ’ A
4.0848x10° | 1
i Energy
o 46x10° b o] ibarrler
E !
“; 4.0832x10° i
X 4.4x10°
m ) 4.0624x10° [
p os4x10® ____\ _A___i_'
> . __Local minimum
9 4.2)(10-3 [~ 08180 13895 139.00 139.05 139.10 13915 13920
[}
S Zoom in v
3 4.0x10° |-
£
L
3.8x10°
Agjobal minimum
3.6)(10_3 " 1 1 1 n 1 n 1 " |
60 80 100 120 140 160

Apparent contact angle (degree)

Figure 46. Variation of free energper unit depttwith APCA and illustration of energy
barrier {=18¢ ml3=1060 € m; dr opl edn=9 BdeudImee) .2 €L ;

Based orFigure 46, the predicted contact angl&s the experimental fiber parameters
arecalculated usinggs. (4.64.8) at the first energy barriesinceonly two fibers wetted,
andplotted as the solid linea Figure4.5. The prediction fits with the experimental data

with a mean difference of 2.9%hen the influence a is discussed as follows.

In Figure4 .5, whenl is above 106@m, the APCAs for both fiber diameters increasth
decreasingif only the energy barrier can pin the droplet friirtherspreading. The same
increasing pattern for bofiber diameterss attributed to that thd is much smaller than
the scale of droplet (<€m vs ~160&m), thusAPCA isdominatedoy the basal width of
droplet according to Eq. (4.6). However, the APCA &fén fibers falls to 118and then

105%whenl is below 106&m because the droplet overcomes the energy barrier and cross
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the two fibers. In contrast, the APCA of E® fibers keeps increasing to Eatil | =830
em. The difference of the maximum APCBstween the two fibers indicates the difference

of magnitude of energy barrier

Figure 47 shows the ariation of magnitude of free energgrrier with the basal width of
droplet(2R.) for different fiber diametex The magnitude of energy barrisicalculated by
subtracting the free energy at one metastable state frofolltheing peakof free energy
as explained in the inset Bigure 46. The basal widtlof droplet,equals to théwhenonly
two fibers are wetted. Aisdicatedin Figure 47, the magnitude of enerdyarrier increases
with the basal widtlandd. Specifically, the increment withasal widths essentially due to
the increasgad Lv1 as explained in Section 3.4. For the increment dyithe locaiminimum
of free energy locates at the same angular position of fiber for diftbbased on E(3.23),
but fiber with largediametethas a greater arc length along the spreading of dsoplais,
the larger maximum APCA for 1&8n fiber inFigure4 .5 results fronthehighermagnitue

of energy barrier
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Figure 4.7. Variation of magnitude of free energy barrier with the basal width of driaplet

different fiber diameter6 d r op | et wa+d UGifees:9 72 )e. L ;
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Figure4.8 presend the influence of average intéber distancgl) on the wettability of
surfaceddressed by aligned fibevsith anaveragdiber diameter of 1.8 m. Specifically,as
| decreases frob000em to210em, the number of fiberseingwetted increases from 2 to
5. The triangleinvertedtriangle square, and rounubints denotethe measureAPCAs for

wetting 2 3, 4, and Fibers, respectively

150 |- 'g.:i,- x5 B v
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Apparent contact angle (degree)

v 2fibers
60 |- .
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data m 4 fibers
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0 1 L I L | L | L |
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Average inter-fiber distance (um)

Figure 4.8. Influence of inteifiber distance osurfacewettability (average fiber diameter:

1.8 em; droplet volume: 2.0 egL)

Pinning a droplet at a metastable state indicates that the perturbationtetieegiroplet
is not able to overcontlefree energy barrier. Ahepoint A of Figure4.8, where twdibers
are wetted anthel is about 100@ m, the energy barrier induced thetwo fibers is greater
than the perturbation energy, so the APCA of point A can be realized. dsoneasé the
magnitude of energy barrier decreasesffigure4.7) while the perturbation energgmairs
nearly constant for a given measurement environndgrgoint B (~800&m), the energy
barrier is very close to (or slightly greater than) the perturbation energy. Further decreasing
| results in that the droplet overcontlee energy barrier and wets more fiber, i.e., jumping
from point B to C. From B to C, the basal width of droplet increaseslftorl, resulting

a higher energy barrier, but the APCA at point C drops below 120
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In Figure4.8, dmilar variation pattern of APCAs thechangefrom A to B to C can be
observedor wettingthree to five fibers. Howevethe overall APCAs for three to fifidoers
increasevhenl is below 80Cem. The reasoris attributed to thelecreasetifrom three to
five fibers: once the energy barrier pinning the droplet is overcome, the following fiber that
can pin the droplet becomes cladarother wordsmore energy barriers ameducedby the
denser fiberso attenuate the perturbation energy to the dropletddition, the maximum
APCAs for wetting three to five fiberarenearly fixed around 1%Hecause of the nearly
constant perturbation energy to droplets. At the maxilPARGA, the perturbation energy
is very close the energy barrier, which is only determined by the basal width of droplets for
a given fiber diametesséeFigure 47). Thus the basal width is similar due to the constant

perturbation energy, resulting in a nearly fixed maxinARCA.

Based on the resultskigure4.5 andFigure4.8, it can be concluded tham noncomposite
state,jncreasing fiber diameter amelducinginter-fiber distance can increase the APCA of
surfaceslressed by aligned fiberBhese findingganguide the development of petetfect
surfaces in the next. However, the fiber diamleégeis hard to be further increaskdcause
ensuring fiber alignment needsigh rotating speed tfeelectrospinning collector, which
reduces fiber diameter becawsdehe extra stretching of fibers on collectdmerefore, we

reduce the intefiber distance fopetaleffect

Figure4.9(A) showsthe APCA of fibersd=1.8em) with interfiber distance varying
from 70 to 100 m. Whenl lies between 16000 m (solidinverted triangles)ess than
eight fibers arevettedandthe APCA varies in the range of 856 As| decreasgbelow
130 em (solid triangles) eight ormorefibers are wettedresulting inan APCA range of
150e-156e The stable APCA for<1 3 Onisattributed to the multiple&eeenergy barriers
induced before the pinning locatidvioreover, the same highest APCA of §&& | varying

in 160-1000em and70-130 em is determined by the environment perturbation.

Furthermore, the adhesion of fibdresgd surfacesd=1.8em andl < 1 3 @) toewater

droplet is characterized by tilting the surfaces after deposition of water droplets. As a result,
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droplets can adhere to all the surfaces by turning the sudpsete downFigure4.9(B)
shows that the high adhesienables taurn the fiberdressed surface witndroplet having
a contact anglef 156eupside downAfter turning back, the basal width and #hEBCA of
the dropleremainunchanged. The high adhesion is attributed to liguighletpenetrating

into the spaces between adjacent fibers, resulting in a high-glidicontact area.
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Figure 4.9. (A) The apparent contact angle of filmessed surfaces with intéioer distance
varying from70 e m t o (atetafeldfibed ma met er : 1.8 em; dropl e

(B) lllustration of rose petal effect by turning tharfacewith a droplet upside down.

4.4 Summary

This researcbktudiedhe influence of fiber parameters on the wettability of surfaces dressed
by aligned fibersand developegetateffect surfacewith a strategic approaciBased on

this research, the following conclusions can be reached.

(1).A thermodynamic model relating free energy with the apparent contact angle (APCA)
on the surfaces dressed by aligned fibers is built. Free energy barriers can pinta drople
at metastablstates, resulting in higher APCAs than the equilibrium contact angle. The

model indicateshat the magnitude of energy barrier increases with the fiber diameter
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andbasal width of droplets
(2.Al ' igned polystyrene fibers with ¢dibeamet er
distancefrom86 mi o 1 4 5 @roducadisang anestepelectrospinningAt large
inter-fiber distance, 800¢ mwher e t wo f i ber sfromapneadngn a 2
to equilibrium statethe maximum APCA ofthé . 8 ¢ nislfb5iSleer scompar ed
of 147¢e¢e f o.rThe@yred&deARCA isue oehe Isigher magnitude of energy
barrier for 1.8 em fibers.
(3).Whenthe interfiber distancas below 800 m, 1t .wBofibersareunableto pinthe
dropletbecause of the reduced energy barrier with ifiber distanceso three fibers
are wettedvith APCA reduingb e | o w Srhilar@vagiation of APCAby reducing
inter-fiber distance are observed for thre five fibers. Howevethe overall APCAs
increasebecausenore energy barriers are induced to attenuate the perturbation.
(4).Superhydrophobic surfaces withsepetal effect arereatedusing aligned fibers with
adi amet er arfterfiber @istancketveeandd e m and 130 em. TI¥
ofthefibperdr essed sur f ac e sl56g anddraplets can adharditgge of 1
surfaces by turnin¢he surfaces upside dowiithe basal width and th&PCA of the

dropet are unchangedtar turning back

However, it shouldenoted thathefabrication of the petal effect surfaces using aligned
fibers is still inalaboratory scalelThe rotating fin collector and the single spinneret used

this thesis can result in a low production rate, which is hard to satisfy industrial demand.
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Chapter 5 DevelopingSuperhydrophobic Surfaceswith

A L o t BffscbusingAligned Porous Fibers

5.1Introducti on

Superhydrophobic surfaces with lotus effeatsotermedaslotus-effect surfacefl42, 143]
are featured witla high watercontactangle(> 1508 anda low roll-off angle(<10¢) [144].
The lotuseffect surfacehavea variety of applications developing functional materials

including self-cleaning[108], anttcorrosion[15], antticing [16].

Surface roughness is necessaryd®reloping lotuseffect surfacasincea material with
intrinsic contact anglgreaterthad 2 0 ¢ | asailablg134. Foy the wetting narough
surface, droplets can loe Wenzel[42] or CassieBaxter(CB) [41] state.Compared to the
Wenzel statedroplets inthe CB statehaveless contacareawith solids, resulting irlower
adhesiorio the surfaceandtherebyalowerroll-off angle Therefore CB state is preferable

for creatinglotus-effect surfaces.

Lotus-effect surfacesan befabricatedby a few techniquemcluding lithography[21],
chemical etching?2], laser microrachining[24], andelectrospinning25]. Electrospinning
is afacile and versatileechniqueo generateontinuousnicro- and naneibersby applying
a high voltage on a viscopslymeic solution.Thegeneratethin fiberscanincreasesurface
roughnessenablingelectrospinning to benaefficientmethod fordevelopinglotus-effect
surfacesln addition different frommethods such afhiemical etchingasermicromachining
that needo subtract materialfrom surface, electrospinning maei surface wettabilityoy

introducingnew materialsresulting inless impact on the original surface.

A few electrospinningbased methodsredevelopedor producinglotus-effect surfaces

which have beeimtroducedn Section 2.3.1 and 2.3.2 of this the8lgefly, thesemethods

" The contents have beanceptedor publication inAdvanced Materials Interfaces
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areclassifiedinto onestep electrospinning and electrospinning followed by post treasment
However, currenglectrospinningbased methods for developing superhydrophobadign
require complex fabrication processes and multiple raw materials, which increagertile

cost and hinder them from broad implementation. For example, synthesizing and applying
low surfaceenergypolymersinto the electrospinning solutidl, 97] addingnanosized
additives to the fiber surfa¢28, 87] andvarious postreatments to incorporate a secondary
material,sud asPPFEMA[33, 61} DMDCS [91], andDTMS [29], with desired surface

energy are commonly reported in the literature.

Moreover there is a lack oh strategicapproach to superhydrophobiclty electrospun
fibers. Current theoretical works have limited apilit guiding the development of super
hydrophobic electrospun structures because either the works are limited siualyiyng
the stability of wetting sta or the theoretical structures are difficult in replicating because
of oversimplification of the fibrous structures developingmodel.For example Rawal
[139] developedn analyticalmodel relating fiber parameters with the pressure difference
acrosgheliquid-vapor interfaceBaseal on the modelthe influence ofiber diameter and
inter-fiber distance on th€B stability is analyzed Moreover, Emami et a[145] treated
fibrous surface as a plabg neglecting the height difference of fibers in different layers
explore the influence of fiber orientatiom the CB stability. In addition, Ond4146] built
a modelfor the equilibrium contact angléECA) of fibrous surfaced-ibrousstructureis

treated as porous film, so th&CA is related to volume porosity, film thicknessc

Therefore, the objective of this study is to develop a superhydropebimspuriibrous
structure by atrategicapproach based on the understandindropletswetting behavior
on fibrous structuredJniaxially and biaxially &gned porougpolystyrene (PShibersare
studiedbecaussuch structurenayassisin achiewng thelotus effectdue to (1) the porous
fiber surface reduces the contact area between fibers and droplets (since the nanopores on
thefiber surface can resist liquid from penetration due to the intrinsic hydrophobicity of PS

andtheclosed por¢147]), facilitaing the movementf droplet by reducing the resistance;
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(2) the alignmenserves as a track to facilitate droplet rolling at a fitting angle.

Accordingly. he restof this chapters organized as follows. Section 5.2 introduces the
experimental methods for fabrigat of uniaxially and biaxiallyaligned porous fibergand
characteriations offiber morpholog andhydrophobicity Section 5.3uildsa numerical
modelusingSurface Ewvlverto determine the wetting state of dropletstoefiber-dressed
surfacesSection 5.4.1 provides the morphology of the fabricated fiddérs experimental
wetting behaviagon the uniaxially and biaxially aligned porous fihgnesenteih Section
5.4.2 areexplained in Section 5.4.3 basedtbanumerical simulationThen Section 5.4.4
develops dotus-effectsurfaceby astrategicapproackconsidering the influensaf fiber-

surface pores and liquitber contact aredinally, Section 5.5 summases this chapter.

5.2 Experimental methods

5.21 Fabrication of aligned porous fibers

Aligned porousibers are produced by electrospinning as follows. First, a polymer solution

is prepared by dissolving 1.9 g of polystyrene @t$ained from Sigm&ldrich, US,with

a molecular weight of 280 kDa and an intrinsic water contact anglegoin® 10 mL of
tetrahydrofuran (THF, obtained from SigiAd d r i ¢ h, US, ACS Theagent
THF has a | ow boiling point at 66 , such t1}
help to create pores on fiber surfaces by breath fig&je Then, thePSsolution is loaded

into a syringe with a 22 gauge metallic needle for electrospinning with the solution feeding
rate of 4.4 ml/h, the applied voltage of 6 kV, dhdneedle tip to collectadistance of 10

cm. A rotatirg fin collector covered with transparent tape is used to collect the uniaxially
aligned fibers. The collector rotates at a speed 0f4600 r/min and the deposition time

is betweerB0-270 s. The transparent tape has an intrinsic contact anglezof 198 relative

humidity (RH) of the air inside the electrospinning chamber is controlled betwéeardtD

80% by a portable humidifie(Sparoom, US)o create pores on fibsurfacesFinally, the

biaxial structureare produced by rotating tkepe 9@for depositing the uppelayer fibers.
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5.22 Characterization of fiber morphology

The morphology of the prepared electrospun fibers is characterized usingeriiskion
scanningelectron microscope (SEM, Zeiss Leo 1530, Germany) at 5.0 kV. SEM images at
low magnification of 500Xand high magnifications of 1:20kX are analyzedby ImageJ
software to measure fiber diametandpore size and pore area fractioaspectivelypf

the produced fibers. In addition, an optical microscope with a digitahscamera (Swift
SW380B, USA) is used to capture images of the produced fibers at low magnifications of
40-1,000X. These images are then analyzed using Swift Imaging 3.0 sotwaegrmine

the averageenterto-centerinter-fiber distance.
5.2.3Characterization of surface wettability

The contactingle(da) and roltoff angles () of the fiberdressed surfaces are measured
using acontact anglgoniometer lodel 250, ramdartinstrument, USwith the sessile

drop methodDeionizedwater droplets with a volume ofed., unless otherwisspecified,

are generated by an automated dispensing system of the goniometer and mounted on the
testing surfaced he mntact angles along the fiber direction are measured frormtges
capturedby the raméhartDROPimage Advanced softwawfter that theroll-off angle is
determined by tilting the sample platform of the goniometer in the direction that droplets
roll along the fiber direction. The contatgleand roltoff angle of each tested surface are

measured -5 times and average values are presented stahdard deviatian

5.3Model development

The model developed in this study determines the wettingtataterdroples ona fiber
dressed surfassince he wetting behaviarof the dropletareclosely related to theetting
state A droplet can either fully or partially penetrate into the Hfitegr spacesresuling in
different contacangleand roltoff angle.Specifically, full penetration refers to the droplet
touching the underneath substrate and filling all thefiber spaces, i.e.in Wenzel state.

Partial penetration means that the penetrated droplet stops at a certain layer of fibers and
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creates an air pocket between the bottom of the droplet and the underneath slilts&rate

droplet stops at the tdpyer fibers, itis noted as the CassBaxter(CB) state.

The wetting state of a droplet on the filolressed surfade controlled byits free energy
G. The penetration adliquid into the inteffiber spacesnaystop atastate wheré& is locally

or globallyminimized The calculation oG is expressed as E¢p.1)[148].
—=A, -ﬁ/xﬁosq“ dA - N q3s @ dA (5.1)

whereA ando are the surface area asurfacetension, respectively; subscriit, V, and F
denote to liquid, vapor, and fiber, respectively: anddy,s are the intrinsic contact angles
of the porous fiber and the substrate materials, respectivedyeffect of gravity on droplet
deformation is ignored since the radius of @ .3droplet 0.89mm) used in this study is

smaller than the capillary length €2.7 mm [149].

Therefore, the free energy of the syst@nis essentially related #.v, ALr, andAcs as
shown in Eq(5.1). The latterthreeare variables changing with the droplet penetration and
spreading on a fibrous structutebrings challenges t@analyticallysolve Eq. (5.1) because
the liquidvapor and liquiefiber interfaces deform to complex geometries when the droplet
is in contactvith fibers (especially for muliiayer fibers). Thus, this study employs Surface
Evolver (SE, version 2.70) finite element code to numerically solvg9=t) and predict

the wetting state by minimizing the tote¢e energy of the surface.

Figure 51 presers the schematic of the initial configuration ofaterdroplet on either
uniaxially or biaxially aligned porous fibers for modeling in Surfeeelver. The droplet
shape is initially set as cubic prior to nmmzing totalsurfaceenergy.The number of fibers
in contact with the droplet is subject to the droplet voluree.a3 pL droplet, the number
of fiberscontacteds betweer-30basedn the inteffiber distancelt should be noted that
only two fibers are shown iRigure 51 to help visualize the contact between droplet and
fibers.Grid independence is checked by ensuring the variati@iofess than 0.01% after

each successive refinemerbr the biaxially aligned fibrous structure, the lovayerfibers
76



are set to have one fiber (or two &udyingthe interfiber distanceof the lower layej.
This configuration is deemed adequatestoidyingthe trend of free energy changes during
thedropletwetting, and itanalsosave computationabstsby avoiding complicated mesh.
In addition, the length and energy related paramétettsee model are normalized to their
dimensionless forms with respecttkg andav dc? [150, 151] respectivelyThed:is set as

5 um to represents the characteristic diameter of the produced fibers.

Upper layer

Lower layer

Figure 5.1. Initial configuration of a water droplet contacting) (only fibers andB) both
fibersand substrate of uniaxially aligned porous fibers, &)dHhe upperand lowerlayer

fibers of biaxially aligned porous fibers for modeling using Surface Evolver

Theeffect ofporous fiberon droplet wetting is approximately considered equivalent to
that of using smooth fibers witm elevateddy in the modeling since the SE is incapatile
addingporedto fibers. In detajltheamendmentf dv r is basednastrategy oformulating
a nonporous surface thaasthe same energy change as the droplet does on a partacse.

Foradroplet wetting a porous surface, ttteange of free energyG is expressed g448]

;5: B @ ) ADF Acaly, (5.2)

whereav is the interfacial tension between water and vapor pasedA: are the surface
areas of theuter surfacef the dropletand the apparent contact area between the droplet
and the substrate, respectivdlys the fraction of the actual surface wetted area Ayen
porous surface with a higher porosieansa smallerf. In contrast, the energy change of

a droplet wetting a neporous surface is expressed as

So= B -AmO, (5.9
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wheredy,rqis the intrinsic contact angle of the rparous surfacelhen,Eqs. 52 and5.3

give Eq. 54 whenqgis on the porous andonporous surfaces are the same.

g, =arccog f cosg. - 1#) (5.4)
5.4Results and discussion

5.4.1Electrospun fiber morphology

Figure 52(A-D) show the surface morphology of the electrospun fibers produdéteatnt

RH. The results demonstrate the porous nature of fibers. The largest pore size& 49180
nm is obtained foelectrospinning at the highest RH of 80%. As the RH resitac60%,

50%, and 40%, the pore sim@luce to 16G: 31 nm, 9322nm, and 7216 nm, respectively.
Furthermore, the fraction of the fiber surface occupied by p&jds (elatedto the size of

the pores. Thusy also decreases from 51% to 34% with reducing RH for electrospinning.
Additionally, it is also worth noting that increasing the speed of collector to more than 1000
rpm can alter the pore shape from approximate ciraeabbecause of the extra stretching

to the fiberdoy the collector.

The formation of pores on fibsurfacest a high RH fabrication environment of-80%
is explained as followfs8, 152] In electrospinning,ite THF solvent in the ejected fibers
evaporates to solidify the PS solute and form elongated fibers under an electri fiedd.
same timethe evaporation of THF is quick enough (due to its relatively low boiling point
of 66 ) to considerablyeducethe fiber temperature, leading to the condensation of water
vapor into droplets frortheambient air. Eventually, these condensed droplets result in the
formation of the surface pores, because they occupy spaces before the ejected fiber is fully
solidified (PS is hydrophobic and not soluble in water). This also explains the observation
of bigger pore size and greatgfor fibers fabricated at higher humidity, as it facilitates the
condensation of water vapor onto the fiber surface during electrospiftngwgorth noting
that the vapeinduced phase separation is aotountedor the pore formatiobecause the
compositional patbf the PS solutiostays inthehomogeneous regian the ternary phase
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diagram of HO/THF/PS[152].
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Figure 5.2. SEM images of the aligned porous fibers electrospuf)a@%o, 8) 60%, C)

50%,and(D) 40% relative humidity, and optical microscapgges of 40X magnification

for surface dressed b)Y uniaxially and §) biaxially aligned porous fiber.

Figure 52(E-F) present the optical microgm®images of the surfaces dressed by porous
fibers, which shows that the fibers are directionally aligned. The averagéhetatistance
is obtained by dividing the covered width of fibers, normal to the alignment directitimg by
number of inteffiber spaces. In this study, the infdver distance, ranging from 16 90em,

is controlled by the electrospinning time as increasing the time decreases the distance.
5.42 Wetting behavior of surface dressed by aligned porous fibers

Figure 53 shows the preliminary experimental results for comparing the hydrophobicity of

porous and noporous fibersThe contactingleda and roltoff angleU are meased on
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substrate surfaséi.e., glossy side of an adhesive tape) dressed by uniaxially aligned fibers.
The fiber diameters and intéiber distances of all samples are in the range eB@®2im
and 25.329.5um, respectively. Maintaining these two parséangwithin a relativelyarrow

range is advantageous in highlighting thiguenceof pores on hydrophobicity.
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Figure 5.3. Comparison of hydrophobicity of surfaces dressed by uniaxially aligned fibers

with and without pores

The results ifrigure 53 showthe advantage of porous fib@msmprovinghydrophobicity.
Increasing the average pore size from 0 to189.0 nm (corresponding to increasing the
fraction of the fibersurface area occupied by pores from 0O téb3%), leag to increasing
contact anglérom 134+ 2eto 152+ 1eand decreasing retff angle from54+4 ¢ 30+3 ¢
This improvement in hydrophobicity is attributed to the increase of the total-hqupiolr
contact area when the droplet contacts fibers with greateapeael hen, the olervedda

increase can be explained by B equation41]:
cosg, = f, cosqg -f, (5.5)

wheref1 andfz representhe area fractions of the liquiblid and liquidvapor interfaces,
respectively, over the unity parallel plane aséarough surfacedy is the intrinsic contact
angle of the solid material. In this study, the surfi ahdfz is assumed to equal todiyen

thatthe cross section of the fiber is essentially an-shalpe with the fiber top having a
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relatively smaller curvature. This simplification is also adopted by other reseaf2hers

69], who assumehe fiber top as a plane for simplicity. Then, Egf|5)is simplified as:
cosg, = -1 #(1 cosg) (5.6)
wheref is the liquidsolid contactreafactionand can be calculated by
f=Nd(1-1)/L (5.7)

whereN is the number of fibers across the measured drisathe average fiber diameter,
fo is the pore area fraction on fibsurface; Lt is the totalwidth from the first to theN™
measured fibelhe introduction of fiber poregduceaf and ultimately resustin anincrease
in da, as indicated by E@5.6). The decreasi f alsoexplains thebservedlecreasén U
because liquid contacts more vapor phase, wigidnceghe frictionthatimpedesdroplet
from rolling. The results irFigure 53 concur with theearlierworks[33, 69]of developing

porous surface® improve hydrophobicity Sa all fibers are porouis the following studies.

Thenthehydrophobicityof uniaxially and biaxially alignegorous fibers arecompared
Figure 54 shows theneasuredontact and rolbff angleson surfacesdiressed by uniaxially
(seegrey scattensand biaxially(blue scattersaligned porousgibers with all fibers having
an averagediameter of 3.9%0.25 um The results show thatcreasing intefiber distance
(1) from about %o 18.2um in both structures improséhe hydrophobicity, as evidenced
by the increaseda and decreasdd from about 14Band 5%to 150eand 3% respectively.
Theincreasd da with enlarging suggesta CB wettingstate Specifically, n the CB state,
droplets are supported by fibers without touchingthttomsubstrat. As a resultincreasing
inter-fiber distancen CB statereduce the liquidsolid contacfractionf, thereby increasing
theda (see Eq5.6). Moreover this decrease ihalso explains thebserved decrease lh
becauselecreasingreduces the liquidolid contactindraction whichreduceghe friction
thatimpedesdropletfrom rolling. In the rest of this study, this correlation betwelenlt,
andf is used to interpret changes in hydrophobicity for fitkerssed surfaces before liquid
wets the substrate (i.e., hydrophobicity improves with decre§samglvice versa).
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Figure 54. Measured contact angle and roff angleon surfaces dressed by uniaxially or

biaxially aligned porous fibergvater droplets with volumef3 E L

The wetting behavior of droplets on these fiBoous structures diverges when the inter
fiber distancdl) is abovel8.2um. For the uniaxial structure, furthiecreasing from 18.2
pum to 33.5um weakenghe hydrophobicity, as evidenced by ttecreasef da from 155
to 13Ceand the increase &f from 32%to asticky state even at Qilting angle Thisresult
indicates thaawetting transition occurs &t 18.2um forthe surfaces dressed tyiaxially
aligned prous fibersat thisl, the liquid starts filling ugomeof manyinter-fiber grooves
under the dropletuirtherincreasing leads to more grooves filldy liquid and eventually
results in the Wenzel state eiithedroplet fully wets the underlying substraiée wetting
transitionweakenshydrophobicitysince the liquid-solid contact fractiomgreatlyincreases
once the droplet touchdise substrategsnhancing the adhesion between the droplet and the
covered aredn contrastthis wetting transition is not observed for dropletsr@biaxially
aligned poous fibers foll betweenl8.2-34 um: the hydrophobicitycontinues to improve

without a sudden chander all thel tested

The experimental results are unexpedtedhebiaxial structurein Figure 54. Note that
the biaxial structure is essentially a stacking of two layers of uniaxially aligned filibes in
warpand weft directionsandtherefore thelropletsonthe biaxial structurareexpected to

82



behave in theameway as on the uniaxial structubefore reacmgthelower-layer fibers
One wouldthen intuitivelyexpect that the wetting of the biax&tucturewould transit to
a statewhere the droplet contacts tlwsver-layerfibersoncethel is greater thari8.2um.
The reason is thatt thisl, the samedroplet on the uniaxiatructurewould havetouchel
the substrateHad the droplet touched lowtayer fibers, the measurefi and U should
have suddenly dropped and risen, respectively, because of the increase-soligaiontact
fractionf. This weakeningof hydrophobicity is expecteid occur, even if it may ndieas
severe as seen in the uniaxial structwuhenl >18.2 um.However, thenydrophobicity of
the biaxial structurenaintairs an unchangedrendfor the tested rangeof 8.7 to 34um.
Thisunchangedelationship suggesthat the liquid droplets did not touch the lowayer

fibers, i.e., theCB stateis maintained.

In addition, heevidence from the freevapration of an identical droplet on the biaxial
structure further confirms that droplet is@B state forl >18.2um without contacting the
lower-layer fibersIn Figure 55, the deformatiosiof liquid edges due tthecapillary force
evidence thathedroplet is in contact with uppdayer fibers ¢eethe yellowdotlines). The
interaction between the droplet and the loVeseer fibers is not observed until the last few
seconds of the evaporation (the rexd lthes). Thus, theevaporatingdroplet is inCB state
until the last few seconds. Note thiaé¢ CB state is more stable prior to evaporation because
the evaporation is essentially a trigger that weakens the stabilt sfate and increases
the tendency of wetting transition (i.evaporationtriggeredwetting transition[153]). In
addition to observingropletevaporation, an inverted laser scanning confocal microscope
[154] can also help to confirm tH@éB state of droplets by directly imagitige underneath

liquid-vaporinterface.

To understand the mechanism behind the preceding unexpected phenaveenapour
experiment points into the wetting stateart of the uniaxial structur€igure 56 presents
the wetting statesf a3 uL water droplepn the uniaxial structure with different intiiper

distancesl]. The CassidBaxter region, i.e., bluegionin Figure 56, is obtained as follows.
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Upper layer fiber direction

Lower layer fiber direction

Figure 55. Images of the final seconds of droplet free evaporation on the biaxially aligned

porous fibers

In wetting transitionthe change of free ener@ggG) can beexpresseas followsbased

on Eq. (3.3).
—= g(1 eosys) d-sing. d(-1 f) g df ,zgcos,, (5.8)

wheredy F anddy,s denotethe intrinsic contact angles of the fiber d@hesubstrate material,
respectivelyd is the fiber diameter, arfds theliquid-solid contact area fractiol.he CB
state dominates when it is thesdynamically more stable than the Wenzel stade,qiG >
0, which derives E(5.9).

d(sing,. +(1-f) g- § cos,g)
1+cosy, ¢

| <

(5.9)

Then, substituting the structure parameters and the material properties of the developed
fibers inthis study (i.e.d=3.95um, f = 0.5, dv,F=95¢ dv,s=95¢ into Eq.(5.9)leads tahe

resultof | <8.2 um. Finally, this result is used to determine ther€gion inFigure 56.

Inter-fiber distance (um)

Cassie-Baxter region <> Experiment data point
Metastable region Observation of wetting transition
B Wenzel region

Figure 5.6. Experimental data points mapped in a wetting state chart obtained by modeling
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the uniaxially aligned fibrous structure with a fiber diameter of 3.95 um.

In contrast, as simulated by the numerical mou8E | greater thai07.4 um (thedark
grey region irFigure 56) results itheWenzelstate because the bottom of the liquapor
interface reaches the level of the fiber bottgee (he insetm Figure 56). Thus, the wetting
transition from CB tdNVenzelstate due t@agging effecf9] is expected when in contact
with the substrate. However, there is a metastable region where the CB state could sustain
despte beingenergeticallyess stable than th&Wenzelstate[155, 156] The metastable CB
state occurs because the additional energy acquired by the droplet from environment cannot
overcome the free energy barrier between the CBMenizelstated157] (as discussed in
Section3.2.3. In Figure 56, the experimentally observed wetting transition for the uniaxial
structure falls into the metastable region, which indicates that the energy barrier separating
the CB andNenzelstates is overcome by the environmental disturbancesl imgeeater
than B.2 um. Based on this analysis, it can be inferred that the biaxial structure's advantage
over the uniaxial structure in resisting wetting transition, as obsenkdune 54, can be
attributed to itenhance@nergy barrier between the CB amMgnzelstates. However, this
argument still leaves a question of vdgroplet is in CB state on the biaxial structingtead
of a transitional state betweeB@ndWenzelthat touches the lowdayer fibers.Thenwe
further map a more detailed energy profile for droplets wetting surfaces dressed by fibrous

structures in the following section.
5.43 Modeling of droplet wetting fiber-dressed surface

The model pameters of droplet volume, fiber diameter, and pore area fraction on the fiber
surface are 3 pL, 4 um, and 0.5, respectively, which are consistent with those in preceding
experimenbf Figure 54; inter-fiber distance is set as 30 um because the wetting behaviors

of dropletsonthe biaxial and uniaxial structures are notably different*39 pm ghown
asthebluedottedline in Figure 54, dropletsarepinnedon the uniaxial structure while roll

off the biaxial structure)lhe amendedvrf or t he PS porous fibers
using Eq(5.4).
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Based on the modele particularlystudiedthe free energy of droplets in CB/enze]
and twotransitional state® map the energy profile fatroplet wetting fibrous structures.
Figure5.7 showsthevariationof free energyn wetting surfaces dressed by aligmedtous
fibers.As illustrated inFigure5.7(A), State(i) isthe transitionaktatein which the droplet
just starts to encounter tkelidsbeneattithe upperlayerfibers. The solid is the substrate
surface forthe uniaxial structure or theower-layer fibersfor biaxial structure.State(ii)
representary transitionalstates between State(i) andVenzelstate e.g., State(g and (iD),a
in which the liquid partially wets the beneath solid. Mbemalizedree energy of thdroplet

at CB,Wenzeland two transitional state is denotedzas, Gw, Gi andGi, respectively.

A
(A) (B)
Gii” ‘q
> G, Continue wetting
2 &
[} i’
c
)
3 e
L
. A
Gy ¥
Liquid-vapor interface CB G @ () w -
—— CBstate «eeeeee- State(i) wetting states
— = - State(ii) W state — - = Uniaxial —— Biaxial, sub-process 1

—— Biaxial, sub-process 2

Figure 5.7. (A) lllustration of four different wetting state8B) Energy profile for a water

dropletwetting uniaxial and biaxial structigehe insets are the wetting states with a local

minimumof free energy obtained from modeling.

The grey daslfdot line inFigure5.7(B) illustrates the mapped energy profile derived for
wettingthe surface dressed hyniaxially aligned porous fdrs.The profiled is mappeds
Gi> Gce> Gw becausehe model results identify CB andanizelas the wetting states with
the lowest free eneydoeforeand after the droplet touchinige substrate, respectivelyhe

normalizedfree enagy (with respect taLv d.?) difference between CB antlenzelstates
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is 15,176.4. In addition thefree energyevel of State(i) isat the peakecausetate(i)is a
transitional state with the largest ligewdpor interfaceqeeFigure5.7(A) and Eq5.1). This
energy profileconcurswith theexperimentatesults inFigure 54 in which the Wenzelstate
occurs on the uniaxiatructurewith an inter-fiber distanceof 30 um becaus&w is the

lowest amag allwettingstates.

However,as shown irFigure5.7(B), the mapped energy profile for wetting the biaxial
structure is differerfrom wetting the uniaxial structure. The profile is mappe&asGi >
Gcs by dividing the wetting into two consecutive splocesseswvhere droplet wets only
the uppetlayer fibers (i.e., suiprocess 1), and bothe upper and lowelayer fibers (i.e.,
subprocess 2). The syfirocess 1 is same as the process wetting the uniaxial stioetare
liquid touches substrate, therebye carmapGi > Ges. For the sukprocess 2, the modeling
results show that there is a metastable state, i.e., Stpteq@n atfer State(i) with a local
minimum Giig thereby Gi > Giiq The obtainedGiiqis calculated to bgreater thaGes with
aGiigc=9.7. Furthermorethe energyneededor the droplet to continue wetting the biaxial
structure beyond Statefiis largerthan the energy at State(i). As an evidence, we identify
a follow-up statédefore reaching the underlying substrdtnoted as Stategfjjavith ahigher

free energy tan State(i)which isdiscussed below

First,we imposed a constraint on Surface Evotedimit the normalized wetting length
(Iw) of each contact point between the liquid and lelagerfibers to a small value &f0.1
to estimateGi. Thenwe setlw to be longer than that of Staté(io estimate the free energy
of a state that comes after Statg(iie., State(ip).drigure 58 showsthe modeling results
of State(i),St at e (i i @i Wwith @imedporBingaosssection viewandlw. The free
energy of State@a i s al ready higher than G4é-a8 of

even though thiower-layerfiber is not yet fully wetteddt St at e (i i aaq) .
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Figure 5.8. Modeling results from Surface Evolver showing three wetting states with cross

section viewslw is the normalized wetting length between liquid and the ldasgar fiber.

The energy profilen Figure5.7(B) for the biaxial structurecanexplain the unexpected
phenomenon ifrigure 54 for inter-fiber distance between 18.2 and 34 pm, that is even if
the droplet touches the lowkayer fibers of a biaxial structure, the grb e t resto®l d A
CB state. To highlight this special phenomenon, we denote this Besdierfirestoring
process as CaRe wettinihis CaRewettingoccurson the biaxial structureecause (1) the
overallgreaerenergy barrieto theWenzelstate compred to that for the uniaxial structure
hinders the droplet from further wetting the loviayer fibers, and (2) the local minimum
Giqfor the metastable State)iis greater thafecs (i.e., aGigcs =9.7) which allows the
droplet to reclaim the CB staterfoeing thermodynamically more stable. It should be noted
that, the porous fibesurface also contributes to realizing the CaRe wetting becaysertdse
in fibersensure that thevater droplestill contacts vapor phase wh#re dropletouches

the lowerlayer fiberswhich elevaesGi and malesState(ii) less stable than the CB state.

We furtherstudytheinfluenceof the structue parameters on the CaRe wetting, aiming at
providing guidance for structure optimization. Thiguenceis evaluated by thigeeenergy
difference between the CB state and Staye(ii iGiqcg;. ,a aohGiggstfaeilitatesaethe
CaRe wetting and aldeads toa more stable CB statEigure5.9 shows thenfluence of

structure [Gadkameters on &
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Figure 59.(A) N o r mdiede \&.aupperagyerfiber diameter and intefiber distance
of the biaxial structurghenormalizedow-layer fiber diameter and intdiber distance are
0.8 and 6, respectivelyB) Norma | i zGeyab vsadowerlayer fiber diameter and inter
fiber distancethenormalized pperlayer fiber diameter and intéiber distance are 0&nd

6, respectively.

Figure5.9(A) shows a positiveorrelationbetween the increase in fiber diametrand
the decrease in intdiber distancel] of the uppetayerfibers with a&Giiece. In detail, the
n o r ma |IGiqa mnaeases 19.3 times when increasing the normalized-lgoyd from
0.8 to 2 whild = 7; further decreasinigfrom 7 to 5 results imn additional 62.3% increase
i n t he n Giscanhlsis bexaliseareasing or decreasing of the uppetayer
requires greater deformation and thereby more energy for the droplet to wet thiaimver

fibers.

Figure59(B) s hows t he \GadsWwith charmingtoweeldyeragandl. The
n o r ma IGiea @edreasedramatically by 94.3% when increasing the normalizegr-
layerd from 0.8 to 3.2vhile [ =6. This is becausalargerlower-layerfiber diametemeans
a smaller curvature of the liquitber contact interfacegnablingthe droplet to wet the
lower-layerfibers with smaller deformatigras a result, th&iqis reducedMoreover, the

normdized aGiigcs increasedy 51.0%when increasing the normalized lowayerl from

89



3 to 8 whiled=0.8; butfurther increasingd from 8to 14leads to a sma#Giqcs variation
of less than 4.0%'he change iaeGiiq cs with lower-layerl is attributed to thnterference
of liquid-fiber interfacesamong adjaceribwer-layer fibers caused by surface tension of
liquid. For the lowedlayerl in the range of B, the interferencéetweenadjacent liquiel
fiber interfacess reduced with increasirgresulting in anorestableCB stateasreflected
by the increase iGiacs. However, forlower-layerl greater than 8, the interference is

further reducedgading toan insgnificant effect ofl on aGiiacs.

In summary, the energy profile ligure5.7(B) unveiled the CaRe wettirthatexplains
the observed CB state for the biaxial structure in experiment whereas the uniaxial structure
reaches Wenzelstate. The occurrence of CaRe wetting is related to the sepettameters
of the biaxially aligned porous fibers: increasing the upagerd (from 0.8 to 2), lower
layer[ (from 3 to 8, and decreasing the upgayerl (from 7 to 5), lowedayerd (from 3.2
to 0.8) facilitateghe CaRe wetting and results in a stable CB statthis study,the CaRe
wetting is considered the key adtage of the biaxial structure which enables us to further

adjust the structural parameters to achieve superhydrophobicitgid.50eandU < 108).

5.4.4Achieving lotus effectby a rational approach

This section follows the guidanobtainedrom Figure5.9 to constructhe biaxial structure
thatfacilitates CaRe wetting and further adjusts thecstire parameterdy experiments to
realizesuperhydrophobicityConsidering the practical fabricatirange of electrospinning
and theprecedingguidance, we construct the uppayer fiberswith diameterof 8.1+ 0.62
pm, while thelower-layer fibers are smaller in diameter at 38625 um. Thiombination
of fiber diameterganpromote CaRe wettingvhich enabésus tostrategicallyapproach
superhydrophobicity by reducirtige liquid-solid contact fractiofthrough increasingIbier

pore size and intefiber distanceof the uppetayer.

Figure 510 shows thechangesn the measureda andU on the biaxial structurevith

decreasind. The decrease déffrom 0.187 to 0.101 in thgellow shadedreais attributed
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to theincreag ofthepore size from 7% 16 to 18Gt 49 nmin fiber-surface (whild is kept
at32.0+4.2um). The hydrophobicity of the biaxial structure is improved with increasing
pore sizeas evidenced by thecrease ofla from 1410+ 0.4eto 1573+ 0.4eand the decrease
of U from 480+ 0.4eto 284+ 0.8e In addition,the upperlayer| is furtheradjustedwith

the largest pore size of 18219 nm.As shown in the blue area Bigure 510, reducingf
from 0.101 to 0.047 by increasing the upfagrer| furtherenhance hydrophobicity. The
fiber-dressed surface becomes superhydrophsbenf is below 0.053(corresponding to
upperlayerl of 81.5um). Sqo the adopted biaxial structure for further studiesfivatues
between 0.058.047. Further decreasifigpelow 0.047 by increasing tthes not adopted
because keeping the uppayer fibers in a closer destce facilitates the CaRe wetting as

shown inFigure5.9(A).
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Figure 5.10. Influenceof upperlayerfiber pore size anahter-fiber distance on the measured
contactangleand roltoff angle. The fiber diameters for the uppand lowerlayer are 8.1
+0.62um and 3.95:0.25 um, respectively. The intéiber distance for both layers in the

yellow shaded area and the lowayer in the blue shaded area are 322 um.

In contrast taheearlierstudiesof developing electrospun fibéased superhydrophobic
structureshatused a single dropleblume to measuréx andU (or a larger dropletolume

to measurél), this study evaluates the hydrophobicity for a range of drepletween 3
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10 pL, as shownn Figure 511. The studieddropletvolumeof 3-10 yL is anappiopriate

range forcharacterizingupehydrophobicity bysessile drop methdd58].
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Figure 5.11. Variation of hydrophobicityvith droplet volumes on the biaxial structure, and
comparison to other electrospun fit'Ersedsuperhydrophobic surfaces reportetiterature
[30, 32, 33, 84, 88, 92, 94, 88, 159, 16Q]The adopted biaxial structure hiasetween
0.0530.047.

The results irFigure 511 show that thénfluenceof droplet volume omla is negligible
becausala maintains relatively stable between 1580.9eand 1615 £ 0.7ewith various
droplet volumes. The variation of 28 close to the inherent error of sessile drop method
for unstructured surfaces (i.e., approximatelg [i51]), andadditional minor error may
be attributed to the surface heterogeneity of the fibers used in the experiment. In contrast,
U decreaseom 10+ leto 3+ 0.6ewith increasing droplet volume from 3 to fi0. This
observed trend agrees with the current theoretical correlation between the droplet volume

andU under CB state, as presented in (g10)[162]:

sina, = V_\/gZQLV (1+ cos g )T

v = (5.10)
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where}, g, andV representhe droplet density, gravity acceleration, and droplet volume,
respectivelyW s the droplet contact widtlAs the droplet volume increases from 3 to 10
uL, there is a 333.3% increaseVrand a 169.1% increase\WM Substituting this increase

of VandWin Eq.(5.10)while keeping all other variables in the square bracket constant for

the given biaxial structure, results in a decrease in theffadingle

It is worth noting that the superhydrophobic fibrous structure developed in this study is
a onestep approach thatsesonly one commercially available polymevhichis deemed
simple andcanreduce the cost of developing electrospun superhydrophobic materials. In
contrastprevioustechnologies typically involve complex fabrication processes andsthe u
of multiple raw materials. For example, preparing fluorinated polymers, blendingsizano
additives into solutions, and pdstatment of the electrospun fibers are often reqused (

Table2.1 andTable2.2).

5.5Summary

Thischapterstudiedthe wetting behavior on fibetresgd surfaceby both experiment and
numerical simulatioranddeveloped lotuseffect surfaceising aligned porous fibebmsed

on astrategic approaciBased on this researchgtfollowing conclusions can be drawn.

(1).Onuniaxially aligned porous fibessi t h aver age fiber di amete
of 160 nmdroplets are in Cassiaxter (CB) statand hydrophobicity increases with
theinter-fiber distancelfjwhenli s | ess tAHdarer1 8.82 2mmtion, we't t |
to Wenzel state occurs, resulting in decrease of hydrophobicity.with

(2).0On biaxially aligned porous fibers with similar fiber parameters, droplets stay in CB
state and hydrophobicity increasgsh | until |=3 4  &ame importantly, there is
no chage in trend of hydrophobicitybt 1 8. 2 e m, i ndicating tha
upperlayer fibers without touching the lowdayer fibers or substrate.

(3).Energy profiles of droplets wettirtge uniaxial and biaxiastructuresare obtained by
numerical simulation in Surface Evolv&ompared to the uniaxial structure, there is

a CassieBaxterfirestoring (CaRe) wettingcontributing toa morestableCB state in
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biaxial structure.
(4).The C&e wettingensuresiroplets stay in CB staeven at a largeof 81.5um, which
allowsfor a rational approach towardaperhydrophobicityhrough increasing inter
fiber distance anthcreasingporesizAs a resul t, t hacsdmrtvadtope
angles between 059e aaamgd els6 Xg oam dl Oreooltho 3 e

~

3 to 10 OL in vol ume.
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Chapter6 PotentalAppl i cati ons of the

Based on Biaxially Aligned Porous Fibers

Electrospun fibrous structusarefeatured withhigh porosity, up to more than 9q%63],
with interconnectivity between the intéber pores, which can realize a high breathability.
Thus, superhydrophobic and breathable structure, whislwide engineering applications
such asvearable electronidd.64], personal protecti®{165], gas sensai{166], etc.,can

be developed by electrospinning

The biaxial structurevith lotus effectleveloped in Chapter 5 only consists of two layers
of fibers realizingatotal thicknes less than 20 min contrast, rostearlier reported lotus
effectelectrospumstructuregonsist of randomlidistributediibers, so usually a thiek (more
t han [B084kfibrous matis made to prevent droplet from touching the underneath
substrate, which resslin Wenzel stateHowever, hcreasingstructurethicknessreduces
breathabilityasair and water vapor negdotransmitthe structurevith greater resistance.
So, it is expected that the biaxial structca@ havea high breathabilityto be measured in

thefollowing section)

In this chaptertwo potential applications of th®axial structureare demonstrated based
on the lotus superhydrophobicity and high breathabdigyelopingvaterproof, breathable

and superhydrophobic membrane, asdsurface layer for protecting wearable electrenic

6.1 Waterproof, breathable and superhydrophobic membrane

The developedthiaxial structure oéligned porous fibers Chapter Doffersan opportunity
to address the challenge of developing a simgthodfor producingwaterproofpreathable,
and superhydrophobic membraié&e waterprooandbreathable membrane that prewsent
liquid water permeation while allasymoisture and air transmissianehighly desired for
various applicationsuch asvearable electroni¢gnedical dressinggnddesalinatior8].

Lotus superhydrophobicity israadditionaldesiredfeaturefor waterproofandbreathable
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membransbecausé enableself-cleaning whichhelp to maintainhewaterproohess and
breathability For fabrication,electrospinnings widely adopted for developing waterproof
breathable membraadecause the electrospun fibrous structure proadgsd basis for
breathability [27, 28pwing to its interconnectepores However, @spite the substantial
progress made in this fieldxisting technologies camly achieve two or threaut of four
featuresof waterproofing, breathability, superhydrophobicépd simplicity §eeTable 61).

The demonstration of our approach that achieves all four feausbewn as follows.

Figure 61 demonstratgthe application of biaxiallylgned porous fibers for developing
waterproof, breathable, and superhydrophobic (WBS) membrane. The fibers are dressed on
acommercial nylon mesh that is originally water permedbéspite the biaxially aligned
porous fibers being sparsely arranged wiily two layers of fibers, they transform theesh
into a waterproof membrane. As showirigure 61(A), the water passes the pristine mesh
and enters the bottom vessaghile the fiberdressed mesh is capable of holding the water

in the top vessel.

(B)

Hot plate
—

Figure 6.1. Development ofwaterproof breathable and superhydrophobic membiay
applying biaxially aligned porous fibers on a meBlemonstration fo(A) waterproofing
(B) breathability and(C) superhydrophobicity of the fibedressed mesh. Insed$ (A-B)

aretheoptical microscopic images of the mesh before and ladiegdresedby the fibers.
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Table 6.1. Comparison of electrospwmaterproof, breathable and superhydrophobic membrane

. L WVTR WVTR testing
1 2 3 4

Materials Fabrication W+ | B°|S°|SP ( k GAkYn condition Ref.

EPU/BN Blending fluorinated poly_me-_r and nanoshe v v v 116 38'C, 50% RHS [159]
for electrospinning

EPU/PU/PCC Blending fluorinated polyme_r a_nd nano | \, | | vy 11.4 38'C, 50% RHS [160]

capsules for electrospinning
PU Electrospinning of nanosized fibers vV |V Vv 15 25, 65% RH? | [167]
Silk fibroin Electrospinning of nanosized fibers V \% 2.0+0.1 |38%, 50% RHS [168]
Posttreatments of surface grafting and
PU/SIG hydrothermal reaction to electrospun fibey V | V | V 8.4 - [30]
for growing nanopatrticles

PVDE Posttreatments of ther_mpressmg to vV |V 10.9 38, 90% RH® [169]
electrospun fibers

PVDE/PVB Blending two polymers for electrospinning YR RY. 10.6 38, 90% RHS | [170]

and followed by thermal treatment
PVDF/PVB/ | Blendlng_nanosme ca_rbon tubes yvlth polyn v | v 78 38'C, 90% RHS [171]
octadecane/CN solutions for ceaxial electrospinning

PAN/FPU Post thermal treatment to electrospun fibg V | V 10.1 38, 90% RH® | [172]

PES/BaTiQ Blending nanoparticles a_md_polymer soluti Vv 6.2 _6 [173]
for electrospinning

PS Electrospinning of aligned porous fibers| V. [V | V | V 20.8+0.1 | 38%C, 90% RH® vf/r(])lrsk

I waterproof;? breathable? superhydrophobic; simple;® test method based on water evaporafidgast method based on vapor absorption by desiccant;
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Figure 61(B) indicates the breathability of the fibedlressed mestSpecifically,water
vapor generateftom heating passsthroughthe fiberdressednesh and condeesin the
upper vessekor quantificationthe breathability imssesselly water vapor transmission
rate (WVTR) test following the ASTM E96 standard. In a typical test, £a&iccant is
sealed by théestedsample in a testing cup with25 cnf opening, which is placed in an
environmental chamber controlled at 38

measured every 10 mitesto calculate the WVTR using Eq. (6.1).

Dm
Dt A

WVTR =

6.1)

w h e rmas thawveightchange of CaGli nt pepod andAc is the cup opening area.

The WVTR ofthe fiberdressed mesh is measured ta2B8 + 0.1 kg-m2.d'%. To the
best of our knowledge, this WVTR is the highest value reported so far for electrospun WBS
membranessgeTable 61) duetoits large inteifiber distance and low thickneddoreover
the biaxially aligned porous fibers also impart superhydrophobicitetm#ésh, asmdicated

by the rapid rolling of a water droplet from its surfac&igure 61(C).

It should be noted that the nylon mesh substrate hex@nly for demonstratiarnThe
developedbiaxial structure isessentiallya versatile dressing layer that can be appied
various substratesych agonventional electrospun membragmaicroporous media, metal
mesh, etc. Thehoice ofsubstrate depesan mechanical strength, hydrostatic pressure,
breathability, and so om variousapplicatiors. Forexample Figure 62 demonstrates the
modificationof a pristine electrospun PVBIHFP membrane. Prior to modification, water
droplets are observed to be pinned on the surface Mbé~HFP membrangeven when
placing the membrane verlly as shown irFigure 62 (A). In contrast, after dressing the
membrane with the biaxially aligned porous fibers, the droplet rapidly rolls ofiitfiece

as shown irFigure 62 (B).
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Dressed by aligned porous fibers

Figure 6.2. Modifying an electrospun PVDHFP membrane from (Adlropletpinning to
(B) lotussuperhydrophobity by dressing théiaxially aligned porous fibers

6.2 Surface layer for wearable electronics

The emerging wearable electronics have advaocesiderablyor healthcargnonitoring

energy harvesting, humanachine mterface, and so on. To ensure user comfort and device
longevity, it is important to incorporate a breathable superhydrophobic surface layer into
the wearable electronics. The surface lagkows forsweat evaporation, preventing skin
irritation and inflammation from prolonged Ud4&4], andprotecsthe underlyinglectronics

from wettng damage. This section demonstrates such an application, where a fiigiable

web, representing an electronic layer, is patched onto a human forearm with a surface layer

of the developethiaxially aligned porous fibers.

Figure 63 (A) and B) show the temperature change of the skin being patohadon
breathable adhesive taged the developed biaxial structure, respectividitemperature
change of the skin after being covered for 60utan reflects thenfluenceof thepatched
material on sweat evaporatigcimaterial with inadequate breathability caastemperature
drop due to the evaporation of the accumulated sweaFigure 63 (A). In contrast, the

skin shows unnoticeable temperature change after being coveredigxaéstructures
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shown inFigure 63 (B), indicating sufficient breathability for wearable uses. In addition,

Figure 63 (C) indicates that a water droplet can rapidly roll off the same biaxial structure,
which demonstrates itwater repellencd used as a surface layer for wearable electronics
on human skinThis characteristi¢s particularly useful in protectinglectronicsdevices

that are sensitive to water intrusidrY5], such as wearable nageneratcs.

Figure 6.3. Development ofthesurface layer for protecting wearable electronitgermal
cameramages ofhuman forearm skirwhich ispatcled by (A) a nonbreathable adhesive
tape and (Bjhe developethiaxial structurdor 60 min and removal afterwar(C) Super
hydrophobicity of forearm skin area covered by tlevelopedbiaxial structure Water

droplet is dyed in orange.

In addition,Figure 64 showsthatthe developebiaxial structurdnas a highranspareay
asthe pattern under the fibelressedjlassslideis visible The transparencyf the biaxial

structures characterized usingldV-Vis spectrophotometerhe averageransmittancen
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thevisible region (380760 nm) is83.6+ 3.1% The transparenayan beusdul for allowing

direct observation and close monitoring of wearable electronics.

Figure 6.4. Transparency of the developed biaxially aligned porous fibers
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Chapter 7 Conclusions and Future Works

7.1 Conclusions

Based on thevetting behavior on fibedressed surfacesis thesis develops rogetal and
lotus superhydrophobic surfaces using uniaxially aligned fibers and biaxially atigraas

fibers, respectively, both fabricated by simple-step electrospinning.

An integatedthermodynamic model for droplet wetting wariousparalletstructured
surfaces iestablishedo understand the wetting behavidhe model relates free energy
with the continuous movement tife threephase contact lineffPCL) in differentwetting
states andthe forming conditions of energy barrier are derived from the matieh the
modelarevalidated usingxisting works andhe experimental data by aligned fibel$he
modelindicates that br surfaces patterned Isharpedgestructure (crosssection shape)
with an internal anglé andanintrinsic contact angldy, the initiating and endingpparent
contact anglesAPCA, da) for energy barrier in noncomposite state de (G anddv i G,
respectively. Fotheround structures, an energy barrier may form for every structdke at
+( 1 8 @vein noncomposite stateecause the round surface has continuous inclination
angles with respect to the horizontal plahleus surfaces patterned with round structures,
suchas fibers, can achiewdargecontact anglevith ahigh contact angle hysteresigich

is needed for petal superhydrophobicity.

Thenthis thesisstudiesthe influence of fiber parameters the surface wettability and
developspetaleffect surfaces badeonuniaxially aligned fibersFirst, the wetting model
for surfaces dressed by aligned fibisrspecified based on the integrated model mentioned
above.The model indicates that the magnitude of energy bawigich can pin a droplet
atahigher APCA than the equilibrium contact anghereases with the fiber diameter and
the basal width of droplet/niaxially digned polystyrene fibers witaveragadiametes of
0.9 em and 1.iRerflbbendistamaljfiomyiemgt o 1450 em ar e
by onestepelectrospinning. Atlargg>8 00 e m, where two fibers <c
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the maxi mum APCA of the 1.8 em fibers is
greater APCA is due to the highermagnt e of ener gy baWhenlsr f or
bel ow 800 em, two 1.8 em fibers arenergynabl e
barrier withbasal width sothree fibers are wettedirilar variation pattern of APCA by
reducingl are observed for three to five fibers. HowetkRere is anncrease othe overall

APCAs due to thatnore energy barriers are induced to attenuate the perturbation energy.

Petaleffectsurfaces are developé&dsed oruniaxially alignedpolystyrendfibers with
di amet er airterfiber Gistancdhetwerrd e m and 130 em. The
fiberdr essed surfacesla6e, iand draongleetos ddMe

evenby turning surfaces upside down.

After that, this thesistudiesthe wetting behavisionsurfaces dressed hjigned porous

fibers and developslotus-effect surfaceisingbiaxially aligned porous fibers. Bxperiment,

1!

a

on uniaxially aligned porous fibers with a\

160 nm, dopletsarein CassieBaxter (CB) state and hydrophobicity increases withen
lisbelowl 8. 2 e m. A fthéwetting taBsiti@n teeWenzel state occuessulting

in decrease of hydrophobicity withOn biaxially aligned porous fibers with similter
parametersdroplets stay in CB state and hydrophobicity increaseslwitiil |= 3 4 & m.
More importantlythere is no change in the trend of hydrophobicity=al 8 . 2 e m wunt i
¢ mindicatingthatdroplets stay in the uppéayer fibers without touching the lowdayer

fibers or substraté.o explain thaunchanged trend, theergy profiles of droplets wetting

uniaxial and biaxial structures are obtaimsthgnumerical simulation in Surface Evolver.
Compared to the uniaxial structure, a Cagagterirestoring R€) avetting resuftin

a more stabl€B state inbiaxial structure.

Lotuseffect surfaces are developed based on the@zetting obiaxially alignedporous
fibers The C&e wettingallows for a rational approach towards superhydrophobicity by
increasing intefiber distance to 81.Am and increasing pore sizesto 180 s a r e s ul

the developed structure display -cbhtanogl a
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from 10e to 3¢ for water droplets from 3

Finally, the biaxially aligned porous fibers arsed to develop a waterproof, breathable,
and superhydrophobic membrane by deposttiedibers on a supporting nylon medte
biaxial structurdransfornsthe nylon mesimto a waterproof membrane. The breathability
of the membrane is characterized by water vapor transmission rate (WVTRgsating
in aWVTR of 208+0.1 kg-m 2.d' 1. The membrane is also shown to be superhydrophobic
as water droplets rapidly roll off the surfadée second application is to develoguaface
layer forprotectingwearable electronic3he skin of a human forearm shows unnoticeable
temperature changéter being patched with a surface layer of brexial structurgor 60
minutes Moreover theaverage transmittanae visible region (386760 nm)of thebiaxial

structureis characterized to be 83&.1% using a UWis spectrophotometer.

Overall, thighesisprovides insights into thaterfacialbehaviorof wetting fiberdressed
surfacesand arationaldesign of surfaces with controlled wettability, especiadlyepetal

and lotus superhydrophobicity, using electrospun fibers.

7.2 Recommended future wrks

Based on this thesithe following recommendations ameadefor future research works.

(1) Improving the alignment and distribution uniformity of fibers. The aligned fibers
used in this thesis are fabricated using a conventelaalrospinning setup with a rotating
fin collector.However thealignment and uniformity of distribution of fibers are hart¢o
precisely controlled, as shownhigure 52(E-F), because of the bending instabilitafghe

jetsin electrospinning59].

Improving the alignment anghiformity of distribution helps to more efficiently control
the surfacewettability. For exampleto developotus-effect surfaces using aligned fibers,
a higher distribution density of fibers is needed to prevent dropletspemetrationf the
fibers are poorly aligned and distributed with low uniformity. However, the tegisity

can increase liquifiber contact areaausingdecreamg of hydrophobicity.

104

t

o



Even though a higher rotating speedtafin collector can improve the alignment and
distribution to somextent, extra stretching éxertedon the unsolidifiegetsby the collector
[176], whichmay alter the fiber morphologin addition to the collector rotating speed, the
relative humidity, applied voltage, and sping distance can also influence the alignment

of the produced fibers

Nearfield electrospinning (NFES) may be one solutiopriecisely control thalignment
and uniformity of distribution of fiberbecause it can control the deposition of fibers. The
bending instabilities othe jets are avoided in NFES by reducing the spinning distance to

several millimetersr below[177].

(2) Further i nvestigating thesurface wettability of alignedfibers. For the aligneaon
porous fibers,lteexperimentalower limit of interfiber distancen this thesis is around 70
em. This lower limitensures aoncomposite wetting state filnerosepetal effectHowever
further reducing the intdiber distance mageneratentersectios of adjacent fibersyhich
can change the magnitudefodeenergy barrier, because of the limited alignment of fibers

by conventional electrospinning

Studying thavetting behavior of droplefsr inter-fiber distancdower than70em helps
to develop the full spectrum of wettabiliof fiber-dressedurfacesfacilitating the wetting
control, especially for the region between lotus effect and gk¢at, by electrospun fibers.
In literature Aziz et al.[178] haveestablishe@dn analytical modeb determine theritical
inter-fiber distance for the composite state on aligned filagrs numericallxalculatedhe
anisotropic contact angleloreover Meng et al[114] experimentally studiethe wetting
behaviorondenselyaligned fiberswith inter-fiber distance below 30 um. However, super
hydrophobicity is not achieved partially because of the poor alignment of fibers. Therefore,
future works may modify the collector for conventional elesginoning or adopt NFES to

produce welaligned fibers with lowemnter-fiber distance.

(3) Enhancing the mechanical strength of thdéibrous structure. As shownin chapter

4 and chapter,3he structure, especially the morphology and spatial distributiditbersis
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critical in modifying surface wettabilityFor instance, increasing the infdyer distancenay
cause the wetting transition of droplets from CaBsigter to Wenzel state, as indicated in
Figure 54 (A). Therefore, he mechanical strength of tfierous structure can influentlee
efficiency and duration of wetting contrélowever, electrospun fibers have been suffered

from a low mechanical strength79].

To enhancéhe mechanical strengtifiyture works may focus on the following methods.
The first method is tase polymeswith higher mechanal strength for electrospinnirsgich
as PVDH180], which also has an intrinsic contact angteseto PS.Secondfibers can be
crosslinked at intersections. The crelasking can not onlyncreasehe overall strength of
the fibrous structurequt also fix the position afachfiber. Third, for the biaxial structure,
more layers of fibers can be added at the bottom since the lotus effect is created by the top

two layers. However, this may reduce threathability of the structure.

(4) Achieving controlled motion of droplets basedon the biaxial structure. Droplet
manipulatiomattracts much attention for isportant role in fields like microfluidicd81].
The biaxial structure in this thesis, which enables droplets easily rolling off, caodiked

to achievecontrolledmotion of droplets.

The modified biaxial structure also contains two layers of filikeslower layer stiluses
aligned porous fibers; the upper layer is produced using NFES to pattern fibers with various
shapese . g . in shdpgbatthe fiber parameteill follow the guideline for lotus effect
developed in Section 5.4.As aresult,the modified biaxial structurie featured with lotus
effect and a patterned upper | dogplets.When A SO0 ¢
the surfaceistiltedtoreb f f angl e, droplets can roll off
Thiscontrolledmotion of droplets is expected to have potential applicatiomsdrofluidic

system, inkjet printing, and water harvesting.

(5) Controlling the hydrophobicity of the biaxial structure by stretching. As shown
in Figure 54 (A), the hydrophobicity of the biaxial structurermeases with thepperlayer

inter-fiber distancel] whenl is less thai35em. This relationship can tedoptedo control
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hydrophobicityas follows In electrospinning, a flexible frame is attachedhe collector

such that the fibers are depositedoatiie framea biaxial structure is produced waHow
upperlayerl. As a result, the obtained biaxial structure is supported by the flexible frame
and has a relatively low hydrophobiciBy stretching the frame along the alignment of the
lower-layer fibersthe uppeflayerl increases, leading to increment of hydrophobicity, even
to lotus superhydrophobicityVhen the stretching is relaxed, the biaxial structure returns
to its low hydropbbicity. Thus, the biaxial structure achieves a reversible trantigtween

dropletspinning effect to lotus effect by stretching the frame of the structure.

Furthermore, it is worth studying the changevetting behavias for dropletsthat have
alreadybeen on the surfage stretching the framéf the onsurface droplets also become
easier to roll off,he biaxial structures able to control the movement of droplets. Hingity
canbe useful in water collection, i.e., collecting droplets by re@kiame and transporting

droplets by stretching frame.

(6) Exploring the use of fibersurface poresFirst,the fibersurface pores can be filled
with therapeutic compounds and then applied in wound dressing or tissue engineering. For
examplea biaxial structure, where the lowlayer porous fibers are filled with drugs, can
be used in wound dressing. After patching the biaxial structure on the wound, the low layer
can release the filled drug to the wound. At the same time, the biaxial strpobwides a
self-cleaning breathablend waterproc$urface to the wound. Furthermgoerouscellulose
acetate fibers can be addszlow the biaxial structure for the biocompatibility of cellulose
acetate. Moreover, the nanoscale surface roughnessauspellulose acetatébers can
improve cell attachmeni82]. Fabrication of porous cellulose acetate fibers with various
pore sizedbased on electrospinning provided in Appendix ASecond, the pores can be
filled with phase change materfak temperature contralf WBS membrane based on the

developée biaxial structure.
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Appendix A

Fabrication of porous cellulose acetate fibers

This appendix is to help future works in wound dressing and tissue engineering as explained

in Section 7.2.
A.1 Introduction

Cellulose acetai@ widely used cellulose derivative an electrospinnable polymieatured

with biocompatibility [1] and hydrophilicity2]. Porous cellulose acetate fibeen help to
apply the developed biaxial structunemedical dressing ardkvelop petaeffect surfaces

with higher adhesion strengthor medical dressing, the biaxial structoraybe deposited

onto a layer of porous cellulose acetate fibers for the following advantages. First, cellulose
acetate is biocompatible to be attacteediound. Second, drugs can be loaded intptnes

of fibers for better therapeutic effect. Third, ttedlulose acetate fibrous structure can also
be breathabld-or petaleffect surfaces, the cellulose acetate fibers with surface pores may
realize a flgh contact angle for the reduced licqainl contact area, and the hydrophiliooty
cellulose acetatprovides a higher adhesion to liquid. In addition, porous cellulose acetate
fibers may also be applied in cancer diagnosissidering thathe rough suace ofsingle

fiber facilitates cancer cell adhesif3j.

In this appendix, porous cellulose acetate fibergadmecatedusing twoelectrospinning
based methodshermatinduced phase separation and breath figure, and selective removal

of sacrificial canponent.

A.2 Experimental methods

A.2.1 Materials

Cellulose acetate (acetyl content 39.8%y #B0kDa), N, N-dimethylacetamid¢€DMAC),

acetoneanddichloromethan¢DCM) were purchased from Sigma Aldrich, US/P (Mw
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=1300 kDa) vaspurchased from Thermo Fisher Scientific, A8.chemicals were useds

received without any further purification.
A.2.2 Fabrication of cellulose acetate fibers

The electrospinningpased method witthermalinduced phase separation and breath figure
is caried out as followFirst,1.1 gcellulose acetatis dissolved in a mixture &5 mLDCM
and3.5 mL acetonéunless specified otherwisahd by magnetic stirring for 3 houie a
11% (w/v) precursor solutiorfter that,the precursor solution tsansferrednto a 20 mL
syringe with metallic needle (gauge 22) for electrospinning spthningdistance of 9 cm,
solution feeding rate of 8 mL/h, and applied voltage of 7.5T\étemperature igeptat

23 w htherektive humidity is adjusted among 50%, 65%, and 80%. FibecoHeeted

by nonstick aluminum foils on a fixed and grounded collector. After electrospinreg, t

filbersaredr i ed i n a vacuum oven at 80 overnigl

For the selecti® removabf sacrificial componenthe precursor solution is prepared by
dissolving 15% (w/vellulose acetatend PVP in a binary solvent syste®® gcellulose
acetateand 0.45 g PVP in 3 mDMAc and6 mL acetoneAfter that, he precursosolution
is transferred to a 20 mL syringe with stainless steel needle (gauge 22) for electrospinning
with spinningdistanceof 8 cm, solution feeding rate &.7mL/h, and appliedoltage of6
kV. Thetemperaturandtherelative humidityaremaintained e =~ 2 &hd 40%respectively
Fibers are collected by a stainless steel mesh, which is placed on the grounded collector. A
fiber matis obtained by detachingfrom the mesh after 30 min electrospinniige fiber
mat i s dried i n a nghtoremave resalsolverie@®Emat over
is sandwiched by two stainless steel meshes and immersed in distilled water contained by
a beaker. The beaker is placed on a magnetic stirrer so the PVP in fibers can be efficiently
dissolved. After 12 hours mme r si n g, the fiber mat is dri

overnight to remove residual water on fibers.
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A.2.3 Characterization of cellulose acetate fibers

The electrospun fibers are first screened under an optical micrqd&wifeSW380B, US)
with magnifications of 4€.,000X to verify the formation otontinuoudfibersrather than
beadsThen he fabricated fibers amated with goldind observed undarfield-emission
SEM (Zeiss Leo 1530, Germany) at 5.0fkv fiber morphology, especially the presence of
pores on fibesurfacesThe captured SEM images at 500X and 25kX magnifications are

analyzed usingoftware ImageJ to charactexifiber diameter and pore size, respectively.

A.3 Results and discussion

Figure Alshows the SEM images 500X and 25kX magnificatiord fabricateccellulose
acetate fibersith phase separation and breath figure at RH eB]A0%, (CD) 65%, (E
F) 80% and(G-H) 65%butwith aDCM-to-acetonevolumeratio of 41. It can be seen that
continuous fibers without beads ayeneratedrom Figure Al (A, C, E, G) and pores are

created on fiber surfaces frdagure Al (B, D, F, H)

200nm
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Figure A.1. SEM images of thelectrospurcellulose acetate fibexgith phase separation
and breath figurat RH of (AB) 50%, (GD) 65%, (EF) 80% and (GH) 65%butwith a
DCM-to-acetonerolumeratio of 4:1

By image processing, the fiber diameter distributions arex03®em, 2.340 . 6nf ¢
and 2.3 0.55em for RH of 50%, 65%, and 80%, respectively, indicatisgiall influence
of RH on the fiber diameteFor the RH 065% andDCM-to-acetone volume ratio of 4:1
the fiber diameter distribution is 2.0.60 em. The increase of average fiber diameter is
attributed to the increased solution viscosity by incregptia proportion of DCM4]. The
pore size distributionarecharacterizedo be38+18 nm,43+17 nm 59+ 23 nm, and52+
17 nmfor RH of 50%, 65%, 80%and65%with DCM-to-acetone ratio of 4;fespectively.
The increase of pore size with RIHd DCM raticcan be explained the formatiorechanism

of surface pores as follows.

In electrospinning, the rapid evaporation of DCM due to its low boiling point of 39.6
causes a temperature reduction of the jet out of Taylor, cesdting in that the jé&tecomes
thermodynamically unstabbnd separates into polymech and polymeipoor phasesAs

solvent evaporatethe polymeirich phase forms the fiber matrix whillee polymespoor
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phase€ormsthepores Thus, increasing DCM enhances the phase separation and results in
larger poresMeanwhile, the temperature reduction also caosedensation of waterapor

into liquid droplets onto the jeis electrospinningThe condensed droplets also contribute

to the formation of the pores, because they occupy spaces before the jets are fully solidified.

Larger droplets are condensed withrgasing RH, resulting ilarger poresf fibers.

Figure A2 shows the SEM images of the fabricated cellulose acetate fiberseiéietive
removal of PVP. By image processing, the fiber diameter distributibrgure A2(A) is
486+ 98 nm. FrontFigure A2(B), it can beseen thathe fiber surfaces are roughened and
featured with shallow grooves, resultimgrh the removal of PVP after electrospinnimbe
removal of PVP in water is basedthielow water solubility of cellulose acetate. However,
deep and roundores as those shownhimgure Al are not formed, because deeper PVP is

hard to be fully dissolved.

Figure A.2. SEM images at (A) X and (B) 25kX magnificatiosiof the fabricated cellulose

acetate fibers by selective removal after electrospinning.

A.4 Summary

Porous cellulose acetate fibers are fabricated based on electrospinning with-itmeuced
phase separation and breath figure, and selective removalridices PVP.Combination

of phase separation and breath figure results in fibers with deep and round poriegrand f
with adjustable pore sizes are obtained by controlling the relative humidlgcinospinning.

Differently, selective removal geneeatfibers with shallow grooves on surfaces.
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