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ABSTRACT

Plastic materials have become a ubiquitous part of our economgs anesuitheir improper
disposal can pose high risks to the ecosystem. Although recyclirigetzio mitigateplastic
waste the sustainable management of unclean/contaminateddoeet foulingis still a
challengeLubricantimpregnate®urfaces (LIShave gained much attention recefigcause

of theirexcellentantiadhesivgerformancegairst various liquidsCompared tothersurface
modification techniques that are capable of producing bieeimspired surfaced,aserbased
Micro-Machining (LMM) offersattractivebenefits especially when considering its flexibility,
reliability and seleavity. However, intrinsic shortcomings of thischnologywith respect to
high-throughput, coseffectiveness and 3D processing hamper its broader application at an
industrial scale. Thereforéhe researchieportedin this thesis aims to address these key
limitations and thus to enable the industrial uptake of LKdkfunctionalising surfacedn
particular,a costeffective process chainwhich combines LMM angbolymer micro/nano
replicationtechnologiesjs proposd to fabricatepolymerbasedsurfaceswith long-lasting
multifunctional responseSuchfunctionalsurface wereachieved byubricant impregnation

of LaserInduced Periodic Surface Structures (LIPS®H their suitability for food packaging
and optical éns was investigated hereafter, an alternative laser surface treatment was
demonstrated tayenerate highly regular and unifordPSS by utilising coseffective
nanosecond pulsed lasers, and thus to reduce even further the manufacturingcuisirg
polymer replicas with such texturéobographiesLastly, a generianethodfor assessing the
capabilitiesand limitationsof simultaneous mukaxis lasestrategies foprocessing complex

3D parts/replication masteispresente@ndvalidatedfor a given multiaxis LMM system
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CHAPTER 1: INTRODUCTION

1.1 Motivation

Over the last decade, municigallid wastehas emerged asmajor challengéor societiesn
developing countriefl]. Around11.2 billion tons ofsucha waste isaccumulatecannually

with a significant amoundf it not treated in a sustainable way and thus ending up in landfills
[2]. Among the different types of solid waste, plast@gresent a gregiart of thisand their
uncontrolled disposal is increasingly poshigh risks tothe ecosystenj3]. However, due to

the wide applicability of plastic materials in industry, the rate of products with plastic
components and/or packaging is constantly growing and teegxpected to rea&®0 million

tonsi n t hr e e [4 Boanitigate thé envirenmental impact from such plastic wastes,
a series ofvaste managemestrategies have been initiated by governments. For instance,
there is a new European Union requiremeany plastic packaging must be ddendly, i.e.
reusable or recyclable in a cadficient manner, to enter the markadter 203(5]. Currently,
although plastic products can be recyclethe sustainable management of
unclean/contaminatednes is sti a major barrier due to their relatively high recycling cost
[6]. A typical example of that is the-salled difficultto-empty packaging, whekgscous food
substancestick to their walls and hence requiring lengthy cleaning procedures prior to their
recycling.In addition,biofouling of plastic components used in healthcare and medical sectors
can lead to not only increasing recycling costs but also to severe microbial growth and surgical
site infections[7, 8]. Therefore,a promising solution to overcome the aforementioned
challenges is the fabrication of polyrigaised surfaces that exhibit superior-aiinesive and

anti-biofouling characteristics with a minimal environmental footprint.



Generally, several biological struces in living organisms demonstrate such unique
functionalities, which can senasa sourceof inspiration fordeveloping innovative products.

In fact, considerable research efforts have been dedicated to designing and creating biomimetic
structures byadiloring the wetting behaviour of materigl8]. More specifically, artificial
Superhydrophobic Surfaces (SHS), inspired by lotus leaves, have gained much attention in the
last decade due to their exceptional -avetting, antifouling/antibacterial and edf-cleaning
properties. These surfaces exhibit very low sbyjdid adhesion forces, and thus droplets can
roll-off easily even at a small tilting angf&0]. Usually, the fabrication of aierarchical

surface topography to entrap air together with tbe of low surface energy chemicals are
required to achieve superhydrophobicity. Howetles, practical application of artificial SHS

is strongly hampered by the poor letggm stability of their liquigair interfacesespecially

when they are exposed liguids with low surface tensicor subjected t@xternal pressure

and mechanical stressékl]. Therefore, another surface functionalisation technigag

gained a lot of attention recently, which is inspired by the Nepemiteser plantand is
referred © as Lubricantmpregnated Surfaces (LIS). Unlike SHS, LIS relytba formation

of a smoothslippery interfaceby infusing a lubricating liquid into a textured scaff¢i®].

Owing to their extreme liquidepelling capabilities, lontpsting durability ad optical
transparency, this type of functional surfaces has emerged as a promising candidate to mitigate
fouling and crossontamination phenomena faced by various industrial sectors, e.g. food

processing, healthcare and medical technoldgi®45].

Based on the existingractices the main step in producing LIS involves the fabrication of
scaffolds first that are capable of stabilising/retaining lubricants. In this regard, a variety of
traditionalsurface treatment methods, suctekstrodepositiol6], chemical etchingl7],

sokgel [18], selFassembly(19], have been deployed by researchers to modify the surface



topography and/or chemistrgf materials. Nevertheless, inherestiortcomingsof these
technologies limit their broader use, especialljew considering their scalability and
environmentaimpact On the contrary, &serbased MicreMachining (LMM) s an attractive
alternativethat offersrelatively high processing accuracy, efficiency, aekhbility. At the

same time, it can be employed as a simplestep surface treatment to selectively fabricate
bothmicron and submicrgn.e. Lasetinduced Periodic Surface Structures (LIPS8)cures

on almost any engineering materimicluding ceramic$20], glass[21] and polymerg22].
Compared to some other surface treatment methods, lddbt not requirehe use of
hazardous chemicadsd hence it is a much more dcendly process. Howeveit,should be

stated that direct LMM approaches for structuring large surface areas cannot be considered
costeffective because of their high operational costs, which in turn constrains their wider use

by industry.

To address the aforementioned shortcomisgveralapproaches havbeen proposed to
increase theefficiency of direct laser processingperations In particulay these methods
involve the usage of beam splitt¢23], laser sourcewith burst mode capabilitig@4] and
high speedbeam deflection systenigs, 26] e.g. polygon scanneisven though such devices
can reduce the overall processing cyttey will substantially increase the required capital
investmentand ultimately the manufacturing costs. Therefore, indirect sutf@egément
methods are the prime option in achieving both-effgictive and higtthroughput production
of laserenabled surface structures. Especiatlye polymer replication e.g. roltto-roll,
injection moulding and hot embossing processeswisll-establishednethodthat carsatisfy
the requirements for mass protlan of plastic componenisTherefore,a process chaifor
functionalising polymer surfaces by combininghe capabilities of LMM withreplication

technologiegan offera much quick industl uptake than any existing staatbne direct laser



processingperation. At the same time, the use of much moreeftsttive nanosecond laser
sources than the ultrashort ones to produce-ovdikred and uniform micro/nanoscale

structures ontthe surhce of metallianastersan reduce their fabrication costs, significantly.

Lastly, another important advantage of employing the LMM technology as a tool for texturing
replication masters is its processing flexibility, especially to texture curvedeor freeform
surfaces.Stateof-the-art multi-axis LMM platforms are already availablehat offer a
simultaneousnotion control of multipleoptical and mechanical axeghen executindaser
processing operations. As a resudtich systemscan be programmetb perform laser
processing operatiomsquiringsimultaneous mukaxis movementshat were considered not
achievable until now. Howevethe capabilities ofuch complextMM systemsaredifficult

to assess, especially theicduracy Repeatability and €producibility (ARR) and thus to
judge about their suitability to process 3D surfaeescefurthereffortsare needetb develop

a systematic method for assessing thedcessingapabilities

1.2 Research aims and objectives

The overall aim of thiPhD research is tdroaden the use of the LMM technology for
functionalising surfaces at an industrial scale. Especially, to enable the fabrication of polymer
based components with multifunctional surface responses by addressing key limitations
regardingthe costeffectiveness and durability of lasenabled functional topographies and

the necessary capabilities for producsugh topographies onto complex 3D surfaEastly,

a costeffective method for producing recyclable thermoplastic surfaces wigntfouling
functionalityis proposed irthis researchA passive approach, namely L IS investigated to
achieve such functional response on treated surfespecally, a process chaiis proposed

that combines synergisticallihe capabilities othe LMM technology for texturingnetallic



masters withtheir polymer micro/nano replicatiorthat is thenfollowed by lubricant
infiltration. Furthermore to gain a betterunderstandingof the LIS rationale desigrthe
influence of surface topography on their functionality and durabilgyevaluated. The
functional characteristics of LIS with different length scale topographies are investigated

together with theiapplicability in food and medical sectors

While ultrashort pulsed lasease commonlyeployedo fabricateLIPSS and consequently to
imprint attractive functionalities onto surfacesuch topographies could laEhievedby
employing more costffective nanosecond laser sourc@hereforejt is importantto study

the formatiorand propertiesf LIPSSgeneratedvith such laser sources. However, due to the
longer laseimaterial interaction time and the negative thermal side effects associated with this,
a drategy to mitigate them is very important and thus to obtaindugtity and homogeneous

LIPSS.

Finally, theproposed process chahould be applied for producing complex 3D components
and so the capabilities of the LMM process to structure curvedeorfeeeform surfaces have

to be investigated, todhus, the execution of complex laser processing strategies, requiring
the simultaneous control of both optical and mechanical axes, should be studied. Theerefore,
systematic methodology is proposed teess the processing capabilities and limitations of
multi-axis LMM platforms, especially in the contexttekturing/structuring requirements of

replication masters with intricate geometries.

The aim of thd®hDresearch is achieved through the followingeahves:

1. Develop an efficient and cesffective process chain fproducingrecyclable polymer LIS.
The multi-step processingvill include: (i) laser texturing of metallic mastergi) the

replication of the laseenabled surface topographies opadymer sheetand (iii) the stable



impregnation of textured replicas with lubriicey liquid. More specifically,two types of
topographies, i.e. singhger LIPSS and twdier Multi-scak Sructures(MS), areformed

onto Stainless Steel (S®)asters by an ultrashort pulsed laser and then these topographies
are replicated onto both transparent and opaque thermoplastic subsisatgs hot
embossingTo judge about the replication capaleg, the quality and homogeneity of the
structures on the replicas are studied.

. Investigate the functional properties and durability ofpaspared polymer LIS The
thermoplasticeplicasare impregnated witkilicone oil andhentheirsheddingcapabilities

are characterised against various liquidsereafteradditional tests are carried out on such
samples to determine their functional characteristics. The tests are designed, both, to
demonstrate the potential ofpepared polymer LIS andgre their effectiveness in food
packaging and in producing endoscope lens. Finally, a series of experiments are conducted
ontheLIS samples witlthe investigatedwo types of topographigs study and compare

their lubricant retentiosapabilitieswvhen sibjected toshear forcesThe effect of lubricant
viscosity on the LIS durability is investigated, too.

. Investigatethe influence of processing environment on LIPSS generatedavgtien
nanosecond lasemhe formatiorof LIPSSon SS surfacagpon irradiaibn in air and argon

gas environmentss investigated. Especially, theffects of processing environment on
LIPSS geometrical characteristicquality andsurface chemistryare quantified, and
subsequentlyheir combined influencen thewetting propertiesare examined.

. Develop a method for evaluatitige capabilities of mukiaxis LMM systems for processing
complex 3D componeni& generic methods proposed for assessing the impact of different
error sources on ARR of sudtMM systems wherexecuing multi-axis processing

strategiesA series of laser processing tests emaductedo quantifyand compardRR



when both optical and mechanical aaessimultaneously utilisedThe tests are designed
to investigate the capabilities of mudixis processing strategies for precision laser
texturing/structuring under quastatic and dynamic conditions. Lastihe applicability
and validity of the proposed method demonstrated in itpilot implementationon a

representative mulaxis LMM system.

1.3 Thesis organisation

This thesis is divided into seven chapters as follows:

Chapter 1 introducesthe overall motivation for this PhD research, its main aims and

objectives, and also outlines the thesis organisation.

Chapter 2 reviews the basic theories, latest advances and current challenges related to the
research fields covered in this thesis, i.e-ib&pired surfaces and their principle designs,
wetting theories, surface modifications techniques, fundamentals of thetdabaology,
laserenabled surface topographies with their potential applications and 3D laser processing

strategies.

Chapter 3 reports an investigation into the LIS properties achieved on LIPSS and MS
topographies produced on thermoplastic substratefedd packaging applications. The anti
adhesive response of these samples against three liquids, i.e. water, whole milk and honey, is
studied whilst their lubricant retention capacities under vibration and shear loading are

guantified.

Chapter 4 preserd an efficient and costffective processhain for producing recyclable
disposable endoscopic lensegh superior durability while exhibiting excellent antifouling

properties and transparendye effectiveness of such letnsatment for prevemtg vision loss



during endoscopy are demonstratedblgjecting the aprepared lensds protein adsorption,

microalgaeadhesion, blood fouling, and fogging tests.

Chapter 5reports an investigation into the formation, evolution, and properties of LIPSS
generated with a green nanosecond pulsed las&8Ssubstrates under ambient and argon
enriched conditions The influence of processing environment d&lPSS geometrical
characteristicssurface chemtsy andwettingproperties is analysef. qualitative appoach is
followed to assess the regularity and homogeneity of LIPSS based orfittstearder

diffractedlight.

Chapter 6 describeshe generic empirical methdidr assessing ARR @afMM systems when
conducting multiaxis texturing/structuring operations @wurved/freeform surfacesnder
quastistatic and dynamic conditioné pilot implementation of this method is presented to

demonstrate its applicability.

Chapter 7 summarises the contribution$ this PhD researcto the existing knowledge and

also discloses future research directions.
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CHAPTER 2: LITERATURE REVIEW

2.1 Biological structures with special wettability

Nature has always been an infinite source of inspiration for scientists to design and develop
novel materials/products. In fact, considerable research efforts have been made over the last
years to understand the underlying principles of biologitatturesand thus to fabricate bio
inspired surfaces that exhibit uniqueoperties[1-3]. Among the diférent functional
structuresof natural living organismsthose that demonstrate impressive -amiting
characteristickave gained much interest due to their high potential in applications related to

energy storagp!, 5], human healtfg] and environmeia protection7].

The most famous example natureexhibiting suchfunctional responses the Nelumbo
nuciferaplant whichisalsowelk nown as fAsacredo | otus. I n r
plant havereceived lots of attention by researcheot only for their excellent antvetting
properties but also for their selfleaning capabilities. As can be seen from $vanning
Electron MicroscopdSEM) micrographs given in Fig. 2.1, the lotus leaf is made up of a
hierarchical topography that c®vered by a low surface energy wax lajgd.0]. Owing to

this surface compositiomater droplet@appear to have a spherical shape on the lotus leaf and
their adhesion to its surface is significantly lovleanwhile it should be stated that other
biological surfaces with similar properties to those of lotus plant have also been studied, such
as butterfly wingg11l], wat er dl1R)iamteice eafl13]tcengnse a few. The surface

morphology of these natural organisms is shown inZEidy>-d, respectively.
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Fig. 21. Examples of biological structures exhibiting superhydrophobicity and low {iquid

solid adhesion: (g)hoto ofa water dropletovered withipoidic particleson a lotus leaf and

SEM micrographs of the plat surface topographgt different magnificationl4]; (b) image

of a blue butterfly at different magnificatiofis5]; a water spider walking on water and SEM
images of its feet surface at different magnificatif®; photo of a rain droplet formed on
rice |l eaf and SEM micrographs of the | eaf 6

[17].
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On the other hand, the are plenty of animals or plarda the planet whose surfaces exhibit
antiwetting behaviouand high adhesion simultaneoushhis special wetting states well-
demonstrated by the rose petals thadfeet off okaygecka For instance, rain droplets foed

on the rose flowers completely pin to their deehle rough surface (see Fig. 2.2a), enabling
them to flourish in humid conditior{d8]. At the same time, the ability of geckos to climb
almost any surface is attributed to the high adhesion forcesaddby the complex
morphological structures (see Fig. 2.2b), i.eiemarchicakopography consistingf lamellae,

setae, branches, arpatula, located on their tog®, 20}

Fig. 22. Natural organismshowing superhydrophobicity with high adhesioptical and
SEM images of a (d) rose petgl2l]land ( e) d2R|swkfacéshlotefthe ocharacters

ST, SP and BR in (e) refer to theta spatula and branch, respectively.
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Lastly, thestructural morphology of some carnivorous plardsalsogained much attention
recently due to their interestirantiadhesive characteristick particular, these plants have
developed functional organs for capturing their prey and thus surviving evéarsh
environments, e.g. tropical climates. A great example of such plants is the pitchers from the
genus of Nepenthes, which have a special pitfall mechanism to entrap small insects.
Especially, the Nepenthes pitchen® characterised byarious morphlogical districts (see

Fig. 2.3), such as leahaped lid, peristome, slippery zone and digestive district, and each one
has a different functionalify23]. Theupperrim of this peristomés hydrophilic/oleophilic and
consists of a microstructure topogngpwith radial ridge$24]. At the same timats surface,
especially the inner edgis, filled with nectariesecreted by glandsr attracting insectg25].

Once the peristomgets wetby a mixture of liquidge.g.waterand nectdy it forms a stable

slipperyfilm that forceghe preyto fall into thedigestive fluid[26].

Fig. 23. The surface morphology of Nepenthes pitcher platical andSEM image

showingtheuni que structural topogr[Bphy of the
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2.2 Wettability and superhydrophobicity

Generally the termwettability describesthe ability of liquids to spread ovei particular
surface and it has been recognisedr the last years as one of the most critical characteristics
of solid material§27]. Traditionally, he sessile drop method is used to quantify the surface
wettability, which involves measuring the static Contact Angle (CA) of a droplet at the liquid
solid interface. Especially, it can be stated that surfaces exhibi@#gvalue lowerthan90°

are considered as hydrophjlwhereas surfacesith a CA value abov®0° demonstrate a
hydrophobic behaviouMeanwhile superhydrophobicity i€reditedto a surfacevhen water
dropletsform a nearly spherical shape, i@A larger than 159 and theunique adhesion
characteristicef such surfaces are discussed in the next paragfaplthe shake of clarity, a

schematic illustration of surfacebowing different wetting levels is given in Fig. 2.4.

Hydrophobicity increases
Superhydrophobic

Hydrophobic

Hydrophilic-Hydrophobic

Hydrophilic

Hydrophilicity increases

Fig. 24. Classification of surfacesabed orapparent CA[28].

Furthermoreit is well-known that not alBHSexhibit the same adhesion behaviand thus
theycan beclassified into two categori¢29]. More specifically there are artificiaBHSwith

|l ow (Al ot uandhieg@h (eff rf ;escehdbpseof3,131] i thé fermer dcake
water droplets are highly mobile and can easily roltlodfsurfacesOn the contrarydroplets

have a tendency &ironglyattach orthe lattersurfaces and remain in place till they evaporate.
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Typically, the adhesion forces at the interface betwekguad and a solid surfacean be
characterised using the Critical Sliding Angle (CSA) and Contact Angggeresis (CAH)In
brief, the first parametas defined agthe minimum tilting angle required to initiate droplet
mobility asillustratedin Fig. 25a, whist CAH reflectsthe least energy required to move a
droplet from one metastable state to another on a surface and it@ataibed by gettinghe
difference between advancing- and receding—) CAs[32]. The most commotechnique

to deteminethesetwo angledor SHSis the secalled needle method (see Fig. 2,5b)which

the volume ofa sessile drofs slowly increased and decreased a syringe

(b)

Fig. 25. Methods forcharacterising thadhesiveproperties of surfaceschematiadiagramof
(a)adrogetthat is just starting to flow down an inclined surface at a particular[@%jAand

(b) the needle method used for measuring the advancing and recedifig4CAs

Typically, SHSthat demonstratextreme water repellen@re defined by having a very low
CAH and/or CSA, i.e. lesthan 10° [35, 36] Thesesurfaces owe their uniqughedding
capabilitiesto their hierarchicalmicro/nanostructured topography, which can effectively
entrapair to form a gas barrieand preventdiffusion of liquids[37]. Howe\er, it should be
noted that SHSvith low adhesiorcannot be achievesblely by texturing a surface and thus
in most cases a chemical treatment is requiredjnqmarticular, several studies have reported

thata combination of surfageughness anldw surface energy is essential toguce artificial
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SHSon different type omaterials,including metals, glass angolymers[38]. For example,
variousperfluorinated compoursd such aperfluorinated phosphates, perfluorinated silanes,
fluorinated monomers, polymers and copolyméaes/e ben utilised over the years to lower
the surface energy of materials and enhance theimetting/antiadhesive propertigS9].
Considering the attractive functionalities of such SHSthere areplenty of potential

applications, as shown in Fig. 2i6,whichthese surfaces coulit extremely beneficial.

e )

/

Applications of /
( Oil-water )
separation reduction

)

Fig. 26. The promishg application fields where SH&th low adhesion can be successfully

utilised

One of the main shortcomings thempers the broader use of SiHS$ractical applications
is their poor longterm durability[40]. To address thisrucial problem,considerable research

efforts have recently been invested into the development of novel&gafer fabricating
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robust SHSand consequently improving their overall performance under harsh operating
conditions [41-43]. However, to better understand the mechanisms responsible for the
degradation of SHSsO uni (festyinfraducetheifundammentalt i e <
theoriesthat elucidatehe wetting phenomenan these surfacem this regard, the original

theory that can predict the GAa liquid droplet on an ideal smooth surféee was proposed

by Young. This wetting scenari(see Fig. 2.7a) takes into consideration dtliféerent
interfacial surface energies at tbalid/vapor { ), liquid/vapor [ ) and solidiquid )
interfacesand is given by Equatior2(l) [44]. Despite thatit should be noted thatost solid

materials in practice have a rough surface topography, which is chemically heteroganéous,

thusY o u nrgodedcannot be used testimatehe wetting state of such surfadés].

Aice — (2.1)
Therefore, othettheoretical modeldhave been proposed to describe surface wetting
behaviar of homogeneous surfaces covered with hierarchical micro/seale structures, i.e.
the WenzelCassieBaxterandintermediatemetastable regimgg6]. More specifically the
Wenzebs model can be used to expl ai nvhdanlise app
surface topography is fully wetted by liquid droplets as shown in Fig. [27bOn the
contrary CassieBaxterreporteda case where air cdre entrapped within the cavities of a
hierarchicalsurface topography as illustrated in Fig. 2.7c, resulting soladtliquid-air
interface[31]. The apparenCAs, i.e.— and — , according to the two aforementioned
wetting regimes can lmalculated using the Equatiorsd) and(2.3), respectivel\j48].

AT-© 1AT-0 (2.2)

AT-6 p Ai-S »p (2.3)
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Wherei is a roughness factor that represehtsratio of solid surface area to the projected
one and(refers to theelative fraction of the liquighir area athe interface. Even though SHS
in a stableCassieBaxterregime are typically preferred, especially in applications where liquid
repellency is required, this stagemetastabl@nd a transition to thé/enzelonecanresult in

complete loss of their antvetting/anttadhesive functionalitielgl9, 50]

eLV

Fig. 2.7. Fundamental wetting theories: (a) Yodngnodel, (b) Wenzé snodel and (c)

CassiéBaxter mode[51].

In general, there are various factors that can affectéfiity of Cassié Baxter regime. These
factors can baivided into two main groups: (i) mechanical damagethe hierarchical
topographyof theSHSand (ii) damage to their surface chemi$8y, 44} To date, numerous
attempts have been carried out by researchers taatbese the performance of SkdB8der
such conditions and also to identify ways for mitigating their negafieets However, the
fabrication of robust and stable SHS still a challenging task, and thus their broader

application in industrial processes has yet to come.
2.3, Lubricant -impregnated surfaces
2.3.1 Design principles and applications

A relatively newsurface functionalisain technique, which is based on lubricampregnation
of rough surface topographiesias received significant attention among the research

communityrecently. In particular, the design principles of LIS, also known as slippery-iquid

21



infused poroustgfaces havebeen inspired byiving organisms andhe popularity of these
surfaces arises from their impressive sheddiqglsgities against both Newtonian and non
Newtonian liquidgi.e. liquids with sheadependent viscosi}y52-54]. As already mentioned,

an illustrative example of sudhnctionalsurfaces existing in nature is tNepenthes pitcher
plant Different from $S, the preparation of LIS requires a rough scaffold to be fabricated
that is then impregnated with a lubricant as shown in Fig. 2.8. Especially, the underlying
textured surface should be capable of stabilizing the lubricant into its cavities, resulliag in t

formation of a smooth slippery layer at the interfi®e 56}

Air

Lubricant

!

Textured substrate

Fig. 28. Schematidllustration of asubstrate infiltrated with lubricant

In generalAi z e n b e r [§7A was gmorg uhp first ones to report the fabrication of LIS
and the main criteria behind their desicgm be summarised as follows) the employed
lubricant shouldwet and stablyimpregnatedinto the textured scaffold; ()i the textured
substrateshould oty be wetted by the lubrica@ind not bythe liquid to be repelled; and {iii

to achievea stabléempregnationsuitablelubricans, i.e.immiscible and incompatible with the
working fluids, should be considered. Thereaftemith et al.[58] analysedthe complex
interaction between liquid dropleasidLIS. In particular, this research revealed thatrop on
LIS canappearin 12 differentwetting configurationswhich are explained belowhese
thermodynamic states cdme divided into two categories depending the spreading

behaviar of theinfused lubricantg) on thewater droplet § ) in the presence of ambient
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environment ¢) [59]. The individual interfaciatensionsi.e. liquid/solid, lubricant/solid and
lubricant/liquid,that define the spreading coefficient carchkulated by the methods already
available in literatur¢60, 61] In casethe spreading coefficieffty ) is positive the liquid

dropwill be covered by the lubricant and thus formirfg @dkngo film. Based on a previous

study reported if62], the thicknessof this film can be up t@ fewnanometers. In contrast

the lubricant does notcover the droplet wherthe spreading coefficiens negative, i.e.

Y 1. However, it should be stated that a wetting ridge (see Fig. 2.9), also known as
meniscus, can be observed at the periphery of the liquid droplet in both wetting scenarios,
which is responsible for its hemispherical shape on the suifhedormation of gch wetting

ridgeis typicallyat t ri but ed t o t he v erdurfacedensior anthfiso n e n

height mainlydepends on the thickness of fhe | o afikm [68g64]

Sow(a) >0 Sow(a) <0

Wetting ridge

Fig. 29. Schematiaepresentation of a static drop LIS when the spreading coefficient is

positive (left) and negative (righty8].

Furthermorein each aforementionathtegory there aresix discrete wetting configuratiorsd
whichastaticdropletcan exison LIS. They can be distinguishéxy how the infused lubricant
interacts withthe roughsurfacetopography in the presence of air and w&j. Fig. 2.10
depicts the three possible configuratianglerneath a droplet deposited LIS whenthe

spreading coefficiens either positive or negativi the first configuration (see statél), the
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dropletdisplaces thé&ubricant from the textured surface and penetrateshastructuresAs

a result, the droplet completely adheres to the seirfa should be stated that LIS in this state

are not stable and consequently they do not exhibit any shedding characteristics. On the
contrary stable LIS can only be achieved in the other two wetting regimesy2andW3

where the textured topograph underneath the dros partially or fully covered by the
lubricant, respectively65]. Meanwhile thelast two configurationgan also be observed

the textured topography outside the deposited dropets adding another thregossible

wetting combinationsin each categoryHowever, it is worth notingthat LIS in a fully

encapsulated state can exhibit higher droplet mobility due to low pining {6&Jes

Fig. 2.10. Schematiaiagramshowing thepossble wetting configurationenderneatla water
droplet placed on LISvhen thespreading coefficient ipositive (top) and negative (bottom)

[58].

In most theoretical studies on LIS, it is presumed that the underlying surface structures are
fully submergedby the infused lubricant. Though, achieving such a wetting state is a
challenging task that requires to properly modify both the surface topographjtsand
chemistry. Specificallythe textured scaffold of LIS should exhiitoleophilicbehaviouin

order tobe wetted by the utilised lubricant instead of repellingThus, coatinghased
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techniques, as discussedthe previous section, are commonly utilised to treat the surface of
solids and acquire the desired wettability for prepatit$) At the same timeit should be

noted that the lubricant is entrapped into the surface structures by capillary and also van der
Waals forceq467]. As a result, surface topographies consisting of relatively small periodic
structures are preferred to ledib from their strong induced capillary pressure. Overall, LIS
produced with such underlying surface topograph#se superiostability and consequently
demonstrate mordurable antadhesive characteristics. Additionally, lubricant viscosity is
another criticaparametethat influences the mobility of liquid droplets, and thus it should be
taken into consideration when designing LIS. In particular, a recilnesttiing drplet velocity

was observedwith the increase of lubricant viscositgywing to the enhancediiscous

di ssipation at t he[68]69dHoweder, it shauld becemphtsisedithate r f
evennanostructuredIS impregnated with higiviscosity lubricats are susceptible to failure

and the main mechanisms responsible for that are discusSed-#ction 2.3.4.

Oncea fully encapsulatestate is attained,|S can offerattractive multifunctionalproperties.

In reality, thesesurfaces display extreme liquid repellency with both CAH and CSA values
less than 5{70]. Compared to SHA.IS are characterised by superstability underharsh
environmental conditions, i.e. higitressure anditemperature[57]. Owing to these
advantags, LIS have emerged pomising candidates for various applications related te self
cleaning[71], food processinfy/2, 73] antkicing [74, 75] drag reductiofi76], anticorrosion

[77], droplet manipulation[78], water harvesting/transportatiori79] and enhanced
condensatiofi80]. On top of thatjt should be stated th&atS possess impressiamntifouling
functionalities even against biological fluiggpteinsand bacterig81-83]. Thus, they have
extensively been intduced as areffective solution to inhibit biofoulingand cross

contamination phenomena fadedseveral medical applications (see Fig. 2[8#)86].
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Physiological Fluids

7

Fig. 211 The variougpromising applicatiosof LIS in healthcaresector{87].

2.3.2 Fabrication methods

As stated, LIS consist of two main components, i.e. the scaffold and the infused lubricant, that
must be chemically compatible in order to form a stable slippery interface. Therefore, their
preparation commences Wihefabricationof a suitablescaffoldthat can stabilize the utilised
lubricant [88]. In this regard, a broad range of substrate materials with different physical,
chemical and surface morphological characteristics have been investigated to produce LIS.
More specifically, solid materials, e.g. met[@9, 90] ceramicqd91] andpolymers[92, 93]

have widely been reported as scaffolds for WiSaddition, the fabrication of such functional
surfaces on glag94] and wood95] has beemnlemonstratedoo.Overall, there are three key
strategies to produce LIS, which involgg:the use o chemical treatment to alter the surface
chemistry of inherently porous/rough substrates (see Fig. 2.12}hdiiise of a surface
modification technique tooughen theéopographyof low-surfaceenergy materials and (iii) a

combination of the two aforessbapproachefO6].
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Fig. 212 LIS producedfrom inherently porous material¢a) an illustration of thesteps
involved to prepare LIS with a colloidal approach based on inverse opal scaffolds (left) and
SEM micrograph of the gsrepared surface topography (rigf@4]; (b) schematic diagram
(right) and SEM image (left) of the Tefldrased porous nanofiberrgace topography that

was impregnated with a lubricant to obtain I[53].

To roughen the surface topography of flat substrates and hence achieve lubricant ratention,
wide variety ofsurface modification techniqueanbe applied. Especially, these matls can

be employed to produce LIS with different underlying surface topographies, i.e. regular or
irregular. For instance, highly regular and homogeneous microscale pillars can be generated
on the surface of solid substrates using a photolithographieggas shown in Fig. 2.13.
Compared to surface topographies with sifigde microstructures, those consistingteb-

tier MS structures i.e. micro/nano structures, have proved to display significantly lower
contact line pining forces and thus they haaagd moreattention from research¢88]. As

a result, several manufacturing processes have been proposed and successfully implemented
to fabricate LIS with such topographies, which inclptissma treatmer{®7], spin-coating

[98], electroplatind99], chemically etching100] and sefassembly101] among others.
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Fig. 213. SEM micrographs of surfaces covered with highly regular and homogeneous

micropillar structures, which were fabricatédough lithographic processg9?2].

However, it should be stated ththe majority of thesesurface treatmesatcannotmeet the
requirements for scalep productiorand also their usage involves hazardous chemicals that
can be extremely harmful to botrethumarhealthand environment. To address some of these
challenging issugdMa et al.[103] proposed an alternatisarface treatmernb fabricate LIS

on metallic substratdsy direct laser texturingsee Fig. 2.14)Shortly after, a similar laser
enabled surface treatment for producing LIS on glass was reported by Ldé@tJatoo. In

fact, these two studies demonstrate the huge potential of LMM technology as a tool for
functionalising materials. The advantagespabilities and limitations of this technology will

be introduced and analytically discussed in-Settion 2.4.

Diameter

' Texture

-
e

Laser treatment Chemical modification Oil infusion Slippery surface

Fig. 214. Schematic illustration aihe lasefenabledsurface treatment used to fabricate LIS

on carbon stegl03].
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2.3.3 Infusing lubricants

After texturing the scaffold, its surface topography must be impregnated with a suitable
lubricant. In fact, the selection of lubricastone of the most crucial steps whamparing

LIS, and thus it should be made accordinghe applicatiorspecific requirementdased on
literature, itis apparenthata wide variety ofubricantswith differentproperties can besed

for producing LIS.For instance, watdsased lubricants were depkxy in fields associated

with biological systemq105]. However, it is worth noting that such lubricants exhibit
extremely low stability, because they can easily evaporate when exposed to elevated
temperatures. As a resutiil-based lubricantsvere mostly investigated by researchers. In
particular,perfluorinated oilse.g.perfluorodecalin[106], FluorinertFC-40 [107] or Krytox

oils [108], have commonlpeenemployed as lubricants to asséss capabilitief LIS for
variousapplications Despite thegreat stability andmmiscibility of these oils against many
working liquids, their usageeleases toxic gases, i.e. fluorine, that pasea high risk tathe

ecosystenjl09].

Therefore, various studies have promoted the use of esg&étthbnd vegetabl§ll1ll, 112]

oils as an alternative toerfluorinatedones for preparing LIS. However, sucifs cannot be
considered as an option for food applicatiolie totheir strong arma andincompatibility

with some food substancfkl 3]. At the same time, although these natural oils are likely to be
harmless for the humdoody, further efforts are still required to validate their biocompatibility
before using them in healthcare secton the other hand, silicofisedoils are widely
available at different viscositieghilst preserving their chemical characteristigs.such LIS

with highly viscous silicon ol can be prepared to achieve a betstablity and hence to
prolong their functional response. Finally, another major benefit of choosing this type of oils

is thatthey are nontoxic and also their usgs already been approved by both FRRAand
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EFSA[114] for medical applications as well as foadditives.Thanks to these advantages,

silicon-based oils have attracted considerable attention as lubricants to crefit&3-137]

Lastly, after selecting the proper lubricant, itniscessaryor the textured substrate to be
impregnated in a repe&la manner. Overall, there are three popular techniques that can be
used for infusing the lubricant into the surface structures. In the first case, the textured substrate
should be fully submerged into a container filled with lubricant and then slowlgdpatit

[118]. This method is welknown as digcoating. The second technique requires the use of a
spin coater or spinng¢t19, 120] Especially, the lubricant is spread over the textured surface
owing to the centrifugal forces induced by this devicehélast case, the substrate should be
tilted slightly and themne of its edges should p&aced into contact withlubricantreservoir

[102]. As a result, the lubricant will immediately fill the structudes to capillary action

2.3.4 Durability

To benefit from longasting antiadhesive properties, it is essential thepapared LIS to
display great stability and hence durabilitfyherefore,thar performancehas been tested
against various conditions over the last years. In mostcdedepletion of impregnated
lubricanthas been determined dwetmain reasonresponsiblefor the degradation oLISs 6
functionality. More specifically several methods have been proposed to evaluate the amount
of lubricant depleted from the surface structures and thus to judge about the durability of LIS
For instance, jtical systems, such afluorescence macrophotograpii$21], confocal
microscopy[122], interference microscopil23] and white light interferometryl124], were

mostly deployed to analyze the displacement of lubricant. However, it should be noted that

these techniques can only be used for transparent scaffold materials. On the congary, oth
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experimental approaches to characterise lubricant depletion involved measuring potential

alterationgn the wetting propertie[d 25], weight[126] and pressurésee Fig. 2.15)127].
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Fig. 2.15. Shearinducedubricant depletion(a) SEM micrograph ahesanded®TFEsurface
topography (b) schematic diagramf shearinduced loss of lubricant infused intioe PTFE

sample (c) plot showing the pressure drop over time as a result of lubricant depl&jn

Overall, there are numerous mechanisms causing the loss of lubricant from the infused surface
structures.Specifically, lubricant depletion can occur due deoavitational forceqseeFig.
2.16a)129]and evaporatiorseeFig. 2.16b)[130]. At the same time, liquid droplets deposited

on LIS at a high velocitgan displace thenpregnatedubricantas illustrated irFig. 2.16c¢

[62], exposing the underlying surface topography. However, this phenomenon is typically
more pronounced on LIS prepdrwith lubricants of low viscositfPrevious studies have also
reported thatce formation and condensaticanlead todepletion of impregnated lubricant

from the structures, resulting inS failure (seeFig. 2.16d)[131, 132] In addition, it has been
observed that the infused lubricant can gradually be removed by cloaked liquid droplets when
flowing down the surfacgseeFig. 2.16e)[68]. Finally, the functionality of LIS can be
damagedvhen the lubricant layer is severelsainedby external forces.g.under persistent

shear flow conditionéseeFig. 2.16f)[133].
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Fig. 2.16. Schematidllustrations showing lubricant depletion from the surface structures due
to: (a) gravitational forces; (b) evaporation; (c) droplet impact; (d) ice formatioaloged

liquid droplets (f) shear force§l02].

However, some of the aforementioned treeusms responsible for the failure of LIS can be
counteracted or at least mitigateHor instance, lubricant displacement and evaporation can
be minimised by utilising high viscosity lubricants when producing i§ch is attributed to

the enhanced vises dissipation and thielow evaporation rate, respectivdg8, 102] As
statedearlier, lubricant is entrapped into the surface structures by capillary forces and thus
various attempts have been carried out to improve the durability of LIS by modifying the
underlying surface topography of LIS. In particular, scaffolds with a micro/nantstdc
surface topography have widely been investigated as a means of enhancingtltdgigoion

and consequentlthe functional responsef LIS. Yet, the capillary forces induced by the
microscale cavitiesf such structures are weak and as a resubttred lubricant can easily
escape under persistent shear flow conditj@0g)]. In contrast, a systemaiivestigation of

LIS produced with different length scale topographresealed thatthe ones with
homogeneous nanostructueghibited superior shality and accomplished t@reserve their

functionalitiesevenwhen subjected to extreme centrifugal fordg6]. In reality, the durable

32



performance of such LIS was attributedhe relatively strong capillargressurenmanifested
by the underlying nanostructures, enablirgbetterlubricant retention Thereafter, further
efforts were made to identify the critical parameters that can help to reducensheasd
lubricant depletion.Especially it was reported thatindetying surface structures with
interstitials equato or less than particular length{{ ), also known as steadate length,
can mitigate lubricant loss by shear forces (see Fig. 21P7)]. In addition this length
depends othe dimensional and geometrical characteristics o$tinfacestructures and thus
it is possible to be manipulated, which ¢eenhelpto improvelubricantretention[102]. For

instance,surfaces with both deeper and narrower interstitials exhibit @rlatgadystate

length[102].
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Fig. 217. Durability of LIS under shear flow condition@&) a crossection of the microfluidic
flow cell prior to conducting the experiment. The green colour represents the infused lubricant;
(b) lubricant depletion over time and the determination of a ststdy lengtl . Note:the

shearinduced lubricant depletion was investigated at a constant flow rate of 2 mL/min and

shear stress of 5.2 PE21].
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2.3.5. Applications in food packaging and optical medical devices: statd-the-art,

properties and durability

As discussed analytically in uB-section 2.2, var i ouwsp 0i ba n-d oowintoo p
manufacturing techniques have been developed over the years to fabricate stable LIS. In the
majority of the studies, the functionality of LIS was evaluated against simple Newtonian
liquids, especially wr. For instance, Adera et al. [69] reported the fabrication of
nanostructured LIS on copper tubes with superior water repellency (CAH of ~ 1°). By
monitoring weight changes in their mass over time, they demonstrated that half of the
impregnated oil wasetained by the nanostructures after 7 hours in condensation conditions.
However, LIS would most likely be exposed to complex liquids, e.g. viscous food liquids or
biological fluids, in applications related to food, medical and healthcare industries.oreeref

their functional response and durability should be investigated against such liquids, too.

In this regard, significant efforts were made recently to assess the interaction of complex
liquids with LIS, targeting eastp-empty packaging/containers there in the focus of this
research. To begin with, Zhang et al. [134] produced nanoporous aluminium LIS by combining
sokgel and hydrothermal treatments, and their antifouling functionalities were demonstrated
against various food liquids (i.e. milk, juiceoffee and ketchup). The -psepared LIS
displayed excellent anrtidhesive characteristics with CSA values below 5°, but an analysis of
their durability and longerm performance was not reported in this study. On the contrary, Lee
et al. [135] employedn anodizing process to generate different nanostructured topographies
on aluminium surfaces, which were covered by a thin layer of Teflon prior to their lubrication.
Thereafter, both the artidhesive and durability characteristics of these functionédcrs

were characterised. This research showed thatapnecting topographies possada better

resistance to lubricant depletion than the connecting ones, and thus they managed to retain
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their slippery performance even after dripping a number of 17érwiaoplets on the surface

or subjecting them to continuous jet flow for up to 48 hours. At the same time, these samples
were able not only to repel ketchup and olive oil at a tilting angle of ~ 10° but also to reduce
bacteria attachment by 99.2%. A coatbased process chain to fabricate LIS on glass
substrates was also reported, in which three kinds of silanes and a curing adhesive were used
[18]. CSA values of less than 7° were measured on these LIS samples for various low surface
energy organic liquisl and thus they displayed outstanding omniphobicity. Apart from that,

no foulingformationwas observed on their surfaces even when immersed into different bulk
food liquids (i.e. milk, honey, coffee and ketchup) for &fhsecutivetimes. In addition

andher type of LIS, namely liquithfused organogels, was successfully fabricated and used
by researchers for antifouling applications [136, 137]. Benefitted from the entrapped lubricant
inside the 3D porous structure, tipeoposedslippery organogels dispied longlasting
sheddingfunctionalities against viscous emulsions. However, the ushesiesemisolid

materialsn practical applications is hampered byithack of mechanical robustness [138].

Interestingly, even though thermoplastic polymers ragnly used inthe food packaging

sector, only a few studies were focused on producing LIS on such materials and demonstrating
their functional response against complex liquids. More specifically, Mukherjee et al. [139]
deployed different oil absorbent hydrocardmsed polgner films to prepare LIS and their
antiradhesive characteristics were evaluated towards viscous food liquids, such as ketchup and
yogurt. All the polymer LIS were capable m@pellingketchup droplets at a CSA below 20°,
whilst the one with the best perfoance preserved its slipperiness even wétered in a
container filled withketchup for 50 days. At the same time, another research reported the
fabrication of porous thermoplastic polymer LIS via solvent casting, which exhibited

impressive liquierepelleicy against hexadecane droplets (CSA < 5°) [140]. Finally, a
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femtosecond laser treatment was proposed to prepare LIS on polyamide sheets by generating
a porous microstructure on the surface [141]. As experimentally demonstrated in this study,
such polymeLIS had excellent anthdhesive properties and hence they enabled a variety of
food liquids (i.e. milk, coffee and egg fluids) to flow down their surfaces at a tilting angle of

~ 10°.Remarkably the asproduced LIS had the ability to restore their unifuectionalities

upon mechanical damageand therebythere was nosignificant degradation in their

performancesvenafter 100 abrasion cycles.

Furthermore, several other recent studies investigated the interaction of biological fluids with
LIS, aiming to ahieve transparent antifouling materials for medical optical devices. Manabe
et al. [142] prepared biocompatible porous LIS on glass substrates usinglayleyeer self
assembly method. Such LIS demonstrated excellent shedding (CSA of ~ 8° for bldetkiirop
and optical (transmittance of ~ 90%) properties. A reduction in the coagulation time of blood
was observed on these surfaces, too. However, the LIS functionalities were completely lost
when subjected to shear stress for 9 hours, i.e. blood dropleedpto the surface. A year

later another surface treatment was proposed to fabricate transparent LIS whibfanting
characteristics, which involved the deposition of silica particles onto bare glass surfaces [111].
To evaluate th@otentialof the® LIS for medical applications, their sliding properties were
investigated in this research against blood and droplets with different pH levels. Although the
proposed LIS showed outstanding repellency towards all the tested liquids (CSA < 5°), their
slippay performance was deteriorated under water jet impingement. Specifically, a total loss
of functionality was observed in such conditions just after 3 hours. In addition, Sunny et al.
[84] presented a very similar fabrication method to impartlainfouling functionalities onto

glass lenses for endoscopes. In this case, the durability of LIS lens was assessed by

continuously dipping them into containers filled with blood and mucus. ldeasnstrated
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that the agprepared LIS ould maintaira relatively clar endoscopic vision by repelling both
body fluids for up to an average of 20 consecutive dipping cycles. Thereafter, their
effectiveness to mitigate biofouling formation and consequently prevent vision loss was
validated by in vivo clinical experiments.nQhe contrary, a recent study also reported the
fabrication of such mul diofwm o c tpiroonceels s, e ni s. ee
texturing [104]. To enhance the longevity of their antifouling properties, the textured surfaces
were covered with ddorinated seHassembled monolayer. T$&LIS lensedisplayed great
antiradhesive characteristics against different type of body flwith, CSA values slightly
below 15°. At the same time, tlasproducedens greatly inhibited not only biofouling and
fogging but also protein attachment. Lastly, the directly engraved underlying topography of
theseLIS lenseded to a higher mechanical robustnesspared tohatof a reference particle

based coating.

In summary, considerable progress was made in designing LIS for shedding complex liquids
away from surfaces and consequently preventing fouling phenomena. It is evident from the
above review that LIS with such functional characteristics can also be pdaolut@nsparent
materials without compromising their optical properties. However, only a small number
prepared LIS on thermoplastic materials and investigated their functional performance, whilst
they are of great interest to both food and mediahlstial sectors Furthermore, durability
aspects of LIS were not sufficiently studied and also a better understanding of the effects of
surface topography on their properties/durability is required. Lastly, the currerofstage

art manufacturing techniquesnployed for producing LIS involve either complex mslep
procedures or high operating cos@n top of that almost all of them include chemical
treatments, e.g. fluorinated coatings, which can be extremely harmful to the ecological

environment.
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2.4. Laser-based micro machining technology

2.4.1 Fundamental principles of lasers

Laseris an exceptionabourcethat emitdight anditsname t ands f or ALi ght A
Stimul ated Emi s LCompared dof otheR aothvierdianal dightosourceset

radiation hasfour distinctive characteristicdigh intensity,high monochromaticity high
directionality and high spatiaitemporal coherencgl43]. Due to these unique properties, a
laserbeam can propagate over relatively long distamggssmall divergenc@andalsoit can

be focused upon smalblumeswith very highintensity[144]. Historically, Albert Einstein

was thefirst to introducethe theory of stimulated emissionn 1916, establishing the
fundamental principles behind laser generation. However, it was many years later that the
creation ofthe first commercial laser source, especially a ruby laser, was reportdieby t

Theodore H. MaimafiL45].

In generala laser device can be divided into three mpgotsas illustrated in Fig. 2.18\ctive

mediuns (or lasingmediumg are materials, i.egases, liquids or solids, that are used to
produce arelectromagnetic radiatiomnd their compositiodefines the nominal wavelength

of laser light. However, it should be highlighted that in the case ofstalid and fibelases,

glass orcrystallinematerials are mostly utilised as activeediuns that are theriusedwith
elementsuch as ytterbiurar neodymiumamong otherdJpon excitation of the atoms and/or
molecules contained in the various active mediums, their surrounding electrons can jump to a
higher energy level. For laser action, it is necessary to achieve 4headol ed FfApopu
i nversiono. More specificallthereisa&dreatsr nymbee n 0 me
of excitedstate electronthanthose in the groundtate[146]. Thereforea pumping source is

required todeliver an external source of energy and excite the lasing medium, which
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deter mi nes t he [143.dngartcdar, suchtap enérgy gourneeecarcal
(lamps orother lasers), electricadnd evenchemical [146]. Lastly, an optical cavity (or
resonator) is added to the system, which is an arrangement pbtaitel mirrors placed at
each end of the active mediu8pecifically, one of these two mirrors is highly reflective while
the other one is serransparent, resulting in the laser beam to traaek and fortH{148].

Apart from amplifying the intensity of laser beam, the optical resonator also dictates its
chaacteristicsHowever this is not the case for all the different types of laser sources available
on the market today. For instan@ibre lasersio not requiresuch an optical arrangement and

thus they exhibit a better beam quality and staldi4g].
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Fig. 218 Schematic diagram depicting the main components of a laser source.

Nowadays, lasers can deposit energy onto a substrate either in a continuous manner or by
generating a sequence of pulses, with a particular duration, at a given repetition rate. Among
the two aforementioned categories of lasers, those operating in énevatle have attracted

more attentionin a number of fields,e.g. medical surgeries, material processiagd
communication[15Q]. Initially, long-pulsed millisecond lasers weimopted to execute

different laser operations, e.g. cutting, engraving andindyil in industrial processes.
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However, over the yeargdhnological advanceswarious sectors.e.biomedical, aerospace,
electronics and telecommunicatiohsye driven the demand for producing components with
microscale featurefl51]. To address #se challenging requirements, it was essential to
minimise the hermal effectsnduced by long pulse lengths ahenceto improve the overall
precision of &ser processingperations. Thus, remarkable efforts were invested to develop
lasers emitting pulsesith both high peak power and very short duratiid®]. In particular

it was in 1991 when the first ultrashort laser sourceai6€.fs selfmodelocked Ti:sapphire

laser was reported b$pence et a[153]. Since ltrafast lasetechnologiesvere not mature

at that time, the pulse energy of such lasers was not energetic enough to ablate material. As a
result, they could not be used in manufacturing processegning point in ultrafast lasers
development camwith theinventionof chirped pulsamplificationby Strickland and Mourou

in 1985 which enabled the production of ultrashort laser sources with extremely high peak
power [154]. Since this discovery, thesases paved the way for many advances in both

scientific and indusial fields (see Fig. 2.19155].

g 108 |- Solid state
. laser
2
£ 107
©
P 108 -
Biology
5~ Medici
" o Material
104 - Processing
[ N
108 - | 4
..................5-..\.3,,.-‘.’......‘........i
102 -
Semiconductor
10 laser :
Telecomms Average Power [W]
| 4| l | |
10-2 101 1 10 102 103

Fig. 2.19. A graph showing the applicability of differenttrashort pulse laser oscillator

technologie$155].
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2.4.2 Laser-material interactions

Over the last decade, several micr@anufacturingoperationshave benefited from the
advancement# laser technologiesSo far, he number ofresearch studies is increasing
exponentially in this field anthusnew opportunities of lasers in industrial applications are
coming to light. Especially, significant progress has been nmathe area ofasei material
interaction with an emphasis on the effects ibfiecent pulse durations on the ablation of
materials [156-15§. The findings of these investigations have revealed that the overall
processing quality and precision can be improved substantially upon irradiation with shorter
pulse durations. At the same time, the laser wavelength is another criticalliatinfluences

the lasemmaterial interaction and consequently the overall ablation efficig®@y 160]. Since

the absorptivity of most engineering materials depends on the incident radiation as shown in
Fig. 2.20, there is a recent trend towards nog shbrter and shorter laser pulse durations but
also wavelengthslowever, it should be stated that choosing the right source fontaserial

processing mainly depends on the type of application and its specific requirements.
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Fig. 220. Absomptivity of common metalsat differentlaser wavelengt in the (a) wide

spectruni161] and (b) shortvavelength spectrufl62].
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In recent years, the majority of LMM operations eaeried out witteither short (nanosecond)

or ultrashort (picosecond and femtosecond) pulsgels, which can emit in a broad range of
wavelengths, i.e. from ultraviolet (~ 100 nm) up to far infrared (~ 1 mm). However, it should
be stated that the mechanisms of mataitidtion occurring between the two aforementioned
pulse lengths are significantly different to each otfi&3]. For clarity purposes, SEM
micrographs of a circular hole drilled with a nanosecond and a femtosecond laser are given in
Fig. 2.21a, whilst grédpcal illustrations of their different laser ablation regimes are provided

in Fig. 2.21b. As can be seen from these figures, ultrashort lasers offer superior machining
quality and precision when compared to those with longer pulse durddicmslly, thee is

no sufficient time for theheat to diffuse into theulk of material, and thus the surrounding
irradiated areas display an almost negligtblermal damaggl54]. In the ultrashort regime

the processed solid materiaidergoes the scalled6 ¢ o | d  arddiractlyi vapoudises
resulting in machined structures with binee edges[164]. For example, it has been
demonstrated that higgpuality structures can be produced even onto polbased materials

by using ultrashort pulsed las¢i®5]. Lastly, another major advantagesafch laser sources
arises from their nonlinear puiseaterial interaction, which enables to process inside highly

transparent materials, e.g. polymers and gld4&& 167).

On the other handiblation bynanosecnd pulsal lasers is considered as a thermal process
[168]. This is because the duration of each pulse is long enough so that thedased heat

can penetrate intthe material Since the thermal effects are more pronounced in this regime,
theirradiated surface area starts to melt and then it is vapofid). However, a substantial
fraction of the melted materiale-solidifies on the material surface, leading to the formation
of a recast layer. In addition, the formation of surface oxidation, Héat#®&tl Zone (HAZ)

and microcracks are some of the side effects of nanosecond laser treftbdniSespite
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that, such treatments are associated with low operating costs and high effiti&jcwhilst
their overall processing performance can be improved significantly upon irradiation in gaseous

environmentq171, 172]. Therefore, they have widely been utitise numerous industrial

machiningoperations, e.g. texturing, drilling, polishing andting
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Fig. 221 Lasermaterial interactionga) SEM micrographs of undhole drilledin a 100

pum thick metallic substrate by a femtosecond (left) and a nanosecond (right) pulsed laser
[173]; (b) graphical illustrations of the laseraterial interactions involved in the ultrashort
(left) and short (right) ablation regim¢%74]. Note: Based on therocessingparameters
provided in[173], the laser percussicedrilled holes presented in)(&eremadewith a beam

spot size of ~ 175m.
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2.4.3 Laser processingsetups

Generally, there are variousxperimental setugp that can be useth laser processing
operations. These setups can have a very simple or complex design, depending on the
applicationds specific requirements. At th
can vary significantly and it can be estimated from the miffe component technologies
included into the beam delivery sgstem. An illustrative example of an advanced LMM

platform is given in Fig. 2.22, whicspecially designed for processing complex&its.
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v

Mechanical Stages and Workholding Device
Fig. 222. A typical laser setup for mukaxis processinflL75].

To begin with, a laser system consists of one or more laser sources, which may have different
technical characteristics, e.g. femtosecond and nanosecond lasers. Commonly, a shutter device
is added to the beam path that enables to precisely control themnofhhser pulses deposited

on the substrate, whilst beam expanders/reducers, i.e. either a Kepl&mileantelescope
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can also be integrated to adjust the size of a collimated input laser beam. Moreover, additional
optical elements can be used tndition the beam and hence to improve the overall laser
ablation efficiency. As can be seen in Fig. 2.23a, waveplates with a particular orientation can
be employed to achieve the desired laser beam polarisation. The influence of laser polarisation
on the ablation process was analytically discussedling]. At the same time, a LMM
workstation can also be equipped with diffractive or refractive optical elements in order to
benefit from extra functionalities. For instance, such optics can help to improyedtits of
machined structures by converting a Gaussian beam intotagl@ne withuniform energy
distribution (see Fig. 2.23b) or to increase productivity by splitting the incident beam into

multiple ones (see Fig. 2.23d)77, 178].

To move the laar beam in two lateral directions, LMM systems are usually equipped with
galvo scanners, also known as sbaads. Such devices consist of motorissaors that can

deflect the beam across a substrate with high precision and speed. Ftnrdughput
apgications polygon mirrorbased scanners can be utilised as they offer much faster
processing speeds, i.e. speeds up to 100Q17@s 180]. Thereatfter, it is necessary to focus

the laser beam on the material and hentlecka lenses are typically usedatchieve this. In

most cases, the focused beam is characterised by a beam profiler. Among the two types of
focusing lenses shown in Fig. 2.23d, the telecentric ones are preferred when targeting high
machining performance. More specifically, these lenses@amtain the Beam Incident Angle

(BIA) normal to the irradiated surface within the field of view, resulting in superior processing
uniformity than standard-theta lenses. Meanwhile, ardodule (see Fig. 2.22) can also be
incorporated into the beam deliyesubsystem, which enables to process parts with relatively
small surface curvatures by dynamically adjusting the laser focus along the propagation

direction. For laser processing large surface areas or components with intricate geometries, a
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reconfigurdle holding device together with aais CNC unit can be included in the LMM
platform. Finally, the use of laigh-resolutionpositioning camerandbr a confocal probe is
essential in order to accurately place the samples at the focal plaals@calibrate both the
focusing lenses and galvo scanners. It should be stated that all the aforementioned independent
devices can be controlled through a dedidaComputer Aided Design/Computer Aided
Manufacture (CAD/CAM) software, in which the desired laser scanning strategy and

processing parameters can be defined for execution on a given LMM setup.

(

Telecentric lens
Standard lens

Fig. 223. Optical elements in ker processing(a) schematic illustration of a quarter
waveplatefor converting the linearly polarised beam into circularly polarised[®88; (b)
intensity profiles of a typical Gaussian beam (left) andtfiptbeam (right)(Image courtesy
of IL Photonics)(c) diagram of aliffractive optical elemenised to split the input laser beam.
(Image courtesy of Holo/Or); (d) the two common types-tiféta lenses used in laser material

processing and their principal function.
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2.4.4 L aserenabledsurface treatments

In recent years,usfacefunctionalisatiortechniquesavegainedconsiderablattention from
researclcommunityas an important enabler fdeveloping innovative productds already
mentioned in Sulsection 2.3.2 several micro-manufacturing technologietave been
deployed tamodify the surfacetopography and/ochemistry of materials and hence to alter
thar functional responsfl82]. However, the majority of employed surface treatments have
intrinsic limitations, i.e. dificult to scale up procedures involving toxic substances and having
a dependence on material types, that currently prevent their industrial [f8&8keAt the
same time, functional surfaces prepared by codiased methods display poor durability,

espeally when subjected to mechanical dam§f].

To address these challenges, LMM has recently emerged as a promising tool for
functionalising solid materials. In particular, this technology enablesultaneously change

the surface chemistgndtopogaphyof almost any engineering materialiminating the need

for low surface energgoatingg185]. Apart from offering highaccuracy and precision, laser
processing can also be considered as a much more environmental friendly method when
compared to other surface modification approaches. This is because laser operations do not
require the use of a cleanroom. Despite the marmgrdaedges, it should be stated that stand
alone direct LMM strategies are still capital intensive and thus they are not suitable for large
batch productiofil86]. However therelatively high manufacturing.ostsassociated with this
technology can be redutesubstantially when combined with welstablished mass
production methods, i.e. polymer replicatid®7-190]. Therefore, replication processes are
gaining importance as a meanststeffectively alter the surface topography diemically
stablepolymers which is accomplishebly transferring the textures from a tooling insert onto

their surface§191]. For clarity purpose, an example sxich aprocess chaimleveloped to
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enhance the hydrophobic propertiesharmoplastigolymersis provided in Fig. 2.24which

involves laser tering of metallic mastes and then polymer replication binjection

moulding Based on thetudyreported in[191], the surface chemistry @olymersubstrates

was not affected by thmicro-injection mouldingand thusthe change in CAvas solely

attributed tahe alteration of their surface topography
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Fig. 224. Costeffective process chain for producing hydrophobic polymserfaces by
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manufacturing procedures involved; (b) the employed laser processing Hetugharacters

A and E indicatethe pulseto-pulse and hatch distance, respectivéty and (d) schematic
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Furthermore, another benefit of using LMM technology for functionalising materials is its
capability to selectively fabricate microrto-nanoscale features. Overall, several surface
structures can be generated via laser texturing/structuring operations, which can be classified
into two main groups: i) selbrganized surface structures (random or periodic) and ii)-laser
inscribed surface structur§s92]. Among the different lasesnabled structures fall into the
first category, LIPSS hawdrawnthe mostattention from researcher8s a proof, Fig2.25
depictsthe number ofesearctpapersmentioning the word/phrase LIBShrough the years
1980- 2022.In fact, LIPSSare periodicatipple-like nanostructureand their appearance was
reported forthe firsttime in 1965[193]. Based on previous studies, it is apparent that these
laserinduced structures can be imprinted @it wide range of solid materials, e.g. metals
[194], polymers[195], semiconductor§l96], glass[197] and dielectrics[198]. Generally,
LIPSSaredivided into Low Spatial fequencyLIPSS (LSFL) and High Spatialréguency
LIPSS (HSFL) with periodicities closeto and much smaller than theperating laser
wavelength, respectiveljd99]. However, it should be stated that only the former type of
LIPSS can be produced upon irradiation with both sf®€ and ultrashor{201] pulsed
lasers. ThusLSFL LIPSS,referred to as LIPS&om now on in this PhD thesis (unless

otherwise stated), have become a hot research topic.
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Fig. 225. Plot presentinghe actuahumber of published papeos LIPSSbetween the years

1980and 20202027.
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Despite the numerous theoretical and experimental investigations, the physical mechanism
behind the formation of LIPSS is still not fully understood. To date, the mostwuedpted

theory on LIPSS formation has been introduced by Sipeshndtitributes their generation to

the interference between the incident laser beam and the surface plasmon p¢ROBons
Typically, these structurestart to appear on the surface when laser fluence is cldbe to
ablation threshold of the@rgetmaterial[204], which can be determined using thecsdled

Li uds [BD&tTheonwbrphological characteristics of LIPSS can vary depending on the
laser pocessing setup, and thus they can be tuned to achieve the desired surface functionality.
For instance, highly regular LIPSS were observed on metallic materials with an orientation
perpendicular to the laser beam polarisation as shown in Fig.-@.p826. Whereas,
homogenousriangularlike LIPSS (see Fig. 2.26d) hexagonahrrangemente/ere reported

upon irradiation of SS with a circularly polarised laser b¢a@Y, 20§. At the same time,

many studies demonstrated that the spatial periodicity and tadglof LIPSS can be
controlled ly varyingthe laseprocessing parameters, e.g. BIA and single pulse fly@dse

211]. Due to their distinctive physical characteristics, surfaces covered with sueh sub
wavelengthsurface undulationbave widely been proged as a means of colemmarking

[212], improving cell adhesiof213], minimisingreflecions[214], reducing frictio{215] and

mitigating bacterial adhesid@16].
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Fig. 226. Influence of laser polarisation on LIP&®mation:(a-c) SEM micrograph of highly
regular LIPSS produced on TitaniurMolybdenum and Steel with an ultrashort laser,
respectively[206. The yellow arows represent thedirection of laser polarisatiorwhen
processing the different metallic matesjgl) SEM image, with a 2[Bast Fourier Tansform
(2D-FFT) inset, oftriangular LIPSSormed upon irradiation with a circularly polarised laser

beam[207].

On the other handaserinscribedMS surface structures have also received considerable
attention by researchers because of their uniquenaatting, antiicing and antreflective
functionalities[217, 218]. By properly adjusting the laser processing parameters, a wide
variety of microhanoscale hierarchical structures can be formed on the surface with an
ultrashort pulsed laser. For instanomedimensional microgrooves (see Fig. 2.27a) were
producedon SS using a raster scanning strategy, whistodically arrayed microscale posts

(see Fig. 2.27b) were formed on the same material by employing-ikgrgtanning strategy

[219]. A closer look on thésEM micrographseveals thaboth microtopographiearefully
coveredwith nanoscaleipple features, i.e. LIPSS. In reality, singlegmifluence levels above

the material 6s abl ation t hr eendbled MS saucteres.r e q u

Based orSiddiquieet.al[220], the formation of micropillars with superimposed LIPSS was
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attributed to thédnigher fluence accumulated the intersecting points of beam vectarsen

scanning the surface multiple times.

However, it should be stated that thérication ofMS topographies on metallgubstrates has

been reported with short pulskgers, too. More specifically, it was demonstrated that dual
scale parallel grooves (see Fig. 2.27c) and seglzaped pillars (see Fig. 2.27d) can be
produced onto SS surfaces by taking advantage of the thierthigled side effects associated
with nanogcond laser processing@21]. From the SEM images, it is apparent that the
microstructures were decorated with nanoscale features owing to the resolidification of melted
material. Thereafter, a process chain to fabricate sephaeed pillars covered wilhPSS

was proposed by combining two laser technologies, i.e. short and ultrashort pulsed lasers

[222].

Fig. 227. SEM micrographs of different MS surface topograph&sdured on SS(ab)
microscale posts and grooves fully covered by rdpules, respectively{219]; (b-c)
microscale grooves and squateaped pillars decorated with nanopatrticles, respec{2ly.
Note: The surface topographies presented #h)(avere fabricated by a fdosecond pulsed

laser, whilst the ones shown indg were produced with a nanosecond pulsed laser.
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2.4.5 Multi -axis laser processing

Over the last yeargechnological advanceis various industrial sectorsave driven the
demand for producinfunctiond components/mouldith intricate geometries.g. freeform
or curved surfacd223]. However, unlike conventional machinirigser processingf curved
surfaces is still a troublesome taBlor instance, botthe BIA from normal and Focal Offset
Distance (FOD) vary with the surface curvatuesulting indistortion errorghatcan impact
themorphological characteristics laserenabled structureandconsequently their functional
respons¢224, 225]. As a resultwhen employing complex 3D lasgtanning strategies, these
processing disturbances should be considered and then acceptable toleranskdurtdtbe
identifiedin order toachieve the desired process uniformity or functionality. On top of that
another difficulty arises cases whersurfaceshould be laser processaanultiple scanning
fields [226]. Fig. 2.28shows theprocessingerrors that can appeartae overlapping regions

of different scanning fields.

—---- TS S L.

Fig. 228. Schematic illustration of processing errors generated at the overlapping regions of

laser beanji226].

Despite the aforementioned challenges/eral strategies have been proposed to enable laser
processing of parts with complex geometries. Initially, sstchtegies relied on the use of a
dynamic optical focusing system. More specificalyaci et al.[227] developed anethodfor
engravingreeformsubstrates by first measuritiggr raw surface topography (see Fig. 2.29a)

and then employing a-thodule todynamically adjust the focus of laser beafowever,it
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should be noted thahe proposednethodology can only be used poocessparts with a
relatively smallsurface curvaturdue to the intrinsic constraints introduced by the dynamic

focusing devices

To overcomehis issuemulti-axis LMM systems, i.e. equipped witlotha 5 axes CNC unit
andgalvo scanner, haweceived considerable attention by researcl@rscoliniet al.[228]

were among the first to design a dedicated software, namely CALM, for partitioning a freeform
surface into multiple planar scanning fields (see Fig. 2.29b). At the same time, a method to
minimise stitching errors between the generated processldg fias proposed in this study,

too. Thereafter, an alternative approach was reportéldnget. al.[229], which enables to
precisely produce patterns on curved surfaces (see Fig. 2.29c). In this case, the pattern
projected on the surface needs to beddi into planar scanning fields alayersby taking

into accountboththe e n's 6 s d eapdthe neydtivefeftectsuoEBIA. LastRatal et al.

[175] demonstrated a more comprehensive raxis laser processing strategy for processing
freeform components. Specifically, this new method requiredaser processingpnstrains

i.e. acceptabldlA and FODvariations to bepredeterminedor a given apptation and then

used to drive the surface tessellation process.
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and image of a pattern engraved on a freeform surface using this method (right); (b)
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the surface (righf228]; (c) illustration of the method us@ud[229] to project the patterns onto

a freeform part (left) and image showing gagterngextured on its surface.
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To meet thehigh demand for producing components with intricate geometrmsti-axis
LMM systemshaverecentlybeendevelopedhat can opeteinisi mul t an é\sal s
result these systems can leenployedto execute multaxis simultaneous laser processing
operations which were considered not achievable till nolile basic principles of this
technology will be introduced in Chapter 6. Fasér processing of freeform surfacganplex
3D laser scanning strategies can be programmed that irthele@multaneousontrolof both
optical and mechanical axess demonstrated by Orazi et @30], significantimprovements
can be achieved with ngsct tothe overall processing uniformity and efficienelen utilising
such laser setups. However, should be highlighted thamulti-axis simultaneous laser
texturing/structuringoperations are notonsideredmature enouglyet to be used oran
industrial scaleThis is partially due to the complexity and inferior machiningaccuracy
Although technical specifications of laser component technologias optical beam
deflectors and mechanical stagass provided by the manufacturesit is not possible to
predictthe overall accuracy and precisiachievable wheimplementing lasestrategieghat

require multiaxis motions.

To obtainsuch information, various verification methods have been proposed for conventional

5-axis machine toolf231, 232]. Neverthelesghese techniques cannot be apptieectly to
evaluatinghe performance daser systemsndasuitabletest method haget to bereported.
Most likely this is becausenulti-axis simultaneoud. MM capabilities have only been
introduced to the marketecently Therefore further effortsshould be devoted tassessing
their effectivenesm processing curveftiteform surfaceand toidentify ageneric method for
quantifyingtheir performanceln fact, he development ain assessmentethodis of great

importance as itan be usedot only toevaluatehe ARRof a multtaxis LMM systemafter
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its installationon-sitebutalso todetermine potential systematic error sources and compensate

them

2.5. Synopsis of open research questions

Overall, te carriedout literature review revealed the hugepotential of surface
functionalisation techniques for developing innovative products with multifunctional
responses. Among the different bispired surfaces, LIS have recently emerged as a
promisingpassiveapproach tompart durable artadhesive propées on materials and thus

to mitigate fouling phenomena faced bgveralindustrial sectorsin addition, a significant
number of past studies have demonstrated the many advantages of LMM technology over other
surface modification treatments, especiallyanw used for producing such functional surfaces.
However, there are still some open issues that should be addressed ito emtsle the
broaderuse ofthis technologyin industry. The open research questions identified in this PhD

thesis are as follows

1. A significant progress has been made in developing suti@amentmethods for
fabricatingLIS on different material typesiowever there are still limited investigations
of LIS on polymerbased materials, whichre of great importance¢o food, cosmed,
agrochemical and healthcare sectarspng others. At the same tintlee majority of tkese
treatmentsare not scalable and/or their operation poses high ecological risks. Thus, it is
essential to developcosteffectivelaserenabled surface treatmdot producingpolymer
LIS that display superior amtiuling characteristics with a minimal environmental
footprint.

2. Even thoughconsiderable research effortmve been dedicated to desigtable LIS,

durability aspects dhese functional surfacegere not sufficienthcharacterisednhile they
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are important for their broader usdn practical applicationsAs a result, further
investigations are required to better understaedceffects and impact of LIS topographies
on their durabilityand functionality Since the LIS properties are shown to deteriaupten
lubricant depletion, their performance should bste@ under both liquid shearand
vibrational forces.

. To date,althoughLIPSS have been extensively investigated as a means for imparting
attractive functionalities onto surfaceakere has been limited research towards reducing
their production costEspecially only a few studies were focuset thegenerationof
LIPSSupon irradiation with short pulsed lasers, which are a-effsttive alternative to
ultrashort onesNeverthelessthe fabrication ohigh-quality LIPSS with suclasers still
remainsa challenging tastue totheir heatinduced side effectaindinvestigationsnto the
improvement of thie formation have not been reported ydtherefore it is essential to
identify strategies formproving the overall LIPSS formatiomith short pulsed lassiand
consequentlgnable their industrial applicability

. Extensive research has been dedicatethtoicatefunctional micro/nanostructures onto
planar surfaceever the last decadéut there is now a pressing need to apply them onto
components with intricate geometriddowever, such laser operations requimmplex
multi-axis simultaneous machining motiotisat were not technically achievable until
recently Since there is naufficient knowledge about their processing performance, they
are not considered mature enough tasedon an industrial scal@hereforejt is of great
significance to develop a systematic method for assessing the capabilities #atibhsi

of simultaneous mulaxis laser strategies fprocessing freeform/curved parts.
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Abstract

Adhesion of viscous liquids on packaging surfaces could lead to wastage, an increase of
recycling cost s, ssaisfadtioreivapplicatons setatediefood, Gosrdet

and agrochemical industriekubricantimpregnated surfaces (LIS) gained much attention
recentlyover other surface functionalisation technologlies to their nossticking response

to highly viscous liquidsThis work reports an investigation into aatihesivepropertiesof

LIS, with an emphasis on their durability.provides an insight into the rationale design of

LIS topographiesn order to naximise theirubricant retentionn potential food packaging
applications. Femtosecond laser processing and hot embossing were employed to produce two
types of topographies for LIS on stainless steel, polypropylene and polystyrene surfaces. The
first type wassinglescale submicron Lase-Induced Periodic Surfacetr8ctures (LIPSS),

while the secondne was Miti-scale &uctures(MS) with both micron and sulnicron
features Dropet shedding characteristics stichLIPSSLIS and MSLIS substrates with

water, milk and honey were examined under vibration and shear. The critical sliding angles at
which liquid droples attaired motion on LIS were observed to be less thaf f8r all
investigatediquids. However, the LIPSEIS substrates retained their furstality even after
subjecting them to severe vibration, while the -MS substrates partially lost their anti
adhesive characteristics. At the same tithheMS-LIS substratesxhibitedpremature pinning

of droplets as compared to LIP&E substratesunder shear forcesBoth vibration and

sheasinduced loss of lubricaninpacted the MS.IS functionality.

Keywords Food packaging, femtosecond laser, laser induced periodic surface structures,

lubricantimpregnated surfaces, superhydrophobic surfacescautéxturing
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3.1. Introduction

Annually, aroundl.3 billion tonnes of food isvasted during the production, distribution and
consumption stages, which has a tremendous impact on both economy and envifbhment
Although food waste occurs at all stages of the supply chain, private households represent a
large fraction of thig2-3]. At the same time, a significant share of the food wastage in
households is due to difficalo-empty packaging, where the viscous food adheres to
packaging surfaces. For example, it is estimated that 15% of the wastage in households is due
to adherencefdigh-valued foods, such as yogurt, to the packaging surfacgfs Residual

food on surfaces of the packaging also leads to an increase in cleaning cycles and recycling
costs [6]. Furthermore, adhesion of viscous substances to process equipmenpgasthcak

and mixing vessels in food industries also leads to @ostamination, increased water load,

and microbial growth [7]. Therefore, it is essential to design surfaces witladirgsive
characteristics which are robust and durable. Suchadhts/e surfaces that can minimise

the adhesion and accelerate the mobility of various viscous liquids are of great importance to

the food, cosmetic and agrochemical industries.

At large, antadhesive surfaces targeting food packaging can be achieved bytiaoes
functionalisation approaches. In the first, coatings based on fluorine and silicone can be
applied on packaging surfaces to lower their surface energy, thus imparting their hydrophobic
and oleophobic properties. However, the negative effects @f @bain perfluorinated
compounds such as PFAS and PFOS on human health and environment have inspired efforts
to develop alternative methods to lower the surface energies of materials [8]. Regarding the
second approach, the surfaces are textured to pradiare/nanoscale topographies that

induce CassiBaxter state. The entrapment of gas into micro/nanoscale cavities on such
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textured surfaces results in high contact angles, thereby resulting in superhydrophobic and
superoleophobic characteristics. Howetag, wetting transitions due to dissolution of gas into
interacting liquids [9], moderate liquid pressure [10] and surface chemistry [11] affect their
long-term durability in practice. At the same time, not all superliquiphobic surfaces with
relatively high contact angles necessarily shed liquids from surfaces due tGdmggct Angle
Hysteresis (CAH). Thus, such surface functionalisation techniques have their own

shortcomings that make them not ideal for4stink food packaging applications.

A relatively new surface functionalisation technique based on lubricant impregnation of
micro/nanotextured surfaces has gained much attention recéntbyicantimpregnated
Surfaces (LIS) that are inspired by the Nepenthes pitcher plant can offer extremely low CAH
and thus to shed liquids away easily without any adhesion. Based on the current practices, the
requirements in producing LIS are: (i) the micro/nanotextured surfaces to retain the lubricant;
(i) the utilised lubricant and the repelling liquid should be iswuible; and (iii) the solid/base
surface should be wetted by the lubricant instead of repelling it [12]. Due to their stability
against wetting transition and very low CAH, LIS capabilities are extensively investigated for
applications related to drag rextion [1314], fog harvesting [15], anbiofouling [16-17] and
antifrosting [18]. However, simple Newtonian liquids, especially water, were mostly

investigated in the reported research.

Most of the liquid foods are composed of fats, stabilizers, garfeecand emulsifiers and
therefore exhibit noiNewtonian behaviour. These components make the interaction of liquid
foods with surfaces significantly different from that of water. Several investigations were
reported recently that were focused on theraatigon of complex liquids with LIS, aiming to
achieve foulingresistant and eagp-empty packagingZhang et al. [19] employed sgkl and

hydrothermal methods to impregnate nanoporous Aluminium surfaces and demonstrate their
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antwetting characteristicagainst various liquid foods. Lee et al. [20] prepared LIS employing
nanotextured Aluminium substrates and investigated thesadh®sive characteristics. They
showed that nowgonnecting topographies can retain their-sboking nature better than the
connecting topographies even after subjecting them to continuous shearZotaeghi et al.

[21] demonstrated that LIS prepared using hierarchical textures produced through ultrashort
laser processing of stainless steel could reduce dairy fouling cethparsome reference
superhydrophobic surfaceSeveral other studies focused on preparing LIS on glass and
silicon-based substrates examined their-n@tting properties when in contact with complex
liquids [2227]. Although most of these studies involveatured metallic and glass substrates,

it should be noted that polymers are predominantly used as food packaging materials. In this
regard, Mukherjee et al. [28] used oil absorbent polyethylene films to prepare LIS and
demonstrated their ardidhesive cracteristics towards viscous liquid foods, such as ketchup
and yoghurt. Recent investigations reported-adtiesive properties of thermopladtiased

LIS prepared through solvent casting when in contact with liquid foods and detergents [29

30].

In summay, a significant progress was made in developing LIS for shedding complex liquids
away from surfaces. However, few investigated LIS on thermoplastic materials that are of
interest to food and cosmetic packaging industries. At the same time, durabaitysasilL1S

were not sufficiently studied while they are critical for their broader use. Since the LIS
properties are shown to deteriorate quickly under liquid sheaB2ZB&nd vibrational forces

[33], it is important to understand the effects and impHcLIS topographies on their
durability. Furthermore, the process chains employed in the reported research for producing

LIS, especially their underpinning micro/nanoscale topographies, are not an industry practice
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in food and cosmetic packaging applicagpe.g. the use of LIS in producing containers,

bottles, caps and various food and cosmetic handling equipment.

This research reports an investigation into the LIS properties achieved -omcsoh and
multiscale topographies produced by employing metallic replication masters. The masters
were textured by using ultrashort laser processing and then their topograpteasplicated

on commonly used food packaging thermoplastics, i.e. polystyrene and polypropylene,
through hot embossing. Thermoplastic surfaces were impregnated with a silicone oil and their
antradhesive response to three liquids, i.e. water, whole amitl honey, were investigated.

In addition, durability tests were conducted on LIS samples with two types of topographies, in
particular, submicron and multiscale ones, to study and compare their lubricant retention

capacities under vibration and shezading.

3.2. Materials and methods

3.2.1 Fabrication of sub-micron textured metallic moulds

Commercial X6Cr17 ferritic Stainlesse®l (SS) platewith dimensions 30 x 20 x 0.7 mm and
an average roughneg8Y) of 35 nm were usetb produce on thenwo types ofsurface
topographiesThe SS substrategere texturedat atmospheric conditions using an ultrafast
Ytterbiumdoped laser source (Satsynmfmplitude Systems)The laser sourcehas the
following technical specification: jpulse duration of 316 at a nominal wavelength of 1030
nm andpulserepetition rateg’Q up to 500 kHawith anaverage powen)) of 5 W. Thelaser
texturingexperiments were carried out on LASEA Li®&chineand itsbeam delivery system
is shown in Fig. 3.1a. Wivas equipped with a 3D scan head mounted oragiZ stageand a
telecentric focusing lens with 100 mm focal lengtkteeralinearly polarized Gaussian beam

across thesubstratesvith a maximum scanning speed) ©f 2000 mm/s. In addition, a high
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precisionstack oftwo rotary and two lineastagesvasusedto positionthe substratemside
the machineworking envelope. The SS substrates wm@essedvith a constantscanning

speed of @00mMm/s and aspot diameterq Wy of 35em at the focal plane

A horizontalrasterscanning strategwasimplemented tdabricate Lasetnduced Periodic
Surface &uctures (LIPSS) with sulmicronripples. A the same timea gridlike scanning
strategy with multiplg40) scansvasemployed to produce WMti-scale Structures(MS) that
included a combination ofmicron and swmicron scale features. The$&o scanning
strategiesare illustrated in Fig3.1h In order to obtain highly regular LIPSS, trials were
conducted by varyinghe hatch distance('Q between two consecutive linesd also the
average power at a repetition rate of 250 kHz. A similar strategy was adopted for obtaining the
MS topographies, lweever, a repetition rate of 500 kHz was used in this caseovidrap(0)
betweenpulses andhe pulsefluence { ) werecalculated using the expressions reported in
another research [34]. The optimised laser processing parameters used to produce the two
topographies, i.e. LIPSS and MS ones, over an area of 30 x 20mtime SS substrates are
given in Table 3.1. The processing time for producing the LIPSS and MS topographies were

2 and 10 minutes, respectively.
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Fig. 3.1. The experimental setps:(a)a schematic of the used beam deliv@rgtem (b) two
scanning strategies for fabricating LIPSS (left) and MS (right) topogragb)emillustration

of the processhainused tgoroducel IS.

Table 31. Optimum laser processing parameters for LIPSS and MS topographies.

Structure "QkHz) J Q 0 Number of Scanning Polarisation

(mdfien?) (€ n (mm/g scans Strategy

LIPSS 250 210 5 1000 1 Horizontal Linear (s)

MS 500 430 40 1000 40 Grid Linear (s)
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3.2.2 Polymer micro/nano replication and LIS preparation

TheLIPSS and MS topographies tme SSplateswerereplicatedonto Polystyrene (PS) and
Polypropylene (PPthermoplasticsheetgAlfa Aesal) of 1.6 mmthicknessIn particular, dot
embossingetup with acontrollablehotplates emperature anldbadwasusedto replicate the

LIPSS and MS topographies on the sheet surf&nang the replication proces$ie textured
SSplatestogether with thélankthermoplastisheetsvere placed betwedhe hotplatesand

a predetermined load was applied, and a temperature greater than the glass transition
temperature of the thermoplastigas maintained fd minutesTo achieveashighaspossible
replicationqualitya n d s a mp | ,e¢hs dperdtihgaampeeatiandload wereoptimised

for thetwo thermoplastic materials used in the experimérite optimised processettings

together with the material properti@seprovidedin Table3.2.

Most of the reportedtudies employegderfluorinated oils [121, 2324, 26, 2930], essential

and vegetable oils [2Z8], and silicone oils [22, 25] as lubricantsdemonstrate the LIS
capabilities in food packaging applications. Although perflourinated oils are extensively used,
such lubriants release fluorine similar to that of fluorinated coatings and therefore pose
considerable health risks [35]. At the same time, essential and vegetable oils exhibit a strong
aroma and also are not compatible with all liquid foods [36]. On the other baffidient
regulation standards are available for silictwased lubricants as food additives [37] and
therefore the silicone oil was selected as a lubricant in this dRuidy.to the fabrication of

LIS, all SS and thermoplastic replicagere cleaned ith isopropyl alcohoto remove any
surface debris or contaminatioh silicone oil (SigmaAldrich) with 20 cStviscosity at 25 °C
wasused as a lubricant. It wagpetted onto the textured SS and thermoplastic substrates for
impregnation in the texture$he wetting and spreading of lubricant on micron and/of sub

micron scale cavities of textured substrates is mediated by the capillary (ehgthich is
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expressed als = (¢/Dr g)*'? [38]. Here,g (= 20.6 mNm) is the surface tension between the
silicone oil and airDr (= 949 kg/m) is the density difference between silicone oil and air and

g (= 9.81 m/9) is the gravitational constant. Consequently, the characteristic capillary length
for silicone oil is aproximately 1.5 mm. Since the length scale of MS and LIPSS topographies
iIs much less than the characteristic capillary length, the capillary forces aid in wetting and
spreading of silicone oilAfter the textured substratesere completely wetted by tisdicone

oil, they were stored in a vacuum chamber for 15 minutes. The mild vatasnfurther
acceleratd the impregnation process by releasing the entrappé&wmairsubmicron cavities
Thereatfter, the LIS substrates were kegtically for an hour, inorder to drain any excess
lubricant from the surfaces with the help of gravityschematic illustration of atheprocess

chain steps usdd attain LIS igprovided in Fig3.1c

Table 32. Material and processingpnditions br hotembossing of PS and Péplicas.

Material Load Embossing Melting Glass transition Hold time

(kN)  Temperatur€°C) temperatur€°C) temperaturg¢°C) (min)

PS 0.16 100 240 100 5

PP 0.26 115 170 -10 5

3.2.3. Surface characterisation

The two surface topographies 8% and thermoplastsubstrées were characterised using a
Scanning Electron MicroscopéSEM, JEOL JCM600). A focus variation microscope
(Alicona G5) was used tanalyse the micrscale topographsof the MS substrate$Vhereas,
an Atomic ferce Microscoe (AFM, MFP-3D, Asylum Researghwas used to analyseib
micron features of LIPSS and M8pographiesThe 2DFFT analysis wagonductedusing

Gwyddion opersource image analysis softwate obtain the LIPSS orientation and
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periodicity. The wettability of asreceived SS and thermoplastic sheets, textured SS and
thermoplastic replicas andS was investigated by measuring thater contact anglef 5 pL

droplets using a goniometektension Tleta, Biolin Scientifig. Following this the CAHwas
evaluated using the tilting stage of the goniometer. In particular, the advancing and receding
contact angles were measured during the initiation of droplet movement when the substrate

was tilted at anragle.

Furthermore, the Critical Sliding Angle (CSA) of droplets was measured-meteaived SS

plates and thermoplastic sheets, textured SS plates and replicas and LIS. Three test liquids, i.e.
water, whole milk and honey, were used to investigate theaddfonse. 1pL droplets of

each test liquid was pipetted onto the LIS samples to observe the droplet motion. The droplet
movement on the surfacess recorded using a motorised tilt stage with a positional accuracy

of 10 arc seconds and a digital cam@anon 2000D). Tavoid anydroplet impacion the

sample surfaces, the pipette was held in a fixture very close to the surface of the samples. The
distance between the tip of the pipette and sample surfaces was maintained at less than 2 mm.
For each testun, five measurements were taken by placing droplets at different locations on

the sample surfaces and the average CSA values were analysed.

3.2.4. LIS durability analysis

At the end of the food supply chain, the packaged food is transported tetdflers and
ultimately to the households. During these stages, the packaging containers would be subjected
to vibration. At the same time, the packaging surfaces would be also subjected to shear loads
when liquid foods would be taken out/emptied fromrtbentainers by endsers. To account

for these different types of loadsyd tests wereonductedo evaluate the durability of the

thermoplastic LISFirst, the LIS samples weptaced inside aontaineffilled with water and
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were subjected to vibratiowith 50 Hz frequencyfor 5 minutes Thereafter the shedding
characteristics of the LIS samplesnare-examined by measurifgSA of water,wholemilk

and honey droplets on vibetsurfacesTheamountof the lubricant retaineldy the samples

after theirexposure to vibratiowas evaluated by measuring the mass of samples before and
after the tests using a precision weighing balance. Secondly, the thermoplastic LIS samples
were tilted at an angle of 1&nd the whole milk and honey droplets offli5weredeposited

on a single track of the surface. The camera was used to record the droplet motion at 50 frames
per second. The droplets of the test liquids were continuously dripped on the LIS samples until
their motion was observed to stop. Each test runooaducted three times. Thereafter, the
recorded videos were pgstr ocessed using fATrackero video
steadystate velocity of the whole milk and honey droplets on LIS samples. Finally, adhesion
characteristics were also intiggted by immersing the LIS samples into containers with milk

and honey for up to 50 times.

3.3. Results and discussion

3.3.1 Analysis of surface topographies

Since regular and periodic textures allow a better understandimmgiiofsurface topography
interactions, the first efforts were focusedmoducing highly regulamperiodicLIPSS and

MS topographies on SSubstratesTo minimise the effect of the Gaussian beamhigh
overlap scanning strategyas adopted and thus tohéeve highly regular LIPSS [39 pulse
overlap fixed at 70%, the pulse fluence and the hatch distance were varied from 50 to 300
mJ/cntand from 1 to & mrespectively. As a result, the accumulated fluence per area from
1.51 53.3 J/cmwas attained. \Mle different structures such as uniform ripples, a combination

of ripples and roughness, and discontinuous ripples were observed in the investigated
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parameter domain, the highly regular LIPSS were obtained at accumulated fluence of 7.4

J/ent.

g ¥ B
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Fig. 3.2. The surface topography analysis of LIPSS substré&3.SEM micrographs S$S
and AP substraterespectivelywith a2D-FFT image insein (a); (d-f) AFM micrographs of
SS,PSand RP substrategespectively(g-i) plots showing height profiles of S®Sand AP

substrates, respectivec al e bar: 5 & m.

At the same time, to produce the MS topographies, in particular consisting of micpiléaede

with superimposedubmicrometrefeatures, the hatch distance was varrednf25-5 0 & m
while the number ofkcansfrom 5 to 40at a fixed average power. The ghikie scanning
strategy led to a higher accumulated fluence at the intersecting points and therefore valleys
and bumpsvere formed on the surface. A topography with minimum surface defects, such as
sporadic pits and roughness, was obtained with anitar spacing of 4@ nand a height

of 10 € mAlthough no surface defects were observed when a small number of scans wer

used, the height of the pillars was not sufficient to distinguish the resulting MS topography
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from that of the single scale LIPSS substrates. Therefore, the MS replication master was
produced with 40 scans as stated in Table 3.1. The LIPSS and MS masteifsbricated
over the SS plates with the optimised settings in Table 3.1 and then replicated on thermoplastic

sheets as explained previously.

The SEM micrographkof highly regular LIPSS o8S, PS and P8ubstrategare shown in Fig.

3.2a, b and c, resgtively. The LIPSS were formesith an orientation normal to tHeeam
polarisationvector €) (see Fig. 3.2a)The clearly defined2D-FFT (heinsetin Fig. 3.2a)

signify a high regularity of the fabricatédPSS. Furthermore, the periodicity was evaldate

to be in the range fro®00to 900 nmbased on the SEM and ZEFT characterisation results

that were less thatihe wavelengtlof the femtosecond laser and similar tteat reported by

other researchers [40l]. The respective 3D AFM micrographs of highly regular LIPSS on

SS, PS and PP substrates are provided in Fig. 3.2d, e and f and they depict a high replication
quality. The AFM profiles (see Fig. 3.2pshow a meareight from 100 to 200 nm on all
substrates. Furthermore, it is evident from the comparison of LIPSS average height on SS, PS
and PP substrates at different locations over a scan lengtheofiri@at a high replication

performance was achieved, especighgater than 90%.

100



4k 4

(d) * (e)u (f)ﬂ
AR /1 [

MR ¢ 2 & 8 ®owm om oW W IR
Scan distance (um) Scan distance (um) Scan distance (um)

(9)

—_
=
=

2 3 B

Fig. 3.3. The surface topography analysisM§ substratesfa-c) the 3D micrographsf SS,
PS and FP substratesrespectively (d-f) plots showing height profiles on S®Sand AP
substrates(g) the SEM micrograph obStopographiegscale bar: 2@ mwith a magnified
view of submicron features on pillars in the insstéle bar: 5 it (h-i) theAFM micrograpls

showingsubmicron features on top of the pillar of PS and PP replicas, respectively

The 3D micrographs of MS topographies on SS, PS and PP substrates are $fignwh3a

b and c, respectively. The micrographs depict the negative patterns of the MS topography on
SS surface that are then replicated on thermoplastic sheets. Furthenedeght profiles of
microscale pillars on both SS and thermoplastic substrates as shown in FigwBe3d also

the achieved replication performance of more than 95% is evident. The SEM micrographs in
Fig. 3.3g depict sulmicron scale featuresuperimposed on microscale pillars. Again, the
replication quality of sutmicron features on thermoplastics replicas was assessed by analysing
AFM micrographs taken on the top of the misale pillars. It is evident that the soiticron

features were refglated on the PS MS samples as shown in Fig. 3.3h. A magnified view of
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submicron features of a PP MS samples is provided, too, in Fig. 3.3i and again it depicts a
high replication performance. The AFM measurements of SS and thermoplastic samples show
that the height of sulmicron features was in the range from 50 to 100 nm, which was

substantially less than that achieved on the LIPSS samples (see Fig. 3.39

3.3.2 Wettability characterisation

The average static wat@ontactAngle (CA) measurd on asreceived, textured and LIS of

SS, PS and PP substrateeprovidedin Fig. 3.4a Initially, textured SSubstrategxhibited
hydrophilicity, in particular, CA of 88.2and 67.8 on LIPSS and MS samples, respectively.
However CAs significantly increaseaver a period of two weeks to reach the respective
values of 113 and 138. This can be explained with the exposure of laser textured SS
substrateso theambient environmeat conditions and the accumulation of carbon fO®»
decompositioron surfaces that lowered the surface enagyeported in previous research
[42-43]. It is important to stress that the CA measurements on thermoplastic substrates were
stable over the sae time period of 2 week$he combined alteration of surface chemistry and
topography was the reason for the CA increase on textured SS substrates. On the other hand,
only the alteration otopographyhas caused thehange in CA on inherently hydrophobic
thermoplastic substrateBhe MS topographies substantially increased the contact angles (CA

> 13() on SS plates and their PS and PP replicas, whereas the influence of highly regular
LIPSS on thermoplastic replicas was marginal.

At the same time, the LIPSS and MS topographies did not have any influence on CAs of
lubricantimpregnated surfaces of SS and thermoplagtiosvever, a slight difference in the
values of CA for LIPSS.IS and MSLIS of SS substrates is evident in F§4b when
compared to their LIS counterparts on thermoplastic substrates. In general, a droplet on LIS

can assume a shape in any of the 12 possible thermodynamic states, \dbiehngnedy
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the spreading coefficient of the lubricant on a substrate in #sepce of water [12]. The
noticeable difference in the CA values on LISs of SS substrates could be attributed to the
appreciable difference in the spreading coefficients of LIPISSand MSLIS. However, a
further investigation is needed to explain theeet$ of the substrate material on the observed
droplet shape on LIS he images of water droplets on textured and LIS substrates are shown
in Fig. 3.4b. The wetting ridge formed by the water at the periphery of the water droplet on
LIS can be seen in th@tire.Furthermorethe CAH of water droplets was measured to be less

than % on all the LIS.

(a) water MsS-LIS

160
Plain
Il LIPSS

Bl LIPSS-LIS LIPSS-LIS

Z =0 MS-LIS
SS PS PP

Fig. 34. The water CA measurements obtained after two wdekstatic waterCA on as

receivedtextured and LISopographie®f SS, PS and PP substrat@gy Images of the water

droplet ontextured and.IS of the SS and P8ubstrates

Subsequently, the shedding behaviour of water, milk and honey droplets was characterised by
measuring the critical sliding anglesatiroplet motion was initiated. Droplets of the test liquids

on SS and PS LIS surfaces are shown in Fig. 3.5d. It should be noted that the water and milk
droplets were dyed for better visibility. The average CSA for all test liquids-cecawed,

texturad and LIS topographies of SS and thermoplastic substrates are shown in Fig. 3.5a, b
and c. The aseceived and textured surfaces of the SS substrates pinned the test liquids even

after the substrates were tilted af.98 the same time, some droplet motion was observed at
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CSA of less than 4#0on asreceived thermoplastic surfaces for all test liquids. However, the
droplets were observed to have sagged while sliding along the thermoplastic surfaces, leaving
behind trace of test liquids as shown in Fig. 3.5d. Interestingly, the surface texturing on
thermoplastic surfaces did not aid the droplet movement. In fact, the droplets were either
pinned to the MS surfaces (see Fig. 3.5d) or CSA increased to more themd780 in the

case of water on LIPSS PS and PP substrates, respectively. The lubricant infiltration into the
textured surfaces dramatically reduced CSA on all substrates as shown in Fig. Baga
mobility of the droplets on LIS regardless of the liquid types waled by a slippage at the
contact line and also the hemispherical shape of the droplet was preserved as shown in Fig.
3.5d. For most of the experimental domain, CSA was observed to be lesstreapt milk

droplets on PS surfaceB$A < 32).

(a) (b)
Water Milk
100+ )
4 B Plain I Plain
80+ Il LIPSS Bl LIPSS
£ 6o- MS MS
g 1 Bl LIPSS-LIS Bl LIPSS-LIS
O 409 = MS-LiS O Ms-LIS
20
o-
ss PS PP
© Honey (@)
100+
J B Plain
80+ Bl LIPSS
£ oo MS
< Bl LIPSS-LIS
[77] 40
o = MS-LS
20
o-
ss PS PP

Fig. 35. CSAonasreceivedtextured and.IS topographiesf the SS, PS and Pfbstrates
for: (a) water,(b) milk and(c) honey dropletgd) An image of water, milk and honey droplets
on the MSLIS surfacesof PS and SS samplasgether with different droplet shedding

behaviours is shown.
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3.3.3 Durability characterisation of LIS

3.3.3.1 Vibration assessments

A critical durability characteristic of LIS is their liquid shedding performance, especially the
functional lubricant retention capacity of textured surfaces in the context of this research.
Therefore, the durability of LIS substrates was examined by subjecting them to wibc#fio

of SS and thermoplastic substrates were agitated by using a standard laboratory vortex mixer
for 5 minutesas shown in Fig. 3.6a. The amount of lubricant retained after the vibrations was
assessed by measuring the substrate mass at fixed intértads.dn particular, the lubricant

locked into the sumicron cavities of LIPSS substrates was too small to lead to any noticeable
changes in the substratesod6 mass. However,
considerable changes inthesubr at es 6 mass were observed af
3.6b shows the amount of lubricant retained by PS and PP MS topographies with the increase
of time they were subjected to vibrations. As can be seen, a large amount of lubricant was lost
within a minute after subjecting the substrates to vibration. Overall, the MS topographies on
the PP and PS substrates retained only approximately 20% and 40% of the lubricant,
respectively, and reached their plateaus after subjecting them to only 2 mirowiardtine
lubricant retention on these substrates can be attributed to the high capillary forces due to sub
micron cavities on both LIPSS and MS topographies. At the same time, the substantial
vibrationrinduced loss of lubricant from microscale cavitiesodie MS topographies can be

explained with reduced capillary forces as depicted in Fig. 3.6c.
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Fig. 36. An investigation into the lubricant retenti@apacity ofLIS: (a) the experimental
setup used for subjecting L¥sibstrates to vibratioiih) the lubricant retentionapacityof MS
topographies on the PS and PP substrates with (ochan illustration of vibratioAnduced

loss of lubricant infused into LIPSS and MS topographies.

In addition, CSAs of droplets fromdlsame test liquids as those investigate8ubksection

3.3.2 were measured on LIS substrates. Fig. 3.7a shows the CSA change on LIS substrates
before and after subjecting them to vibrations for 5 minutes. Large CSA changes were
observed on MS topograpkief both SS and thermoplastic substrates, while only marginal
changes were noticed on LIPSS. The lubricant depletion of MS topographies on SS substrates
even led to pinning of the water droplets to the surface and thus ttaelhasive functionality
wascompletely lost. The milk droplets had shown a similar behaviour as depicted in Fig. 3.7b.
However, despite detecting a droplet sliding on-MS topographies, the milk droplets left
smal | O0satellited dropl et s b eThdis,mgepartialhosstoh e s
functionality was evident with the milk droplets on MS topographies after subjecting them to

vibration. A similar phenomenon with viscoelastic droplets on superhydrophobic surfaces was
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previously reported [44]. Fig. 3.7c shows thdisg behaviour of honey droplets on the LIS
surfaces before and after vibration. Contrastingly, the loss of functionality on MS topographies
in regards to the honey droplets was much less compared to that observed with water and milk
droplets. However,his can be attributed to the higher density and viscosity of honey in
comparison with water and milk that led to an altered surface response as a result of a different
balance between the forces of gravity, viscosity and contact line pinning. For a prrofoun
understanding of the sliding behaviour, the rheological properties of the considered test liquids
should be elucidated by correlating rdimensional parameters of these forces [45], however,

such a study is outside the scope of this research.
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Fig. 3.7. CSA measurements wfater(a), milk (b) and honeyc) dropletson LIS topographies
before and after subjecting them to vibratioft§;l mages showi ng small (

left behind by the milk droplet on MBIS topographies of PP and PS after the vibration test
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3.3.3.2 Shear assessment

The depletion of lubricant due to shear forces is another possible mode of LIS failures. The
sheafinduced loss of lubricant and its subsequent influence on LIS functionaktgtwdied

by subjecting the lubricant infused surfaces to shear, especially by continuous dripping of
droplets on a single track as shown in Fig. 3.8a. Only LIS topographies on PP substrates were
investigated due to their shedding properties against mitk reoney at lower tilt angles
compared to their PS counterparts. Figs. 3.8b and ¢ show sliding velocities of milk and honey
droplets as a function of the increasing number of droplets dripped consecutively one after
another. It is apparent from this figuteat the milk droplet velocity decreased gradually on
both MSLIS and LIPSSLIS substrates before reaching zero. However, the LIPSS
topographies had shown to endure a greater number of droplets than the MS topodriaghies.
velocity decrease can be expiad with the interaction between the wetting ridge and capillary
suction that led to lubricant redistribution as a result ofitjugd droplettrainonLIS and thus

to the loss of the lubricant [46]. In particular, the shear forces caused by the tteoplitd

to a lubricantredistribution along the interconnected valleys of the MS topographies,
especially towards the end of the tracks [31]. This phenomenon is illustrated by the gradual
shade of the track in Fig. 3.8a. In addition, there was a lubrilegorivation at the beginning

of the track which led to pinning of the droplet on the surface. The continuous loss of lubricant
with each droplet detrimentally affected the LIS slippery properties, which was evident from
the decreasing droplets velocit the same time, the velocity of honey droplets decreased
rapidly on both LIPS&.IS and MSLIS substrates. Thus, the viscosity contrast at the kquid
lubricant interface in the case of honey was higher than that of milk and therefore the lubricant
depleton could have been quicker in the case of honey. Such-isioke@ed loss was in line

with what was previously reported, especially that the greater contrast between the working
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liquid and lubricant had a substantial impact on the LIS lubricant depletinCQ#erall, the
LIPSSLIS topographies showed a better resistance thah. I8®nes in regards to the effects

of shear forces on the lubricant depletion.
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Fig. 38. Analysis oflubricant depletion due to shear forcgs an illustration of the shear test
performed on LIS topographies; the variations of sliding velocity thighincreasingpumber
of milk (b) and honey(c) droplets on the PP surfaces with LIS topographiese: the red

lines show the position where droplet velocity reached zero abruptly.

3.3.3.3.Immersion assessments

The LIS substrates were also investigated for their performance when exposed to bulk liquids.
Fig. 3.9a shows the shedding behaviour of LIS osui3trates exposed to honey and ketchup
droplets of 25QUL. As it can be seen, the honey and ketchup droplets left behinddraties
asreceived PP sheets, while LIS of the textured PP substrates exhibited an excelent anti
adhesive functionality. Thu# is evident that LIS shed away not only viscous Newtonian
liquids such as milk and honey but also yield stress liquids such as ketchup. In addition, the
performance of thermoplastilmsed LIS was investigated by conducting 50 dipping cycles
into milk ard honey. The honey was observed to stick to thee@sived PS and PP sheets,
however, their LIS counterparts resisted to any adhesion even after 25 cycles as shown in Fig.

3.9b. The LIPSS.IS treatment of both thermoplastics led to excellentadliesiveproperties
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even after 50 cycles with all tested liquids, while there was a slight stickiness on#sMS

substrates after 43 and 20 dipping cycles in milk and honey, respectively. Especially, a similar

behaviour such as s mal served ©ra bothM$-LIS wedted d r o p
thermoplasticafter the milk dipping cycles, whereas only small areas ofLMShad shown

to lose their functionality after exposing them continuously to honey.
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Fig. 39. Analysis of theshedding behaviour dfibricant infused texturedulbstrates:(a) the

PP

Honey

Ketchup

PS

sliding behaviour o250 uL honey and ketchup droplets onraseived and LIPSS LIS

treated PP(b) thedripping behaviour of areceived and LIPS&IS and MSLIS treated PP

and PSsubstrates after honey dipping cycles.
3.4.Conclusions

Lubricant impregnation of surfaces with micron/sulcron topographies is a passive
approach to achieve hydrophobic, lyophobic and lipophobic characteristics to surfaces. Such
LIS exhibit greater stability and robustness thangeshioned textred surfaces because they
usually fail under pressurand/or dissolutioinduced wetting instabilities. However, the LIS

are also prone to other modes of failure such as vibradio'or sheamduced instabilities.
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Surface topographies play an impottaole in overcoming such LIS failure mechanisms.
Therefore, he research investigated and experimentally validated the influen¢&oof
differentlength scalg¢opographiegi.e. submicron and MS structuresn LIS functionality,
especially in the contexdf their potential food packaging applicationg createsuch
topographies onto thermoplastic materias,costeffective and scalableprocess chain
combining femtosecond laser processing with polymer replicatiorematoyed The single

scale, highly rgular LIPSS topographies exhibited a better resistance to the lubricant depletion
against vibration and sheamduced forces when compared with their MS counterparts.
Consequently, it was demonstrated that an ultrafine layer of lubricant on LIPSS tdpegrap
could also minimise the lubricant leaching as the result of interactions with different liquids
when compared to MS topographi€his was attributed to the higher capillary forces induced
by the former surface topographyurthermore, the LIS treatment of thermoplastics used for
food packaging led to excellent aatihesive characteristics when exposed to complex and
highly viscous liquid foods. Although the highly regular LIPSS showed a reasonable
robustness against var@uailure modes, further idepth investigations are needed to
optimise their functional response, especially by tailoring their geometry, depth and periodicity
to improve their performance. Since most of the thermoplbased packaging solutions are
fabricated by blow and injection moulding, the femtosecond laser treatment of replication
masters as demonstrated in this research could be a seamless @ftecidgt solution to

A i mp r i-mi¢cran topographies for preparing functional LIS with requatachbility.

Acknowledgements

The research works supported by European Commission H2@#0ject fiHigh-impact

injection moulding platform for magsroduction of 3D and/or large micrstructured surfaces

111



with antimicrobial, selfcleaning, antscratch, ants queak and aesthetic
(HIMALAIA). 1t is also conducted within the framewook UKIERI-DST programme on
fiSurface functionalisation for food, packaging, and healthcare applicatibhe authors

would like to acknowledge also the collaboration with LASEA SA, Belgium within the

framework of the ESIF project ASmart Fact ol

112



References

[1] United Nations, 2019. Sustainable Development Goals. About the Sustainable

Development Goals. New York: UN. [Online]. Available at:https:/

www.un.org/sustainabledevelopment/sustainalaieelopmentgoals/ [Accessed 10 January
2020.

[2] H. Williams, A. Lindstrom, J. Trischler, F. Wikstrom, and Z. Rowe, "Avoiding food
becoming waste in househoid$ he r ol e of packaging in consu
food categories,Journal of Cleaner Productiowpl. 265, p. 121775, 2020.

[3] I. Djekic et al, "Quantities, environmental footprints and beliefs associated with
household food waste in Bosnia and Herzegoviéaste Management & Researgb|. 37,

no. 12, pp. 1250260, 2019.

[4] H. Williams, F. Wikstbm, T. Otterbring, M. Lofgren, and A. Gustafsson, "Reasons for
household food waste with special attention to packagiwytnal of Cleaner Production,
vol. 24, pp. 141148, 2012.

[5] B. Wohner, E. Pauer, V. Heinrich, and M. Tacker, "Packaatpted Fod Losses
and Waste: An Overview of Drivers and Issu&jStainabilityyvol. 11, no. 1, p. 264, 2019.

[6] X. Liu et al, "Adhesion of liquid food to packaging surfaces: Mechanisms, test
methods, influencing factors and aathesion methodsJournal of F@od Engineeringyol.

228, pp. 102117, 2018.

[7] J. P. Tuck, F. Alberini, D. Ward, B. Gore, and P. J. Fryer, "Cleaning of thick
viscoplastic surface deposits using an impinging jet: Effect of process varialdesal of
Food Engineeringyol. 266, p. 109699, 2020.

[8] L. A. Schaideret al, "Fluorinaed Compounds in U.S. Fast Food Packaging,"

Environmental Science & Technology Lettend, 4, no. 3, pp. 10411, 2017.

113



[9] M. Erikssonet al, "Wetting Transition on LiquiRepellent Surfaces Probed by
Surface Force Measurements and Confocal Imaglremgmuir, vol. 35, no. 41, pp. 13275
13285, 2019.

[10] A. Gaddam, A. Agrawal, S. S. Joshi, and M. C. Thompson, "Utilization of Cavity
Vortex To Delay the Wetting Transition in OGiemensional Structured Microchannels,”
Langmuir,vol. 31, no. 49, pp. 133783384, 2015.

[11] H. Sharma, K. John, A. Gaddam, A. Navalkar, S. K. Maji, and A. Agrawal, "A magnet
actuated biomimetic device for isolating biological entities in microwelisi&ntific Reports,

vol. 8, no. 1, p. 12717, 2018.

[12] J. D. Smithet al, "Droplet mobility on lubricanrimpregnated surfacesSoft Matter,

vol. 9, no. 6, pp. 1772780, 2013.

[13] T. Van Buren and A. J. Smits, "Substantial drag reduction in turbulent flow using
liquid-infused surfacesJournal of Fluid Mechanicsjol. 827, pp. 448156, 2017.

[14] H. Sharma, A. Gaddam, A. Agrawal, and S. S. Joshi, "Slip flow through microchannels
with lubricantinfused bidimensional textured surface$ficrofluidics and Nanofluidicsyol.

23, no. 2, p. 28, 2019.

[15] X. Jing and Z. Guo, "Durable buicantimpregnated Surfaces for Water Collection
under Extremely Severe Working Condition&CS Applied Materials & Interfacesopl. 11,

no. 39, pp. 359435958, 2019.

[16] X. He, P. Cao, F. Tian, X. Bai, and C. Yuan, "Infused configurations induced by
structures influence stability and antifouling performance of biomimetic lubricfunsed

surfaces,'Surface and Coatings Technologg|. 358, pp. 15966, 2019.

114



[17] R. Y. Siddiquie, A. Gaddam, A. Agrawal, S. S. Dimov, and S. S. Joshi, -"Anti
Biofouling Poperties of Femtosecond Ladaduced Submicron Topographies on
Elastomeric Surfacesl’angmuir,vol. 36, no. 19, pp. 5349358, 2020.

[18] T. Yamazakiet al, "Antifreeze Liquidinfused Surface with High Transparency, Low
Ice Adhesion Strength, and Anbiting Properties Fabricated through a Spray L-aydrayer
Method,"Industrial & Engineering Chemistry Researef]. 58, no. 6, pp. 2223234, 2019.
[19] M. Zhanget al, "Lubricantinfused coating by doublayer ZnO on aluminium and its
anticorrosion performanceJournal of Alloys and Compoundsl. 764, pp. 736737, 2018.
[20] J. Lee, Y. Jiang, F. Hizal, &1. Ban, S. Jun, and @&. Choi, "Durable omniphobicity

of ail-impregnated anodic aluminum oxide nanostructured surfadegthal of Colloid and
Interface Sciencejol. 553, pp. 734745, 2019.

[21] S. Zouaghet al, "Biomimetic surface modifications of stainless steel targeting dairy
fouling mitigation and bactel adhesion,'Food and Bioproducts Processingnl. 113, pp.
32-38, 2019.

[22] X. Zhu et al, "Simple Way to a Slippery Lubricant Impregnated Coating with
Ultrastability and SelReplenishment Property,industrial & Engineering Chemistry
Researchyol. 58, no. 19, pp. 8148153, 2019.

[23] Y. Li et al, "Bio-inspired Edible Superhydrophobic Interface for Reducing Residual
Liquid Food,"Journal of Agricultural and Food Chemistrypl. 66, no. 9, pp. 2143150,
2018.

[24] Q. Li and Z. Guo, "Lubricaninfusal slippery surfaces: Facile fabrication, unique
liquid repellence and antireflective propertieytrnal of Colloid and Interface Scienc)|.

536, pp. 50515, 2019.

115



[25] L. Rapoport, B. R. Solomon, and K. K. Varanasi, "Mobility of Yield Stress Fluids o
Lubricantimpregnated SurfacesACS Applied Materials & Interfacespl. 11, no. 17, pp.
1612316129, 2019.

[26] M. Yu et al, "Facile fabrication of biomimetic slippery lubricanfused transparent
and multifunctional omniphobic surfacedgurnal ofMaterials Scienceyol. 55, no. 10, pp.
42254237, 2020.

[27] D. Wang, Z. Guo, and W. Liu, "Bioinspired Edible Lubrichmiused Surface with
Liguid Residue Reduction PropertieRésearchyol. 2019, p. 1649427, 2019.

[28] R. Mukherjee, M. Habibi, Z. T. &hed, O. Berbert, X. Shi, and J. B. Boreyko, -'Oill
Impregnated HydrocarbeBased Polymer Films Scientific Reportsyol. 8, no. 1, p. 11698,
2018.

[29] P. S. Brown and B. Bhushan, "Liquilchpregnated porous polypropylene surfaces for
liquid repellency,"Journal of Colloid and Interface Scienaml. 487, pp. 43443, 2017.

[30] P. S. Brown and B. Bhushan, "Mechanically durable ligomigregnated honeycomb
surfaces,'Scientific Reportsyol. 7, no. 1, p. 6083, 2017.

[31] J. S. Wexler, I. Jacobi, and H. AtoBe, "SheabDriven Failure of Liquidinfused
Surfaces,'Physical Review Letterspl. 114, no. 16, p. 168302015.

[32] P. Baumliet al, "Flow-Induced LongTerm Stable Slippery Surfacesiddvanced
Scienceyol. 6, no. 11, p. 1900019, 2019.

[33] P. Sartoi et al, "Motion of Newtonian drops deposited on liqtiindpregnated surfaces
induced by vertical vibrationsJournal of Fluid Mechanicsjol. 876, p. R4, 2019.

[34] J-M. Romano, A. Garci#iron, P. Penchev, and S. Dimov, "Triangular lasduced
submcron textures for functionalising stainless steel surfadgsplied Surface Sciencegl.

440, pp. 162169, 2018.

116



[35] X. Trier, C. Taxvig, A. K. Rosenmai, and G. A. Peders®&kAS in paper and board
for food contact: Options for riskanagement of polgnd perfluorinated substan¢eNordic
Council of Ministers2018.

[36] R. RibeireSantos, M. Andrade, N. R. d. Melo, and A. Sancbiés, "Use of essential
oils in active food packaging: Recent advances and future tréi@sds in Fod Science &
Technologyyol. 61, pp. 132140, 2017.

[37] E. Paneb. F. Additiveset al, "Re-evaluation of dimethyl polysiloxane @0) as a
food additive,"EFSA Journalyol. 18, no. 5, p. e06107, 2020.

[38] G. McHale, B. V. Orme, G. G. Wells, and RedesmaAguilar, "Apparent Contact
Angles on Lubricantmpregnated Surfaces/SLIPS: From Superhydrophobicity to
Electrowetting,"Langmuir,vol. 35, no. 11, pp. 4194204, 2019.

[39] B. Tan and K. Venkatakrishnan, "A femtosecond kusduced periodical surte
structure on crystalline siliconJournal of Micromechanics and Microengineerinvg). 16,
no. 5, pp. 108@.085, 2006.

[40] I Gnilitskyi, T. J. Y. Derrien, Y. Levy, N. M. Bulgakova, T. Mocek, and L. Orazi,
"High-speed manufacturing of highly regulanitosecond lasénduced periodic surface
structures: physical origin of regularity§tientific Reportsyol. 7, no. 1, p. 8485, 2017.

[41] A. H. A. Lutey et al, "Towards Laseifextured Antibacterial SurfacesScientific
Reportsyol. 8, no. 1, p10112, 2018.

[42] C. Sciancalepore, L. Gemini, L. Romoli, and F. Bondioli, "Study of the wettability
behavior of stainless steel surfaces after ultrafast laser textuBogidce and Coatings

Technologyyol. 352, pp. 376877, 2018.

117



[43] A. GarciaGironet al., "Durability and Wear Resistance of LaJextured Hardened
Stainless Steel Surfaces with Hydrophobic Propertlesgmuir,vol. 35, no. 15, pp. 5353
5363, 2019.

[44] H. Xu, A. Clarke, J. P. Rothstein, and R. J. Poole, "Viscoelastic drops moving on
hydrophilic and superhydrophobic surface¥urnal of Colloid and Interface Scienogl.

513, pp. 531, 2018.

[45] S. Varagnolo, G. Mistura, M. Pierno, and M. Sbragaglia, "Sliding droplets of Xanthan
solutions: A joint experimental and numerical studiyhe European Physical Journal ¥9l.

38, no. 11, p. 126, 2015.

[46] M. J. Krederet al, "Film Dynamics and Lubricant Depletion by Droplets Moving on
Lubricated SurfacesPhysical Review Xjol. 8, no. 3, p. 031052018.

[47] Y. Liu, J. S. Wexler, C. &honecker, and H. A. Stone, "Effect of viscosity ratio on the
sheardriven failure of liquidinfused surfaces,Physical Review Fluidsyol. 1, no. 7, p.

074003,2016.

118



CHAPTER 4: LASER-ENABLED SURFACE TREATMENT OF

DISPOSABLE ENDOSCOPE LENS WITH SUPERIOR

ANTIFOULING AND OPTICAL PROPERTIES

The researcheportedn this chapter was published online as alerigth article in the journal

ofAiLangmui)ro (2022

T. Karkantonis?, A. Gaddam, H. Sharm3 G. Cumming T. L. Seé, and S. DimoY, "Laser
Enabled Surface Treatment of Disposable Endoscope Lens with Superior Antifouling and

Optical Properties,LLangmuir, vol. 38, no. 37, pp. 113921405, 2022.

!Department of Mechanical Engineering, School of Engineering, The Univerddiynoihgham, Birmingham,

B15 2TT, UK

’Department of Chemical and Biomolecular Engineering, University of Notre Dame, Notre Dame, Indiana
46556, USA

3The Manufacturing Technology Centre Ltd, Coventry, CV7 9JU, UK

Aut horsodé contribution:

T. Karkantonis: Main author, conceived the methodology, conducted the experiments and
characterisations, performed the analysis and written the originalAlr&tddam: Assisted

with the microalgae cultivation and adhesion .testSharma: Supported withthe protein
adsorption test$5. Cummins: Provided knowledge and expertise on medical deviteks.

See:Supervision and proofreadin§. Dimov: Supervision and proofreading

119



Abstract

Endoscopes are ubiquitous in minimally invasive or keyhole susggtabally. However,
frequent removal of endoscopes fromredube pat
in undesirable consequence$herefore a costeffective process chain to fabricate
thermoplastidbased endoscope lenses with superior-fantiing and optical properties
proposedn this researchSuch multifunctional surfaceéesponse was achieved loypricant
impregnaion of nanostructuresTwo types of topographies were produced by femtosecond
laserprocessingf metallic moulds especially to producgingletier LaserlnducedPeriodic
SurfaceStructures (LIPSS) and twiier MultiscaleStructures (MS)Then,these twd_IPSS

and MS masterswere used toreplicatethem onto two thermoplastisubstrates namely
polycabonate and cyclic olefin copolymarsing hot embossing. Finally, the LIPSS and MS
surfaces of the replicasere infiltrated by silicone oils to prepare lubricampregnated
surfaces (LIS). Droplet sliding tests revealed that the durability ofatpreparedLIS
improved with theincrease of thbricant viscosity. Moreover, the singlier LIPSSreplicas
exhibited longr-lasting lubricant conservation properties than thedvi&s Also, LIPSSLIS
replicas demonstrated axcellent optical transparencyetter than the M&IS ones, and
almostmatch the performance of the reference polished dhethermorethe LIPSSLIS
treatment led tsuperior antfouling characteriscs, i.e., regardingogging, blood adhesion,
protein adsorption and microalgae ektanent and thusdemonstratedts high suitablity for
treatingendoscopic lenses. Finallg proof-of-concept LIPSS.IS treatment ofendoscope

lensesvas conducted thabnfirmedtheir superior multfunctional response.

Keywords:Blood, Chlorella Vulgaris, endoscope, femtosecond laser, lens, LIPSS, lubricant

impregnated surfaces
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4.1. Introduction

In recent years, minimally invasive medical operatisnsh as laparoscopy and eadopy

have attracted considerable attention among surgeons, as they are relatively quick and safe
procedures to treat patientince such keyholsurgeriegequire small incisiondess blood

loss is associated with them and also théction risksare kss, while thepostsurgery
recovery timeof the patients is much shortgk, 2]. For instance endoscops have been
deployedwidely to probe organs for cancer, collect bigssfrom tissues and deliver
treatmensinside the human body. The principbceduresind overall performance of these
contemporary techniques are strongly depahas visualisationcapabilities ofoptical
devices, such as endoscopes, and thus their field of view must be maintainebroigtiout

these surgicalinterventions However,the endoscope lees can be contaminated/fouled by
blood and other body fluids, i.e., fluids that contain fats and proteins, or even become foggy
due tosomecondensationduring endoscopic surges[3, 4]. In general, these substances can
adhere to the lens surfageesulting in impaired visignrand hence low efficiencgf such
surgical interventiong5]. Therefore, there is a pressing need to design and manufacture
endoscope lenses with enhanced-miling functionalities without sacrificing their optical

transparency under harsh surgical conditions.

To date, the most common methods for removing any impurities from the endoscepalens
vivo surgeres involve manual wiping, i.e. the rubbing dhe lens against adjacent
tissues/organs or the extractiortlod endoscope from the human body to wipe it off, also

the integration of extra working chans#@r irrigation and suctiof6]. Although the clarity of
endoscopic vision can be retained to a cemaient using these techniques, their practical
implications might lead to internal organ injuries, surgical site infections, extended operation

times due to unnecessary disruptions and patient discoffiTfort
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To addresssuch challenging requirements, various surface treatment methods have been
deployed to tailor the functional respossématerials by modifying their surface topography
and/or chemistry[8, 9]. Coatingbased methodsvere proposed for creatinigydrophilic
surfaceswith duakfunctional antifogging/antibacteriaésponsdor optical deviceg10-12].
Especially a stable liquid filmon the surface can be formed by applying such coatings that
obstrucs the creation of scattering dropletsxd thusinhibits fogginessand maintais
transparency in humid environments. Nevertheless, without applying anyreéftenente.g.,
rinsing with water, no#transparent liquids can spread and eventually adhersuch
hydrophilic surfacesand therefore thegre prone to contamations and vision losssduring

endoscopic surgmes

Superhydrophobic surfackave received great attentjdno,from researchers owing to their
excellent antwetting [13], antricing [14], antibiofouling [15], antkfriction [16] and ant
bacterial [17] responses Specifically the use of a low surface energy coating, e.g.
perfluorinated compounds, together with hierarchical micro/nanoscale topwgiapéntrap
air wereappliedto achieve robust superhydrophobic and/or superoleophobic bels@idjur
Theheterogesous wetting statd.e., CassieBaxterState(CBS), on such surfaces can exhibit
an extreme repellency even against complex fluids like bld&®j 20] However,CBS is
metastable, especially when exposed to low surface tension ljgijasnd moderate pressure
[22], and a transition tothe Wenzel state can completely destrihye attractive wetting
propertiesof such surfacedn addition,a relatively highsurface roughness beneficial for
their superhydrophobi@roperties, while impastnegatively theitransparencyTherefore,
attaining both functionalities is technically challenging and hence -tiovesumingtask[23,
24] that together with thdimitations of such treatments camender them inadequafter

fulfil ling the requirements of medical optic devices.
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At the same timelubricantimpregnatedurfaces (LIS) have gainesignificant interesas a
way to addresshe aforenentionedshortcomings especially byimpregnaing micro/nano
structured surfacewith a low-erergy lubricant.Specifically, LIS can offerexcellent long
lastingliquid shedding characteristics, i.e. display very outical Sliding Angle (CSA) even
against yield stress fluid&5], stability under high pressure and temperature condif8is
and anttbiofouling/anttbacterialantrthrombogenifdragreduction properties [27-29]. In
addition numerous studies have demonstrated thatwit® such functional characteristics
can bepreparedwith coating techniques without compromising the optical properties of

transparent materiaJ80-35].

Thanks to these advantages, LIS have emergadsas/ promisingptionfor improving the
efficacy of endoscopic surgical procedures by keeping the camerealéandrom foulants.

For example, two relatively similareatmentfiave been proposed pooduceanti-biofouling
materials for endoscope leasby depositing silica nanoparticles onto glass substeda

base porous structure and then lubricating thweither silicone or plant o[B6, 37] Even
though both materials were capable of maintaining a clear endoscopic vision by repelling
blood and body fluids repeatedly, the employed surface treatment melidans meet the
requirementgor their scaleup production. In this regard, Tenjimbayashi ef28] reported a
simple onestep procedure to produce a lubricated fifiled porous material, which can be
synthesised in situ and then adhered to the endoscoptoiesiagle use. Nevertheless, the
narofibrous LISproposedn this research raidesignificant concerns abotheir mechanical
durability and chemical stability. To overcome thé&insic limitations associated with the
coatingbased techniques, Lee et §9] proposed an alternative surfateeatment to
functionaliseendoscopic lenses by direct laser texturing. Prior to lubricant infusion, only a

fluorinated seHassembled monolayer was applied to the textured swafatéus teenhane
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the longevity of its antbiofouling performance. While highly ordered structucesild be
produced selectively byaser surface texturingven onto freeform surfaces with high
precision, the high operating costs associated with this-siané process Ingper its broader
application At the same timethe use of coatings that contdong chain perfluorinated
compoundsfor prepamng LIS canhave a negative impact on both human health thed
environmen{40, 41] Thereforefurtherresearch isecessary taddress the issue of vision
loss in endoscopic surgeries by developing aefisttive process chafor produeng optical
leneeswith a multifunctional responseAlso, theenvironmental impaodf any method for
their scale up manufacture should be adbsr®d, especially they should teeychblewithout

requiring any aftetreatmens.

This research reports an efficient and exfé¢ctive process chaifor producingrecyclable
disposable endoscopic leswith superior durabilitywhile exhibitingexcellent antifouling
properties and transparencyhe method that includes, first, the manufacture of metallic
masters with both sdimicron and multiscale topographies, then replicating them on
thermoplastic substrates and finally impregnatingrépicas with silicone oil is described.
Next, theoptical and antadhesive propertiesf produced LIS together with thdubricant
retention capabilities were investigatedder shear flow conditions. To demonstrate the
effectiveness ofuchlenstreatrent for preventing vision loss during endoscopy, LISres
further subjected to protein adsorption, microalgae adhesion, blood fouling and fogging tests.
Finally, a set olLIS lenseeswas integrated into an inspection endoscope device to demonstrate

the prod-of-concept.
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4.2. Materials and methods

An overview of the proposedprocess chain foproducing disposable and recyclable
endoscopic polymer lenses that exhibit mfutictional responsas shownin Fig. 4.1. The
employed procegsy steps in this chairtogether with therespectivemethods used to

characteriséhe surfaceof produced lensemre described in this section.

Disposal

Endoscope integration
<
Lubricant infiltration
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r %‘TCODF .o
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Adhesion layer

Laser texturin —
e - H Lubricant Uslens » Anti-fouling
el » Cost-effective
O
® » Durable
G
U= - &@ P
§ Droplet sliding ‘3\? » Transparent
3
a A 3
> A
" 2 = N‘\\‘\O\) » Recyclable

Fig. 4.1. An overview of he process chaemployedo fabricatedisposablendoscope leres

4.2.1 Fabrication of metallic masters

Commercially available AISI 316 Stainleste8l (SS) plates with a surface area of 40 x 40
mn? and thickness of 0.5 mm were used as metalisters The agreceived substrates had

an inital average surface roughnesg)(of 35 nm and weréhenlaser tresgd The surface
texturing was carried out on a laser processing workstation (LASEA LS5, Belgnaoe)
atmospheric conditions. In particular, the system integrates a femtosecethap&th laser
source (Satsuma, Amplitude Systems) with the following technical specification: a pulse
duration of 310 fs, nominal wavelength of 1030 nm, pulse repetition"tatg(to 500 kHz

and maximum average power of 5 W. In additiohgl waveplate was incorporated into the
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beam delivery sulgystem in order to texture the SS substrates with@olarised Gaussian
beam. Thereafter, a galvo scan head was employed to défeitticused laser beam across
the samples at a maximum scanning speg¢af 2000 mm/sanda 100 mm telecentric lens
was used to focus the beam tspmtsizeo f 4 0 pF& mof the Gaussian intensity. Finally,
a high precision stack of three lineartoressed stages (X, Y, Z) in combination with a high
resolution camera were utilised for positioning samplél high accuray and repeatakl

prior to the laser surface texturing operations.

Two different surface topographjesamely, singldier Laserinduced Periodic Surface
Structures (LIPSS), i.enanoescaleripple-like structures, anévo-tier Multi-scale Structures
(MS), i.e. microscale protrusiongth nanoscale ripplesn top of themwere produced onto
the SS substrate®llowing theapproach repted inanotheresearch4?2]. Briefly, MS hada

grid like micro topography that wasroduced employing the following process settings:
fixed "Qof 500 kHz 0 of 1000 mm/sanda constanthatcif di st ance of 40
two consecutivéines inX and Y. In total,40 scans, i.e.@scanger line, witha single pulse
fluence ¢ ) of 178 mJ/crh was required tgoroducea relatively shallowgrid of micro
protrusions on the SS surfackt the same timethe singletier LIPSS were generated
employingarasterscanningstrategyanda singlepass over the surface wighfixed " Qof 250
kHz, 0 of 1000 mm/s"Qof 3¢ mand the same . The laser parameters used for creating the
two surface topographi@svestigated in this researtigether with the overall processing time
required to complete tivetexturing operations over an area of 30 x 30%rane summarised

in Table4.1.
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Table 4.1. Thekeylaser parameters used to produce the MS and LIPSS onto the SS moulds

together with their corresponding processing time.

Topography "Q 0 . "Q  Total umber of Processing time
(kHz) (mm/s) (md/cn?) (¢ scans (min)
MS 500 1000 178 40 40 15
LIPSS 250 1000 178 3 1 4

4.2.2. Fabrication of lubric ant impregnated polymer lenses

Singletier LIPSS andwo-tier MS textures on SS surfacegre replicated onto conarcially
availabletransparent Polycarbonate (PC) and Cyclic Ol€opolymer(COC) sheets with a
thickness of 1.5 mm (purchased froWicrofluidic ChipShop Germany using a hot
embossing systemThese thermoplasticare commonly used for optical lenses and can
withstand audclave temperatures. The glass transition temperatures of these polymers as
receivedare given in Tablet.2. During the embossingrocess the textured SS moulds
together with the aseceived polymer sheets wepgessedto each othemat an elevated
temperéure, i.e. higher thatheir glass transition temperatgreSince the replication quality

was strongly affected by the applied temperature and load, the influence of these two
parametersvas investigatedto identify the optimum processing window for botpolymer
substratesThe process settings used to produce the PC and COC replicas are provided in Table

4.2.

Lastly, silicore oils (SigmaAldrich) with different viscosities, i.e., 5, 20 and 100 cSt, were
used as lubricants to prepare LIS in this study. rAfle lubricant oil was pipetted and
completely spread omthe entire surface of the textured replicas due to capillary forces, the

samples were kept vertically for an hour in orttedrain anyexcess oil. Compared to other
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types of lubricants, e.g. pdrforinated oils, the rationale for selecting siliedrased one®or
preparingLIS in this research is associated with the fact that they are nontoxic to the human
body and also their use has been approvetdily FDA [43] and EFSA[44] for medical
applications as well as food additivdherefore the aspreparedthermoplastid_IS can be
considered of being biocompatible and tlaustable for the usagas objective lenses in

endoscopes.

Table 42. The optimigd settings used to produce the PC and COC replicas together with their

respectiveglass transition temperatures.

Polymer Load Operating Glass transition Compression time
(KN) temperature (°C) temperature (°C) (min)
PS 9.2 150 145 10
CcoC 10.8 145 142 10

4.2.3. Morphology and optical characterisation

TheLIPSS and MS topographies produced onSBeandhen replicated on the thermoplastic
substrates were initially inspected using a Scanning Electron Microscope (SEM, Hitachi
TEM3030Plus). The dimensional characteristics of & structure were obtained using a
focus variation optical microscope (Alicona G8jhile, an Atomic Force Microsqe (AFM,
MFP-3D, Asylum Research) was employedstady themorphology of thenanoscaleurface
topograples An opensource image analysis software (Gwyddion) was usgadcesshe
acquired 10 x 1 ¢ustoobtak Fh&ILIESE erossctiosminpobfiles. At the
same timethis software was also utilised to gain information about their orientation and spatial
periodicity by performing a 2(BFFT analysis. The transmittance of thereseived, textured

and lubricatedhermoplastisurfaces waandysedover the visible spectrum, i.e., from 400 to
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700 nm,employinga UV-Vis spectrometer (Lambda 365, Perkin EImdm. ensure the
reliability and validity of these results, the transmittance measurements were conducted in

triplicates.

4.2.4. Wettability characterisation

The wettability of the aseceived, textured antlibricated thermoplastisubstrates was
investigatedby usingthe sessile drop technique. Specificallyg & wat er dr opl
dispensed onto these surfaces and then their static CAntglet(CA) values were measured

using a goniometeiQCA 15EC, Data Physics GmbH, Germankiso, the Contact Angle
Hysteresis (CAH) of the aforesaid surface topographies was analyggeddually increasing

and decreasing the volume of the water droptehe surfaceandthe difference between the
advancing and receding contact angles was quantified. At the same time, the shedding
characteristics of théhermoplastic plain, textured and LIS samplesre examined, too.

Firstly, the critical slidingangledSA) val ues of 10 €L water dr
surfaces by employing a motorisedinitj stage with positioning accuracy and resolution of 10
arcsec and 0.01°, respectively. Thereafter, CSA of other liquids, such as Xanthan Gum solution
and pH liquids was investigated to simulate the response of LIS against viscous fluid
substances, e.g., mucus and body fluids, gastric fluids with different pH levels. The
concentration of Xanthan Gum in the aqueous solution was 2 g/L, whilst the preparation
procedure and the shear viscosity properties of this liquid were analytically described in
previousstudy [45]. Finally, it should be stated that the average CA, CAH and CSA values
reported in this study were calculated based on five repeasadurements taken at different

locations on each sample.
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4.2.5. Durability characterisation

Generally, the LIS performance is expectetd degradewhen body fluidsstart wetting
continuously their surfaces. Sooner or later, this will allow contaminarititdhe camera

lens and obstruct vision during endoscopic surgefiibe. reason for the loss tiie LIS
functionality can bemainly attributed to the depletion of impregnated lubricant under
persistent shear flow conditiof#6]. In order to assess théS durability, LIS prepared with

the silicore oils of varying viscosity werélted at15° usinga motorised stagevhile1 0 ¢ L
water droplets were continuously dispensed on their surfaces up to the point where no motion
could be detected, i.e., the drapleas completely pinned to the surface. To ensure that the
droplets flowed at exactly the same spot and also to avoid them bouncing on the surface during
the tess, a fixture was used to hold the pipette above the substrates and release the droplets
from a maximum height of 2 mmA camera (Canon 2000D) mounted on a tripod was
employed to record the mobility of water droplet$@tframes per second. Lastly, an open
source video analysis and modelling software (Tracker) was used to obtain thessiéady

shedding velocity of the water droplets.

4.2.6. Anti -fouling characterisation

To characterise antouling capabilitie®f LIS on the embossed thermoplastic substrates, three
different tests were conducted with different foulants, as expected in potemicscepic
procedures, i.e., blood, protein and microorganisms. Firstxfferienents were conducted to
examine thentiadhesive abilityf LIS against defibrinated sheep blood (Darwin Biological,
UK). In particular the mobility of single bloodroplets was monitored on LIS when tilted at
an angle of ~ 45°, Thereafter, their blegftedding capabilities were tested by immersing them

into containers filled with blood for up to 30 times.
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Next, LIS were assessed for their protein adsorption. Fayrtie thermoplastic plain and LIS
substrates were incubated overnight with a gsmiutiof CFSE (Carboxyfluorescein
Succinimidyl Eter,_ 1492 nm_ : 517 nn) dye (ThermoFischer Scientifics,
USA) tagged Bovine Serum Almin (Sigma Aldrich, USA) (1% (w/v)) in a petri dish under

a dark environment. Subsequently, filain and LIS substrates of both PC and COC were
imaged using a CCD camera (Retiga EXi, Qlmaging) connected to an inverted fluorescence
microscope (Olympus IX7A1lwith a 4x magnification lens. Both, the bright field and the
fluorescence imaggSemrock LF488/561 green filter cube) of PC and COC were acquired

using the microscope and were later merged into a composite image using ImageJ.

Finally, the Chlorella Vulgaris(CV) strain CCAP 211/11KDarwin Biological, UK) was

chosen forthe assessment of microalgae adhesion to LIS. To this end-euipuee of CV
along with the modified Bol dodos basal mediur
was incubated at 2& for a week under the cool white fluorescent illumination wiligtat-

to-dark ratio of 12:12 hours. The plain and LIS substrates of both PC and COC were placed
inside the glass containers during the incubation. After a week, the substrates were imaged
using a custormade setup by taking the advantage of the CV aut@heoence. To capture

the fluorescence from the G3éttled substrates, a camera (Canon 2000D) fitted with5b 18

mm lensandyellow and magenta filtenwasused These fillers were employed filter out

the undesired wavelengtregart from680 nm red lipt, under the ultraviolet light excitation

of the chlorophyll. In addition, a dioptre lens was also attached to the camera to obtain the
magnified images. The obtained fluorescent images from the substrates were analysed using

the ImageJ software to caleis the area covered by @Vpercentage
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4.2.7. Proof-of-concept demonstration

Finally, to demonstrate the applicability of these surfaces for preventing blood fouling during
endoscopythe LIS lenseswereintegrated into a representative inspectionoscdpe device

as follows: i)around flatlensof 8 mm in diameter was cut out of the textured polymer replica,

i) the lens was thoroughly cleaned with isopropyl alcohol and lubricated as described in Sub
section4.2.2 and (iii) an adhesion layer (Glue dots) was used to attaclo the endoscope
camera. In this research, the visibility through the ld8s2swas verified by directing the
endoscope onto a printed QR code and then trying to read it with a smartphone camera. In
addition, th& resistance against blood fouling was assessed by immfigipigg the
endoscope into blood multiple times until its vision was totally lost, i.e. the treated lens was
fouled by blood. It should be stated that this blood fouling test was repeated for three identical
LIS lenses. During these experiments, the intagd endoscope camera was employed to
captureimagesof a printed chessboard. Thereaftbey were posfprocessed with an open
source image analysis software (ImageJ) to quantify the percenttdgeaoéa visible after a

certain number of dips.

4 3. Resllts and discussion

4.3.1 Surface morphology analysis

The first part of this study was focused on generating LIPSS and MS over an area of 30 x 30
mm? on the SS substrates. Figy@a shows a SEM micrograph of LIP§8neratedn the
surfacewhen the S$nasterwas irradiatedvith the femtosecond pulsed las@s can be seen,

the surfacetopographyobtained representsniform periodic rippldike structures with an

orientation perpendicular to the laser beam polarisatemtor (indicated by yellow double
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arrows in Fig4.2a).From the 2BFFT analysigperformed at different areas on the textured
SS surface, the mainRES spatial periodicity was slightly below the laser wavelength of 1030
nm and variedh the range fron800to 900 nm. At the samigme, the weltdefined linear 2D

FFT image (se¢heinset of Fig.4.2a) canbe considered as proof thfe LIPSSregularity on

the SS surface. After the hot embossing processlH#P8S topography was successfully
replicatedonto thethermoplasticsubstrates. SEM micrographs of the LIPSBbossednto

the PC and COGubstratesre depicted in Figt.2b and c, respectivelyhile, the 3D AFM
images of LIPSS on the S8aster and®C and COC substrateemonstrate thesplication
quality achieved and they are givenFig. 4.20H, respectively. In addition, Figt.2g shows
their respective surf ace .plhesefciodsecsonabpvobles a
were obtainedased on thaverage valueof scans taken at five different locations on the
textured SSnasterandits polymerreplicas Based on the AFM profiles, the LIPSS average
height wasalculatedo bewithin the rangeof 152to 172 nm on all substrates and this signifies
an excellentreplication quality. More specifically,the deviationin percentage from the
average LIPSS height was less than 11% %fbdwhen the average values obtairedPC

andCOC substratesere compared witthaton theSSmastey respectively.
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Fig. 42. Surface morphologsof LIPSS: (ac) SEM and (ef) 3D AFM micrographs of LIPSS
ontheSS, PC and CO8ufaces, respectively; (g) agb showingthe surface profiles of LIPSS

ontheSSmaster andPC and COQeplicasScal e bar: 6 & m.

Next, the MS topographies were produced on a SS md3ter to the higher fluence
accumulated at the intersecting pointstloé perpendiculabeam vectorsn the grid like
scanning strategyi p e aakdgvalleywere formed on th8Ssurface as shown in Fig.3a.

By taking a closer look at Fi¢.3d, it isapparent that the mictopography idully covered
with nancscale rippldike structures In reality, the dimensional and geometrical
characteristics of these ripples should be almost identical to that of LIPSS. Folkining
embossing stephe negativpatterns of the M®n the SS surfacgerereplicatedontothe PC
and COC substrates as depicted in Bigb and c. At the same time, it is evident from Fig.
4.3e and f that the@anoscalemorphologyon top of thepeals and valleysvas replicated

successfly ontothe polymersubstratesTo analysefurther the replication qualitgchieved
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during the embossing procesise height profiles amicro-peaks onthe SSmaster and theC

and COGCsamplesalong X and Y wereapturedasshownin Fig.4.3g and h, respé&gely. No
significant discrepancies were detected ingbakspacingontothe SS and polymeurfaces

l.e. they were consisteret | o s e t an all4o® theemmnHowever, some relatively small
variations can be observed in their hesghtrossthe substrates. For instance, the average
height of micropeakson t he SS surface was 5.1 em and
different locationglongX andY, respectively. Whereas the same measurement procedure led

to average heigho f 4. 8 & mon®rCd ah.d9 4 @ onCO@aohg X3and6 & m
Y, respectively. Overall, it can be stated that the differehtgermoplasticeplicas from their

metallicmasters was less than 14%.
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Fig. 4.3. Surface morphologs of MS: (a-c) the 3D height map and (f) the SEM images of
MS onthe SSmaster andPC and COC substrates, respectivelyh)Xghe pots showing the
height profiles oimicro-peakson the SSmaster andPC and COC substrates along X and Y,

respectivelyScal e bar: 20 &m.
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4.3.2 Wettability analysis

An important part of this research wa®cusedon characterising the wettability of all
thermoplastidunctionalised surfacesvhile using as a referenamtreated oneslhe static

CAs obtained on aeceived plain), textured (MS, LIPSS) and lubricated (M$&5, LIPSS

LIS) surfaces of PC and COC sulases are given in Figl.4a. Initially, the plain surfaces of

both thermoplasticmaterials exhibited a slightly hydrophobic behaviour with average CA
values just above 90°. However, €Mcreased substantially when the laser textus&d
masterswere embosed onto them. As expectedhe surfaces covered with MS displayed
higher CA values on both PC and COC replicas compared to thosamngtbtier LIPSS. For

instance, the average OCAalue measured on the MS of COC replica was 131°, whilst the
singletier LIPSSembossedn the same material had CAof 11A°5 e L watledrto dr op
a larger CA on MS thathat onLIPSS asdepicted in Fig4.4b. After the infusion of lubricant

with 20 cSt viscosity a0 the textured polymer substrates, the apparent CAedsed,
especially on the M&IS samples, and a small wetting ridge appeared at the periphery of the
hemispherical water droplets on all LIS (see the red arrows inHilg). The formation of

such wetting ridge was attributed to the \
which was high enough to lift the lubricant [4Y]. At the same timeahe differences in the
average CA between MBS and LIPSSLIS onboth polyner materials became marginal and

did not exceed 2°. The insignificemof surfacetopography on the wettability afsprepared

LIS clearly suggests that both surface topographies were fully encapsulated by the lubricant

and most likely sharing the sameesuing coefficient.

Next, the shedding behaviour of water and Xanthan Gum solution droplets on the plain, MS,
LIPSS, MSLIS and LIPSSLIS samples was investigated by measuring the minimum angle

required to initiate their motion. Figd4c and d show CSAsfahese liquids onall
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aforementioned surfaces of PC and COC substrates.droplet mobility was observed at
CSAs ranging between 26° and 47° on the plain surfaces for all the tested liquids. Surprisingly,
thetexturedsurfaces of botthermoplastianaterals did not facilitate any droplet movement

even when the substrates were positioned vertically, i.e., at an inclinagiteof 90°. In this

case, the high adhesion foraegucedfrom the water/solid contact resulted in pinning the
droplets oo thesesurfaces. Instead, all LIS exhibited great shedding characteristics against
water as the droplets slid on their surfaces at an average CSA below 13°. At the same time,
CAH of water droplets was measured to vary within the range tof 83° and 5%o 8° onthe

MS-LIS and LIPSSLIS samples, respectively. In reality, the infusion of lubricant into the
textured surfaces dramatically lowered the contact line pinning and hence enabled the droplets
to easily flow down their surfaces. However, it should be stdtadonly the LIPSS.IS
samplesnanagedo repel both tested liquids at CSA smaller than 10°, indicating impressive
shedding capabilities even against viscous liquids. Finally, since the endoscegenbe
exposed to alkaline or acidic liquids, suchgancreatic ahgastric juices, contained the

human body, CSAs for liquids with pH levels ranging from 1 to 9 were measured on all LIS
onto thePC and COC substrates shown in Figd.4e and f, respectively. All the padjusted

water droplets were glerved to start sliding on LIPESS of both polymer samples at CSA
below 7°, whilst larger tilt anglesererequired to aid their movement on the M ones,

i.e. CSAs ranging from 8° up to 18Fhe aforementioned results demonstrate the potential of

LIPSSLIS treated surface® shed almost any kind of biological fluid.
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Fig. 44. Wettability analysis:(a) the static CAs measured on-r@ageived, textured and
lubricated surfacesf PC and COC substrates; (epresentative images of the water droplet
on textured and lubricateslirfaces of the COC substratee tCSAs obtained on -@sceived,
textured and lubricated surfaces of the PC and COC subdtate¥ water and (d) Xantima

Gum solutionthe CSAs obtained on the lubricamdfaces ofe) PC and (f) COC.

4.3.3. Durability of LIS under shear flow conditions

As multiple single dropsn LIS exert shear forcesn them and thus, thesan cause severe
depletion of the impregnated lubricant and subsequently lead to their failure. Therefore, the
effect of such sheanduced lubricant depletion on the LIS shedding characteristics was
investigated. In particular, LIS were tilted at an &ngfl 15° as depicted in Fig.5a and then
subjected to water shetorcesby repeatedly dispsing dropletsat thesamespot on their
surfaces. Initially, all LIS exhibited low pinning forces regardless of the infused lubricant
viscosity and hence the veaitdropletshed offtheir surfaces byhe gravity. An example of a
water dropletsliding down LIPSSLIS impregnated with the 5 ¢St lubricant is given in Fig

45a. At the same time, the average shedding velocities of water droplets are plotted in Fig.
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4.5b andc as a function of the number of droplets deposited on the.I8%nd LIPSSLIS
samplesprepared withthe lubricants of varying viscosity, respectivelly. most cases, the
droplet velocity decreased with the increase of lubricant viscbsitpuse othe enhanced
viscous dissipation at the liquldbricant interfaceThistrendagrees witlpreviously reported
studies[48, 49] However, it should beotedthat the lowest droplet sliding velocity was
recorded on the M&IS sample when impregnated with the 5 cSt lubricant. This finding
contradictscompletelywith the results obtained from thespectivelIPSSLIS one,onwhich

the droplets exhibit the highest shg velocity. It could be because there was not a stable
entrapment of the low viscosilybricant within the microscale topography of M& sample

and most likelyit overflowed fromthe valleys when thsurfacewas tilted

After dripping multiple watedroplets on the M&1S and LIPS&LIS substrateprepared with
varying lubricant viscosities, their slippery performance started to degespecially, the
droplet velocity decreased, and eventually the droplet® pinned to their surface3.he
degradatin of the LIS response can be attributed tee tgradual lubricantlepletion More
specifically, the sliding droplets took away and/or displaced the lubricant from the
impregnated structures due to the shear forces, resulting in a severe lubricant dalplegion
their flow track.However, LIPSS sustained the shear forces from a greater number of droplets
than the MS ones. This is because the relatively strong nanocapillary forces manifested by the
nanoscale ripples have rendered a longer lubricant stoapgeity, as illustrated in Fig. 4.5d.
Whereas, the lubricant stored in the micron scale valleys of the MS topography was quickly
depleted by the travelling train of droplets (see Fig. 4.5d) that impacted the performance of
MS-LIS. The images in Fig. 4.5fso confirm thathe infused lubricant was gradually removed

by the sliding droplets and thus revealing the mpitar structures underneatihe MS

topographiesin addition to the strong capillary forces induced by the nanoscale structures
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[50], the droplets on the LIPSISS samples were highly mobile. This is because LIS with
nanostructured topographies alter the molecular orientation of water near théukyigent

interface and have weaken the hydrogen bonding interactions at the infgtface

At the same time, it can be noticedFig. 4.5c that there are fluctuations the shedding
velocities of the droplets on LIPESS, irrespective of the lubricant viscosities. The lubricant
redistribution might have caused a localised but tenmmpranite replenishment ofthe
lubricant layef52], which can explain the fluctuations of droplet velocitiEspecially, in the

case of LIPSS, the depleted nanoscale ripple structures were swiftly replenished by the stored
lubricant, due to their stng capillary action as depicted in Fig. 4.5e. Consequently, the
velocity of the successive droplets increased until the next event of the lubricant depletion.
This cyclic replenishment continues until all the stored lubricant had been completely depleted
and then the final pinning of the droplet occurred. Furthermboan also benotedthat the
lubricant depletionfrom the topographiesvas at a much slower rate when its viscosity
increased. For instance, the samples impregnated with 100 cSt lulbverardbleto retain

their slippery properties much longer than those impregnated with 5 and 20 cSt ones. Overall,
the LIPSSLIS sample with 100 cSt lubricant viscos#yhibitedthe most robust and stable

performanceand160 droplets wre required to loseonpletely its functionality
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Fig. 45. Thesheafinduced lubricant depletion: (apimage showing a tilted substrate before
the shear tesand awater droplet sliding on the LIPESS sample impregnated with 5 cSt
lubricant; b-c) theshedding velocities as a function of the increasing number of water droplets
deposited on the M&IS and LIPSSLIS substrates fathe investigatedubricant viscosies,
respectively Inset showsraimage of water droplet pinned to the surfacéhefLIPSSLIS
sampleafter the lubricant depletior{d) an illustration showing the lubricant depletion on
LIPSS and MS topographies; (e) an illustration showing lubricamgtréoution after a droplet
leaving the LIPS&.IS treated surfacdf) imagesdepictingthe loss otheinfused lubricant

from the MSLIS samples.
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4.3.4. Optical analysis

One of the most critical requirements for endosctgesesis their high transparenc
Therefore, the optical properties of all treatedrmoplasticsurfaces together with the-as
received ones were assessed. As the refractive index was the same for all Iuforicdndy

used in this researatrespective of theiviscosites only the samples impregnated with 100

cSt lubricant were considered for these experiments. A comparison of the average
transmittance obtained from the plain, MS, LIPSS-MS and LIPSSLIS substrates of PC

and COC over the visible spectry#00- 700 nn) is provided in Fig4.6a. As expected, the

plain surfaces of both polymer materials showed an outstanding transpafeéheyisible

light with peak transmittance values slightly below 90%. On the contrary, all the textured
thermoplasticsurfaces exhilbed significantly low transmittance, indicating t@nslucent
behaviour. Such a dramatic loss of light was mainly attributed to its scatteringrbiathesly

rough surface of the treated samplfs3, 54] Since such effect is typically more pronounced

on surfaces with microscale roughness, the substrates with LIPSS appeared to be less opaque

compared to the MS ones.

After the lubricant infuson into the texturedhermoplasticsurfaces, a substantial increase in
transmittance was detected. Actually, thieised lubricantvas ableo minimise the negative
effects of both light scattering and reflectance by smoothening the textured topographies and
also reducing thiarge step change the refractive inde}s5] between aifn = 1) andthe two
thermoplast materias (npc = 1.59 andicoc = 1.4) as shown in Fig. 4.6lblowever, it should

be stated that only the LIPS3S samples exhibited an excellégrdansmittance othe visible

light due to the relatively small surface area for a diffusive reflectancparticular, the
transmittance spectrum die LIPSSLIS sample almostatched that obtained dhe plain

COCone whereadt dropped up to 10% on the treate@ surfacewithin the visible spectrum

142



To compare further the transparency of the plain PC surface to that of-LIBS®d MS

LIS, imagesof a colourful logo were captured with a camera when the samples were placed in
contact with itand alsowith an offsetdistance of 30 mmsashown in Fig4.6c¢. In the former

case, the logwasclearer through the LIPSHS sample than the MEIS one and it was also
comparable with that taken through the plain surface. After positioning the substrates at a
particular distance, the logo imagppearedlurry through the MS.IS sample due to light
scattering by its microscale surface topography whilst its visibility was almost preserved

through the LIPS&.IS one. Therefore, only the LIPESS substrates were selected for further

investigation irthis research.
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Fig. 46. Analysis of optical propertiega) thetransmittance othe asreceived, tetured and
lubricated surfaces of PC a@DC, respectively(b) schematic illustrations of the improved
light transmittance after the lubricant infusion; {fag¢ captured images of a logbroughthe

asreceived, textured and lubricated PC surfaces.
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4.3.5. Anti-fouling properties

4.3.5.1. Anti-foggingand bloodfouling resistance

The clarity ofendoscopéenses can significantly heduceddue to foggingor blood fouling,
resulting in impaired vision and consequently unnecessary disruptions during surgical
procedures. Thereforejater condensatioand blood adhesipbexperiments were performed

to assess the functional response of LHRES substrates. It should be stated that only the
LIPSSLIS samples prepared with the 100 cSt lubricant were subjected to testing because of
their longlasting slippery properties. Fig.7a showthemotionof a 10e Lblood dropleboth

on theplain and LIPSS.IS samples of PC when tilted at angle of ~ 45° The shedding
behaviour of such droplet on these surfaces can also be seen in the supplementary video S1. It
is apparent that the droplet slowly slid along the plain surface and seemed to have sagged,
leaving behind traces of blood. In contrast, a higlotldroplet mobility was observed on the
LIPSSLIS sample without leaving any stain behind, which indicatesxceptionabnti

fouling response Similar results were obtained by the respective COC surfaces, too.
Thereafterthe anti-fouling performance oLIPSSLIS samplesvasevaluatedy performing
30dipping cycles intdlood Fig. 4.7b shows that only a single dip was sufficient for the blood

to adhere to the a®ceived PC and COC sheets. In contth&t] IPSSLIS samplef both

polymer materialexhibited anexcellentfouling resistance against bloaihce only a few
microdropletsof blood were left behind on their surfacdter 30 blood dipping cycles (see

Fig. 4.7b).

Some fogging usually appears on | edydue® whe
the sudden change in humidity and temperature levels. Therefore, tfeganiy properties

of the LIPSSLIS PC substrate were evaluated using thealed hotvapour method and they
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were compared with those obtained on the plain surface. $pefically, gprintedQR code
wasattachedo the back of these samples and then they placed vertically at a distance of
roughly 50 mm abovéot water {80 °CQ). Snapshots of the QR code through the plain and
LIPSSLIS samples were captured witltamera every 10 s and thus to test if they can retain
their initial transparency. Theequential images in Fig. 4.7c revehht the hot vapour
condensed on both surfaces and initially formed as small vaatgrlets exhibiting a
Adr opwi se o0 daviow dHavneet, it shauld lheestated that tineleationrate of
water droplets was more intensetbe plain surface, whilst the low surface energy lubricant
infused into the LIPS&IS sample delayed their formation. Such findings are consistent with
a recent study, which investigated the droplet condensation on low and high surface energy
materialg56]. Within a period of 1 minutehe small droplets appearedgmdually grow on

the plain surface viadirect condensatioand merged with the neighbowngi droplets to form
larger ones. However, they were still not capable of shedding off the surface stuentp
pinning forces. As a resulfhe largedropletsformedon the surfacescatteedthe transmitted

light and distorted the vision through the plaample (sethedistorted image of the QR code

in Fig. 4.7¢). In contrastt can be seen in Fig. 4.fikatsome of thalropletscondensed onto

the LIPSSLIS sample wereemoveddue to some coalescence between them within less than
60 s, and thuthe QR code could belearly visible through the droplaetacant regions. This
shows that the low CAH of the LIPE3S substrate led to high mobility of the condensed
water droplets, whiclthen promoted their fast coalescence with nearby droplets and led to

droples sweeping by gravitational force

4.3.5.2. Protein and microalgdeuling resistance

In clinical environmentsthe usage of endoscopes in surdipeocedure where they are in

contact withblood increasethe risk of thrombosi§57]. The plasma protein adsorption on
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blood-contacting surfaces is the first eventhe thrombus formationThus the inhibition of
protein adhesioto such surfaces is imperative in designing endoss;agspecially this applies
to their lenssurfacesThereforethe antiadhesiveresponseof LIPSSLIS whenin contact
with serum albumirhas beennvestigate in this researclas itis one of the mostomnon
blood proteins. Figst.7d and4.7e show theeompositefluorescent and brightfield images of
albuminfouling ontoplain and LIPSS.IS surfaces of PC and COC and ithBuorescent
intensity obtained, respectively. The serum albumin adhered to the @landPCOC surfaces
in a distinct dendritic pattern due to the NaCl present in the buffer after the thin fam of
protein solution was evaporated, which is in accordanitethe previous studig58]. At the
same time, it is apparent that the protein aatheis greatly inhibitedn LIPSSLIS when
compared to the plain onesspecially there wasore than 90% reduction. SbeLIPSSLIS
treatment okndoscopéenses can decrease the riskhwbmbus occurrence and thus reduce

the probability of possurgcal complications in patients.

Microbial attachmert to the endoscope surfacascluding lengs, during the surgical
proceduresan lead teendogenous infections. Therefore, there is a need to design the lens
surfacesn such a wayhatthey can inhibit the microbe's adhesion. In our previous research,

it wasdemonstrated that LIPSS and LIRBIS exhibited anti-bacterial E.coli) properties o

polymer materiald59]. The antifouling functionalites of thermoplastic LIPS&IS were
investigatedn this research under the influence of a microalgsle Fig 4.7f shows the
experimental seppusedt o i nvestigat e ttohLBPSSCIS &ented®€ dnd ¢ h me
COC substratesAs it is evident from both optical and fluorescent images in &igg, CV
favouredthe plain surfaces for settlement, while the LIPSS onesi nhi bi t ed t he
adhesion to dargerextent. The image analysis u#ts showed that LIPSEIS reducel the

CVdés adhesion by al most 80% whedA7ht Toragsess e d
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further the durability othe LIPSSLIS functional response, a set of substrates wiiglly
attached to the wall of a glassntainer filled with water anthenthe shear force was applied

with a magnetic stirrer for 8 hours. Such sheatuced LIPSS.IS substrates were kept in
culture baths astated inSubsection 4.2.7 and the fluorescent images were obtained to
compare the performance withtthat offresh LIPSSLIS substrates. Impressively, even the
sheasinduced LIPS9. 1 S have shown to reduce the CVO0s
the plain surfaces (see Fy7g and h). This indicates that the strong nanoscale agpitirces

of LIPSS resigtd the lubricant depletion even under harsh condition and finectionality

wasretairedfor longer.
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Fig. 4.7. Evaluation of antfouling/anti-fogging performance(a) the shedding behaviour of

1 0 Hkdobd droplet on the PC plain and LIREE samples; (b) the fouling resistance of PC

and COC plain and LIPSHS samples aftatheblood dipping testlt should be noted thétte

plain back sides of LIPSBEIS samples were coved with a yellow coloured tape to prevent
their fouling by blood (c) the sequential images taken from the PC plain and LIPSS
samples aftetheirexposireto hot vapour(d) fluorescence micrograpkgpicting theprotein
adsorption oto the PC and CO®lain and LIPSS.IS samples; (ep plot showing the
fluorescence intensity of adsorbed protein as measured on the PC and COC plain and LIPSS

LIS samples (f) the experimental setup used for assessing and quantifying the adhesion of
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algae oto the surface (g) autofluorescence and optical images of algae adhestothenPC
and COC plain surfaces together wikieir respective LIPS&IS samples before and after

subjecing themto shear forces; (lihearea coverage with algae calculated onstimaples.

4.3.6. Pilot application

As proofof-concept a set of LIS lenses was integrated into an inspection endoscope device
as stated in Subection 4.2.6 and then in vitro experimentreconducted to demonstrate its
performance. Irparticular, LIPSS_IS treated COC lenses with 100 cSt lubricamte used

in these tests as they fulfilled the criteria for slippery, durablesfauming and transparent
surfaceskFirstly, their vision performancevas analysed by reading a QR code. As shown in
Fig. 4.8a ad supplementary videoZs the QR code was imaged clearly through the LIPSS
LIS lens and the time required to read it was less than 1 s, which was comparable with that
achieved with the plain COC lens. In additidine effectiveness of thelPSSLIS lensin
maintaining a cleasurgicalfield was investigated, too, by immersing the endoscope into blood
once and then observing a printed boarding chassn Fig. 4.8b and supplementargeo

S3, it is apparent thahe visibility through theplain lenswasimmediatelylost due to blood

adhesion, whilst the LIPSHS lens resisted blood fouling and retained its origahedity.

Finally, it was essential to test the LIRSES lens under harsh surgical conditions that might
be encountered, e.g., when tharesurgical complicatiomwith severe bleedingrherefore,

to validate its antfouling response under such conditiotf® endoscop&as repeatedly
immersednto blooduntil the boarding chess could not be recognised anyimattds regard,
the visibleareain percentagewas measurecevery5 blood dippingcyclesand theaverage
resultsobtained from three LIPSBIS lensesare plottedin Fig. 4.8¢c From this plot it is

evident that the ageated endoscope lenses did not exhibit any adhesion of blood after 30
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dipping cycles (see inset in Fig. 4.8c), retaining 100% visibility. At the same time, only a small
droplet ofblood was formed on all the LIPS3S lenses d@ér 35 dips as shown in Fig. 4.8d,
leading to an average visibility decline of 20%. Thésdings corfirm the superiorblood
fouling resistancef the LIPSSLIS lensesin severe bleeding conditions and reinforce its
performance advantages in minimisingioh lossesin surgical endoscopic procedures
However, it should be noted that the dotiling performance of LIPS8EIS lenses
deterioratediramaticallyafterwards, i.e., after further immersion cycles into blood as evident
by the sequential images in Fig. 4.8d. For instaagertial loss of visibilityi.e. an average
vision loss of 46%ywas observeafter 40 dips. This was mostlylue to the adherenad a
biggerblood dropletonto lens surfaces (see inset in Fig. 4.8c) and the visual field was less
than 15% after 45 dips. At the entetvision througtihe integrated camenraastotally lost

after 50 consecutive dipping cycles in blood (see Fig. 4.8dtfzey did not have any blood

anti-fouling properties anymore (see the inset in Fig. 4.8c).
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Fig. 48. A pilot application of the LIPS&IS treatedendoscopéenses(a) the test procedure

used to verify the visioperformance after integrating the plain (left) and LIRSS (right)

treated COC lenses into an endoscope device; (b) the blood dipping experimental setup and
the visual fields retained by the plain and LIPSS treated COC leses after a single dip; (c)

the visible area in percentages of an endoscope with EIPS&nses as a function of the
dipping cycles numbeNote:Insets in (c) depict the surface of LIRSS lens after a certain
number of dips; (d) sequential images showing the field of view 3%te40, 45 and 50 dips,

again for the LIPS&IS lens.
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4 4. Conclusions

Surface contamination and fouling of endoscope lenses by body fluadsrittcal issuein
surgical procedureand therefore a costf f ect i ve met h o dantffoaling i mp
functionaliy on them is proposed in this research. This is achieved by combining the strong
capillary forcesof LIPSS with the advantage of LI$ achievwng long lastinganti-fouling
properties without transparency lessTo fabricatelenses withsuch LIPSSLIS treatments
serially on thermoplastics, a process cha@nproposed thatombines synergistically the
capabilities of daserbased surface texturingf metallic masters withpolymer micro/nano
replicationfollowed by lubricant iffiltration onto the nanoscale surface rippl&&though a
femtosecond lasevas usedo i i mp LIPSSonio the mastersuch topographies could be
realised byless expensiveico and nanosecond lasurceswhich canfurther reducethe
manufacturingost. At the same time, micro injection moulding technologies could be utilized
instead of thdab-scale hot embossing to scalp the production of such LIPSSS treated

thermoplastic lenses, as demonstrated in our previous re$é@jch

Since the glasdransition temperatures dPC and COC are less than the autoclave
temperaturessuchLIPSSLIS thermoplastic lenses could beusedby employing standard
sterilisation procedured:urthermore, it is worth noting that the LIREE thermoplastic
lensesproduced with the proposed process chaia fully recyclableas no coatingsare
requiredto impart the antfouling functionalities. A simple washing step can remove the
lubricant from the lensedor downstream recycling afteheir disposal. Furthermorehe
functionality and durability of the proposed LIREES treatments can be further improved
taking advantage of thelPSS tunablity. For example, instead of owémensional LIPSS

employed in this researctwo-dimensional triangular LIPS1] can offer isotropic surface
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properties that can impart bothe lubricant depletiorof LIS and also their functional

response

Supporting Information

1 Experimental videoshowingg 10 €L bl ood dropl et s-LI$ding
samples (Video Si})he visibility through an endoscope with COC plain and LHRES
lenses (Video S2); the blood fouling resistance of an endoscope integrated witALLEPSS

lenses (Video S3).

TheaboveSupporting Informatiorran be accessed via the following link:

https://pubs.acs.org/doi/10.1021/acs.langmuir.2c01671
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Abstract

LaserIinduced Periodic Surface Structures (LIPSS) are nanometric surface undulations
produced by short and ultrashort pulsed lasers. Thdugtion of highquality LIPSS is
essential to obtain the required surface responses in various applications. In this work, the
LIPSS were fabricated on stainless steel surfaces by a 515 nm nanosecond laser operating
under ambient and argon enriched atnh@sps to investigate their quality. The LIPSS quality

is correlated to the diffracted light intensity and their key geometric parameters such as
periodicity and amplitude. The LIPSS formation was observed at an accumulated fluence of
above 13.9 J/cfand the optimal processing window was sustained up to 46.2 B&fore

the oxidation occurred. The LIPSS generated in the argon environment exhibited a relatively
higher intensity of the diffracted light than those processed in the ambient conditions.
Furthermore, LIPSS generated in argon showed minimum surface defects and higher
amplitude ripples compared to those in air. Thea)X photoelectron spectroscopy analysis
revealed that the ratio of oxygen to metal species decreased in the argon atmosphere and
minimal surface oxidation occurred on the samples. Since the generation afubigi

LIPSS is a prerequisite for an accurate predictive modeling of surface responses, the results
reported here show that good nanostructured surfaces can be prodiicedsteffective

nanosecond green lasers.

Keywords Argon, fluence, LIPSS, nanosecond, oxidation, XPS.
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5.1. Introduction

Surface functionalization technologies have received significant attention from industry and
research as an important enabler imparting attractive surface functionalities to products
without changing their bulk material properties. In particular, various surface treatment
methods, such as coatings, photolithography, chemical etchingelsoultraprecision
machining and lagsemicro-machining, have been deployed to tailor the functional properties
of surfaces by modifying their topography and/or surface microstructure and composition [1
2]. Compared to the other technologies, laser surface texturing (LST) can be considered as
more environmentally friendly process that offers selectivity, relatively high processing
accuracy, productivity and even the flexibility of processing freeform surfakest the same

time, it can be employed as a simple-step surface treatment to selectively fabricate micron
and submicron structures on almost any engineering material without requiring any hazardous
chemicals. In addition, LST alters simultaneously sheface chemistry together with the

topography, thus, eliminating the need for fluorinated coatings [4].

Laserinduced Periodic Surface Structures (LIPSS) are periodical #ifiglananostructures

that can be imprinted on a variety of materials by emptplinearly or azimuthally polarized

laser sources [5]. These surface structures can be clustered into Low Spatial Frequency LIPSS
(LSFL) and High Spatial Frequency LIPSS (HSFL) with periodicities close to and much
smaller than the laser wavelength, respety. Among them, only LSFL, referred to as LIPSS

in this research, can be obtained both with tdtrart (femtosecond and picosecond) [6] and
short (nanosecond) [7] pulse durations and have attracted attention from researchers. Owing
to their wide apptability and varying geometrical characteristics, these rijijpdestructures

have been extensively investigated as a means for functional surface treatments. More

specifically, surfaces textured with such nanoscale ripples have displaybdeptial8-9],
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antricing [10], antireflective [11], hydrodynamic drag reduction [12], lubricagtention
[13], secondary electron yield reduction [14] and improvedaugiesion15-16] properties

in applications related to food packaging, biomedical and erstoggge sectors

Predictive analytical and computational modeling offers the possibility to tailor the surface
responses by varying the periodic nanometric geometries in the aforesaid functional
applications. For instance, recent efforts employing thepctational modeling have shed

light on the interaction mechanisms of periodic nanometric surface structures with matter to
obtain optimal surface responses in applications related tbiafdiuling [17], hydrodynamic

drag reduction [18], antieflection [L9] and condensation [20]. However, it is imperative to
imprint LIPSS homogeneously with sufficient repeatability and reproducibility, and only then
the predictive results can be sufficiently accurate within somegdiee limits. To date, most
studies hae been focused on the use of ullleort pulse lasers to attain homogeneous LIPSS
onto plain and freeform surfaces while maintaining their geometric characteristics within pre
defined ranges [222]. Although high precision, controllability and minimuma#éffected

Zone (HAZ) can be achieved by employing ultrashort lasers, their average power is relatively
low and consequently this entails longer processing times. While the usage efbenuiti
processing [23] and high repetition rate (MHz or GHz) [24] tuce the processing time,

they increase substantially the required capital investment. As a result of these inherent
shortcomings, the broader use of LIPSS treatments in industrial applications is hampered. On
the contrary, nanosecond lasers are a-effsttive alternative to treat large surface areas

without requiring substantial investments.

One of the main concerns when employing lasers with longer pulse durations for
texturing/structuring metallic surfaces is that this is thermal processing with the associated

heatinduced negative side effects, i.e., oxidation andast formations on thsurface.
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Nevertheless, it has been shown that the level of-ladeced oxidation can be minimized
upon irradiation in a controlled environment when nanosecond lasers are used for polishing
operations [286]. In general, the use of nanosecond laserseatalmhas been mostly limited

to the creation of superhydrophobic surfaces by taking advantage of their negative side effects,
I.e., by roughening the surface [27] or the fabrication of LIPSS when operating-atfrexad
wavelengths [28]. Although thenportance of this technology for functionalizing surfaces at

an industrial level is recognized through these studies, only a few publications were focused
on investigating the generation of LIPSS on metallic substrates using visible wavelengths
(400700 nn) [29-30]. However, some investigations are reported on processing
semiconductors [31], polymers [32] and glasses38Rusing green500-550 nm)nanosecond
pulsed lasers. By operating in the green wavelength regime, nanostructures with a periodicity

close to 500 nm can be formed on surfaces.

NuUrnberger et al. [29] elucidated the effect of material crystal orientation on the formation of
LIPSS when a 532 nm wavelength nanosecond laser was used to process stainless steel and
silicon. Simdes et al. [30] apppd a green nanosecond pulsed laser to investigate the evolution

of LIPSS on stainless steel surfaces by employing different process parameters and proposed
an approach based on the diffracted light to assess the quality of the LIPSS. However,
investigatons onto the improvements of the quality and homogeneity of LIPSS have not been
reported. In addition, the surface chemical changes of metallic surfaces processed with green
nanosecond lasers have nogen studied earlier. Thereforethis research reportan
investigation into the formation, evolution, and properties of LIPSS generated with a green
nanosecond pulsed laser on stainless steel substrates under ambient and argon enriched
conditions to assess their impact on LIPSS quality. In particular, $eaneh elucidates the

influence of processing environment on LIPSS geometrical characteristics, i.e., amplitude and
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periodicity, and surface chemistry, and subsequently their combined influence on wetting
properties. Moreover, the effects of the nanossatéace topography are analyzed with light

diffraction to qualitatively assess their homogeneity.

5.2. Materials and methods

5.2.1 Experimental setup and process parameters

The AISI 316 Stainless Steel (SS) rectangular plates with a 0.thiokmess and an average
roughness ) of 35 nm were used in the LST experiments. In this work, theasved
substrates were laser textured immediately after removing the plastic tape from surfaces
without any pretreatment. The experiments were coieduon the statef-the-art LASEA

LS4 laser micremachining workstation and its main beam delivery component technologies
are shown in Fig. 5.1a. The platform integratespmlarized nanosecond fiber laser source
(GLPN -500-1.550-M, IPG) with the followng main technical characteristics: a pulse
duration of 1.5 ns at a nominal wavelengtlpf 515 nm and pulse repetition rate up to 1 MHz
with a maximum average power of 50 W. A scan head3t&n XY 20) is used to steer the
laser beam across the sam@ea maximum scanning speed of 2 m/s. A telecentric lens with
100 mm focal distance was utilized to focus the laser beam down to a spatsiy®f(40

em at the focal pl ane. Thereafter, the accu
working envelope and specifically at the focal plane was performed using a stack of two rotary
and three linear motorized stages in combination with a-fg@gblution positioning camera

(Dino-Lite Premier, AM7013MT).
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Fig. 5.1. Schematic illustrationf: (a) laser processing sap; (b) he process used to texture
the samples in argon environment; (tletscanning strategy used to generate LIPSS. The

optical image shows diffraction colors resultedrrgenerated LIPS&cale bar: 10 mm).

To study the generation and evolution of LIPSS on surfaces, the influence of three critical laser
processing parameters was investigated, i.e. (i) average power (ii) scanning speed and (iii)
hatch distance. The SS striages were textured by using a horizontal raster scanning strategy

as illustrated in Fig. 5.1c. The distance between successive scanning lines is defined as a hatch
one (Q, which was varied in the range from 1 ter8. The laser texturing wasarried out at

various scanning speeds from 0.3 to 2 m/s anaverage power)) between 0.189 and 0.671
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W. All the experimental trials were conducted at a fixed pulse repetition'@até {00 kHz.
As the laser beam was scanned across the surtzgelae puls¢éo-pulse distancél  0LF'Q
varies and consequently the effective number of pulses X or number of pulses per unit

area on the surface can be determined fronbHg.

“0
5.1
a0 (5.1)

Similarly, the substrates wesebjected to different pulse fluenc®) by varying the average

powe, and this is calculated withgHation5.2.

5

0
0 "Q

(5.2)

The combined influence of these two parameters increases the accumulated fluence per unit

area (O ) on the surfee, which can be calculated using Equatto3.

5

O Vv O ©=m

(5.3)

Initially, the laser processing was restricted over an area of 5 x2®mthe SS substrates in

order to assess the formation of LIPSS on the surfdmeafter, larger areas of 25 x 25 fnm

were textured for investigating their functional response. The experiments were conducted
under atmospheric and argon gas environments to investigate their impact on both surface
morphology and chemical state afterdergoing LIPSS treatments. The laser texturing of
samples in a controlled argon gas environmeas conducted inside a hollow cylindrical
aluminium chamber as illustrated in Fig. 5.1b. As argon is heavier compared to air, the SS
samples were placed at thettom of the chamber while the gas filled the enclosed area at a

constant flow rate of 12 L/min.
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5.2.2 Surface characterisation techniques

The surface topographies of the textured SS substrates were initially characterized using a
Scanning Electron Mroscope (SEMHitachi TEM3030Plus). To capture the fistder
diffracted light M = 1) out of the treated surfaces, an optical microscope (AliGBlawas
employed by holding a collimated white light beam (70 Lumens) at an incident dnhglie (

60° relative to the sample surface. Both, the light source and its incident angle were kept
constant in regard to the treated surface during the measureandras opeisource image
analysis software (ImageJ) was used to obtain the mean inté@sufydffracted light. The
morphology of the nanoscale topographies was captured by using Atomic Force Microscopy
(AFM, MFP-3D, Asylum Research, USAtogether wih 2D Fast Fourier Transformation
(FFT) analysis to evaluate their spatial periods. The acquired AFM and SEM scan images were

analyzed using an opeource image analysis software (Gwyddion).

To inspect the surface chemistry of the substrates produced under air and argon gas
environments, the Xay Photon Spectroscopy (XPS) was conducted by using a Kratos Axis
SUPRA spectrometer . These experiments wer e
(148.69 eV) Xray sourceover an analysis area of 700 x 3003umperating at 15 mA
emission and 15 kV HT (225W). The instrument was calibrated to gold metal Au 4f (83.95
eV) and dispersion adjusted give a binding energy of 932.6 eV for the Cu2p (3/2) line of
metallic copper. The instrumental resolution was determined to be 0.29 eV at 10 eV pass
energy using the Fermi edge of the valence band for metallic silver. The survey scans in the
range of 0 to 1200 eV binding energy were recorded at pass energieseaf,16hilst the
high-resolution ones were obtained at pass energies of 40 eV. The step sizes were 1 and 0.1
eV, respectively. Charge neutralization was not required due to high sample conductivity. All

data was recorded at a base pressure of below § ¥d® and a room temperature of 294 K.
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The curve fitting was implemented in CasaXPS v2.3.19PR1.0 using a Shirley background

prior to component analysis. O1ls components were fit using a lineshape of GL(30).

The wetting properties of the treated surfacesevesisessed with a goniometer (OCA 15EC,
Data Physics GmbH, Germany). Specifically, water droplets gif were deposited on the
surface and the corresponding static contact angle values were recorded. It is worth noting that
the same measurement procedur@s r epeated five times at di

surfaces to assess the repeatability of the measurements.

5.3. Results and discussion

5.3.1 LIPSS evolution and quality in ambient environment

The first part of this research was focused on investigating the LIPSS evolution with a single
pass laser processing in ambient environment. The primary goal was to identify the minimum
accumulated fluerecrequired for LIPSS generation on the irradiated surface when operating
at high processing speeds, which is a key aspect for their broader implementation in industrial
applications. Therefore, the SS substrates were textured with a scanning speed ah@ m/s
different accumulated fluences by adjusting only the average power. As can be seen in Fig.
5.2, the surface remained intact up to an accumulated fluence of 12% \dhitst further
increase led to the appearance of LIPSS on the surface. So, theikated fluence threshold

for the LIPSS generation with an effective number of pulses of 63 was determined to be as
low as 13.9 J/ch Thereafter, the irradiation of SS samples was conducted above the
predetermined LIPSS threshold with varied pulse fludndeat a fixed effective number of

pulses to assess their evolution onto the surface.
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Fig. 52. Evolution of LIPSS with the increase of accumulated fluence at a scanning speed of
2 m/ s ( sc a) Note:Flerblack daBhederentangle on the upper right corner is a

magnified view showing the first LIPSS formation.

The firstorder diffracted light was captured from these surfaces to determine the LIPSS
quality as illustrated in Fig. 5.3Rirst, the LIPSS spatl periodicity was measured at various
pulse fluence levelshile keeping the effective number of pulses at Z@0btain information

about their spatial periods, the acquired SEM images of the samples were processed and
analyzed by using 2D FFT. The plo Fig. 5.3b shows the main spatial periodicities of LIPSS
against pulse fluence. As can be seen, the spatial periodicities of LIPSS were below the laser
wavelength &= 515 nm) for a normal beam incident angle and varied from 473 to 498 nm.
Moreover, the 2D FFT image as shown in Fig. 5.3c also shows excellent LIPSS regularity at

a pulse fluence df71.2 mJ/crh

Three representative SEM images of LIPSS formation orstinace by increasing pulse
fluence are shown in Fig. 5.3d. Here, the effective number of pulses is 126. For normal beam
incidence angle, the orientation of LIPSS was found to be perpendicular to the laser beam
polarization vector (indicated by yellow dale-sided arrows) regardless of the applied pulse

fluence.In the early stage of LIPSS generation, i.e/Cat 153.6 mJ/cr) some pits/holes
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