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ABSTRACT

Plastic materials have become a ubiquitous part of our economy, and as a result their improper
disposal can pose high risks to the ecosystem. Although recycling can help to mitigate plastic
waste, the sustainable management of unclean/contaminated ones due to fouling is still a
challenge. Lubricant-Impregnated Surfaces (LIS) have gained much attention recently because
of their excellent anti-adhesive performance against various liquids. Compared to other surface
modification techniques that are capable of producing such bio-inspired surfaces, Laser-based
Micro-Machining (LMM) offers attractive benefits especially when considering its flexibility,
reliability and selectivity. However, intrinsic shortcomings of this technology with respect to
high-throughput, cost-effectiveness and 3D processing hamper its broader application at an
industrial scale. Therefore, the research reported in this thesis aims to address these key
limitations and thus to enable the industrial uptake of LMM for functionalising surfaces. In
particular, a cost-effective process chain, which combines LMM and polymer micro/nano
replication technologies, is proposed to fabricate polymer-based surfaces with long-lasting
multifunctional responses. Such functional surfaces were achieved by lubricant impregnation
of Laser-Induced Periodic Surface Structures (LIPSS), and their suitability for food packaging
and optical lens was investigated. Thereafter, an alternative laser surface treatment was
demonstrated to generate highly regular and uniform LIPSS by utilising cost-effective
nanosecond pulsed lasers, and thus to reduce even further the manufacturing costs in producing
polymer replicas with such textured topographies. Lastly, a generic method for assessing the
capabilities and limitations of simultaneous multi-axis laser strategies for processing complex

3D parts/replication masters is presented and validated for a given multi-axis LMM system.
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CHAPTER 1: INTRODUCTION

1.1. Motivation

Over the last decade, municipal solid waste has emerged as a major challenge for societies in
developing countries [1]. Around 11.2 billion tons of such a waste is accumulated annually,
with a significant amount of it not treated in a sustainable way and thus ending up in landfills
[2]. Among the different types of solid waste, plastics represent a great part of this and their
uncontrolled disposal is increasingly posing high risks to the ecosystem [3]. 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 they are expected to reach 500 million
tons in three years’ time [4]. To mitigate the environmental impact from such plastic wastes,
a series of waste management strategies have been initiated by governments. For instance,
there is a new European Union requirement, any plastic packaging must be eco-friendly, i.e.
reusable or recyclable in a cost-efficient manner, to enter the market after 2030 [5]. Currently,
although plastic products can be recycled, the sustainable management of
unclean/contaminated ones is still a major barrier due to their relatively high recycling cost
[6]. A typical example of that is the so-called difficult-to-empty packaging, where viscous food
substances stick 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 polymer-based surfaces that exhibit superior anti-adhesive and

anti-biofouling characteristics with a minimal environmental footprint.



Generally, several biological structures in living organisms demonstrate such unique
functionalities, which can serve as a source of inspiration for developing innovative products.
In fact, considerable research efforts have been dedicated to designing and creating biomimetic
structures by tailoring the wetting behaviour of materials [9]. More specifically, artificial
Superhydrophobic Surfaces (SHS), inspired by lotus leaves, have gained much attention in the
last decade due to their exceptional anti-wetting, anti-fouling/anti-bacterial and self-cleaning
properties. These surfaces exhibit very low solid-liquid adhesion forces, and thus droplets can
roll-off easily even at a small tilting angle [10]. Usually, the fabrication of a hierarchical
surface topography to entrap air together with the use of low surface energy chemicals are
required to achieve superhydrophobicity. However, the practical application of artificial SHS
is strongly hampered by the poor long-term stability of their liquid-air interfaces, especially
when they are exposed to liquids with low surface tension or subjected to external pressure
and mechanical stresses [11]. Therefore, another surface functionalisation technique has
gained a lot of attention recently, which is inspired by the Nepenthes pitcher plant and is
referred to as Lubricant-Impregnated Surfaces (LIS). Unlike SHS, LIS rely on the formation
of a smooth slippery interface by infusing a lubricating liquid into a textured scaffold [12].
Owing to their extreme liquid-repelling capabilities, long-lasting durability and optical
transparency, this type of functional surfaces has emerged as a promising candidate to mitigate
fouling and cross-contamination phenomena faced by various industrial sectors, e.g. food-

processing, healthcare and medical technologies [13-15].

Based on the existing practices, 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
traditional surface treatment methods, such as electrodeposition [16], chemical etching [17],

sol-gel [18], self-assembly [19], have been deployed by researchers to modify the surface



topography and/or chemistry of materials. Nevertheless, inherent shortcomings of these
technologies limit their broader use, especially when considering their scalability and
environmental impact. On the contrary, Laser-based Micro-Machining (LMM) is an attractive
alternative that offers relatively high processing accuracy, efficiency, and reliability. At the
same time, it can be employed as a simple one-step surface treatment to selectively fabricate
both micron and submicron, i.e. Laser-Induced Periodic Surface Structures (LIPSS), structures
on almost any engineering material, including ceramics [20], glass [21] and polymers [22].
Compared to some other surface treatment methods, LMM does not require the use of
hazardous chemicals and hence it is a much more eco-friendly process. However, it should be
stated that direct LMM approaches for structuring large surface areas cannot be considered
cost-effective because of their high operational costs, which in turn constrains their wider use

by industry.

To address the aforementioned shortcoming, several approaches have been proposed to
increase the efficiency of direct laser processing operations. In particular, these methods
involve the usage of beam splitters [23], laser sources with burst mode capabilities [24] and
high speed beam deflection systems [25, 26], e.g. polygon scanners. Even though such devices
can reduce the overall processing cycle, they will substantially increase the required capital
investment and ultimately the manufacturing costs. Therefore, indirect surface treatment
methods are the prime option in achieving both cost-effective and high-throughput production
of laser-enabled surface structures. Especially, the polymer replication, e.g. roll-to-roll,
injection moulding and hot embossing processes, is a well-established method that can satisfy
the requirements for mass production of plastic components. Therefore, a process chain for
functionalising polymer surfaces by combining the capabilities of LMM with replication

technologies can offer a much quick industrial uptake than any existing stand-alone direct laser



processing operation. At the same time, the use of much more cost-effective nanosecond laser
sources than the ultrashort ones to produce well-ordered and uniform micro/nanoscale

structures onto the surface of metallic masters can 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 curved or even freeform
surfaces. State-of-the-art multi-axis LMM platforms are already available that offer a
simultaneous motion control of multiple optical and mechanical axes when executing laser
processing operations. As a result, such systems can be programmed to perform laser
processing operations requiring simultaneous multi-axis movements that were considered not
achievable until now. However, the capabilities of such complex LMM systems are difficult
to assess, especially their Accuracy, Repeatability and Reproducibility (ARR) and thus to
judge about their suitability to process 3D surfaces. Hence further efforts are needed to develop

a systematic method for assessing their processing capabilities.

1.2. Research aims and objectives

The overall aim of this PhD research is to broaden 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
regarding the cost-effectiveness and durability of laser-enabled functional topographies and
the necessary capabilities for producing such topographies onto complex 3D surfaces. Firstly,
a cost-effective method for producing recyclable thermoplastic surfaces with an antifouling
functionality is proposed in this research. A passive approach, namely LIS, is investigated to
achieve such functional response on treated surfaces. Especially, a process chain is proposed

that combines synergistically the capabilities of the LMM technology for texturing metallic



masters with their polymer micro/nano replication that is then followed by lubricant
infiltration. Furthermore, to gain a better understanding of the LIS rationale design, the
influence of surface topography on their functionality and durability is evaluated. The
functional characteristics of LIS with different length scale topographies are investigated

together with their applicability in food and medical sectors.

While ultrashort pulsed lasers are commonly deployed to fabricate LIPSS and consequently to
imprint attractive functionalities onto surfaces, such topographies could be achieved by
employing more cost-effective nanosecond laser sources. Therefore, it is important to study
the formation and properties of LIPSS generated with such laser sources. However, due to the
longer laser-material interaction time and the negative thermal side effects associated with this,
a strategy to mitigate them is very important and thus to obtain high-quality and homogeneous

LIPSS.

Finally, the proposed process chain should be applied for producing complex 3D components
and so the capabilities of the LMM process to structure curved or even freeform surfaces have
to be investigated, too. Thus, the execution of complex laser processing strategies, requiring
the simultaneous control of both optical and mechanical axes, should be studied. Therefore, a
systematic methodology is proposed to assess the processing capabilities and limitations of
multi-axis LMM platforms, especially in the context of texturing/structuring requirements of

replication masters with intricate geometries.

The aim of the PhD research is achieved through the following objectives:

1. Develop an efficient and cost-effective process chain for producing recyclable polymer LIS.
The multi-step processing will include: (i) laser texturing of metallic masters; (ii) the

replication of the laser-enabled surface topographies onto polymer sheets and (iii) the stable



impregnation of textured replicas with lubricating liquid. More specifically, two types of
topographies, i.e. single-tier LIPSS and two-tier Multi-scale Structures (MS), are formed
onto Stainless Steel (SS) masters by an ultrashort pulsed laser and then these topographies
are replicated onto both transparent and opaque thermoplastic substrates using hot
embossing. To judge about the replication capabilities, the quality and homogeneity of the
structures on the replicas are studied.

. Investigate the functional properties and durability of as-prepared polymer LIS. The
thermoplastic replicas are impregnated with silicone oil and then their shedding capabilities
are characterised against various liquids. Thereafter, additional tests are carried out on such
samples to determine their functional characteristics. The tests are designed, both, to
demonstrate the potential of as-prepared polymer LIS and prove their effectiveness in food
packaging and in producing endoscope lens. Finally, a series of experiments are conducted
on the LIS samples with the investigated two types of topographies to study and compare
their lubricant retention capabilities when subjected to shear forces. The effect of lubricant
viscosity on the LIS durability is investigated, too.

. Investigate the influence of processing environment on LIPSS generated with a green
nanosecond laser. The formation of LIPSS on SS surfaces upon irradiation in air and argon
gas environments is investigated. Especially, the effects of processing environment on
LIPSS geometrical characteristics, quality and surface chemistry are quantified, and
subsequently their combined influence on the wetting properties are examined.

. Develop a method for evaluating the capabilities of multi-axis LMM systems for processing
complex 3D components. A generic method is proposed for assessing the impact of different
error sources on ARR of such LMM systems when executing multi-axis processing

strategies. A series of laser processing tests are conducted to quantify and compare ARR



when both optical and mechanical axes are simultaneously utilised. The tests are designed
to investigate the capabilities of multi-axis processing strategies for precision laser
texturing/structuring under quasi-static and dynamic conditions. Lastly, the applicability
and validity of the proposed method is demonstrated in its pilot implementation on a

representative multi-axis LMM system.

1.3. Thesis organisation

This thesis is divided into seven chapters as follows:

Chapter 1 introduces the 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. bio-inspired surfaces and their principle designs,
wetting theories, surface modifications techniques, fundamentals of the laser technology,
laser-enabled 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 substrates for food 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

quantified.

Chapter 4 presents an efficient and cost-effective process chain for producing recyclable
disposable endoscopic lenses with superior durability while exhibiting excellent antifouling

properties and transparency. The effectiveness of such lens treatment for preventing vision loss



during endoscopy are demonstrated by subjecting the as-prepared lenses to protein adsorption,

microalgae adhesion, blood fouling, and fogging tests.

Chapter 5 reports an investigation into the formation, evolution, and properties of LIPSS
generated with a green nanosecond pulsed laser on SS substrates under ambient and argon
enriched conditions. The influence of processing environment on LIPSS geometrical
characteristics, surface chemistry and wetting properties is analysed. A qualitative approach is
followed to assess the regularity and homogeneity of LIPSS based on their first-order

diffracted light.

Chapter 6 describes the generic empirical method for assessing ARR of LMM systems when
conducting multi-axis texturing/structuring operations on curved/freeform surfaces under
quasi-static and dynamic conditions. A pilot implementation of this method is presented to

demonstrate its applicability.

Chapter 7 summarises the contributions of this PhD research to 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 biological structures, and thus to fabricate bio-
inspired surfaces that exhibit unique properties [1-3]. Among the different functional
structures of natural living organisms, those that demonstrate impressive anti-wetting
characteristics have gained much interest due to their high potential in applications related to

energy storage [4, 5], human health [6] and environmental protection [7].

The most famous example in nature exhibiting such functional responses is the Nelumbo
nucifera plant, which is also well-known as “sacred” lotus. In reality, the leaves of this aquatic
plant have received lots of attention by researchers not only for their excellent anti-wetting
properties, but also for their self-cleaning capabilities. As can be seen from the Scanning
Electron Microscope (SEM) micrographs given in Fig. 2.1, the lotus leaf is made up of a
hierarchical topography that is covered by a low surface energy wax layer [8-10]. Owing to
this surface composition, water droplets appear to have a spherical shape on the lotus leaf and
their adhesion to its surface is significantly low. Meanwhile, it should be stated that other
biological surfaces with similar properties to those of lotus plant have also been studied, such
as butterfly wings [11], water spider’s legs [12] and rice leaf [13] to name a few. The surface

morphology of these natural organisms is shown in Fig. 2.1b-d, respectively.
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Fig. 2.1. Examples of biological structures exhibiting superhydrophobicity and low liquid-
solid adhesion: (a) photo of a water droplet covered with lipoidic particles on a lotus leaf and
SEM micrographs of the plant’s surface topography at different magnifications [14]; (b) image
of a blue butterfly at different magnifications [15]; a water spider walking on water and SEM
images of its feet surface at different magnifications [16]; photo of a rain droplet formed on
rice leaf and SEM micrographs of the leaf’s surface topography at different magnifications

[17].
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On the other hand, there are plenty of animals or plants on the planet whose surfaces exhibit
anti-wetting behaviour and high adhesion simultaneously. This special wetting state is well-
demonstrated by the rose petals and the feet of Tokay gecko. For instance, rain droplets formed
on the rose flowers completely pin to their dual-scale rough surface (see Fig. 2.2a), enabling
them to flourish in humid conditions [18]. At the same time, the ability of geckos to climb
almost any surface is attributed to the high adhesion forces induced by the complex
morphological structures (see Fig. 2.2b), i.e. a hierarchical topography consisting of lamellae,

setae, branches, and spatula, located on their toes [19, 20].

Fig. 2.2. Natural organisms showing superhydrophobicity with high adhesion: optical and
SEM images of a (a-d) rose petal [21] and (e) gecko’s foot [22] surfaces. Note: the characters

ST, SP and BR in (e) refer to the seta, spatula and branch, respectively.
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Lastly, the structural morphology of some carnivorous plants has also gained much attention
recently due to their interesting anti-adhesive characteristics. In particular, these plants have
developed functional organs for capturing their prey and thus surviving even in harsh
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 pitchers are characterised by various morphological districts (see
Fig. 2.3), such as leaf-shaped lid, peristome, slippery zone and digestive district, and each one
has a different functionality [23]. The upper rim of this peristome is hydrophilic/oleophilic and
consists of a microstructure topography with radial ridges [24]. At the same time, its surface,
especially the inner edge, is filled with nectaries secreted by glands for attracting insects [25].
Once the peristome gets wet by a mixture of liquids (e.g. water and nectar), it forms a stable

slippery film that forces the prey to fall into the digestive fluid [26].

Fig. 2.3. The surface morphology of Nepenthes pitcher plant: optical and SEM images

showing the unique structural topography of the peristome’s upper rim [18].
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2.2. Wettability and superhydrophobicity

Generally, the term wettability describes the ability of liquids to spread over a particular
surface and it has been recognised over the last years as one of the most critical characteristics
of solid materials [27]. Traditionally, the 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 exhibiting a CA value lower than 90°
are considered as hydrophilic, whereas surfaces with a CA value above 90° demonstrate a
hydrophobic behaviour. Meanwhile, superhydrophobicity is credited to a surface when water
droplets form a nearly spherical shape, i.e. CA larger than 150°, and the unique adhesion
characteristics of such surfaces are discussed in the next paragraph. For the shake of clarity, a

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

Hydrophobicity increases
Superhydrophobic

Hydrophobic

Hydrophilic-Hydrophobic

Hydrophilic

Hydrophilicity increases

Fig. 2.4. Classification of surfaces based on apparent CAs [28].

Furthermore, it is well-known that not all SHS exhibit the same adhesion behaviour and thus
they can be classified into two categories [29]. More specifically, there are artificial SHS with
low (“lotus leaf effect”) and high (“rose petal effect””) adhesion [30, 31]. In the former case,
water droplets are highly mobile and can easily roll off the surfaces. On the contrary, droplets

have a tendency to strongly attach on the latter surfaces and remain in place till they evaporate.
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Typically, the adhesion forces at the interface between a liquid and a solid surface can be
characterised using the Critical Sliding Angle (CSA) and Contact Angle Hysteresis (CAH). In
brief, the first parameter is defined as the minimum tilting angle required to initiate droplet
mobility as illustrated in Fig. 2.5a, whilst CAH reflects the least energy required to move a
droplet from one metastable state to another on a surface and it can be obtained by getting the
difference between advancing (6,) and receding (6z) CAs [32]. The most common technique
to determine these two angles for SHS is the so-called needle method (see Fig. 2.5b), in which

the volume of a sessile drop is slowly increased and decreased via a syringe.

(b)

Needle method

Fig. 2.5. Methods for characterising the adhesive properties of surfaces: schematic diagram of
(a) a droplet that is just starting to flow down an inclined surface at a particular CSA [33] and

(b) the needle method used for measuring the advancing and receding CAs [34].

Typically, SHS that demonstrate extreme water repellency are defined by having a very low
CAH and/or CSA, i.e. less than 10° [35, 36]. These surfaces owe their unique shedding
capabilities to their hierarchical micro/nanostructured topography, which can effectively
entrap air to form a gas barrier and prevent diffusion of liquids [37]. However, it should be
noted that SHS with low adhesion cannot be achieved solely by texturing a surface and thus
in most cases a chemical treatment is required, too. In particular, several studies have reported

that a combination of surface roughness and low surface energy is essential to produce artificial
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SHS on different type of materials, including metals, glass and polymers [38]. For example,
various perfluorinated compounds, such as perfluorinated phosphates, perfluorinated silanes,
fluorinated monomers, polymers and copolymers, have been utilised over the years to lower
the surface energy of materials and enhance their anti-wetting/anti-adhesive properties [39].
Considering the attractive functionalities of such SHS, there are plenty of potential

applications, as shown in Fig. 2.6, in which these surfaces could be extremely beneficial.

/ Antifouling /

/

Applications of /
( Qil-water )
reduction

separation

)

Fig. 2.6. The promising application fields where SHS with low adhesion can be successfully

utilised.

One of the main shortcomings that hampers the broader use of SHS in practical applications
is their poor long-term durability [40]. To address this crucial problem, considerable research

efforts have recently been invested into the development of novel strategies for fabricating
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robust SHS and consequently improving their overall performance under harsh operating
conditions [41-43]. However, to better understand the mechanisms responsible for the
degradation of SHSs’ unique functionalities, it is necessary to firstly introduce the fundamental
theories that elucidate the wetting phenomena on these surfaces. In this regard, the original
theory that can predict the CA of a liquid droplet on an ideal smooth surface (6y) was proposed
by Young. This wetting scenario (see Fig. 2.7a) takes into consideration the different
interfacial surface energies at the solid/vapor (ysy), liquid/vapor (y.) and solid/liquid (ys;)
interfaces and is given by Equation (2.1) [44]. Despite that, it should be noted that most solid
materials in practice have a rough surface topography, which is chemically heterogeneous, and

thus Young’s model cannot be used to estimate the wetting state of such surfaces [45].

cos Oy = Ysv — Y1 (2.1)
Yiv

Therefore, other theoretical models have been proposed to describe the surface wetting
behaviour of homogeneous surfaces covered with hierarchical micro/nano-scale structures, i.e.
the Wenzel, Cassie-Baxter and intermediate metastable regimes [46]. More specifically, the
Wenzel’s model can be used to explain the apparent CA on a rough solid material when its
surface topography is fully wetted by liquid droplets as shown in Fig. 2.7b [47]. On the
contrary, Cassie-Baxter reported a case where air can be entrapped within the cavities of a
hierarchical surface topography as illustrated in Fig. 2.7c, resulting in a solid-liquid-air
interface [31]. The apparent CAs, i.e. 8y, and 6.5, according to the two aforementioned

wetting regimes can be calculated using the Equations (2.2) and (2.3), respectively [48].

cos By, = rcos By (2.2)

cosOcg = f(1+cosby) —1 (2.3)
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Where r is a roughness factor that represents the ratio of solid surface area to the projected
one and f refers to the relative fraction of the liquid-air area at the interface. Even though SHS
in a stable Cassie-Baxter regime are typically preferred, especially in applications where liquid
repellency is required, this state is metastable and a transition to the Wenzel one can result in

complete loss of their anti-wetting/anti-adhesive functionalities [49, 50].

eLV

Fig. 2.7. Fundamental wetting theories: (a) Young’s model, (b) Wenzel’s model and (c)

Cassie—Baxter model [51].

In general, there are various factors that can affect the stability of Cassie—Baxter regime. These
factors can be divided into two main groups: (i) mechanical damage to the hierarchical
topography of the SHS and (ii) damage to their surface chemistry [35, 44]. To date, numerous
attempts have been carried out by researchers to characterise the performance of SHS under
such conditions and also to identify ways for mitigating their negative effects. However, the
fabrication of robust and stable SHS is 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 new surface functionalisation technique, which is based on lubricant impregnation
of rough surface topographies, has received significant attention among the research

community recently. In particular, the design principles of LIS, also known as slippery liquid-
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infused porous surfaces, have been inspired by living organisms and the popularity of these
surfaces arises from their impressive shedding capabilities against both Newtonian and non-
Newtonian liquids (i.e. liquids with shear-dependent viscosity) [52-54]. As already mentioned,
an illustrative example of such functional surfaces existing in nature is the Nepenthes pitcher
plant. Different from SHS, 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, resulting in the

formation of a smooth slippery layer at the interface [55, 56].
Air

Lubricant

!

Textured substrate

Fig. 2.8. Schematic illustration of a substrate infiltrated with lubricant.

In general, Aizenberg’s group [57] was among the first ones to report the fabrication of LIS
and the main criteria behind their design can be summarised as follows: (i) the employed
lubricant should wet and stably impregnated into the textured scaffold; (ii) the textured
substrate should only be wetted by the lubricant and not by the liquid to be repelled; and (iii)
to achieve a stable impregnation, suitable lubricants, i.e. immiscible and incompatible with the
working fluids, should be considered. Thereafter, Smith et al. [58] analysed the complex
interaction between liquid droplets and LIS. In particular, this research revealed that a drop on
LIS can appear in 12 different wetting configurations, which are explained below. These
thermodynamic states can be divided into two categories depending on the spreading

behaviour of the infused lubricant (o) on the water droplet (w) in the presence of ambient
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environment (a) [59]. The individual interfacial tensions, i.e. liquid/solid, lubricant/solid and
lubricant/liquid, that define the spreading coefficient can be calculated by the methods already
available in literature [60, 61]. In case the spreading coefficient (S, (4)) is positive, the liquid
drop will be covered by the lubricant and thus forming a “cloaking” film. Based on a previous
study reported in [62], the thickness of this film can be up to a few nanometers. In contrast,
the lubricant does not cover the droplet when the spreading coefficient is negative, i.e.
Sow(ay < 0. 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 surface. The formation of such wetting
ridge is typically attributed to the vertical component of the water’s surface tension, and its

height mainly depends on the thickness of the “cloaking” film [63, 64].

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

Wetting ridge

Fig. 2.9. Schematic representation of a static drop on LIS when the spreading coefficient is

positive (left) and negative (right) [58].

Furthermore, in each aforementioned category, there are six discrete wetting configurations at
which a static droplet can exist on LIS. They can be distinguished by how the infused lubricant
interacts with the rough surface topography in the presence of air and water [58]. Fig. 2.10
depicts the three possible configurations underneath a droplet deposited on LIS when the

spreading coefficient is either positive or negative. In the first configuration (see state W1), the
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droplet displaces the lubricant from the textured surface and penetrates into the structures. As
a result, the droplet completely adheres to the surface. It 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 regimes, i.e. W2 and W3,
where the textured topography underneath the drop is partially or fully covered by the
lubricant, respectively [65]. Meanwhile, the last two configurations can also be observed in
the textured topography outside the deposited droplet, thus adding another three possible

wetting combinations in each category. However, it is worth noting that LIS in a fully

encapsulated state can exhibit higher droplet mobility due to low pining forces [66].

Fig. 2.10. Schematic diagram showing the possible wetting configurations underneath a water
droplet placed on LIS when the spreading coefficient is positive (top) and negative (bottom)

[58].

In most theoretical studies on LIS, it is presumed that the underlying surface structures are
fully submerged by the infused lubricant. Though, achieving such a wetting state is a
challenging task that requires to properly modify both the surface topography and its
chemistry. Specifically, the textured scaffold of LIS should exhibit an oleophilic behaviour in

order to be wetted by the utilised lubricant instead of repelling it. Thus, coating-based
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techniques, as discussed in the previous section, are commonly utilised to treat the surface of
solids and acquire the desired wettability for preparing LIS. At the same time, it should be
noted that the lubricant is entrapped into the surface structures by capillary and also van der
Waals forces [67]. As a result, surface topographies consisting of relatively small periodic
structures are preferred to benefit from their strong induced capillary pressure. Overall, LIS
produced with such underlying surface topographies have superior stability and consequently
demonstrate more durable anti-adhesive characteristics. Additionally, lubricant viscosity is
another critical parameter that influences the mobility of liquid droplets, and thus it should be
taken into consideration when designing LIS. In particular, a reduced shedding droplet velocity
was observed with the increase of lubricant viscosity owing to the enhanced viscous
dissipation at the liquid—lubricant interface [68, 69]. However, it should be emphasised that
even nanostructured LIS impregnated with high-viscosity lubricants are susceptible to failure,

and the main mechanisms responsible for that are discussed in Sub-section 2.3.4.

Once a fully encapsulated state is attained, LIS can offer attractive multi-functional properties.
In reality, these surfaces display extreme liquid repellency with both CAH and CSA values
less than 5° [70]. Compared to SHS, LIS are characterised by superior stability under harsh
environmental conditions, i.e. high-pressure and —temperature [57]. Owing to these
advantages, LIS have emerged as promising candidates for various applications related to self-
cleaning [71], food processing [72, 73], anti-icing [74, 75], drag reduction [76], anti-corrosion
[77], droplet manipulation [78], water harvesting/transportation [79] and enhanced
condensation [80]. On top of that, it should be stated that LIS possess impressive antifouling
functionalities even against biological fluids, proteins and bacteria [81-83]. Thus, they have
extensively been introduced as an effective solution to inhibit biofouling and cross-

contamination phenomena faced in several medical applications (see Fig. 2.11) [84-86].
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Physiological Fluids

Fig. 2.11. The various promising applications of LIS in healthcare sector [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 with the fabrication of a suitable scaffold that 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. metals [89, 90], ceramics [91] and polymers [92, 93],
have widely been reported as scaffolds for LIS. In addition, the fabrication of such functional
surfaces on glass [94] and wood [95] has been demonstrated, too. Overall, there are three key
strategies to produce LIS, which involve: (i) the use of a chemical treatment to alter the surface
chemistry of inherently porous/rough substrates (see Fig. 2.12); (ii) the use of a surface
modification technique to roughen the topography of low-surface-energy materials and (iii) a

combination of the two aforesaid approaches [96].
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Fig. 2.12. LIS produced from inherently porous materials: (a) an illustration of the steps
involved to prepare LIS with a colloidal approach based on inverse opal scaffolds (left) and
SEM micrograph of the as-prepared surface topography (right) [94]; (b) schematic diagram
(right) and SEM image (left) of the Teflon-based porous nanofiber surface topography that

was impregnated with a lubricant to obtain LIS [57].

To roughen the surface topography of flat substrates and hence achieve lubricant retention, a
wide variety of surface modification techniques can be applied. Especially, these methods 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 photolithographic process as shown in Fig. 2.13.
Compared to surface topographies with single-tier microstructures, those consisting of two-
tier MS structures, i.e. micro/nano structures, have proved to display significantly lower
contact line pining forces and thus they have gained more attention from researches [68]. As
a result, several manufacturing processes have been proposed and successfully implemented
to fabricate LIS with such topographies, which include plasma treatment [97], spin-coating

[98], electroplating [99], chemically etching [100] and self-assembly [101] among others.
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Fig. 2.13. SEM micrographs of surfaces covered with highly regular and homogeneous

micropillar structures, which were fabricated through lithographic processes [102].

However, it should be stated that the majority of these surface treatments cannot meet the
requirements for scale-up production and also their usage involves hazardous chemicals that
can be extremely harmful to both the human health and environment. To address some of these
challenging issues, Ma et al. [103] proposed an alternative surface treatment to fabricate LIS
on metallic substrates by direct laser texturing (see Fig. 2.14). Shortly after, a similar laser-
enabled surface treatment for producing LIS on glass was reported by Lee et al. [104], too. In
fact, these two studies demonstrate the huge potential of LMM technology as a tool for
functionalising materials. The advantages, capabilities and limitations of this technology will

be introduced and analytically discussed in Sub-section 2.4.

Diameter

' Texture

-
—
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Laser treatment Chemical modification Oil infusion Slippery surface

Fig. 2.14. Schematic illustration of the laser-enabled surface treatment used to fabricate LIS

on carbon steel [103].
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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 lubricant is one of the most crucial steps when preparing
LIS, and thus it should be made according to the application-specific requirements. Based on
literature, it is apparent that a wide variety of lubricants with different properties can be used
for producing LIS. For instance, water-based lubricants were deployed in fields associated
with biological systems [105]. However, it is worth noting that such lubricants exhibit
extremely low stability, because they can easily evaporate when exposed to elevated
temperatures. As a result, oil-based lubricants were mostly investigated by researchers. In
particular, perfluorinated oils, e.g. perfluorodecalin [106], Fluorinert FC-40 [107] or Krytox
oils [108], have commonly been employed as lubricants to assess the capabilities of LIS for
various applications. Despite the great stability and immiscibility of these oils against many
working liquids, their usage releases toxic gases, i.e. fluorine, that can pose a high risk to the

ecosystem [109].

Therefore, various studies have promoted the use of essential [110] and vegetable [111, 112]
oils as an alternative to perfluorinated ones for preparing LIS. However, such oils cannot be
considered as an option for food applications due to their strong aroma and incompatibility
with some food substances [113]. At the same time, although these natural oils are likely to be
harmless for the human body, further efforts are still required to validate their biocompatibility
before using them in healthcare sector. On the other hand, silicone-based oils are widely
available at different viscosities whilst preserving their chemical characteristics. As such, LIS
with highly viscous silicon oils can be prepared to achieve a better stability and hence to
prolong their functional response. Finally, another major benefit of choosing this type of oils

is that they are nontoxic and also their use has already been approved by both FDA [2] and
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EFSA [114] for medical applications as well as food additives. Thanks to these advantages,

silicon-based oils have attracted considerable attention as lubricants to create LIS [115-117].

Lastly, after selecting the proper lubricant, it is necessary for the textured substrate to be
impregnated in a repeatable 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 slowly pulled out
[118]. This method is well-known as dip-coating. The second technique requires the use of a
spin coater or spinner [119, 120]. Especially, the lubricant is spread over the textured surface
owing to the centrifugal forces induced by this device. In the last case, the substrate should be
tilted slightly and then one of its edges should be placed into contact with a lubricant reservoir

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

2.3.4. Durability

To benefit from long-lasting anti-adhesive properties, it is essential the as-prepared LIS to
display great stability and hence durability. Therefore, their performance has been tested
against various conditions over the last years. In most cases, the depletion of impregnated
lubricant has been determined as the main reason responsible for the degradation of LISs’
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, optical systems, such as fluorescence macrophotography [121], confocal
microscopy [122], interference microscopy [123] and white light interferometry [124], 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 contrary, other
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experimental approaches to characterise lubricant depletion involved measuring potential

alterations in the wetting properties [125], weight [126] and pressure (see Fig. 2.15) [127].
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Fig. 2.15. Shear-induced lubricant depletion: (a) SEM micrograph of the sanded PTFE surface
topography; (b) schematic diagram of shear-induced loss of lubricant infused into the PTFE-

sample; (c) plot showing the pressure drop over time as a result of lubricant depletion [128].

Overall, there are numerous mechanisms causing the loss of lubricant from the infused surface
structures. Specifically, lubricant depletion can occur due to gravitational forces (see Fig.
2.16a) [129] and evaporation (see Fig. 2.16b) [130]. At the same time, liquid droplets deposited
on LIS at a high velocity can displace the impregnated lubricant as illustrated in Fig. 2.16¢
[62], exposing the underlying surface topography. However, this phenomenon is typically
more pronounced on LIS prepared with lubricants of low viscosity. Previous studies have also
reported that ice formation and condensation can lead to depletion of impregnated lubricant
from the structures, resulting in LIS failure (see Fig. 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 surface (see Fig. 2.16e) [68]. Finally, the functionality of LIS can be
damaged when the lubricant layer is severely drained by external forces, e.g. under persistent

shear flow conditions (see Fig. 2.16f) [133].
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Fig. 2.16. Schematic illustrations showing lubricant depletion from the surface structures due
to: (a) gravitational forces; (b) evaporation; (c) droplet impact; (d) ice formation; (e) cloaked

liquid droplets; (f) shear forces [102].

However, some of the aforementioned mechanisms responsible for the failure of LIS can be
counteracted or at least mitigated. For instance, lubricant displacement and evaporation can
be minimised by utilising high viscosity lubricants when producing LIS, which is attributed to
the enhanced viscous dissipation and their low evaporation rate, respectively [68, 102]. As
stated earlier, 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/nanostructured
surface topography have widely been investigated as a means of enhancing lubricant retention
and consequently the functional response of LIS. Yet, the capillary forces induced by the
microscale cavities of such structures are weak and as a result the stored lubricant can easily
escape under persistent shear flow conditions [102]. In contrast, a systematic investigation of
LIS produced with different length scale topographies revealed that the ones with
homogeneous nanostructures exhibited superior stability and accomplished to preserve their

functionalities even when subjected to extreme centrifugal forces [126]. In reality, the durable
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performance of such LIS was attributed to the relatively strong capillary pressure manifested
by the underlying nanostructures, enabling a better lubricant retention. Thereafter, further
efforts were made to identify the critical parameters that can help to reduce shear-induced
lubricant depletion. Especially, it was reported that underlying surface structures with
interstitials equal to or less than a particular length (L), also known as steady-state length,
can mitigate lubricant loss by shear forces (see Fig. 2.17) [121]. In addition, this length
depends on the dimensional and geometrical characteristics of the surface structures and thus
it is possible to be manipulated, which can then help to improve lubricant retention [102]. For
instance, surfaces with both deeper and narrower interstitials exhibit a larger steady-state

length [102].
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Fig. 2.17. Durability of LIS under shear flow conditions: (a) a cross-section 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 steady-state length L,,. Note: the

shear-induced lubricant depletion was investigated at a constant flow rate of 2 mL/min and

shear stress of 5.2 Pa [121].
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2.3.5. Applications in food packaging and optical medical devices: state-of-the-art,

properties and durability

As discussed analytically in Sub-section 2.3.2, various “bottom-up” and “top-down”
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 water. 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 was retained 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. Therefore,

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 easy-to-empty packaging/containers that are in the focus of this
research. To begin with, Zhang et al. [134] produced nanoporous aluminium LIS by combining
sol-gel and hydrothermal treatments, and their antifouling functionalities were demonstrated
against various food liquids (i.e. milk, juice, coffee and ketchup). The as-prepared LIS
displayed excellent anti-adhesive characteristics with CSA values below 5°, but an analysis of
their durability and long-term performance was not reported in this study. On the contrary, Lee
et al. [135] employed an 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 anti-adhesive and durability characteristics of these functional surfaces
were characterised. This research showed that non-connecting topographies possessed a 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 176 water droplets 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 coating-based 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 liquids, and thus they displayed outstanding omniphobicity. Apart from that,
no fouling formation was observed on their surfaces even when immersed into different bulk
food liquids (i.e. milk, honey, coffee and ketchup) for 60 consecutive times. In addition,
another type of LIS, namely liquid-infused organogels, was successfully fabricated and used
by researchers for antifouling applications [136, 137]. Benefitted from the entrapped lubricant
inside the 3D porous structure, the proposed slippery organogels displayed long-lasting
shedding functionalities against viscous emulsions. However, the use of these semi-solid

materials in practical applications is hampered by their lack of mechanical robustness [138].

Interestingly, even though thermoplastic polymers are mainly used in the 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 hydrocarbon-based polymer films to prepare LIS and their
anti-adhesive characteristics were evaluated towards viscous food liquids, such as ketchup and
yogurt. All the polymer LIS were capable of repelling ketchup droplets at a CSA below 20°,
whilst the one with the best performance preserved its slipperiness even when stored in a
container filled with ketchup for 50 days. At the same time, another research reported the
fabrication of porous thermoplastic polymer LIS via solvent casting, which exhibited

impressive liquid-repellency 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 polymer LIS had excellent anti-adhesive 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 as-produced LIS had the ability to restore their unique functionalities
upon mechanical damage, and thereby there was no significant degradation in their

performance even after 100 abrasion cycles.

Furthermore, several other recent studies investigated the interaction of biological fluids with
LIS, aiming to achieve transparent antifouling materials for medical optical devices. Manabe
et al. [142] prepared biocompatible porous LIS on glass substrates using a layer-by-layer self-
assembly method. Such LIS demonstrated excellent shedding (CSA of ~ 8° for blood droplets)
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 droplets pinned to the surface. A year
later another surface treatment was proposed to fabricate transparent LIS with anti-biofouling
characteristics, which involved the deposition of silica particles onto bare glass surfaces [111].
To evaluate the potential of these 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
slippery 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 impart anti-biofouling 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. It was demonstrated
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that the as-prepared LIS could maintain a relatively clear 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. On the contrary, a recent study also reported the
fabrication of such multifunctional lenses using a “top-down” process, i.e. direct laser
texturing [104]. To enhance the longevity of their antifouling properties, the textured surfaces
were covered with a fluorinated self-assembled monolayer. These LIS lenses displayed great
anti-adhesive characteristics against different type of body fluids, with CSA values slightly
below 15°. At the same time, the as-produced lens greatly inhibited not only biofouling and
fogging but also protein attachment. Lastly, the directly engraved underlying topography of
these LIS lenses led to a higher mechanical robustness compared to that of 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 produced on transparent
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 medical industrial 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 current state-of-the-
art manufacturing techniques employed for producing LIS involve either complex multi-step
procedures or high operating costs. On 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

Laser is an exceptional source that emits light and its name stands for “Light Amplification by
Stimulated Emission of Radiation”. Compared to other conventional light sources, laser
radiation has four distinctive characteristics: high intensity, high monochromaticity, high
directionality and high spatial-temporal coherence [143]. Due to these unique properties, a
laser beam can propagate over relatively long distances with small divergence and also it can
be focused upon small volumes with very high intensity [144]. Historically, Albert Einstein
was the first to introduce the theory of stimulated emission in 1916, establishing the
fundamental principles behind laser generation. However, it was many years later that the
creation of the first commercial laser source, especially a ruby laser, was reported by the

Theodore H. Maiman [145].

In general, a laser device can be divided into three major parts as illustrated in Fig. 2.18. Active
mediums (or lasing mediums) are materials, i.e. gases, liquids or solids, that are used to
produce an electromagnetic radiation, and their composition defines the nominal wavelength
of laser light. However, it should be highlighted that in the case of solid-state and fiber lasers,
glass or crystalline materials are mostly utilised as active mediums that are then fused with
elements such as ytterbium or neodymium, among others. Upon 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 the so-called “population
inversion”. More specifically, this phenomenon can only occur when there is a greater number
of excited-state electrons than those in the ground-state [146]. Therefore, a pumping source is

required to deliver an external source of energy and excite the lasing medium, which
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determines the laser’s output power [147]. In particular, such an energy source can be optical
(lamps or other lasers), electrical and even chemical [146]. Lastly, an optical cavity (or
resonator) is added to the system, which is an arrangement of two parallel mirrors placed at
each end of the active medium. Specifically, one of these two mirrors is highly reflective while
the other one is semi-transparent, resulting in the laser beam to travel back and forth [148].
Apart from amplifying the intensity of laser beam, the optical resonator also dictates its
characteristics. However, this is not the case for all the different types of laser sources available
on the market today. For instance, fibre lasers do not require such an optical arrangement and

thus they exhibit a better beam quality and stability [149].
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Fig. 2.18. 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 the latter mode have attracted
more attention in a number of fields, e.g. medical surgeries, material processing and
communication [150]. Initially, long-pulsed millisecond lasers were adopted to execute

different laser operations, e.g. cutting, engraving and drilling, in industrial processes.
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However, over the years, technological advances in various sectors, i.e. biomedical, aerospace,
electronics and telecommunications, have driven the demand for producing components with
microscale features [151]. To address these challenging requirements, it was essential to
minimise the thermal effects induced by long pulse lengths and hence to improve the overall
precision of laser processing operations. Thus, remarkable efforts were invested to develop
lasers emitting pulses with both high peak power and very short durations [152]. In particular,
it was in 1991 when the first ultrashort laser source, i.e. a 60 fs self-mode-locked Ti:sapphire
laser, was reported by Spence et al. [153]. Since ultrafast laser technologies were 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 processes. A turning point in ultrafast lasers
development came with the invention of chirped pulse amplification by Strickland and Mourou
in 1985, which enabled the production of ultrashort laser sources with extremely high peak
power [154]. Since this discovery, these lasers paved the way for many advances in both

scientific and industrial fields (see Fig. 2.19) [155].
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Fig. 2.19. A graph showing the applicability of different ultrashort pulse laser oscillator

technologies [155].
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2.4.2. Laser-material interactions

Over the last decade, several micro manufacturing operations have benefited from the
advancements in laser technologies. So far, the number of research studies is increasing
exponentially in this field and thus new opportunities of lasers in industrial applications are
coming to light. Especially, significant progress has been made in the area of laser—material
interaction with an emphasis on the effects of different pulse durations on the ablation of
materials [156-158]. 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 critical factor that influences
the laser-material interaction and consequently the overall ablation efficiency [159, 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 not only shorter and shorter laser pulse durations but
also wavelengths. However, it should be stated that choosing the right source for laser material

processing mainly depends on the type of application and its specific requirements.
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Fig. 2.20. Absorptivity of common metals at different laser wavelengths in the (a) wide

spectrum [161] and (b) short-wavelength spectrum [162].

41



In recent years, the majority of LMM operations are carried out with either short (nanosecond)
or ultrashort (picosecond and femtosecond) pulsed lasers, 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 material ablation occurring between the two aforementioned
pulse lengths are significantly different to each other [163]. For clarity purposes, SEM
micrographs of a circular hole drilled with a nanosecond and a femtosecond laser are given in
Fig. 2.21a, whilst graphical 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 durations. Actually, there is
no sufficient time for the heat to diffuse into the bulk of material, and thus the surrounding
irradiated areas display an almost negligible thermal damage [154]. In the ultrashort regime,
the processed solid material undergoes the so-called ‘cold ablation’ and directly vapourises,
resulting in machined structures with burr-free edges [164]. For example, it has been
demonstrated that high-quality structures can be produced even onto polymer-based materials
by using ultrashort pulsed lasers [165]. Lastly, another major advantage of such laser sources
arises from their nonlinear pulse—material interaction, which enables to process inside highly

transparent materials, e.g. polymers and glasses [166, 167].

On the other hand, ablation by nanosecond pulsed lasers is considered as a thermal process
[168]. This is because the duration of each pulse is long enough so that the laser-induced heat
can penetrate into the material. Since the thermal effects are more pronounced in this regime,
the irradiated surface area starts to melt and then it is vaporised [169]. However, a substantial
fraction of the melted material re-solidifies on the material surface, leading to the formation
of a recast layer. In addition, the formation of surface oxidation, Heat Affected Zone (HAZ)

and microcracks are some of the side effects of nanosecond laser treatments [154]. Despite
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that, such treatments are associated with low operating costs and high efficiency [170], whilst
their overall processing performance can be improved significantly upon irradiation in gaseous

environments [171, 172]. Therefore, they have widely been utilised in numerous industrial

machining operations, e.g. texturing, drilling, polishing and cutting.
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Fig. 2.21. Laser-material interactions: (a) SEM micrographs of a round hole drilled in a 100
pum thick metallic substrate by a femtosecond (left) and a nanosecond (right) pulsed laser
[173]; (b) graphical illustrations of the laser-material interactions involved in the ultrashort
(left) and short (right) ablation regimes [174]. Note: Based on the processing parameters
provided in [173], the laser percussion-drilled holes presented in (a) were made with a beam

spot size of ~ 175 um.
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2.4.3. Laser processing setups

Generally, there are various experimental setups that can be used in laser processing
operations. These setups can have a very simple or complex design, depending on the
application’s specific requirements. At the same time, the capital cost of a LMM workstation
can vary significantly and it can be estimated from the different component technologies
included into the beam delivery sub-system. An illustrative example of an advanced LMM

platform is given in Fig. 2.22, which specially designed for processing complex 3D parts.
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Fig. 2.22. A typical laser setup for multi-axis processing [175].

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 the number of laser pulses deposited

on the substrate, whilst beam expanders/reducers, i.e. either a Keplerian or Galilean telescope,
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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 to condition 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 discussed in [176]. 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 improve the quality of
machined structures by converting a Gaussian beam into a flat-top one with uniform energy
distribution (see Fig. 2.23b) or to increase productivity by splitting the incident beam into

multiple ones (see Fig. 2.23c) [177, 178].

To move the laser beam in two lateral directions, LMM systems are usually equipped with
galvo scanners, also known as scan-heads. Such devices consist of motorised mirrors that can
deflect the beam across a substrate with high precision and speed. For high-throughput
applications, polygon mirror-based scanners can be utilised as they offer much faster
processing speeds, i.e. speeds up to 1000 m/s [179, 180]. Thereafter, it is necessary to focus
the laser beam on the material and hence F-theta lenses are typically used to achieve 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 can maintain the Beam Incident Angle
(BIA) normal to the irradiated surface within the field of view, resulting in superior processing
uniformity than standard F-theta lenses. Meanwhile, a Z-module (see Fig. 2.22) can also be
incorporated into the beam delivery sub-system, 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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reconfigurable holding device together with a 5-axis CNC unit can be included in the LMM
platform. Finally, the use of a high-resolution positioning camera and/or a confocal probe is
essential in order to accurately place the samples at the focal plane and also calibrate both the
focusing lenses and galvo scanners. It should be stated that all the aforementioned independent
devices can be controlled through a dedicated Computer 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. 2.23. Optical elements in laser processing: (a) schematic illustration of a quarter
waveplate for converting the linearly polarised beam into circularly polarised one [181]; (b)
intensity profiles of a typical Gaussian beam (left) and flat-top beam (right). (Image courtesy
of IL Photonics); (c) diagram of a diffractive optical element used to split the input laser beam.
(Image courtesy of Holo/Or); (d) the two common types of F-theta lenses used in laser material

processing and their principal function.
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2.4.4. Laser-enabled surface treatments

In recent years, surface functionalisation techniques have gained considerable attention from
research community as an important enabler for developing innovative products. As already
mentioned in Sub-section 2.3.2, several micro-manufacturing technologies have been
deployed to modify the surface topography and/or chemistry of materials and hence to alter
their functional response [182]. However, the majority of employed surface treatments have
intrinsic limitations, i.e. difficult to scale up procedures involving toxic substances and having
a dependence on material types, that currently prevent their industrial uptake [183]. At the
same time, functional surfaces prepared by coating-based methods display poor durability,

especially when subjected to mechanical damage [184].

To address these challenges, LMM has recently emerged as a promising tool for
functionalising solid materials. In particular, this technology enables to simultaneously change
the surface chemistry and topography of almost any engineering material, eliminating the need
for low surface energy coatings [185]. Apart from offering high accuracy 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 many advantages, it should be stated that stand-
alone direct LMM strategies are still capital intensive and thus they are not suitable for large
batch production [186]. However, the relatively high manufacturing costs associated with this
technology can be reduced substantially when combined with well-established mass
production methods, i.e. polymer replication [187-190]. Therefore, replication processes are
gaining importance as a means to cost-effectively alter the surface topography of chemically
stable polymers, which is accomplished by transferring the textures from a tooling insert onto

their surfaces [191]. For clarity purpose, an example of such a process chain developed to
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enhance the hydrophobic properties of thermoplastic polymers is provided in Fig. 2.24, which
involves laser texturing of metallic masters and then polymer replication by injection
moulding. Based on the study reported in [191], the surface chemistry of polymer substrates
was not affected by the micro-injection moulding and thus the change in CA was solely

attributed to the alteration of their surface topography.
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Fig. 2.24. Cost-effective process chain for producing hydrophobic polymer surfaces by
combining LMM and polymer replication technologies: (a) schematic diagram of the
manufacturing procedures involved; (b) the employed laser processing setup. The characters
d and h indicate the pulse-to-pulse and hatch distance, respectively; (c) and (d) schematic
illustrations of the injection moulding procedure followed to fabricate the textured polymer

replicas [191].
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Furthermore, another benefit of using LMM technology for functionalising materials is its
capability to selectively fabricate micron-to-nanoscale features. Overall, several surface
structures can be generated via laser texturing/structuring operations, which can be classified
into two main groups: i) self-organized surface structures (random or periodic) and ii) laser-
inscribed surface structures [192]. Among the different laser-enabled structures fall into the
first category, LIPSS have drawn the most attention from researchers. As a proof, Fig. 2.25
depicts the number of research papers mentioning the word/phrase LIPSS through the years
1980 - 2022. In fact, LIPSS are periodical ripple-like nanostructures and their appearance was
reported for the first time in 1965 [193]. Based on previous studies, it is apparent that these
laser-induced structures can be imprinted onto a wide range of solid materials, e.g. metals
[194], polymers [195], semiconductors [196], glass [197] and dielectrics [198]. Generally,
LIPSS are divided into Low Spatial Frequency LIPSS (LSFL) and High Spatial Frequency
LIPSS (HSFL) with periodicities close to and much smaller than the operating laser
wavelength, respectively [199]. However, it should be stated that only the former type of
LIPSS can be produced upon irradiation with both short [200] and ultrashort [201] pulsed
lasers. Thus, LSFL LIPSS, referred to as LIPSS from now on in this PhD thesis (unless

otherwise stated), have become a hot research topic.
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Fig. 2.25. Plot presenting the actual number of published papers on LIPSS between the years

1980 and 2020 [202].
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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 most well-accepted
theory on LIPSS formation has been introduced by Sipe, which attributes their generation to
the interference between the incident laser beam and the surface plasmon polaritons [203].
Typically, these structures start to appear on the surface when laser fluence is close to the
ablation threshold of the target material [204], which can be determined using the so-called
Liu’s method [205]. The morphological characteristics of LIPSS can vary depending on the
laser processing 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. 2.26a-c [206]. Whereas,
homogenous triangular-like LIPSS (see Fig. 2.26d) in hexagonal arrangements were reported
upon irradiation of SS with a circularly polarised laser beam [207, 208]. At the same time,
many studies demonstrated that the spatial periodicity and amplitude of LIPSS can be
controlled by varying the laser processing parameters, e.g. BIA and single pulse fluence [209-
211]. Due to their distinctive physical characteristics, surfaces covered with such sub-
wavelength surface undulations have widely been proposed as a means of colour-marking
[212], improving cell adhesion [213], minimising reflections [214], reducing friction [215] and

mitigating bacterial adhesion [216].
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Fig. 2.26. Influence of laser polarisation on LIPSS formation: (a-c) SEM micrograph of highly
regular LIPSS produced on Titanium, Molybdenum and Steel with an ultrashort laser,
respectively [206]. The yellow arrows represent the direction of laser polarisation when
processing the different metallic materials; (d) SEM image, with a 2D Fast Fourier Transform
(2D-FFT) inset, of triangular LIPSS formed upon irradiation with a circularly polarised laser

beam [207].

On the other hand, laser-inscribed MS surface structures have also received considerable
attention by researchers because of their unique anti-wetting, anti-icing and anti-reflective
functionalities [217, 218]. By properly adjusting the laser processing parameters, a wide
variety of micro/nanoscale hierarchical structures can be formed on the surface with an
ultrashort pulsed laser. For instance, one-dimensional microgrooves (see Fig. 2.27a) were
produced on SS using a raster scanning strategy, whilst periodically arrayed microscale posts
(see Fig. 2.27b) were formed on the same material by employing a grid-like scanning strategy
[219]. A closer look on the SEM micrographs reveals that both microtopographies are fully
covered with nanoscale ripple features, i.e. LIPSS. In reality, single pulse fluence levels above
the material’s ablation threshold are required to generate such laser-enabled MS structures.

Based on Siddiquie et.al [220], the formation of micropillars with superimposed LIPSS was
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attributed to the higher fluence accumulated at the intersecting points of beam vectors when

scanning the surface multiple times.

However, it should be stated that the fabrication of MS topographies on metallic substrates has
been reported with short pulsed lasers, too. More specifically, it was demonstrated that dual-
scale parallel grooves (see Fig. 2.27c) and square-shaped pillars (see Fig. 2.27d) can be
produced onto SS surfaces by taking advantage of the thermal-induced side effects associated
with nanosecond laser processing [221]. 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 square-shaped pillars covered with LIPSS
was proposed by combining two laser technologies, i.e. short and ultrashort pulsed lasers

[222].

Fig. 2.27. SEM micrographs of different MS surface topographies textured on SS: (a-b)
microscale posts and grooves fully covered by nano-ripples, respectively [219]; (b-c)
microscale grooves and square-shaped pillars decorated with nanoparticles, respectively [221].
Note: The surface topographies presented in (a-b) were fabricated by a femtosecond pulsed

laser, whilst the ones shown in (c-d) were produced with a nanosecond pulsed laser.
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2.4.5. Multi-axis laser processing

Over the last years, technological advances in various industrial sectors have driven the
demand for producing functional components/moulds with intricate geometries, e.g. freeform
or curved surfaces [223]. However, unlike conventional machining, laser processing of curved
surfaces is still a troublesome task. For instance, both the BIA from normal and Focal Offset
Distance (FOD) vary with the surface curvature, resulting in distortion errors that can impact
the morphological characteristics of laser-enabled structures and consequently their functional
response [224, 225]. As a result, when employing complex 3D laser scanning strategies, these
processing disturbances should be considered and then acceptable tolerance limits should be
identified in order to achieve the desired process uniformity or functionality. On top of that,
another difficulty arises in cases where surfaces should be laser processed at multiple scanning
fields [226]. Fig. 2.28 shows the processing errors that can appear at the overlapping regions

of different scanning fields.

P | i l_u_l'_

Fig. 2.28. Schematic illustration of processing errors generated at the overlapping regions of

laser beam [226].

Despite the aforementioned challenges, several strategies have been proposed to enable laser
processing of parts with complex geometries. Initially, such strategies relied on the use of a
dynamic optical focusing system. More specifically, Diaci et al. [227] developed a method for
engraving freeform substrates by first measuring their raw surface topography (see Fig. 2.29a)

and then employing a Z-module to dynamically adjust the focus of laser beam. However, it
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should be noted that the proposed methodology can only be used to process parts with a
relatively small surface curvature due to the intrinsic constraints introduced by the dynamic

focusing devices.

To overcome this issue, multi-axis LMM systems, i.e. equipped with both a 5 axes CNC unit
and galvo scanner, have received considerable attention by researchers. Cuccolini et 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 processing fields was proposed in this study,
too. Thereafter, an alternative approach was reported by Wang et. 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 be divided into planar scanning fields and layers by taking
into account both the lens’s depth of focus and the negative effects of BIA. Lastly, Batal et al.
[175] demonstrated a more comprehensive multi-axis laser processing strategy for processing
freeform components. Specifically, this new method requires the laser processing constrains,
i.e. acceptable BIA and FOD variations, to be predetermined for a given application and then

used to drive the surface tessellation process.
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Fig. 2.29. 3D laser processing strategies: (a) interface of the software developed in [227] (left)
and image of a pattern engraved on a freeform surface using this method (right); (b)
triangulation of a curved surface in CALM software (left) and the actual feature machined on
the surface (right) [228]; (c) illustration of the method used in [229] to project the patterns onto

a freeform part (left) and image showing the patterns textured on its surface.
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To meet the high demand for producing components with intricate geometries, multi-axis
LMM systems have recently been developed that can operate in “simultancous mode”. As a
result, these systems can be employed to execute multi-axis simultaneous laser processing
operations, which were considered not achievable till now. The basic principles of this
technology will be introduced in Chapter 6. For laser processing of freeform surfaces, complex
3D laser scanning strategies can be programmed that involve the simultaneous control of both
optical and mechanical axes. As demonstrated by Orazi et al. [230], significant improvements
can be achieved with respect to the overall processing uniformity and efficiency when utilising
such laser setups. However, it should be highlighted that multi-axis simultaneous laser
texturing/structuring operations are not considered mature enough yet to be used on an
industrial scale. This is partially due to their complexity and inferior machining accuracy.
Although technical specifications of laser component technologies, e.g. optical beam
deflectors and mechanical stages, are provided by their manufactures, it is not possible to
predict the overall accuracy and precision achievable when implementing laser strategies that

require multi-axis motions.

To obtain such information, various verification methods have been proposed for conventional
5-axis machine tools [231, 232]. Nevertheless, these techniques cannot be applied directly to
evaluating the performance of laser systems, and a suitable test method has yet to be reported.
Most likely this is because multi-axis simultaneous LMM capabilities have only been
introduced to the market, recently. Therefore, further efforts should be devoted to assessing
their effectiveness in processing curved/freeform surfaces and to identify a generic method for
quantifying their performance. In fact, the development of an assessment method is of great

importance as it can be used not only to evaluate the ARR of a multi-axis LMM system after
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its installation on-site but also to determine potential systematic error sources and compensate

them.

2.5. Synopsis of open research questions

Overall, the carried-out literature review revealed the huge potential of surface
functionalisation techniques for developing innovative products with multifunctional
responses. Among the different bio-inspired surfaces, LIS have recently emerged as a
promising passive approach to impart durable anti-adhesive properties on materials and thus
to mitigate fouling phenomena faced by several industrial sectors. In addition, a significant
number of past studies have demonstrated the many advantages of LMM technology over other
surface modification treatments, especially when used for producing such functional surfaces.
However, there are still some open issues that should be addressed in order to enable the
broader use of this technology in industry. The open research questions identified in this PhD

thesis are as follows:

1. A significant progress has been made in developing surface treatment methods for
fabricating LIS on different material types. However, there are still limited investigations
of LIS on polymer-based materials, which are of great importance to food, cosmetic,
agrochemical and healthcare sectors, among others. At the same time, the majority of these
treatments are not scalable and/or their operation poses high ecological risks. Thus, it is
essential to develop a cost-effective laser-enabled surface treatment for producing polymer
LIS that display superior antifouling characteristics with a minimal environmental
footprint.

2. Even though considerable research efforts have been dedicated to design stable LIS,

durability aspects of these functional surfaces were not sufficiently characterised while they
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are important for their broader use in practical applications. As a result, further
investigations are required to better understand the effects and impact of LIS topographies
on their durability and functionality. Since the LIS properties are shown to deteriorate upon
lubricant depletion, their performance should be tested under both liquid shear and
vibrational forces.

. To date, although LIPSS have been extensively investigated as a means for imparting
attractive functionalities onto surfaces, there has been limited research towards reducing
their production costs. Especially, only a few studies were focused on the generation of
LIPSS upon irradiation with short pulsed lasers, which are a cost-effective alternative to
ultrashort ones. Nevertheless, the fabrication of high-quality LIPSS with such lasers still
remains a challenging task due to their heat-induced side effects, and investigations into the
improvement of their formation have not been reported yet. Therefore, it is essential to
identify strategies for improving the overall LIPSS formation with short pulsed lasers and
consequently enable their industrial applicability.

. Extensive research has been dedicated to fabricate functional micro/nanostructures onto
planar surfaces over the last decade, but there is now a pressing need to apply them onto
components with intricate geometries. However, such laser operations require complex
multi-axis simultaneous machining motions that were not technically achievable until
recently. Since there is no sufficient knowledge about their processing performance, they
are not considered mature enough to be used on an industrial scale. Therefore, it is of great
significance to develop a systematic method for assessing the capabilities and limitations

of simultaneous multi-axis laser strategies for processing freeform/curved parts.
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Abstract

Adhesion of viscous liquids on packaging surfaces could lead to wastage, an increase of
recycling costs, and even customers’ dissatisfaction in applications related to food, cosmetics
and agrochemical industries. Lubricant-impregnated surfaces (LIS) gained much attention
recently over other surface functionalisation technologies due to their non-sticking response
to highly viscous liquids. This work reports an investigation into anti-adhesive properties of
LIS, with an emphasis on their durability. It provides an insight into the rationale design of
LIS topographies in order to maximise their lubricant retention in 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 was single-scale sub-micron Laser-Induced Periodic Surface Structures (LIPSS),
while the second one was Multi-scale Structures (MS) with both micron and sub-micron
features. Droplet shedding characteristics of such LIPSS-LIS and MS-LIS substrates with
water, milk and honey were examined under vibration and shear. The critical sliding angles at
which liquid droplets attained motion on LIS were observed to be less than 32° for all
investigated liquids. However, the LIPSS-LIS substrates retained their functionality even after
subjecting them to severe vibration, while the MS-LIS substrates partially lost their anti-
adhesive characteristics. At the same time, the MS-LIS substrates exhibited premature pinning
of droplets as compared to LIPSS-LIS substrates, under shear forces. Both vibration- and

shear-induced loss of lubricant impacted the MS-LIS functionality.

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

lubricant-impregnated surfaces, superhydrophobic surfaces, surface texturing.
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3.1. Introduction

Annually, around 1.3 billion tonnes of food is wasted during the production, distribution and
consumption stages, which has a tremendous impact on both economy and environment [1].
Although food waste occurs at all stages of the supply chain, private households represent a
large fraction of this [2-3]. At the same time, a significant share of the food wastage in
households is due to difficult-to-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 adherence of high-valued foods, such as yogurt, to the packaging surfaces [4-5]. 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 equipment such as pipework
and mixing vessels in food industries also leads to cross-contamination, increased water load,
and microbial growth [7]. Therefore, it is essential to design surfaces with anti-adhesive
characteristics which are robust and durable. Such anti-adhesive 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, anti-adhesive surfaces targeting food packaging can be achieved by two surface
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 of long chain 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 produce micro/nanoscale topographies that

induce Cassie-Baxter 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. However, the 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 to high Contact Angle
Hysteresis (CAH). Thus, such surface functionalisation techniques have their own

shortcomings that make them not ideal for non-stick food packaging applications.

A relatively new surface functionalisation technique based on lubricant impregnation of
micro/nanotextured surfaces has gained much attention recently. Lubricant-Impregnated
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;
(ii) the utilised lubricant and the repelling liquid should be immiscible; 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 reduction [13-14], fog harvesting [15], anti-biofouling [16-17] and
anti-frosting [18]. However, simple Newtonian liquids, especially water, were mostly

investigated in the reported research.

Most of the liquid foods are composed of fats, stabilizers, surfactants and emulsifiers and
therefore exhibit non-Newtonian 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 the interaction of complex liquids with LIS, aiming to
achieve fouling-resistant and easy-to-empty packaging. Zhang et al. [19] employed sol-gel and

hydrothermal methods to impregnate nanoporous Aluminium surfaces and demonstrate their
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ant-wetting characteristics against various liquid foods. Lee et al. [20] prepared LIS employing
nanotextured Aluminium substrates and investigated their anti-adhesive characteristics. They
showed that non-connecting topographies can retain their non-sticking nature better than the
connecting topographies even after subjecting them to continuous shear forces. Zouaghi et al.
[21] demonstrated that LIS prepared using hierarchical textures produced through ultrashort
laser processing of stainless steel could reduce dairy fouling compared to some reference
superhydrophobic surfaces. Several other studies focused on preparing LIS on glass and
silicon-based substrates examined their non-wetting properties when in contact with complex
liquids [22-27]. Although most of these studies involved textured 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 anti-adhesive characteristics towards viscous liquid foods, such as ketchup
and yoghurt. Recent investigations reported anti-adhesive properties of thermoplastic-based
LIS prepared through solvent casting when in contact with liquid foods and detergents [29-

30].

In summary, 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, durability aspects of LIS
were not sufficiently studied while they are critical for their broader use. Since the LIS
properties are shown to deteriorate quickly under liquid shear [31-32] and vibrational forces
[33], it is important to understand the effects and impact of LIS 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 applications, e.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 on sub-micron and
multiscale topographies produced by employing metallic replication masters. The masters
were textured by using ultrashort laser processing and then their topographies were replicated
on commonly used food packaging thermoplastics, i.e. polystyrene and polypropylene,
through hot embossing. Thermoplastic surfaces were impregnated with a silicone oil and their
anti-adhesive response to three liquids, i.e. water, whole milk and honey, were investigated.
In addition, durability tests were conducted on LIS samples with two types of topographies, in
particular, sub-micron and multiscale ones, to study and compare their lubricant retention

capacities under vibration and shear loading.

3.2. Materials and methods

3.2.1. Fabrication of sub-micron textured metallic moulds

Commercial X6Cr17 ferritic Stainless Steel (SS) plates with dimensions 30 x 20 x 0.7 mm and
an average roughness (S,) of 35 nm were used to produce on them two types of surface
topographies. The SS substrates were textured at atmospheric conditions using an ultrafast
Ytterbium-doped laser source (Satsuma, Amplitude Systems). The laser source has the
following technical specification: a pulse duration of 310 fs at a nominal wavelength of 1030
nm and pulse repetition rate (f) up to 500 kHz with an average power (P) of 5 W. The laser
texturing experiments were carried out on LASEA LS5 machine and its beam delivery system
is shown in Fig. 3.1a. It was equipped with a 3D scan head mounted on a Z-axis stage and a
telecentric focusing lens with 100 mm focal length to steer a linearly polarized Gaussian beam

across the substrates with a maximum scanning speed (v) of 2000 mm/s. In addition, a high
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precision stack of two rotary and two linear stages was used to position the substrates inside
the machine working envelope. The SS substrates were processed with a constant scanning

speed of 1000 mm/s and a spot diameter (2£2) of 35 um at the focal plane.

A horizontal raster scanning strategy was implemented to fabricate Laser-Induced Periodic
Surface Structures (LIPSS) with sub-micron ripples. At the same time, a grid-like scanning
strategy with multiple (40) scans was employed to produce Multi-scale Structures (MS) that
included a combination of micron and sub-micron scale features. These two scanning
strategies are illustrated in Fig. 3.1b. In order to obtain highly regular LIPSS, trials were
conducted by varying the hatch distance (h) between two consecutive lines and also the
average power at a repetition rate of 250 kHz. A similar strategy was adopted for obtaining the
MS topographies, however, a repetition rate of 500 kHz was used in this case. The overlap (0)

between pulses and the pulse fluence (¢,) were calculated 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 20 mm? on the 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 set-ups: (a) a schematic of the used beam delivery system; (b) two
scanning strategies for fabricating LIPSS (left) and MS (right) topographies; (c) an illustration

of the process chain used to produce LIS.

Table 3.1. Optimum laser processing parameters for LIPSS and MS topographies.

Structure f (kHz) ?, h v Number of ~ Scanning  Polarisation
(mdcm?)  (um) (mm/s) 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

The LIPSS and MS topographies on the SS plates were replicated onto Polystyrene (PS) and
Polypropylene (PP) thermoplastic sheets (Alfa Aesar) of 1.6 mm thickness. In particular, a hot
embossing set-up with a controllable hotplates’ temperature and load was used to replicate the
LIPSS and MS topographies on the sheet surfaces. During the replication process, the textured
SS plates together with the blank thermoplastic sheets were placed between the hotplates and
a pre-determined load was applied, and a temperature greater than the glass transition
temperature of the thermoplastics was maintained for 5 minutes. To achieve as high as possible
replication quality and samples’ flatness, the operating temperature and load were optimised
for the two thermoplastic materials used in the experiments. The optimised process settings

together with the material properties are provided in Table 3.2.

Most of the reported studies employed perfluorinated oils [19-21, 23-24, 26, 29-30], essential
and vegetable oils [27-28], and silicone oils [22, 25] as lubricants to demonstrate the LIS
capabilities in food packaging applications. Although perflourinated oils are extensively used,
such lubricants 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 hand, sufficient
regulation standards are available for silicone-based lubricants as food additives [37] and
therefore the silicone oil was selected as a lubricant in this study. Prior to the fabrication of
LIS, all SS and thermoplastic replicas were cleaned with isopropyl alcohol to remove any
surface debris or contamination. A silicone oil (Sigma-Aldrich) with 20 cSt viscosity at 25 °C
was used as a lubricant. It was pipetted onto the textured SS and thermoplastic substrates for
impregnation in the textures. The wetting and spreading of lubricant on micron and/or sub-

micron scale cavities of textured substrates is mediated by the capillary length (I¢), which is
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expressed as Ic = (y/Apg)*? [38]. Here, y (= 20.6 mN/m) is the surface tension between the
silicone oil and air, Ap (= 949 kg/m?®) is the density difference between silicone oil and air and
g (= 9.81 m/s?) is the gravitational constant. Consequently, the characteristic capillary length
for silicone oil is approximately 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 oil. After the textured substrates were completely wetted by the silicone
oil, they were stored in a vacuum chamber for 15 minutes. The mild vacuum has further
accelerated the impregnation process by releasing the entrapped air from sub-micron cavities.
Thereafter, the LIS substrates were kept vertically for an hour, in order to drain any excess
lubricant from the surfaces with the help of gravity. A schematic illustration of all the process

chain steps used to attain LIS is provided in Fig. 3.1c.

Table 3.2. Material and processing conditions for hot embossing of PS and PP replicas.

Material Load Embossing Melting Glass transition ~ Hold time

(KN)  Temperature (°C) temperature (°C) temperature (°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 on SS and thermoplastic substrates were characterised using a
Scanning Electron Microscope (SEM, JEOL JCM-600). A focus variation microscope
(Alicona G5) was used to analyse the micro-scale topographies of the MS substrates. Whereas,
an Atomic Force Microscope (AFM, MFP-3D, Asylum Research) was used to analyse sub-
micron features of LIPSS and MS topographies. The 2D-FFT analysis was conducted using

Gwyddion open-source image analysis software to obtain the LIPSS orientation and
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periodicity. The wettability of as-received SS and thermoplastic sheets, textured SS and
thermoplastic replicas and LIS was investigated by measuring the water contact angle of 5 pL
droplets using a goniometer (Attension Theta, Biolin Scientific). Following this, the CAH was
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 an angle.

Furthermore, the Critical Sliding Angle (CSA) of droplets was measured on as-received 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 the LIS response. 15 puL droplets of
each test liquid was pipetted onto the LIS samples to observe the droplet motion. The droplet
movement on the surfaces was recorded using a motorised tilt stage with a positional accuracy
of 10 arc seconds and a digital camera (Canon 2000D). To avoid any droplet impact on 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 test run, 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 to the retailers 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 from their containers by end-users. To account
for these different types of loads, two tests were conducted to evaluate the durability of the

thermoplastic LIS. First, the LIS samples were placed inside a container filled with water and
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were subjected to vibration with 50 Hz frequency for 5 minutes. Thereafter, the shedding
characteristics of the LIS samples were re-examined by measuring CSA of water, whole milk
and honey droplets on vibrated surfaces. The amount of the lubricant retained by the samples
after their exposure to vibration was 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 15° and the whole milk and honey droplets of 15 uL were deposited
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 run was conducted three times. Thereafter, the
recorded videos were post-processed using “Tracker” video analysis software to evaluate the
steady-state velocity of the whole milk and honey droplets on LIS samples. Finally, adhesion
characteristics were also investigated 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 understanding of liquid-surface topography
interactions, the first efforts were focused on producing highly regular, periodic LIPSS and
MS topographies on SS substrates. To minimise the effect of the Gaussian beam, a high
overlap scanning strategy was adopted and thus to achieve highly regular LIPSS [39]. A pulse
overlap fixed at 70%, the pulse fluence and the hatch distance were varied from 50 to 300
mJ/cm? and from 1 to 6 pum, respectively. As a result, the accumulated fluence per area from
1.5—-53.3 J/lcm? was attained. While different structures such as uniform ripples, acombination

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

Jiem?.

Height (nm)
Height (nm)
Height (nm)
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Fig. 3.2. The surface topography analysis of LIPSS substrates: (a-c) SEM micrographs SS, PS
and PP substrate, respectively with a 2D-FFT image inset in (a); (d-f) AFM micrographs of
SS, PS and PP substrates, respectively; (g-i) plots showing height profiles of SS, PS and PP

substrates, respectively. Scale bar: 5 um.

At the same time, to produce the MS topographies, in particular consisting of microscale pillars
with superimposed sub-micrometre features, the hatch distance was varied from 25 - 50 um
while the number of scans from 5 to 40 at a fixed average power. The grid-like scanning
strategy led to a higher accumulated fluence at the intersecting points and therefore valleys
and bumps were formed on the surface. A topography with minimum surface defects, such as
sporadic pits and roughness, was obtained with an inter-pillar spacing of 40 um and a height
of 10 um. Although no surface defects were observed when a small number of scans were

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 masters were fabricated
over the SS plates with the optimised settings in Table 3.1 and then replicated on thermoplastic

sheets as explained previously.

The SEM micrographs of highly regular LIPSS on SS, PS and PP substrates are shown in Fig.
3.2a, b and c, respectively. The LIPSS were formed with an orientation normal to the beam
polarisation vector (E) (see Fig. 3.2a). The clearly defined 2D-FFT (the inset in Fig. 3.2a)
signify a high regularity of the fabricated LIPSS. Furthermore, the periodicity was evaluated
to be in the range from 800 to 900 nm based on the SEM and 2D-FFT characterisation results
that were less than the wavelength of the femtosecond laser and similar to that reported by
other researchers [40-41]. 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. 3.2g-i) show a mean height 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 length of 10 um that a high replication

performance was achieved, especially greater than 90%.
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Fig. 3.3. The surface topography analysis of MS substrates: (a-c) the 3D micrographs of SS,
PS and PP substrates, respectively; (d-f) plots showing height profiles on SS, PS and PP
substrates; (g) the SEM micrograph of SS topographies (scale bar: 20 um) with a magnified
view of sub-micron features on pillars in the inset (scale bar: 5 um); (h-i) the AFM micrographs

showing sub-micron 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 shown in Fig. 3.3a,
b and c, respectively. The micrographs depict the negative patterns of the MS topography on
SS surface that are then replicated on thermoplastic sheets. Furthermore, the height profiles of
microscale pillars on both SS and thermoplastic substrates as shown in Fig. 3.3d-f where also
the achieved replication performance of more than 95% is evident. The SEM micrographs in
Fig. 3.3g depict sub-micron scale features superimposed on microscale pillars. Again, the
replication quality of sub-micron features on thermoplastics replicas was assessed by analysing
AFM micrographs taken on the top of the micro-scale pillars. It is evident that the sub-micron

features were replicated on the PS MS samples as shown in Fig. 3.3h. A magnified view of
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sub-micron 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 sub-micron features was in the range from 50 to 100 nm, which was

substantially less than that achieved on the LIPSS samples (see Fig. 3.3g-i).

3.3.2. Wettability characterisation

The average static water Contact Angle (CA) measured on as-received, textured and LIS of
SS, PS and PP substrates are provided in Fig. 3.4a. Initially, textured SS substrates exhibited
hydrophilicity, in particular, CA of 88.2° and 67.5° on LIPSS and MS samples, respectively.
However, CAs significantly increased over 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
substrates to the ambient environmental conditions and the accumulation of carbon from CO-
decomposition on surfaces that lowered the surface energy as reported in previous research
[42-43]. It is important to stress that the CA measurements on thermoplastic substrates were
stable over the same time period of 2 weeks. The 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 of topography has caused the change in CA on inherently hydrophobic
thermoplastic substrates. The MS topographies substantially increased the contact angles (CA
> 130°) 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
lubricant-impregnated surfaces of SS and thermoplastics. However, a slight difference in the
values of CA for LIPSS-LIS and MS-LIS of SS substrates is evident in Fig. 3.4b 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, which is determined by
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the spreading coefficient of the lubricant on a substrate in the presence 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 LIPSS-LIS and MS-LIS. However, a
further investigation is needed to explain the effects of the substrate material on the observed
droplet shape on LIS. The 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 the figure. Furthermore, the CAH of water droplets was measured to be less

than 5° 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. 3.4. The water CA measurements obtained after two weeks: (a) static water CA on as-

received, textured and LIS topographies of SS, PS and PP substrates; (b) Images of the water

droplet on textured and LIS of the SS and PP substrates.

Subsequently, the shedding behaviour of water, milk and honey droplets was characterised by
measuring the critical sliding angle at a droplet 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 on as-received,
textured and LIS topographies of SS and thermoplastic substrates are shown in Fig. 3.5a, b
and c. The as-received and textured surfaces of the SS substrates pinned the test liquids even

after the substrates were tilted at 90°. At the same time, some droplet motion was observed at
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CSA of less than 40° on as-received thermoplastic surfaces for all test liquids. However, the
droplets were observed to have sagged while sliding along the thermoplastic surfaces, leaving
behind traces 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 than 70° and 60° 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. 3.5a-c. The
mobility of the droplets on LIS regardless of the liquid type was aided 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 less than 10°, except milk

droplets on PS surfaces (CSA < 32°).
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Fig. 3.5. CSA on as-received, textured and LIS topographies of the SS, PS and PP substrates
for: (a) water, (b) milk and (c) honey droplets. (d) An image of water, milk and honey droplets
on the MS-LIS surfaces of PS and SS samples together 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 vibration. LIS
of SS and thermoplastic substrates were agitated by using a standard laboratory vortex mixer
for 5 minutes as shown in Fig. 3.6a. The amount of lubricant retained after the vibrations was
assessed by measuring the substrate mass at fixed intervals of time. In particular, the lubricant
locked into the sub-micron cavities of LIPSS substrates was too small to lead to any noticeable
changes in the substrates’ mass. However, this was not the case for the MS topographies and
considerable changes in the substrates’ mass were observed after the vibration tests. The Fig.
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 min vibrations. The
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
vibration-induced loss of lubricant from microscale cavities onto the MS topographies can be

explained with reduced capillary forces as depicted in Fig. 3.6c.
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Fig. 3.6. An investigation into the lubricant retention capacity of LIS: (a) the experimental
setup used for subjecting LIS substrates to vibration; (b) the lubricant retention capacity of MS
topographies on the PS and PP substrates with time; (c) an illustration of vibration-induced

loss of lubricant infused into LIPSS and MS topographies.

In addition, CSAs of droplets from the same test liquids as those investigated in Sub-section
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 topographies of 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 the anti-adhesive functionality
was completely lost. The milk droplets had shown a similar behaviour as depicted in Fig. 3.7b.
However, despite detecting a droplet sliding on MS-LIS topographies, the milk droplets left
small ‘satellite’ droplets behind on the surfaces as shown in Fig. 3.7d. Thus, a partial loss of
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 the sliding 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, this 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 profound
understanding of the sliding behaviour, the rheological properties of the considered test liquids
should be elucidated by correlating non-dimensional 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 of water (a), milk (b) and honey (c) droplets on LIS topographies
before and after subjecting them to vibrations; (d) Images showing small ‘satellite’ droplets

left behind by the milk droplet on MS-LIS topographies of PP and PS after the vibration test.
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3.3.3.2. Shear assessments

The depletion of lubricant due to shear forces is another possible mode of LIS failures. The
shear-induced loss of lubricant and its subsequent influence on LIS functionality was studied
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 milk and honey 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 figure that the milk droplet velocity decreased gradually on
both MS-LIS and LIPSS-LIS substrates before reaching zero. However, the LIPSS
topographies had shown to endure a greater number of droplets than the MS topographies. The
velocity decrease can be explained with the interaction between the wetting ridge and capillary
suction that led to lubricant redistribution as a result of the liquid droplet train on LIS and thus
to the loss of the lubricant [46]. In particular, the shear forces caused by the droplet train led
to a lubricant redistribution 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 lubricant deprivation 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 velocity. At the same time, the velocity of honey droplets decreased
rapidly on both LIPSS-LIS and MS-LIS substrates. Thus, the viscosity contrast at the liquid-
lubricant interface in the case of honey was higher than that of milk and therefore the lubricant
depletion could have been quicker in the case of honey. Such shear-induced 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 depletion [47]. Overall, the
LIPSS-LIS topographies showed a better resistance than MS-LIS ones in regards to the effects

of shear forces on the lubricant depletion.
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Fig. 3.8. Analysis of lubricant depletion due to shear forces: (a) an illustration of the shear test
performed on LIS topographies; the variations of sliding velocity with the increasing number
of milk (b) and honey (c) droplets on the PP surfaces with LIS topographies. Note: 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 on PP substrates exposed to honey and ketchup
droplets of 250 pL. As it can be seen, the honey and ketchup droplets left behind traces on the
as-received PP sheets, while LIS of the textured PP substrates exhibited an excellent anti-
adhesive functionality. Thus, it 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 thermoplastic-based LIS was investigated by conducting 50 dipping cycles
into milk and honey. The honey was observed to stick to the as-received PS and PP sheets,
however, their LIS counterparts resisted to any adhesion even after 25 cycles as shown in Fig.

3.9b. The LIPSS-LIS treatment of both thermoplastics led to excellent anti-adhesive properties
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even after 50 cycles with all tested liquids, while there was a slight stickiness on the MS-LIS
substrates after 43 and 20 dipping cycles in milk and honey, respectively. Especially, a similar
behaviour such as small ‘satellite’ droplets was observed on both MS-LIS treated
thermoplastics after the milk dipping cycles, whereas only small areas of MS-LIS had shown

to lose their functionality after exposing them continuously to honey.
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Fig. 3.9. Analysis of the shedding behaviour of lubricant infused textured substrates: (a) the
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sliding behaviour of 250 pL honey and ketchup droplets on as-received and LIPSS - LIS
treated PP; (b) the dripping behaviour of as-received and LIPSS-LIS and MS-LIS treated PP

and PS substrates after honey dipping cycles.

3.4. Conclusions

Lubricant impregnation of surfaces with micron/sub-micron topographies is a passive
approach to achieve hydrophobic, lyophobic and lipophobic characteristics to surfaces. Such
LIS exhibit greater stability and robustness than gas-cushioned textured surfaces because they
usually fail under pressure- and/or dissolution-induced wetting instabilities. However, the LIS

are also prone to other modes of failure such as vibration- and/or shear-induced instabilities.
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Surface topographies play an important role in overcoming such LIS failure mechanisms.
Therefore, the research investigated and experimentally validated the influence of two
different length scale topographies (i.e. sub-micron and MS structures) on LIS functionality,
especially in the context of their potential food packaging applications. To create such
topographies onto thermoplastic materials, a cost-effective and scalable process chain
combining femtosecond laser processing with polymer replication was employed. The single
scale, highly regular LIPSS topographies exhibited a better resistance to the lubricant depletion
against vibration- and shear-induced forces when compared with their MS counterparts.
Consequently, it was demonstrated that an ultrafine layer of lubricant on LIPSS topographies
could also minimise the lubricant leaching as the result of interactions with different liquids
when compared to MS topographies. This was attributed to the higher capillary forces induced
by the former surface topography. Furthermore, the LIS treatment of thermoplastics used for
food packaging led to excellent anti-adhesive characteristics when exposed to complex and
highly viscous liquid foods. Although the highly regular LIPSS showed a reasonable
robustness against various failure modes, further in-depth investigations are needed to
optimise their functional response, especially by tailoring their geometry, depth and periodicity
to improve their performance. Since most of the thermoplastic-based 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 and cost-effective solution to

“imprint” sub-micron topographies for preparing functional LIS with required durability.
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Abstract

Endoscopes are ubiquitous in minimally invasive or keyhole surgeries globally. However,
frequent removal of endoscopes from the patient’s body due to the lens contaminations results
in undesirable consequences. Therefore, a cost-effective process chain to fabricate
thermoplastic-based endoscope lenses with superior anti-fouling and optical properties is
proposed in this research. Such multi-functional surface response was achieved by lubricant-
impregnation of nanostructures. Two types of topographies were produced by femtosecond
laser processing of metallic moulds, especially to produce single-tier Laser-Induced Periodic
Surface Structures (LIPSS) and two-tier Multiscale Structures (MS). Then, these two LIPSS
and MS masters were used to replicate them onto two thermoplastic substrates, namely
polycarbonate and cyclic olefin copolymer, using hot embossing. Finally, the LIPSS and MS
surfaces of the replicas were infiltrated by silicone oils to prepare lubricant-impregnated
surfaces (LIS). Droplet sliding tests revealed that the durability of the as-prepared LIS
improved with the increase of the lubricant viscosity. Moreover, the single-tier LIPSS replicas
exhibited longer-lasting lubricant conservation properties than the MS ones. Also, LIPSS-LIS
replicas demonstrated an excellent optical transparency, better than the MS-LIS ones, and
almost match the performance of the reference polished ones. Furthermore, the LIPSS-LIS
treatment led to superior anti-fouling characteristics, i.e., regarding fogging, blood adhesion,
protein adsorption and microalgae attachment, and thus demonstrated its high suitability for
treating endoscopic lenses. Finally, a proof-of-concept LIPSS-LIS treatment of endoscope

lenses was conducted that confirmed their superior multi-functional response.

Keywords: Blood, Chlorella VVulgaris, endoscope, femtosecond laser, lens, LIPSS, lubricant-

impregnated surfaces.
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4.1. Introduction

In recent years, minimally invasive medical operations such as laparoscopy and endoscopy
have attracted considerable attention among surgeons, as they are relatively quick and safe
procedures to treat patients. Since such keyhole surgeries require small incisions, less blood
loss is associated with them and also the infection risks are less, while the post-surgery
recovery time of the patients is much shorter [1, 2]. For instance, endoscopes have been
deployed widely to probe organs for cancer, collect biopsies from tissues and deliver
treatments inside the human body. The principal procedures and overall performance of these
contemporary techniques are strongly dependent on visualisation capabilities of optical
devices, such as endoscopes, and thus their field of view must be maintained intact throughout
these surgical interventions. However, the endoscope lenses can be contaminated/fouled by
blood and other body fluids, i.e., fluids that contain fats and proteins, or even become foggy
due to some condensations during endoscopic surgeries [3, 4]. In general, these substances can
adhere to the lens surfaces, resulting in impaired vision, and hence low efficiency of such
surgical interventions [5]. Therefore, there is a pressing need to design and manufacture
endoscope lenses with enhanced anti-fouling functionalities without sacrificing their optical

transparency under harsh surgical conditions.

To date, the most common methods for removing any impurities from the endoscope lenses in
vivo surgeries involve manual wiping, i.e. the rubbing of the lens against adjacent
tissues/organs or the extraction of the endoscope from the human body to wipe it off, and also
the integration of extra working channels for irrigation and suction [6]. Although the clarity of
endoscopic vision can be retained to a certain extent using these techniques, their practical
implications might lead to internal organ injuries, surgical site infections, extended operation

times due to unnecessary disruptions and patient discomfort [7].
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To address such challenging requirements, various surface treatment methods have been
deployed to tailor the functional responses of materials by modifying their surface topography
and/or chemistry [8, 9]. Coating-based methods were proposed for creating hydrophilic
surfaces with dual-functional antifogging/antibacterial response for optical devices [10-12].
Especially, a stable liquid film on the surface can be formed by applying such coatings that
obstructs the creation of scattering droplets and thus inhibits fogginess and maintains
transparency in humid environments. Nevertheless, without applying any after-treatment, e.g.,
rinsing with water, non-transparent liquids can spread and eventually adhere to such
hydrophilic surfaces, and therefore they are prone to contaminations and vision losses during

endoscopic surgeries.

Superhydrophobic surfaces have received great attention, too, from researchers owing to their
excellent anti-wetting [13], anti-icing [14], anti-biofouling [15], anti-friction [16] and anti-
bacterial [17] responses. Specifically, the use of a low surface energy coating, e.g.
perfluorinated compounds, together with hierarchical micro/nanoscale topographies to entrap
air were applied to achieve robust superhydrophobic and/or superoleophobic behaviours [18].
The heterogeneous wetting state, i.e., Cassie-Baxter State (CBS), on such surfaces can exhibit
an extreme repellency even against complex fluids like blood [19, 20]. However, CBS is
metastable, especially when exposed to low surface tension liquids [21] and moderate pressure
[22], and a transition to the Wenzel state can completely destroy the attractive wetting
properties of such surfaces. In addition, a relatively high surface roughness is beneficial for
their superhydrophobic properties, while impacts negatively their transparency. Therefore,
attaining both functionalities is technically challenging and hence time-consuming task [23,
24] that together with the limitations of such treatments can render them inadequate for

fulfilling the requirements of medical optic devices.
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At the same time, Lubricant-Impregnated Surfaces (LIS) have gained significant interest as a
way to address the aforementioned shortcomings, especially by impregnating micro/nano
structured surfaces with a low-energy lubricant. Specifically, LIS can offer excellent long-
lasting liquid shedding characteristics, i.e. display very low Critical Sliding Angle (CSA) even
against yield stress fluids [25], stability under high pressure and temperature conditions [26]
and anti-biofouling/anti-bacterial/anti-thrombogenic/drag-reduction properties [27-29]. In
addition, numerous studies have demonstrated that LIS with such functional characteristics
can be prepared with coating techniques without compromising the optical properties of

transparent materials [30-35].

Thanks to these advantages, LIS have emerged as a very promising option for improving the
efficacy of endoscopic surgical procedures by keeping the camera lens clear from foulants.
For example, two relatively similar treatments have been proposed to produce anti-biofouling
materials for endoscope lenses by depositing silica nanoparticles onto glass substrates as a
base porous structure and then lubricating it with either silicone or plant oil [36, 37]. Even
though both materials were capable of maintaining a clear endoscopic vision by repelling
blood and body fluids repeatedly, the employed surface treatment methods did not meet the
requirements for their scale up production. In this regard, Tenjimbayashi et al. [38] reported a
simple one-step procedure to produce a lubricated fiber-filled porous material, which can be
synthesised in situ and then adhered to the endoscope lens for single use. Nevertheless, the
nanofibrous LIS proposed in this research raised significant concerns about their mechanical
durability and chemical stability. To overcome the intrinsic limitations associated with the
coating-based techniques, Lee et al. [39] proposed an alternative surface treatment to
functionalise endoscopic lenses by direct laser texturing. Prior to lubricant infusion, only a

fluorinated self-assembled monolayer was applied to the textured surface and thus to enhance
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the longevity of its anti-biofouling performance. While highly ordered structures could be
produced selectively by laser surface texturing even onto freeform surfaces with high
precision, the high operating costs associated with this stand-alone process hamper its broader
application. At the same time, the use of coatings that contain long chain perfluorinated
compounds for preparing LIS can have a negative impact on both human health and the
environment [40, 41]. Therefore, further research is necessary to address the issue of vision
loss in endoscopic surgeries by developing a cost-effective process chain for producing optical
lenses with a multi-functional response. Also, the environmental impact of any method for
their scale up manufacture should be considered, especially they should be recyclable without

requiring any after-treatments.

This research reports an efficient and cost-effective process chain for producing recyclable
disposable endoscopic lenses with superior durability while exhibiting excellent anti-fouling
properties and transparency. The method that includes, first, the manufacture of metallic
masters with both sub-micron and multiscale topographies, then replicating them on
thermoplastic substrates and finally impregnating the replicas with silicone oil is described.
Next, the optical and anti-adhesive properties of produced LIS together with their lubricant
retention capabilities were investigated under shear flow conditions. To demonstrate the
effectiveness of such lens treatment for preventing vision loss during endoscopy, LIS were
further subjected to protein adsorption, microalgae adhesion, blood fouling and fogging tests.
Finally, a set of LIS lenses was integrated into an inspection endoscope device to demonstrate

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

An overview of the proposed process chain for producing disposable and recyclable
endoscopic polymer lenses that exhibit multi-functional responses is shown in Fig. 4.1. The
employed processing steps in this chain together with the respective methods used to

characterise the surface of produced lenses are described in this section.
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Fig. 4.1. An overview of the process chain employed to fabricate disposable endoscope lenses.

4.2.1. Fabrication of metallic masters

Commercially available AISI 316 Stainless Steel (SS) plates with a surface area of 40 x 40
mm? and thickness of 0.5 mm were used as metallic masters. The as-received substrates had
an initial average surface roughness (S,) of 35 nm and were then laser treated. The surface
texturing was carried out on a laser processing workstation (LASEA LS5, Belgium) under
atmospheric conditions. In particular, the system integrates a femtosecond Yb-doped laser
source (Satsuma, Amplitude Systems) with the following technical specification: a pulse
duration of 310 fs, nominal wavelength of 1030 nm, pulse repetition rate (f) up to 500 kHz

and maximum average power of 5 W. In addition, a half waveplate was incorporated into the
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beam delivery sub-system in order to texture the SS substrates with an s-polarised Gaussian
beam. Thereafter, a galvo scan head was employed to deflect the focused laser beam across
the samples at a maximum scanning speed (v) of 2000 mm/s and a 100 mm telecentric lens
was used to focus the beam to a spot size of 40 pm at 1/e? of the Gaussian intensity. Finally,
a high precision stack of three linear motorised stages (X, Y, Z) in combination with a high-
resolution camera were utilised for positioning samples with high accuracy and repeatably

prior to the laser surface texturing operations.

Two different surface topographies, namely, single-tier Laser-Induced Periodic Surface
Structures (LIPSS), i.e. nano-scale ripple-like structures, and two-tier Multi-scale Structures
(MS), i.e. microscale protrusions with nanoscale ripples on top of them, were produced onto
the SS substrates, following the approach reported in another research [42]. Briefly, MS had a
grid like micro topography that was produced employing the following process settings: a
fixed f of 500 kHz, v of 1000 mm/s and a constant hatch (h) distance of 40 um between any
two consecutive lines in X and Y. In total, 40 scans, i.e. 20 scans per line, with a single pulse
fluence (¢,) of 178 mJ/cm? was required to produce a relatively shallow grid of micro
protrusions on the SS surface. At the same time, the single-tier LIPSS were generated
employing a raster scanning strategy and a single pass over the surface with a fixed f of 250
kHz, v of 1000 mm/s, h of 3 um and the same ¢,. The laser parameters used for creating the
two surface topographies investigated in this research together with the overall processing time
required to complete their texturing operations over an area of 30 x 30 mm? are summarised

in Table 4.1.

126



Table 4.1. The key laser parameters used to produce the MS and LIPSS onto the SS moulds

together with their corresponding processing time.

Topography f v Vo h Total number of  Processing time
(kHz)  (mm/s) (md/cm?) (um) scans (min)
MS 500 1000 178 40 40 15
LIPSS 250 1000 178 3 1 4

4.2.2. Fabrication of lubricant impregnated polymer lenses

Single-tier LIPSS and two-tier MS textures on SS surfaces were replicated onto commercially
available transparent Polycarbonate (PC) and Cyclic Olefin Copolymer (COC) sheets with a
thickness of 1.5 mm (purchased from Microfluidic ChipShop, Germany) using a hot
embossing system. These thermoplastics are commonly used for optical lenses and can
withstand autoclave temperatures. The glass transition temperatures of these polymers as
received are given in Table 4.2. During the embossing process, the textured SS moulds
together with the as-received polymer sheets were pressed to each other at an elevated
temperature, i.e. higher than their glass transition temperatures. Since the replication quality
was strongly affected by the applied temperature and load, the influence of these two
parameters was investigated to identify the optimum processing window for both polymer
substrates. The process settings used to produce the PC and COC replicas are provided in Table

4.2.

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

samples were kept vertically for an hour in order to drain any excess oil. Compared to other
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types of lubricants, e.g. perfluorinated oils, the rationale for selecting silicone-based ones for
preparing LIS in this research is associated with the fact that they are nontoxic to the human
body and also their use has been approved by both FDA [43] and EFSA [44] for medical
applications as well as food additives. Therefore, the as-prepared thermoplastic LIS can be
considered of being biocompatible and thus suitable for the usage as objective lenses in

endoscopes.

Table 4.2. The optimised settings used to produce the PC and COC replicas together with their

respective glass transition temperatures.

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

4.2.3. Morphology and optical characterisation

The LIPSS and MS topographies produced on the SS and then replicated on the thermoplastic
substrates were initially inspected using a Scanning Electron Microscope (SEM, Hitachi
TEM3030PIlus). The dimensional characteristics of the MS structure were obtained using a
focus variation optical microscope (Alicona G5). While, an Atomic Force Microscope (AFM,
MFP-3D, Asylum Research) was employed to study the morphology of the nanoscale surface
topographies. An open-source image analysis software (Gwyddion) was used to process the
acquired 10 x 10 um AFM scans and thus to obtain the LIPSS cross-sectional profiles. At the
same time, this software was also utilised to gain information about their orientation and spatial
periodicity by performing a 2D-FFT analysis. The transmittance of the as-received, textured

and lubricated thermoplastic surfaces was analysed over the visible spectrum, i.e., from 400 to
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700 nm, employing a UV-Vis spectrometer (Lambda 365, Perkin Elmer). To ensure the
reliability and validity of these results, the transmittance measurements were conducted in

triplicates.

4.2.4. Wettability characterisation

The wettability of the as-received, textured and lubricated thermoplastic substrates was
investigated by using the sessile drop technique. Specifically, 5 uL water droplets were
dispensed onto these surfaces and then their static Contact Angle (CA) values were measured
using a goniometer (OCA 15EC, Data Physics GmbH, Germany). Also, the Contact Angle
Hysteresis (CAH) of the aforesaid surface topographies was analysed by gradually increasing
and decreasing the volume of the water droplet on the surface, and the difference between the
advancing and receding contact angles was quantified. At the same time, the shedding
characteristics of the thermoplastic plain, textured and LIS samples were examined, too.
Firstly, the critical sliding angle (CSA) values of 10 pL water droplets were measured on these
surfaces by employing a motorised tilting 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 our
previous study [45]. Finally, it should be stated that the average CA, CAH and CSA values
reported in this study were calculated based on five repeated measurements taken at different

locations on each sample.
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4.2.5. Durability characterisation

Generally, the LIS performance is expected to degrade when body fluids start wetting
continuously their surfaces. Sooner or later, this will allow contaminants to foul the camera
lens and obstruct vision during endoscopic surgeries. The reason for the loss of the LIS
functionality can be mainly attributed to the depletion of impregnated lubricant under
persistent shear flow conditions [46]. In order to assess the LIS durability, LIS prepared with
the silicone oils of varying viscosity were tilted at 15° using a motorised stage, while 10 uL
water droplets were continuously dispensed on their surfaces up to the point where no motion
could be detected, i.e., the droplet was 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 tests, a fixture was used to hold the pipette above the substrates and release the droplets
from a maximum height of 2 mm. A camera (Canon 2000D) mounted on a tripod was
employed to record the mobility of water droplets at 60 frames per second. Lastly, an open-
source video analysis and modelling software (Tracker) was used to obtain the steady-state

shedding velocity of the water droplets.

4.2.6. Anti-fouling characterisation

To characterise anti-fouling capabilities of LIS on the embossed thermoplastic substrates, three
different tests were conducted with different foulants, as expected in potential endoscopic
procedures, i.e., blood, protein and microorganisms. First, the experiments were conducted to
examine the anti-adhesive ability of LIS against defibrinated sheep blood (Darwin Biological,
UK). In particular, the mobility of single blood droplets was monitored on LIS when tilted at
an angle of ~ 45°. Thereafter, their blood-shedding 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. For this, the thermoplastic plain and LIS
substrates were incubated overnight with a solution of CFSE (Carboxyfluorescein
Succinimidyl Ester, Aoxcitation: 492 NM, Aemmision: 217 NM) dye (ThermoFischer Scientifics,
USA) tagged Bovine Serum Albumin (Sigma Aldrich, USA) (1% (w/v)) in a petri dish under
a dark environment. Subsequently, the plain and LIS substrates of both PC and COC were
imaged using a CCD camera (Retiga EXi, QImaging) connected to an inverted fluorescence
microscope (Olympus 1X71) with a 4x magnification lens. Both, the bright field and the
fluorescence images (Semrock 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 211/11B (Darwin Biological, UK) was
chosen for the assessment of microalgae adhesion to LIS. To this end, a pre-culture of CV
along with the modified Bold’s basal medium was added to the glass containers and the culture
was incubated at 28 °C for a week under the cool white fluorescent illumination with a light-
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 custom-made setup by taking the advantage of the CV autofluorescence. To capture
the fluorescence from the CV-settled substrates, a camera (Canon 2000D) fitted with a 18-55
mm lens and yellow and magenta filters was used. These fillers were employed to filter out
the undesired wavelengths, apart from 680 nm red light, 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 calculate the area covered by CV in percentages.
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4.2.7. Proof-of-concept demonstration

Finally, to demonstrate the applicability of these surfaces for preventing blood fouling during
endoscopy, the LIS lenses were integrated into a representative inspection endoscope device
as follows: i) a round flat lens of 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-
section 4.2.2 and (iii) an adhesion layer (Glue dots) was used to attach it onto the endoscope
camera. In this research, the visibility through the LIS lenses was verified by directing the
endoscope onto a printed QR code and then trying to read it with a smartphone camera. In
addition, their resistance against blood fouling was assessed by immersing/dipping 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 integrated endoscope camera was employed to
capture images of a printed chessboard. Thereafter, they were post-processed with an open-
source image analysis software (Imagel) to quantify the percentage of the area visible after a

certain number of dips.

4.3. Results 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. Figure 4.2a shows a SEM micrograph of LIPSS generated on the
surface when the SS master was irradiated with the femtosecond pulsed laser. As can be seen,
the surface topography obtained represents uniform periodic ripple-like structures with an

orientation perpendicular to the laser beam polarisation vector (indicated by yellow double
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arrows in Fig. 4.2a). From the 2D-FFT analysis performed at different areas on the textured
SS surface, the main LIPSS spatial periodicity was slightly below the laser wavelength of 1030
nm and varied in the range from 800 to 900 nm. At the same time, the well-defined linear 2D-
FFT image (see the inset of Fig. 4.2a) can be considered as proof of the LIPSS regularity on
the SS surface. After the hot embossing process, the LIPSS topography was successfully
replicated onto the thermoplastic substrates. SEM micrographs of the LIPSS embossed onto
the PC and COC substrates are depicted in Fig. 4.2b and c, respectively. While, the 3D AFM
images of LIPSS on the SS master and PC and COC substrates demonstrate the replication
quality achieved and they are given in Fig. 4.2d-f, respectively. In addition, Fig. 4.2g shows
their respective surface profiles over a scan distance of 8 um. These cross-sectional profiles
were obtained based on the average values of scans taken at five different locations on the
textured SS master and its polymer replicas. Based on the AFM profiles, the LIPSS average
height was calculated to be within the range of 152 to 172 nm on all substrates and this signifies
an excellent replication quality. More specifically, the deviation in percentages from the
average LIPSS height was less than 11% and 5%, when the average values obtained on PC

and COC substrates were compared with that on the SS master, respectively.
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Fig. 4.2. Surface morphologies of LIPSS: (a-c) SEM and (d-f) 3D AFM micrographs of LIPSS
on the SS, PC and COC surfaces, respectively; (g) a plot showing the surface profiles of LIPSS

on the SS master and PC and COC replicas. Scale bar: 6 pm.

Next, the MS topographies were produced on a SS master. Due to the higher fluence
accumulated at the intersecting points of the perpendicular beam vectors in the grid like
scanning strategy, “peaks” and “valleys” were formed on the SS surface as shown in Fig. 4.3a.
By taking a closer look at Fig. 4.3d, it is apparent that the micro topography is fully covered
with nanoscale ripple-like structures. In reality, the dimensional and geometrical
characteristics of these ripples should be almost identical to that of LIPSS. Following the
embossing step, the negative patterns of the MS on the SS surface were replicated onto the PC
and COC substrates as depicted in Fig. 4.3b and c. At the same time, it is evident from Fig.
4.3e and f that the nanoscale morphology on top of the peaks and valleys was replicated

successfully onto the polymer substrates. To analyse further the replication quality achieved
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during the embossing process, the height profiles of micro-peaks on the SS master and the PC
and COC samples along X and Y were captured as shown in Fig. 4.3g and h, respectively. No
significant discrepancies were detected in the peak spacings onto the SS and polymer surfaces,
I.e. they were consistent close to 40 um on all of them. However, some relatively small
variations can be observed in their heights across the substrates. For instance, the average
height of micro-peaks on the SS surface was 5.1 um and 4.2 um when measured at five
different locations along X and Y, respectively. Whereas the same measurement procedure led
to average heights of 4.8 pm and 3.9 um on PC and 4.9 um and 3.6 pum on COC along X and
Y, respectively. Overall, it can be stated that the difference of thermoplastic replicas from their

metallic masters was less than 14%.
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Fig. 4.3. Surface morphologies of MS: (a-c) the 3D height map and (d-f) the SEM images of
MS on the SS master and PC and COC substrates, respectively; (g-h) the plots showing the
height profiles of micro-peaks on the SS master and PC and COC substrates along X and Y,

respectively. Scale bar: 20 pm.
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4.3.2. Wettability analysis

An important part of this research was focused on characterising the wettability of all
thermoplastic functionalised surfaces, while using as a reference untreated ones. The static
CAs obtained on as-received (plain), textured (MS, LIPSS) and lubricated (MS-LIS, LIPSS-
LIS) surfaces of PC and COC substrates are given in Fig. 4.4a. Initially, the plain surfaces of
both thermoplastic materials exhibited a slightly hydrophobic behaviour with average CA
values just above 90°. However, CAs increased substantially when the laser textured SS
masters were embossed onto them. As expected, the surfaces covered with MS displayed
higher CA values on both PC and COC replicas compared to those with single-tier LIPSS. For
instance, the average CA value measured on the MS of COC replica was 131°, whilst the
single-tier LIPSS embossed on the same material had CA of 114°. A 5 uL water droplet led to
a larger CA on MS than that on LIPSS, as depicted in Fig. 4.4b. After the infusion of lubricant
with 20 cSt viscosity onto the textured polymer substrates, the apparent CA decreased,
especially on the MS-LIS samples, and a small wetting ridge appeared at the periphery of the
hemispherical water droplets on all LIS (see the red arrows in Fig. 4.4b). The formation of
such wetting ridge was attributed to the vertical component of the water’s surface tension,
which was high enough to lift the lubricant up [47]. At the same time, the differences in the
average CA between MS-LIS and LIPSS-LIS on both polymer materials became marginal and
did not exceed 2°. The insignificance of surface topography on the wettability of as-prepared
LIS clearly suggests that both surface topographies were fully encapsulated by the lubricant

and most likely sharing the same spreading coefficient.

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

required to initiate their motion. Fig. 4.4c and d show CSAs of these liquids on all
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aforementioned surfaces of PC and COC substrates. Low droplet mobility was observed at
CSAs ranging between 26° and 47° on the plain surfaces for all the tested liquids. Surprisingly,
the textured surfaces of both thermoplastic materials did not facilitate any droplet movement
even when the substrates were positioned vertically, i.e., at an inclination angle of 90°. In this
case, the high adhesion forces induced from the water/solid contact resulted in pinning the
droplets onto these surfaces. 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 of 8° to 13° and 5° to 8° on the
MS-LIS and LIPSS-LIS 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 stated that only the LIPSS-LIS
samples managed to repel both tested liquids at CSA smaller than 10°, indicating impressive
shedding capabilities even against viscous liquids. Finally, since the endoscope lenses may be
exposed to alkaline or acidic liquids, such as pancreatic and gastric juices, contained in the
human body, CSAs for liquids with pH levels ranging from 1 to 9 were measured on all LIS
onto the PC and COC substrates, as shown in Fig. 4.4e and f, respectively. All the pH-adjusted
water droplets were observed to start sliding on LIPSS-LIS of both polymer samples at CSA
below 7°, whilst larger tilt angles were required to aid their movement on the MS-LIS ones,
i.e. CSAs ranging from 8° up to 18°. The aforementioned results demonstrate the potential of

LIPSS-LIS treated surfaces to shed almost any kind of biological fluid.
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lubricated surfaces of PC and COC substrates; (b) representative images of the water droplet
on textured and lubricated surfaces of the COC substrate; the CSAs obtained on as-received,
textured and lubricated surfaces of the PC and COC substrates for (c) water and (d) Xanthan

Gum solution; the CSAs obtained on the lubricated surfaces of (e) PC and (f) COC.

4.3.3. Durability of LIS under shear flow conditions

As multiple single drops on LIS exert shear forces on them and thus, they can cause severe
depletion of the impregnated lubricant and subsequently lead to their failure. Therefore, the
effect of such shear-induced lubricant depletion on the LIS shedding characteristics was
investigated. In particular, LIS were tilted at an angle of 15° as depicted in Fig. 4.5a and then
subjected to water shear forces by repeatedly dispensing droplets at the same spot on their
surfaces. Initially, all LIS exhibited low pinning forces regardless of the infused lubricant
viscosity and hence the water droplets shed off their surfaces by the gravity. An example of a
water droplet sliding down LIPSS-LIS impregnated with the 5 ¢St lubricant is given in Fig

4.5a. At the same time, the average shedding velocities of water droplets are plotted in Fig.
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4.5b and c as a function of the number of droplets deposited on the MS-LIS and LIPSS-LIS
samples prepared with the lubricants of varying viscosity, respectively. In most cases, the
droplet velocity decreased with the increase of lubricant viscosity because of the enhanced
viscous dissipation at the liquid-lubricant interface. This trend agrees with previously reported
studies [48, 49]. However, it should be noted that the lowest droplet sliding velocity was
recorded on the MS-LIS sample when impregnated with the 5 ¢St lubricant. This finding
contradicts completely with the results obtained from the respective LIPSS-LIS one, on which
the droplets exhibit the highest sliding velocity. It could be because there was not a stable
entrapment of the low viscosity lubricant within the microscale topography of MS-LIS sample

and most likely it overflowed from the valleys when the surface was tilted.

After dripping multiple water droplets on the MS-LIS and LIPSS-LIS substrates prepared with
varying lubricant viscosities, their slippery performance started to degrade. Especially, the
droplet velocity decreased, and eventually the droplets were pinned to their surfaces. The
degradation of the LIS response can be attributed to the gradual lubricant depletion. 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 depletion along
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 storage capacity, 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. 4.5f also confirm that the infused lubricant was gradually removed
by the sliding droplets and thus revealing the micro-pillar structures underneath the MS

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

interface and have weaken the hydrogen bonding interactions at the interface [51].

At the same time, it can be noticed in Fig. 4.5c that there are fluctuations in the shedding
velocities of the droplets on LIPSS-LIS, irrespective of the lubricant viscosities. The lubricant
redistribution might have caused a localised but temporarily finite replenishment of the
lubricant layer [52], which can explain the fluctuations of droplet velocities. Especially, in the
case of LIPSS, the depleted nanoscale ripple structures were swiftly replenished by the stored
lubricant, due to their strong 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. Furthermore, it can also be noted that the
lubricant depletion from the topographies was at a much slower rate when its viscosity
increased. For instance, the samples impregnated with 100 cSt lubricant were able to retain
their slippery properties much longer than those impregnated with 5 and 20 cSt ones. Overall,
the LIPSS-LIS sample with 100 cSt lubricant viscosity exhibited the most robust and stable

performance and 160 droplets were required to lose completely its functionality.
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Fig. 4.5. The shear-induced lubricant depletion: (a) an image showing a tilted substrate before
the shear test and a water droplet sliding on the LIPSS-LIS sample impregnated with 5 cSt
lubricant; (b-c) the shedding velocities as a function of the increasing number of water droplets
deposited on the MS-LIS and LIPSS-LIS substrates for the investigated lubricant viscosities,
respectively. Inset shows an image of water droplet pinned to the surface of the LIPSS-LIS
sample after the lubricant depletion; (d) an illustration showing the lubricant depletion on
LIPSS and MS topographies; (e) an illustration showing lubricant redistribution after a droplet
leaving the LIPSS-LIS treated surface; (f) images depicting the loss of the infused lubricant

from the MS-LIS samples.
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4.3.4. Optical analysis

One of the most critical requirements for endoscope lenses is their high transparency.
Therefore, the optical properties of all treated thermoplastic surfaces together with the as-
received ones were assessed. As the refractive index was the same for all lubricants (n ~ 1.4)
used in this research irrespective of their viscosities, 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-LIS and LIPSS-LIS substrates of PC
and COC over the visible spectrum (400 - 700 nm) is provided in Fig. 4.6a. As expected, the
plain surfaces of both polymer materials showed an outstanding transparency of the visible
light with peak transmittance values slightly below 90%. On the contrary, all the textured
thermoplastic surfaces exhibited significantly low transmittance, indicating a translucent
behaviour. Such a dramatic loss of light was mainly attributed to its scattering by the relatively
rough surfaces of the treated samples [53, 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 infusion into the textured thermoplastic surfaces, a substantial increase in
transmittance was detected. Actually, the infused lubricant was able to minimise the negative
effects of both light scattering and reflectance by smoothening the textured topographies and
also reducing the large step change in the refractive index [55] between air (n = 1) and the two
thermoplastic materials (nec = 1.59 and ncoc = 1.4), as shown in Fig. 4.6b. However, it should
be stated that only the LIPSS-LIS samples exhibited an excellent transmittance of the visible
light due to the relatively small surface area for a diffusive reflectance. In particular, the
transmittance spectrum of the LIPSS-LIS sample almost matched that obtained on the plain

COC one, whereas it dropped up to 10% on the treated PC surfaces within the visible spectrum.
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To compare further the transparency of the plain PC surface to that of LIPSS-LIS and MS-
LIS, images of a colourful logo were captured with a camera when the samples were placed in
contact with it and also with an offset distance of 30 mm as shown in Fig. 4.6¢. In the former
case, the logo was clearer through the LIPSS-LIS sample than the MS-LIS one and it was also
comparable with that taken through the plain surface. After positioning the substrates at a
particular distance, the logo image appeared blurry through the MS-LIS sample due to light
scattering by its microscale surface topography whilst its visibility was almost preserved

through the LIPSS-LIS one. Therefore, only the LIPSS-LIS substrates were selected for further

investigation in this research.
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Fig. 4.6. Analysis of optical properties: (a) the transmittance of the as-received, textured and
lubricated surfaces of PC and COC, respectively; (b) schematic illustrations of the improved
light transmittance after the lubricant infusion; (c) the captured images of a logo through the

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

4.3.5.1. Anti-fogging and blood fouling resistance

The clarity of endoscope lenses can significantly be reduced due to fogging or blood fouling,
resulting in impaired vision and consequently unnecessary disruptions during surgical
procedures. Therefore, water condensation and blood adhesion experiments were performed
to assess the functional response of LIPSS-LIS substrates. It should be stated that only the
LIPSS-LIS samples prepared with the 100 cSt lubricant were subjected to testing because of
their long-lasting slippery properties. Fig. 4.7a shows the motion of a 10 uL blood droplet both
on the plain and LIPSS-LIS samples of PC when tilted at an 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 high blood droplet mobility was observed on the
LIPSS-LIS sample without leaving any stain behind, which indicates an exceptional anti-
fouling response. Similar results were obtained by the respective COC surfaces, too.
Thereafter, the anti-fouling performance of LIPSS-LIS samples was evaluated by performing
30 dipping cycles into blood. Fig. 4.7b shows that only a single dip was sufficient for the blood
to adhere to the as-received PC and COC sheets. In contrast, the LIPSS-LIS samples of both
polymer materials exhibited an excellent fouling resistance against blood since only a few
microdroplets of blood were left behind on their surfaces after 30 blood dipping cycles (see

Fig. 4.7b).

Some fogging usually appears on lenses when the endoscopes enter the patient’s body due to
the sudden change in humidity and temperature levels. Therefore, the anti-fogging properties

of the LIPSS-LIS PC substrate were evaluated using the so-called hot-vapour method and they
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were compared with those obtained on the plain surface. More specifically, a printed QR code
was attached to the back of these samples and then they were placed vertically at a distance of
roughly 50 mm above hot water (~80 °C). Snapshots of the QR code through the plain and
LIPSS-LIS samples were captured with a camera every 10 s and thus to test if they can retain
their initial transparency. The sequential images in Fig. 4.7c reveal that the hot vapour
condensed on both surfaces and initially formed as small water droplets, exhibiting a
“dropwise” condensation behaviour. However, it should be stated that the nucleation rate of
water droplets was more intense on the plain surface, whilst the low surface energy lubricant
infused into the LIPSS-LIS sample delayed their formation. Such findings are consistent with
a recent study, which investigated the droplet condensation on low and high surface energy
materials [56]. Within a period of 1 minute, the small droplets appeared to gradually grow on
the plain surface via a direct condensation and merged with the neighbouring droplets to form
larger ones. However, they were still not capable of shedding off the surface due to strong
pinning forces. As a result, the large droplets formed on the surface scattered the transmitted
light and distorted the vision through the plain sample (see the distorted image of the QR code
in Fig. 4.7¢). In contrast, it can be seen in Fig. 4.7c that some of the droplets condensed onto
the LIPSS-LIS sample were removed due to some coalescence between them within less than
60 s, and thus the QR code could be clearly visible through the droplet-vacant regions. This
shows that the low CAH of the LIPSS-LIS substrate led to high mobility of the condensed
water droplets, which then promoted their fast coalescence with nearby droplets and led to

droplets sweeping by gravitational force.

4.3.5.2. Protein and microalgae fouling resistance

In clinical environments, the usage of endoscopes in surgical procedure where they are in

contact with blood increases the risk of thrombosis [57]. The plasma protein adsorption on
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blood-contacting surfaces is the first event in the thrombus formation. Thus, the inhibition of
protein adhesion to such surfaces is imperative in designing endoscopes, especially this applies
to their lens surfaces. Therefore, the anti-adhesive response of LIPSS-LIS when in contact
with serum albumin has been investigated in this research as it is one of the most common
blood proteins. Figs. 4.7d and 4.7e show the composite fluorescent and brightfield images of
albumin-fouling onto plain and LIPSS-LIS surfaces of PC and COC and their fluorescent
intensity obtained, respectively. The serum albumin adhered to the plain PC and COC surfaces
in a distinct dendritic pattern due to the NaCl present in the buffer after the thin film of a
protein solution was evaporated, which is in accordance with the previous studies [58]. At the
same time, it is apparent that the protein adhesion is greatly inhibited on LIPSS-LIS when
compared to the plain ones, especially there was more than 90% reduction. So, the LIPSS-LIS
treatment of endoscope lenses can decrease the risk of thrombus occurrence and thus reduces

the probability of post-surgical complications in patients.

Microbial attachments to the endoscope surfaces, including lenses, during the surgical
procedures can lead to endogenous infections. Therefore, there is a need to design the lens
surfaces in such a way that they can inhibit the microbe's adhesion. In our previous research,
it was demonstrated that LIPSS and LIPSS-LIS exhibited anti-bacterial (E.coli) properties on
polymer materials [59]. The anti-fouling functionalities of thermoplastic LIPSS-LIS were
investigated in this research under the influence of a microalgae CV. Fig. 4.7f shows the
experimental setup used to investigate the CV’s attachment onto LIPSS-LIS treated PC and
COC substrates. As it is evident from both optical and fluorescent images in Fig. 4.7g, CV
favoured the plain surfaces for settlement, while the LIPSS-LIS ones inhibited the CV’s
adhesion to a larger extent. The image analysis results showed that LIPSS-LIS reduced the

CV’s adhesion by almost 80% when compared to the plain surfaces (see Fig. 4.7h). To assess
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further the durability of the LIPSS-LIS functional response, a set of substrates was initially
attached to the wall of a glass container filled with water and then the shear force was applied
with a magnetic stirrer for 8 hours. Such shear-induced LIPSS-LIS substrates were kept in
culture baths as stated in Sub-section 4.2.7 and the fluorescent images were obtained to
compare their performance with that of fresh LIPSS-LIS substrates. Impressively, even the
shear-induced LIPSS-LIS have shown to reduce the CV’s adhesion by half when compared to
the plain surfaces (see Fig. 4.7g and h). This indicates that the strong nanoscale capillary forces
of LIPSS resisted the lubricant depletion even under harsh condition and their functionality

was retained for longer.
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Fig. 4.7. Evaluation of anti-fouling/anti-fogging performance: (a) the shedding behaviour of
10 uL blood droplet on the PC plain and LIPSS-LIS samples; (b) the fouling resistance of PC
and COC plain and LIPSS-LIS samples after the blood dipping test. It should be noted that the
plain back sides of LIPSS-LIS samples were covered with a yellow coloured tape to prevent
their fouling by blood; (c) the sequential images taken from the PC plain and LIPSS-LIS
samples after their exposure to hot vapour; (d) fluorescence micrographs depicting the protein
adsorption onto the PC and COC plain and LIPSS-LIS samples; (e) a 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 onto the surfaces; (g) autofluorescence and optical images of algae adhesion onto the PC
and COC plain surfaces together with their respective LIPSS-LIS samples before and after

subjecting them to shear forces; (h) the area coverage with algae calculated on the samples.

4.3.6. Pilot application

As proof-of-concept, a set of LIS lenses was integrated into an inspection endoscope device
as stated in Sub-section 4.2.6 and then in vitro experiments were conducted to demonstrate its
performance. In particular, LIPSS-LIS treated COC lenses with 100 cSt lubricant were used
in these tests as they fulfilled the criteria for slippery, durable, anti-fouling and transparent
surfaces. Firstly, their vision performance was analysed by reading a QR code. As shown in
Fig. 4.8a and supplementary video S2, 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 addition, the effectiveness of the LIPSS-LIS lens in
maintaining a clear surgical field was investigated, too, by immersing the endoscope into blood
once and then observing a printed boarding chess. From Fig. 4.8b and supplementary video
S3, it is apparent that the visibility through the plain lens was immediately lost due to blood

adhesion, whilst the LIPSS-LIS lens resisted blood fouling and retained its original clarity.

Finally, it was essential to test the LIPSS-LIS lens under harsh surgical conditions that might
be encountered, e.g., when there are surgical complications with severe bleeding. Therefore,
to validate its anti-fouling response under such conditions, the endoscope was repeatedly
immersed into blood until the boarding chess could not be recognised anymore. In this regard,
the visible area in percentages was measured every 5 blood dipping cycles and the average
results obtained from three LIPSS-LIS lenses are plotted in Fig. 4.8c. From this plot, it is

evident that the as-treated 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 of blood was formed on all the LIPSS-LIS lenses after 35 dips as shown in Fig. 4.8d,
leading to an average visibility decline of 20%. These findings confirm the superior blood
fouling resistance of the LIPSS-LIS lenses in severe bleeding conditions and reinforce its
performance advantages in minimising vision losses in surgical endoscopic procedures.
However, it should be noted that the anti-fouling performance of LIPSS-LIS lenses
deteriorated dramatically afterwards, i.e., after further immersion cycles into blood as evident
by the sequential images in Fig. 4.8d. For instance, a partial loss of visibility, i.e. an average
vision loss of 46%, was observed after 40 dips. This was mostly due to the adherence of a
bigger blood droplet onto lens surfaces (see inset in Fig. 4.8c) and the visual field was less
than 15% after 45 dips. At the end, the vision through the integrated camera was totally lost
after 50 consecutive dipping cycles in blood (see Fig. 4.8d) and they did not have any blood

anti-fouling properties anymore (see the inset in Fig. 4.8c).

150



®

——————————————————————————————————————————————————————

After 50 dips After 45 dips

Visible area (%)

404 k
20- .
~~~~.~!:f_\ i E

T T T T T T VY

0 5 10 15 20 25 30 35 40 45 30 |

(=]

Number of dips in blood

Fig. 4.8. A pilot application of the LIPSS-LIS treated endoscope lenses: (a) the test procedure
used to verify the vision performance after integrating the plain (left) and LIPSS-LIS (right)
treated COC lenses into an endoscope device; (b) the blood dipping experimental setup and
the visual fields retained by the plain and LIPSS-LIS treated COC lenses after a single dip; (c)
the visible area in percentages of an endoscope with LIPSS-LIS lenses as a function of the
dipping cycles number. Note: Insets in (c) depict the surface of LIPSS-LIS lens after a certain
number of dips; (d) sequential images showing the field of view after 35, 40, 45 and 50 dips,

again for the LIPSS-LIS lens.
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4.4. Conclusions

Surface contamination and fouling of endoscope lenses by body fluids is a critical issue in
surgical procedures and therefore a cost-effective method for “imprinting” an anti-fouling
functionality on them is proposed in this research. This is achieved by combining the strong
capillary forces of LIPSS with the advantage of LIS in achieving long lasting anti-fouling
properties without transparency losses. To fabricate lenses with such LIPSS-LIS treatments
serially on thermoplastics, a process chain is proposed that combines synergistically the
capabilities of a laser-based surface texturing of metallic masters with polymer micro/nano
replication followed by lubricant infiltration onto the nanoscale surface ripples. Although, a
femtosecond laser was used to “imprint” LIPSS onto the masters, such topographies could be
realised by less expensive pico and nanosecond laser sources, which can further reduce the
manufacturing cost. At the same time, micro injection moulding technologies could be utilized
instead of the lab-scale hot embossing to scale-up the production of such LIPSS-LIS treated

thermoplastic lenses, as demonstrated in our previous research [60].

Since the glass transition temperatures of PC and COC are less than the autoclave
temperatures, such LIPSS-LIS thermoplastic lenses could be re-used by employing standard
sterilisation procedures. Furthermore, it is worth noting that the LIPSS-LIS thermoplastic
lenses produced with the proposed process chain are fully recyclable as no coatings are
required to impart the anti-fouling functionalities. A simple washing step can remove the
lubricant from the lenses for downstream recycling after their disposal. Furthermore, the
functionality and durability of the proposed LIPSS-LIS treatments can be further improved by
taking advantage of the LIPSS tunability. For example, instead of one-dimensional LIPSS

employed in this research, two-dimensional triangular LIPSS [61] can offer isotropic surface
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properties that can impart both the lubricant depletion of LIS and also their functional

response.

Supporting Information

e Experimental video showing: a 10 puL blood droplet sliding on the PC plain and LIPSS-LIS
samples (Video S1); the visibility through an endoscope with COC plain and LIPSS-LIS
lenses (Video S2); the blood fouling resistance of an endoscope integrated with LIPSS-LIS

lenses (Video S3).

The above Supporting Information can be accessed via the following link:

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

Laser-Induced Periodic Surface Structures (LIPSS) are nanometric surface undulations
produced by short and ultrashort pulsed lasers. The production of high-quality 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 atmospheres 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/cm? and the optimal processing window was sustained up to 46.2 J/cm? before
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. The X-ray photoelectron spectroscopy analysis
revealed that the ratio of oxygen to metal species decreased in the argon atmosphere and thus
minimal surface oxidation occurred on the samples. Since the generation of high-quality
LIPSS is a prerequisite for an accurate predictive modeling of surface responses, the results
reported here show that good nanostructured surfaces can be produced with cost-effective

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 for imparting attractive surface functionalities to products
without changing their bulk material properties. In particular, various surface treatment
methods, such as coatings, photolithography, chemical etching, sol-gel, ultra-precision
machining and laser micro-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 a
more environmentally friendly process that offers selectivity, relatively high processing
accuracy, productivity and even the flexibility of processing freeform surfaces [3]. At the same
time, it can be employed as a simple one-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 the surface chemistry together with the

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

Laser-Induced Periodic Surface Structures (LIPSS) are periodical ripple-like nanostructures
that can be imprinted on a variety of materials by employing linearly 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, respectively. Among them, only LSFL, referred to as LIPSS
in this research, can be obtained both with ultra-short (femtosecond and picosecond) [6] and
short (nanosecond) [7] pulse durations and have attracted attention from researchers. Owing
to their wide applicability and varying geometrical characteristics, these ripple-like structures
have been extensively investigated as a means for functional surface treatments. More

specifically, surfaces textured with such nanoscale ripples have displayed anti-bacterial [8-9],
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anti-icing [10], anti-reflective [11], hydrodynamic drag reduction [12], lubricant-retention
[13], secondary electron yield reduction [14] and improved cell-adhesion [15-16] properties

in applications related to food packaging, biomedical and energy storage 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 the computational modeling have shed
light on the interaction mechanisms of periodic nanometric surface structures with matter to
obtain optimal surface responses in applications related to anti-biofouling [17], hydrodynamic
drag reduction [18], anti-reflection [19] 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 some pre-define limits. To date, most
studies have been focused on the use of ultra-short pulse lasers to attain homogeneous LIPSS
onto plain and freeform surfaces while maintaining their geometric characteristics within pre-
defined ranges [21-22]. Although high precision, controllability and minimum Heat-Affected
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 of multi-beam
processing [23] and high repetition rate (MHz or GHz) [24] can reduce 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 cost-effective 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

heat-induced negative side effects, i.e., oxidation and re-cast formations on the surface.
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Nevertheless, it has been shown that the level of laser-induced oxidation can be minimized
upon irradiation in a controlled environment when nanosecond lasers are used for polishing
operations [25-26]. In general, the use of nanosecond lasers on metals has 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 at near-infrared
wavelengths [28]. Although the importance 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
(400-700 nm) [29-30]. However, some investigations are reported on processing
semiconductors [31], polymers [32] and glasses [33-34] using green (500-550 nm) nanosecond
pulsed lasers. By operating in the green wavelength regime, nanostructures with a periodicity

close to 500 nm can be formed on surfaces.

Nirnberger 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] applied 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,
investigations 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 not been studied earlier. Therefore, this research reports an
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, this research 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 nanoscale surface 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 0.5 mm thickness and an average
roughness (S,) of 35 nm were used in the LST experiments. In this work, the as-received
substrates were laser textured immediately after removing the plastic tape from surfaces
without any pretreatment. The experiments were conducted on the state-of-the-art LASEA
LS4 laser micro-machining workstation and its main beam delivery component technologies
are shown in Fig. 5.1a. The platform integrates a s-polarized nanosecond fiber laser source
(GLPN -500-1.5-50-M, IPG) with the following main technical characteristics: a pulse
duration of 1.5 ns at a nominal wavelength, 4, of 515 nm and pulse repetition rate up to 1 MHz
with a maximum average power of 50 W. A scan head (LS-Scan XY 20) is used to steer the
laser beam across the samples at a 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 spot size (2w,) of 40
um at the focal plane. Thereafter, the accurate positioning of the samples inside the machine’s
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 high-resolution positioning camera

(Dino-Lite Premier, AM7013MT).
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Fig. 5.1. Schematic illustration of: (a) laser processing set-up; (b) the process used to texture
the samples in argon environment; (c) the scanning strategy used to generate LIPSS. The

optical image shows diffraction colors resulted from generated LIPSS (scale 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 substrates 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 (h), which was varied in the range from 1 to 3 um. The laser texturing was carried out at

various scanning speeds (v) from 0.3 to 2 m/s and average power (P) between 0.189 and 0.671
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W. All the experimental trials were conducted at a fixed pulse repetition rate (f) of 100 kHz.
As the laser beam was scanned across the surface area, the pulse-to-pulse distance (d = v/f)
varies and consequently the effective number of pulses (N,sf) or number of pulses per unit
area on the surface can be determined from Eq. 5.1.

Tw

Neff = d_h (51)

Similarly, the substrates were subjected to different pulse fluence (F,) by varying the average

power, and this is calculated with Equation 5.2.

Fy = d 5.2
The combined influence of these two parameters increases the accumulated fluence per unit

area (F,..) on the surface, which can be calculated using Equation 5.3.

P
Face = NeffFO = % (5.3)

Initially, the laser processing was restricted over an area of 5 x 5 mm?on the SS substrates in
order to assess the formation of LIPSS on the surface. Thereafter, larger areas of 25 x 25 mm?
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 after undergoing LIPSS treatments. The laser texturing of
samples in a controlled argon gas environment was 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 the bottom of the chamber while the gas filled the enclosed area at a

constant flow rate of 12 L/min.

169



5.2.2. Surface characterisation techniques

The surface topographies of the textured SS substrates were initially characterized using a
Scanning Electron Microscope (SEM, Hitachi TEM3030Plus). To capture the first-order
diffracted light (m = 1) out of the treated surfaces, an optical microscope (Alicona G5) was
employed by holding a collimated white light beam (70 Lumens) at an incident angle () of
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 measurements and an open-source image
analysis software (ImageJ) was used to obtain the mean intensity (I) of diffracted light. The
morphology of the nanoscale topographies was captured by using Atomic Force Microscopy
(AFM, MFP-3D, Asylum Research, USA) together with 2D Fast Fourier Transformation
(FFT) analysis to evaluate their spatial periods. The acquired AFM and SEM scan images were

analyzed using an open-source image analysis software (Gwyddion).

To inspect the surface chemistry of the substrates produced under air and argon gas
environments, the X-ray Photon Spectroscopy (XPS) was conducted by using a Kratos Axis
SUPRA spectrometer. These experiments were performed using a monochromatic Al ka
(1486.69 eV) X-ray source over an analysis area of 700 x 300 um?, operating 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 energies of 160 eV, whilst 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 9 x 10° Torr 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. O1s components were fit using a lineshape of GL(30).

The wetting properties of the treated surfaces were assessed with a goniometer (OCA 15EC,
Data Physics GmbH, Germany). Specifically, water droplets of 4 uL were deposited on the
surface and the corresponding static contact angle values were recorded. It is worth noting that
the same measurement procedure was repeated five times at different locations on the samples’

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 fluence required 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 of 2 m/s and
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 12.9 J/cm?, whilst further
increase led to the appearance of LIPSS on the surface. So, the accumulated fluence threshold
for the LIPSS generation with an effective number of pulses of 63 was determined to be as
low as 13.9 Jlcm? Thereafter, the irradiation of SS samples was conducted above the
predetermined LIPSS threshold with varied pulse fluence but at a fixed effective number of

pulses to assess their evolution onto the surface.
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Fig. 5.2. Evolution of LIPSS with the increase of accumulated fluence at a scanning speed of
2 m/s (scale bar: 10 um). Note: The black dashed rectangle on the upper right corner is a

magnified view showing the first LIPSS formation.

The first-order diffracted light was captured from these surfaces to determine the LIPSS
quality as illustrated in Fig. 5.3a. First, the LIPSS spatial periodicity was measured at various
pulse fluence levels while keeping the effective number of pulses at 209. To obtain information
about their spatial periods, the acquired SEM images of the samples were processed and
analyzed by using 2D FFT. The plot in 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 (2 = 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 of 171.2 mJ/cm?.

Three representative SEM images of LIPSS formation on the surface 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 double-sided arrows) regardless of the applied pulse

fluence. In the early stage of LIPSS generation, i.e., at F, = 153.6 mJ/cm?, some pits/holes
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were observed on the surface which gradually disappeared as the pulse fluence was further
increased to 206.2 mJ/cm?. Typically, the LIPSS begin to develop on the surface between the
melting and the ablation threshold of the material [35]. Thus, the formation of these surface
defects may be attributed to some low-level heating and consequently not well pronounced
melting of the material. These experimental observations confirm the hypothesis that the
LIPSS generation upon irradiation with nanosecond pulsed lasers is strongly related to the
melting of an adequate layer thickness on the surface [30]. By increasing the pulse fluence
further to 220.5 mJ/cm?, more consistent and pronounced LIPSS formed on the surface. A
further increase of pulse fluence beyond 220.5 mJ/cm? led again to a gradual LIPSS
deterioration, whilst the oxidation effects started to become pronounced at a pulse fluence

higher than 261.9 mJ/cm?.

Since the LIPSS periodicity is 470-500 nm, the first-order diffracted light has wavelength in
the same range, which is predominantly blue light. As can be seen in Fig. 5.3d, the intensity
of the blue light emitted from the textured surfaces increased with the increase of LIPSS
quality. In addition, the surfaces covered with pits/holes at low pulse fluence did not emit
intense blue light when compared to ones without any such defects. Next, the influence of the
effective number of pulses on the evolution of LIPSS at a fixed pulse fluence was analyzed.
Representative SEM micrographs in Fig 5.3e depict the LIPSS generated with pulse fluences
of 171.2 mJ/cm? but with the different effective number of pulses. It is evident that both laser
processing parameters had a significant impact on the LIPSS evolution onto the surface. As
the distance between two successive pulses decreased and consequently the effective number
of pulses increased, the necessary pulse fluence to produce good-quality LIPSS was
significantly decreased, too. This is also apparent from the blue light intensity of the

corresponding LIPSS topographies. In general, there was a narrow window of pulse fluence
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up to 220.5 mJ/cm? at 209 effective number of pulses that led to LIPSS without surface
oxidation. This phenomenon is associated with the material-dependent incubation effect,
which leads to a reduction in the material’s ablation threshold when the number of pulses per
spot increases [36]. The most homogeneous LIPSS obtained at a pulse fluence of 171.2 mJ/cm?
and an effective number of 209 pulses in ambient environment exhibited a diffracted light

intensity of 199.9.
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Fig. 5.3. (a) An illustration of the experimental set-up to obtain first-order diffraction blue
light images from LIPSS. (b) The periodicity of LIPSS produced with 209 pulses and pulse
fluences varying from 150.5 up to 220.5 mJ/cm?. (c) 2D FFT image showing the regularity of
the LIPSS generated with 209 pulses and pulse fluence of 171.2 mJ/cm?. The LIPSS formation
with (d) the increase of pulse fluence in the range of 153.6 to 220.5 mJ/cm? and a constant
effective number of pulses set at 126 (scale bar: 5 um) and (e) the increase of effective number
of pulses from 126 to 209 at a constant pulse fluence of 171.2 mJ/cm? (scale bar: 5 um). The
corresponding blue light diffraction images are also shown. Note: The yellow double-sided

arrows represent laser beam polarisation vector.
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At the same time, irradiation of surfaces with an effective number of 209 pulses and pulse
fluences higher than a specific level also led to surface coloration due to the oxidation effects.
Fig. 5.4a shows oxidation colors appearing at different pulse fluences and effective number of
pulses. This color generation is caused by the thin film interference phenomena and depends
on the thickness of the oxide layer in the laser processed area [37]. For instance, beyond the
pulse fluence of 220.5 mJ/cm? at an effective number of pulses of 209, the LIPSS started to
disappear, and the surface showed a yellow (F, = 320.9 mJ/cm?), which is followed by orange
(F, = 386.9 mJ/cm?) colors. Moreover, a further increase in effective number of pulses to 419
resulted in purple (F, = 386.9 mJ/cm?) and blue (F, = 457.0 mJ/cm?) colors. Furthermore, the
higher accumulated fluence at the edges of the processed area, where the laser beam had to
accelerate/decelerate along its scanning path, led to the appearance of the blue color as shown

in Fig. 5.4b.
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F, (mJ/cm?)

Fig. 5.4. Oxidation colors on SS substrates: (a) the matrix shows the colors appearing at high
pulse fluences and a higher number of pulses (scale bar: 5 mm); (b) the corresponding
magnified optical images showing yellow, orange, and purple colors as a result of the
increasing accumulated fluence (scale bar: 1 mm). The corresponding inset image shows the
blue color at the edge of the squares due to beam deceleration/acceleration and the resulting

high accumulated fluence there.

Finally, it was observed by analysing the captured SEM images that the LIPSS formed on the
SS surfaces had a relatively superior overall quality, i.e. better homogeneity/regularity and less
defects, when the diffracted blue light intensity was above 160. As a result, the threshold value
of blue light intensity was set at 160 to determine the quality of LIPSS in this research.
Therefore, LIPSS that exhibited I < 160 were considered as low-quality ones, whereas those
with I > 160 were deemed as LIPSS with a satisfactory quality. Fig. 5.5 shows the map of
morphologies obtained within the investigated processing window. The surface morphologies
were clustered into four categories, i.e., no LIPSS formation, low- and high-quality LIPSS and

excessive oxidation on the surface. Overall, it is worth stating that the accumulated fluence
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during the LIPSS generation with the green nanosecond laser was identified to be in the range
from 13.9 to 46.2 J/cm?. While the use of laser settings outside this processing window led to
either no LIPSS formation or alterations in surface chemistry, i.e., oxidation over the processed
area. As can be seen, an effective number of pulses between 105 and 209 led to the generation

of high-quality LIPSS on the surface.
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1505 153.6 171.2 187.1 206.2 2205 239.7 2619 281.1 3033 3209 3479 3869 457.0
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No LIPSS Low-quality LIPSS High-quality LIPSS Surface oxidation

Fig. 5.5. LIPSS morphologies as a function of the pulse fluence and the effective number of

pulses.

5.3.2. LIPSS quality in argon gas environment

Experiments were also carried out in argon environment with the process parameters used to
obtain good quality LIPSS in the ambient one. In particular, the pulse fluences used were in
the range from 150.5 mJ/cm? to 220.5 mJ/cm? with an effective number of pulses kept the
same at 209 during these experiments. Fig. 5.6a shows SEM images of LIPSS generated in the
ambient and argon environments along with their corresponding blue light images. At a pulse
fluence of 150.5 mJ/cm?, the LIPSS topographies were also covered by pits/holes when laser

processing was conducted in the ambient environment. In contrast, such defects were not
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anymore present on LIPSS processed in argon. Consequently, the corresponding blue light
images appear to be brighter for the samples produced in argon environment compared to those
in the ambient one. When the fluence was increased to 171.2 mJ/cm?, the LIPSS showed no
more defects even in the ambient environment. At the same time, it is worth noting that the
LIPSS generated in argon environment were defect-less under the same pulse fluence, too. In
both environments, the LIPSS had almost the same periodicities. Although the SEM
micrographs show no remarkable differences, the blue light images reveal that LIPSS
generated in argon environment are brighter than those in air. When the blue light intensities
are plotted at three different pulse fluences as shown in Fig. 5.6b, it immediately divulges that

the quality of LIPSS produced in argon environment is better.

(a) F,=150.5 mJ/cm? F,=171.2 mJ/cm? (b)

2504 @8 LIPSS (air)
@ LIPSS (argon)
= 200
= :
S, L
>
1S Z -
< £ 150
=
o
R
£ 100
e
=
2 501
o
< Y

150.5 171.2 206.2

Fluence per pulse (mJ/cm?)

Fig. 5.6. (a) The SEM images of LIPSS generated under ambient and argon atmospheres with
209 pulses and pulse fluences of 150.5 and 171.2 ml/cm? (scale bar: 5 pm). Their
corresponding blue light diffraction images are shown as insets. (b) Comparison of blue light
intensities of LIPSS generated with pulse fluences of 150.5, 171.2 and 206.2 mJ/cm? and 209
pulses in ambient and argon atmospheres. Note: The yellow double-sided arrows show the

laser beam polarization vector.
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Fig. 5.7. (a) AFM images of LIPSS and (b) the height profiles of the samples processed in
ambient and argon environments at a pulse fluence of 171.2 mJ/cm?and an effective number
of 209 pulses. (c) The comparison of the LIPSS amplitude at different pulse fluences and a

fixed effective number of 209 pulses.

To investigate further the differences in blue light intensities of LIPSS produced in the two
environments, AFM measurements were taken to analyze the LIPSS amplitude. Fig. 5.7a and
b present the AFM images of LIPSS together with their extracted height profiles, respectively.
It is evident that the LIPSS topographies have higher amplitudes when they were processed in
argon than those in air. In particular, the amplitudes vary from 5 to 14 nm and 17 to 27 nm in
ambient and argon environments, respectively. This clearly shows that LIPSS generated in
argon exhibit heights that are twice higher than those in air. If the mean height of the LIPSS
topographies generated in both environments at different pulse fluences are compared, as

shown in Fig. 5.7c, it is obvious that the argon ones exhibit higher aspect ratios. This further

179



underline why the blue light intensity of the samples produced in argon is more pronounced

even though the SEM images have shown no discernible differences.

5.3.3. Surface chemistry analysis

To further understand why the quality of LIPSS differs in argon and ambient environments,

XPS analysis was conducted to investigate the alterations in surface chemistry. Fig. 5.8a-e

presents the XPS survey spectrums obtained on the untreated SS substrate and the LIPSS ones

processed in both argon and ambient conditions. Here, the LIPSS-1 and LIPSS-I11 are the ones

processed with an effective number of pulses of 209 and pulse fluences of 150.5 mJ/cm? and

171.2 mJ/cm?, respectively. A quick look at the spectra shows that oxygen, carbon, chromium,

and iron elements dominate on the surface, whereas the influence of other elements, such as

nickel and manganese, was not considered as their atomic concentrations were barely

quantified. The surface chemical compositions of these LIPSS treated samples are given in

Table 5.1.

Table 5.1. Elemental composition extracted from the XPS survey spectra of untreated and

laser processed SS surfaces.

Surface C (at%) O (at%) Fe (at%) Cr (at%) O/Fe OICr
Untreated 59.95 35.00 3.50 1.55 10.00 22.58
LIPSS-1 (argon) 37.02 46.75 8.64 7.59 541  6.16
LIPSS-I (air) 44.33 44.62 6.00 5.05 7.44 8.84
LIPSS-11 (argon) 35.05 48.18 10.26 6.51 470  7.40
LIPSS-I11 (air) 45.00 42.79 7.52 4.69 5.69 9.12

180



(a) ‘ ) —
LIPSS-I (argon) | i LIPSS-I (air) f
] 2 - -~
o " & o = & 2
i/ - 3| g
z & z Al
‘g 1 S ‘Z | &
-3 = | -
& | » S 4 o i
1200 900 600 300 0 1200 900 600 300 0
Binding energy (eV) Binding energy (eV)
(© . (@) 2 =]
| LIPSS-II (argon) | LIPSS-II (air) |
i o~ o -] @ a »
i N | LN o~ i
= & % ‘ B ] & °
&Y G ’ : L U
> o [ z
£ 8 S g
3 * L B 5 z ,
€1 | k.. F = . o
= - o = o
] / |
1200 900 600 300 0 1200 900 600 300 0
Binding energy (eV) Binding energy (eV)
() -.
| Untreated |
=
AP
'
£ & m
£ 1 ; C.
E 1 Q. | O,
Ll | o~
o
1200 900 600 300 0

Binding energy (eV)
Fig. 5.8. The XPS survey spectra for: (a-d) LIPSS fabricated on SS substrates with 209 pulses

and pulse fluences of 150.5 and 171.2 mJ/cm? after irradiation in argon and air environments,

respectively; (e) untreated SS surface.

The elemental composition of the untreated SS sample is characterized by a higher
concentration of carbon compared to oxygen and a significantly low concentration of iron and

chromium. The detection of non-zero carbon quantity clearly indicates that this surface was
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contaminated, and the primary source of such contamination is the adsorption of organic
matter from the atmosphere [38]. On the other hand, a remarkable reduction of the carbon
content was observed on all laser textured surfaces, which should be attributed to the removal
of the pre-existing adventitious carbon during laser irradiation. This cleaning phenomenon was
more pronounced on the surfaces processed in argon and the one treated with a higher pulse
fluence resulted in the sharpest decrease of the carbon content. Furthermore, significant
variations in the oxygen content were observed among the various analyzed surfaces, too. In
particular, the oxygen amount increased together with that of Fe and Cr on the surfaces
subjected to laser treatment, especially in those samples processed in argon. However, the ratio
of oxygen to iron (O/Fe) and chromium (O/Cr) shows that the LIPSS processed in ambient

conditions are oxygen-rich as compared to the ones in argon.
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Fig. 5.9. High-resolution O1s spectra of LIPSS treated under (a) argon and (b) ambient

environments.

To evaluate the oxygen contribution, the deconvolution of O1s spectra was analyzed as shown
in Fig. 5.9. It revealed that two contributions related to oxygen in the form of lattice oxides at
530 + 0.2 eV and hydroxides at 531.5 + 0.1 eV dominate on the surface while the rest (C-

O/C=0 at 532.6 £ 0.2 and O-C=0/H>0 at 534 £ 0.2 eV) are minor. As can be seen, most of

182



the oxygen on LIPSS substrates was the result of oxidation reactions, followed by the
formation of hydroxides and organic compounds. More specifically, the concentration of
lattice oxides was found to be greater on the laser-treated surfaces, while they dominated in
those processed in air. It can be inferred that the LIPSS generation led to the exposure of more
Fe and Cr from the bulk to the ambient air, which instantly reacted and formed a mixed oxide
layer at the surface. On the other hand, the hydroxides had more contribution to the LIPSS

processed in argon.

To determine the reason for more hydroxide formation on the LIPSS generated in argon, the
high-resolution spectra of metallic elements were also analyzed. The Cr2p (3/2, 1/2) XPS
spectra as extracted from the laser-treated surfaces are presented in Fig. 5.10a, where the
resultant positions of the major components are specified. In all the cases, the existence of Cr
(111) oxide, Cr203, was observed on the surfaces at a binding energy of 576.6 eV. However, a
second maxima was presented on all the laser-treated surfaces at around 577.1 eV and it is
more pronounced on the LIPSS textured in argon, which most likely is ascribed to the
hydroxides Cr(OH)z. On the other hand, by analyzing the Fe2p spectrum as shown in Fig.
5.10b, it can be inferred that the Fe (111) oxide state, Fe2O3, dominates on all the surfaces at a
peak position of 711 eV. This observation can also be verified by the weak satellite peak
situated at around 719 eV, which is characteristic of Fe (IlI) oxide. At the same time, the
contribution of Fe (I1) oxide components, FeO, at a binding energy of approximately 709 eV
was more pronounced on the surfaces subjected to laser treatment. Among these surfaces, no
distinguishable signal of Cr or Fe in the metallic state was observed over the background noise
on the substrates processed in air, which can confirm the formation of a uniform oxide layer
on their surfaces. On the other hand, it should be highlighted that the samples processed in

argon gas had some contribution of pure metallic components at 707 eV and thus the thickness
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of the oxide layer on these surfaces was less than 10 nm (the photoelectron’s penetration depth
in XPS measurements) [39]. This observation underlines that the thickness of the oxide layer

has contributed to less depth of ripples in LIPSS processed in the air as evident from the AFM

Mmeasurements.
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Fig. 5.10. High-resolution XPS spectra of (a) Cr2p and (b) Fe2p of untreated surface and

LIPSS generated in argon and ambient environments.

Based on the observations from first-order diffraction response (blue light intensity), surface
topography (SEM and AFM) and chemistry (XPS) responses, Fig. 5.11 illustrates evidently
the processing environment influence on surface topography and chemistry at low and high
accumulated fluences. Apparently, at low accumulated fluences (< 50.1 J/cm?), the interaction
of the green nanosecond laser beam with the SS surface results in the formation of LIPSS in
ambient environment. However, the formation of a thin layer of oxide during the processing
suppresses the amplitude of the LIPSS. A change of processing environment to argon
decreases the thickness of the oxide layer, which is evident from the decrease in oxygen
content (O/Fe ratio) as shown in Table 5.1. The thickness of the oxide layer (t) can be estimated
to be less than 20 nm, as evident from AFM profiles of LIPSS produced in ambient and argon

environments (see Fig. 5.7b). On the other hand, high accumulated fluences (> 50.1 J/cm?)

184



generate roughness on the substrate along with a thick oxide layer. For instance, a recent
investigation onto green nanosecond laser coloring of stainless steel surfaces in an ambient
environment showed that the oxide film thickness varies from 200 to 600 nm, which led to
different colors [40]. At the same time, the surface roughness of these thick oxide covered

areas ranged from 0.5 to 1.2 um.
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Fig. 5.11. An illustration showing the influence of processing environment on oxide layer

formation at low and high accumulated fluences with a green nanosecond laser.

5.3.4. Contact angle analysis

To investigate the combined influence of surface topography and chemistry on macroscopic
properties, the contact angle measurements were conducted on the LIPSS surfaces produced
in air and argon environments. Contact angle variations over a period of two weeks on the
surfaces are shown in Fig. 5.12. On the untreated SS surface, the contact angle was measured
to be 71.2° + 1.2°. It is apparent that the contact angle decreased immediately after the LIPSS
treatment in both air and argon environments. The magnitude of this decrease is more on the

surfaces that were processed in argon when compared to those treated in air. However, the
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contact angle gradually increased on both LIPSS topographies after day 3 and reached a

maximum of 90.8° + 2.8° in argon exhibiting hydrophobicity.
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Fig. 5.12. Contact angle evolution as a function of time in number of days on untreated and

LIPSS treated substrates in the air and argon environments.

One of the key indicators of surface chemistry to determine the wetting state is the oxygen-to-
carbon ratio (O/C) on the surfaces, which influences the contact angle of the laser-treated
surfaces [41]. The lack of oxygen species on the surfaces processed in argon exhibited a lower
contact angle immediately after laser processing. However, over a period of time, the CO>
decomposes from the atmosphere and hence the O/C ratio increases on the surfaces. The
decomposition of CO2 leads to a transfer of O% ions to oxygen-deficient magnetite FesO4-5 (O
<9< 1) and results in the formation of Fe3O4 [42]. On the surfaces processed in argon, the
decomposition of CO; favors the formation of FesO4 and the surface becomes rich in oxygen-
to-carbon ratio. For instance, the O/C on samples processed in argon is 1.2 - 1.3 whereas on
the ones treated in the air is 0.9 - 1.0. At the same time, the LIPSS are deeper in the samples
processed in argon than those in air. Therefore, the combined effects of topography and surface

chemistry have led to an increase in the contact angle on LIPSS generated in an argon
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environment. However, it should also be noted that the magnitude of the difference is not
significant between the ones processed in argon and air as the LIPSS exhibit a low roughness

factor (a ratio of actual surface area to the projected one).

5.4. Conclusions

Laser texturing/structuring of surfaces with LIPSS topographies has been extensively
deployed as a means for tailoring their functional characteristics. However, the generation of
high-quality homogeneous LIPSS cost-effectively on relatively large surfaces is an important
step toward the broader use of this technology for functionalizing surfaces at an industrial
scale. Thus, a laser treatment to generate high-quality uniform LIPSS in a cost-effective
manner was demonstrated in this research. Specifically, a green nanosecond laser was
investigated for producing LIPSS on AISI 316 stainless steel under argon environment, and
then their formation was compared with those obtained in air. The quality of LIPSS generated
in both environmental conditions was evaluated through the SEM, AFM and XPS analysis and
correlated with their blue light diffraction response. In an argon environment, the intensity of
the diffracted light increased, and this was indicative of the improved quality and homogeneity
of LIPSS generated on the surfaces. The relatively low-quality LIPSS produced in the air can
be attributed to the formation of oxides as a side effect compared to the laser processing in
argon. Since the intensity of the first-order diffracted light depends only on the LIPSS
periodicity and depth and not on the surface chemistry, the topographical changes (e.g.,
periodicity/depth) of the LIPSS could be qualitatively captured by first-order diffracted light
(blue light intensity). Therefore, the blue light intensity can act as a global/macroscopic

parameter to judge about the quality of the LIPSS, instead of time-consuming local
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measurements, such as SEM/AFM. A higher blue light intensity is indicative of better quality

LIPSS, which means that LIPSS are deeper and devoid of pits.

Moreover, the high amplitude LIPSS produced in argon environment could be used for
texturing replication masters that can find applications in soft/compression and injection
molding. For instance, such masters with high aspect ratio LIPSS treatments could be utilized
for producing high quality textured replicas through micro injection molding [43]. At the same
time, considering these capabilities for producing sub-wavelength nanostructures, i.e., LIPSS
with the green nanosecond laser, such LIPSS treatments can be used to enhance the
antireflection properties of surfaces on various materials. Thus, the proposed nanosecond laser
treatment in this research could be a potentially cost-effective solution for fabricating
functional nanostructured surfaces that can find applications in energy storage, optoelectronics
and sensors. For instance, one such application could be to design broad-band ultralow optical
reflective surfaces. Future in-depth research will be conducted to explore the optical properties
of the nanostructured surfaces. At the same time, the fabrication of multi-scale structures
(LIPSS on top of microscale structures) could be an interesting step towards designing cost-

effective superhydrophobic metallic surfaces for anti-bacterial and anti-icing applications.
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Abstract

The requirements that complex 3D miniaturised components have to satisfy are constantly
increasing for various application areas, e.g. in aerospace, biomedical and electronics, and
hence there is a sustained drive to broaden the capabilities of precision manufacturing
processes. In this regard, state-of-the-art Laser-based Micro-Machining (LMM) systems have
been attracting significant industrial interest with their emerging capabilities for multi-axis
machining. However, intrinsic limitations of component technologies of such systems can
impact the machining Accuracy, Repeatability, and Reproducibility (ARR), especially in
complex processing strategies requiring the simultaneous use of multiple axes, and
consequently to affect the overall processing uncertainty. Herein, the aim of this research is to
propose a systematic method for assessing the overall performance of such LMM systems
when they are deployed for laser structuring/patterning/texturing of freeform surfaces. In
particular, the method employs a series of laser processing tests on spherical samples to
quantify the contributions of different error sources on the machining ARR when
implementing simultaneous multi-axis processing strategies under quasi-static and dynamic
conditions. An experimental validation of the proposed method is conducted on a
representative state-of-the-art LMM system and then conclusions are drawn about its
capabilities to determine the processing ARR of multi-axis LMM systems. This research
provides an insight into the limitations and manufacturing challenges in deploying such

systems for the fabrication of complex 3D components.

Keywords: Machining test, laser micro-machining system, performance evaluation, precision
metrology, freeform surface, multi-axis simultaneous laser processing, accuracy, repeatability,

reproducibility, uncertainty.
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6.1. Introduction

Over the last decade, technological advances in different industrial sectors, i.e. biomedical,
aerospace, electronics and telecommunications, have driven the demand for producing highly
accurate miniaturised components with intricate geometries [1, 2]. To address these
challenging requirements, various conventional and non-conventional manufacturing
technologies have been deployed to fabricate high-precision micro-structures/features in
products [3-5]. Traditionally, such features were manufactured through CNC micro-milling,
however inherent limitations of this technology with respect to tool wear, spindle speed and

available cutting tool sizes constrain its broader use.

On the other hand, non-contact chip-less machining processes have attracted the interest of
industry and research due to their intrinsic characteristics. Among them, Laser-based Micro-
Machining (LMM) can offer an attractive alternative in performing different high resolution
operations, e.g. structuring/texturing/scribing, drilling, polishing and cutting, on freeform
surfaces in a fully integrated manufacturing platform. Compared to lithographic processes, this
technology offers relative higher processing efficiency, flexibility and reliability while it does
not require a clean-room environment for its use [6]. At the same time, it is a process that can
be used to machine almost any engineering material, such as glass [7], metals [8], ceramics [9]

and polymers [10], by selecting a suitable laser source.

Recently, the LMM technology has been extensively deployed as a surface modification
technique to fabricate micro/nano structures on planar surfaces of new or existing products
and thus to “imprint” attractive surface functionalities, e.g. anti-biofouling [11], anti-corrosion
[12], anti-bacterial [13], anti-icing [14], anti-reflective [15], anti-adhesive [16] and cell-

adhesion [17]. Despite that, it is recognised that laser machining of micro/nanoscale structures

197



onto complex 3D surfaces with significant variations in their curvature, e.g. on medical
implants and contact lenses, is of great importance and could broaden the LMM industrial
applications [18-21]. Therefore, multi-axis LMM systems, which combine the capabilities of
5 axes CNC systems together with that of scanning heads, can be used to execute complex 3D

laser processing strategies that were considered not achievable until recently.

To date, the most well-recognised approach to texture/structure large freeform/curved surfaces
is to apply a tessellation/partitioning method to divide them into planar scanning fields and
layers by taking into account the constraints introduced by the beam delivery sub-systems [22,
23]. In these cases, mechanical stages are used only to position the centre of each field to be
normal to the laser beam, and then the scanning head executes the necessary processing
strategy. Nonetheless, there are specific challenges/limitations that should be taken into
consideration when laser processing 3D surfaces. More specifically, the variations of Beam
Incidence Angle (BIA) and Focal Offset Distance (FOD) due to the surface curvature might
impact the dimensional accuracy and/or functional characteristics of structures/textures.
Therefore, some processing constraints should initially be determined for both factors
according to the application-specific requirements and then used to drive the surface
partitioning process [24-26]. At the same time, the overall machining accuracy also depends
on the component technologies of LMM systems, i.e. mainly determined by the employed
optical and mechanical axes, when executing multi-axis processing strategies. Therefore, their
machining performance has been evaluated separately or in combination under a “positioning

mode” for precision LMM using optical metrology systems [27-29].

Lately, state-of-the-art multi-axis LMM platforms have been introduced to the market that can
operate in a “simultaneous mode” and hence enable the synchronous motion control of

multiple optical and mechanical axes during the laser processing operations. As a result, this
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technology enables LMM improvements related to the overall processing uniformity and
efficiency, especially when curved or even freeform surfaces are processed. In particular, such
operations can benefit and employ the highly accurate mechanical axes and the fast scanning
capabilities of optical ones, simultaneously. However, multi-axis simultaneous processing
strategies are associated with inferior overall machining accuracy due to the spatial
accumulated errors of multiple axes and their interactive effects on tool/beam positioning in
regard to the workpiece [30]. An analytical description of the error sources affecting the LMM
operations is further elaborated by other researchers [31]. Even though information about
Accuracy, Repeatability and Reproducibility (ARR) of optical and mechanical axes are
provided in the technical specifications by the manufacturers, it is not possible to estimate the
machining ARR when executing multi-axis motions and the uncertainty associated with such
processing strategies. Therefore, the use of systematic evaluation procedures for assessing the
machines’ overall ARR are essential as they are required to determine the geometrical and

dimensional tolerances achievable when processing complex 3D components.

In this respect, various test pieces, such as a semi-sphere, a cone frustum in NAS 979 or a S-
shaped piece in ISO 10791-7, requiring multi-axis simultaneous machining have been
proposed as indirect assessment methods for evaluating the overall performance of
conventional 5-axis machine tools under quasi-static and/or dynamic states [32-35]. In such
machining tests, the motion errors of all employed axes are combined/superimposed onto the
finished part and hence they can be used as a final acceptance test for machine tools after their
installation on-site. Nevertheless, a similar verification test has not been reported for LMM
systems, yet, most likely because simultaneous multi-axis LMM capabilities have only been

introduced to the market, recently. Thus, further efforts are necessary to develop a systematic
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method for assessing ARR of LMM systems when executing simultaneous multi-axis

processing strategies that combine both optical and mechanical axes.

This research reports an investigation into the capabilities of state-of-the-art multi-axis LMM
systems that are specially designed and implemented for processing complex 3D components.
Firstly, the generic concept for laser texturing/structuring/scribing of freeform/curved surfaces
is introduced that offers a higher processing efficiency due to the simultaneous control of both
optical and mechanical axes. Thereafter, a generic method is proposed for assessing the impact
of different error sources on the ARR of such laser processing setups. An experimental study
was conducted to quantify and compare ARR when both optical and mechanical axes were
simultaneously utilised in different combinations/processing strategies for precision laser
texturing/structuring/scribing operations under quasi-static and dynamic conditions. Lastly,
the validity of the proposed method is discussed, and conclusions are made about its capability

to assess the performance of multi-axis LMM systems.

6.2. Multi-axis simultaneous laser processing

In general, there are various types of multi-axis LMM system configurations available on the
market, however the most common one includes three linear-axis drivers (X, Y, Z), two rotary-
axis drivers (C, B or A) and a galvo scan head. An example of such multi-axis LMM system
is provided in Sub-section 6.4. The basic principles of simultaneous multi-axis LMM are very
similar to those in conventional machining. The axes’ motions are coordinated, e.g. the
movements from an initial to a final position can be defined as machining/beam vectors
according to the number of axes involved. For LMM of freeform/curved surfaces, the axes are
programmed to start/end their movements at the same time. Compared to conventional

machining, the LMM technology involves two additional optical axes (Gx, Gy) realised with
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beam  deflectors integrated into the galvo scanners. As such, laser
texturing/structuring/scribing operations allow variations of FOD and BIA along the beam
paths to benefit from their high beam deflection speed. Thus, this inherent characteristic can
contribute not only to minimise the overall machining time, but also to circumvent the use of
an optical Z module for dynamically refocusing the laser beam on the surface. Nevertheless,
the FOD and BIA, i.e. the angle (¢) between the laser beam and the surface tangent at the
incident point, variations should be constrained within an effective processing area where their
negative side effects do not jeopardise the desired machining performance. As can be seen in
Fig. 6.1a, this area should be equal to or smaller than the lenses’ Field of View (FOV) on

curved surfaces and is typically defined by the Rayleigh length.

Furthermore, the generation of beam paths with a certain directionality, e.g. vertical, horizontal
or diagonal, and the synchronous control of optical and mechanical axes motions has specific
requirements and cannot be implemented using stand-alone universal Computer-Aided Design
(CAD)/Computer-Aided Manufacturing (CAM) tools. Therefore, specially developed
postprocessors are necessary and they should be integrated into existing CAD/CAM packages.
They output the programmed movements into beam vectors while considering the points
where the laser source should be turned on/off. For clarity, a graphical representation of a
geometry projected on a sphere’s periphery that should be processed/scribed using
simultaneous multi-axis LMM strategy is shown in Fig. 6.1b. In such processing strategies,
the orientation of beam paths and the motion of mechanical axes should be perpendicular to
each other. In particular, both optical axes should be deployed to execute the desired
processing strategy, whilst the mechanical axes are simultaneously used to maintain the centre
of each beam path at the focal plane and the BIA normal to the surface. For processing large

surface areas, i.e. when their size along the beam scanning direction exceeds either the laser’s
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effective processing area or lens’s FOV, they must be partitioned into multiple scanning fields.
In contrast, it should be noted that there is no need for partitioning the surfaces along the
mechanical axes trajectory and thus the stitching errors can be reduced when executing multi-
axis simultaneous LMM strategies. After partitioning the surfaces, each scanning field is
processed individually and then the mechanical stages are deployed to reposition the laser
beam between them. Generally, the surface partitioning process can be implemented using
algorithms/tools available in most commercial CAD packages by specifying some geometrical

constraints [24].

(a) (b)
Galvo Scanner

Telecentric lens Beam paths

Scanning A Mechanical
fields 14 4 axes motion

Focal distance

Beam path 4
Rayleigh
distance I Effective processing area \

Projected
geometry

Curved surface

Fig. 6.1. A schematic representation of: (a) a single beam path on a curved surface; (b) a
geometry projected on a spherical surface that should be scribed using a simultaneous multi-
axis LMM strategy. Note: The red and blue dashed lines in (b) represent the motions of optical

axes when the laser source is inactive.

6.3. Methodology

A generic empirical method is proposed for assessing the overall performance of multi-axis
simultaneous laser structuring/texturing/engraving operations under both quasi-static and
dynamic conditions. An overview of all the steps involved is given in Fig. 6.2. The

prerequisites for implementing this method are to: i) predefine an effective processing window
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for machining freeform/curved surfaces; and ii) compensate the negative dynamic effects of
the optical beam deflectors before investigating the dynamic capabilities of such laser
processing setups. These two aspects in the proposed methodology are introduced/discussed
briefly in the next two sub-sections for completeness before the generic method for assessing

the capabilities of multi-axis LMM systems is described.

S Step 2 S S
Assessment i Process design X Design of laser g Implementation g Evaluation of
method requirements processing tests of the tests ARR capabilities

Fig. 6.2. The sequence of steps to execute the proposed assessment method.

6.3.1. Effective processing window

In laser processing of freeform/curved surfaces, the beam paths cannot anymore lay fully onto
the focal plane (see Fig. 6.1a) and thus an acceptable range of FOD variations should be
defined for obtaining satisfactory machining results. Theoretically, this FOD limit should be
equivalent to the Rayleigh length as the laser beam is considered in focus within this range.
However, in the case of LMM operations requiring high precision, any displacements from the
focal plane may influence the width and depth of machined structures depending on the used
laser source and workpiece material. Therefore, alternative strategies should be followed as
proposed in [36] to define the effective processing area by conducting some preliminary laser
trials. In brief, these strategies require to scribe a set of structures onto a planar workpiece with
varying FODs while BIA is kept normal to the surface. In this way, the impact of FOD on the
ablation depth can be quantified and the processing performance satisfactory cut-off value can

be determined. An example of such preliminary trials is provided in Sub-section 6.4.2.
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6.3.2. Dynamic effects of optical beam deflectors

In LMM operations, the optical beam deflectors, i.e. optical axes, are used for steering the
laser beam across the workpiece surface and thus they accelerate/decelerate whenever its
velocity or motion trajectory has to change. Without applying any compensations, this can
have a significant impact on the achievable quality and dimensional accuracy of machined
structures. For instance, the existence of acceleration/deceleration regions at the beginning and
end of each beam path can result in discrepancies between the desired and actual machined
patterns on surfaces as shown in Fig. 6.3a. At the same time, it can lead to variations in the
ablation depth of the machined structures. As can be seen in Fig. 6.3b, a higher removal rate
can be detected in the processed areas where the effects of accelerations/decelerations are
present. In reality, such errors are more pronounced at high scanning speeds and are mainly
attributed to the inertia of deflectors’ driving motors [37]. Therefore, it is essential to
counteract the aforesaid negative dynamic effects of beam deflectors prior to investigating the
LMM system’s ARR capabilities under dynamic conditions. Especially, an empirical method
should be used to compensate these dynamic effects and thus to attain a constant velocity along
the beam vectors when the laser source is triggered. Firstly, the process requires the
acceleration/deceleration regions of the beam deflectors to be determined experimentally using
a strategy similar to that proposed in [38]. As such regions are dependent on the set scanning
speeds and the specific LMM setups, an example of how they could be determined is provided
in Sub-section 6.4.2. Thereafter, the beam vectors should be adjusted to include these
compensations. As a result, accelerations/decelerations occur only in these regions while the

laser source is switched off.
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Fig. 6.3. Negative dynamic effects of beam deflectors at a scanning speed of 500 mm/s without
applying any compensation method: (a) dimensional discrepancies between the programmed
(red lines on the left side) and the actual beam scribing (line-like structures on the right side);
(b) a height map of the processed area (left) and surface profile (right) of a pocket with non-
uniform ablation at the walls (beam trajectories change points). Note: The blue profile in (b)
shows the effect of the beam acceleration and deceleration in executing the processing

strategies.

6.3.3. Method for assessing simultaneous multi-axis laser processing strategies

The assessment method is proposed in this research that requires four Laser Processing Tests

(LPTs), namely LPT 1, LPT 2, LPT 3 and LPT 4, to be performed onto spherical test pieces

205



to judge the ARR capabilities of LMM systems when conducting simultaneous multi-axis
texturing/scribing/structuring operations on curved/freeform surfaces. In particular, this
method requires, first, an accurate 3D model of the spherical samples to be created using a
CAD/CAM software. Thereafter, a set of four patterns, which should be scribed on the surface
in the four LPTSs, has to be designed and projected onto it as shown in Fig. 6.4a. For clarity,
each projected pattern in the set is used for a different test. It is worth noting that the patterns’
dimensions should be selected in such a way that they should be within the effective processing
area of the laser. In addition, the intrinsic constraints introduced by the rotational ranges of A

or B axes should be taken into consideration when selecting their dimensions, too.

The LPTs were specially designed to investigate all available options in executing multi-axis
laser texturing/scribing/structuring operations that require simultaneous control of both
mechanical and optical axes. Therefore, a different processing strategy should be utilised to
process the pattern for each test. For instance, the most common scanning strategies, i.e.
vertical, horizontal and diagonal at 45° and - 45° to the horizontal one, which at the same time
include all the possible simultaneous combinations of optical and mechanical axes, are
depicted in Fig. 6.4b. For LMM system configurations that include either B or A rotary-axis,
the combinations of simultaneous multi-axis motions required to execute the processing
strategies in each LPT are summarised in Table 6.1. Even though this research refers mainly
to the most common LMM configuration and scanning strategies, the fundamental idea behind
the design of this assessment tests and method can easily be extended to evaluate any type of

multi-axis LMM configuration and scanning strategy.
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Table 6.1. The processing strategies with their respective simultaneous axes motions

employed in executing the four tests on a LMM system with either B or A rotary-axis.

LPT Scanning strategy Multi-axis LMM system configurations with
no. B rotary-axis A rotary-axis
LPT1 Vertical C, Gx, Gy C, Gx, Gy
LPT 2 Horizontal X, Z, B, Gx, Gy Y, Z, A, Gx, Gy
LPT 3 Diagonal (45°) X, Z, B, C, Gx, Gy Y, Z A, C, Gx Gy
LPT 4 Diagonal (- 45°) X, Z, B, C, Gx, Gy Y, Z A, C, Gx, Gy

In all test strategies, a constant offset distance (h1) between any two consecutive beam scribing
vectors should be set to produce line-like structures on the surface with only a single pass.
Ideally, this distance should be selected according to the application-specific requirements.
However, it should be sufficiently big so that the scribing lines do not overlap even in the case
when the maximum predetermined FOD and BIA limits are present. Meanwhile, another set
of equally distant (h2) beam scribing vectors, i.e. three perpendicular to the other ones (see the
blue lines in Fig. 6.4b), should also be added to the tests and then used as reference to evaluate
the geometrical accuracy of the scribing lines produced with the former set of beam vectors.
Thus, it should be noted that the execution of these beam vectors and the relative positioning
movements between them must be performed only with X and Y mechanical axes due to their

higher ARR compared to the optical axes.

Furthermore, the proposed test method aims to assess the ARR capabilities of LMM systems.
Therefore, pseudo-repeatability and reproducibility tests should be carried out by repeating the
four LPTs on the same and on another spherical sample using the same laser processing

parameters, respectively. As such, three sets of identical scribing patterns should be produced
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on the two samples, namely Pattern Set 1 (PS 1) on sample 1, Pattern Set 2 (PS 2) on sample
1 and Pattern Set 3 (PS 3) on sample 2. Thereby, the ARR capabilities of a LMM system to
execute the LPTs should be assessed based on the results obtained from these three Pattern
Sets. To judge the overall performance of LMM systems under quasi-static, i.e. with no
dynamic influences and servo control limitations, and dynamic states, the whole experimental
procedure needs to be conducted at both low (e.g. less or equal to 10 mm/s) and high (e.g.
equal or above 100 mm/s) scanning speeds. However, when investigating their dynamic
capabilities, the beam vectors should be adjusted as described in the previous sub-section to
avoid/minimise the negative dynamic effects associated with optical axes. At the same time,
it is necessary to ensure that the compensation for the first beam vector is sufficient to allow a
constant velocity to be reached along the mechanical axes at the beginning of each laser
processing operation.

(a) (b)
LPT 1 LPT 2

h,

h, h,

LPT 4

h,

h,

h,

Fig. 6.4. The LPTs in the proposed method for assessing the performance of different
simultaneous multi-axis LMM strategies: (a) a schematic illustration of the patterns that should
be scribed on the spherical surface in the four LPTSs; (b) the scribing strategies employed to

produce the four patterns in the tests.
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Due to the contactless nature of the LMM technology, laser texturing/scribing/structuring
operations can tolerate some deviations in BIA from normal together with some FOD
variations until evident alterations of the machined structures can be observed [39]. As a result,
the actual processing errors, i.e. in the width and depth of the scribing lines, may not be truly
reflected onto the surface and hence they cannot be quantified accurately. Therefore, only the
deviations in the length (dy), pitch (d2) and geometrical accuracy of the scribing lines produced
with a single pass should be considered in assessing the ARR achievable with the investigated
simultaneous multi-axis LMM strategies. However, the dz> and geometrical accuracy can vary
along the scribing lines due to the simultaneous movements of mechanical and optical axes
required to execute the programmed beam vectors in the four LPTs. Therefore, their average
values should be determined based on multiple measurements taken at different places along
the scribing lines. An example on how to measure the three aforementioned parameters is
given in Sub-section 6.4.5. At this point, it should be stated that their geometrical accuracy can
be quantified by measuring their perpendicularity (g) against the reference ones produced
using only the mechanical stages. Regarding the scribing lines’ d1 and d, the processing
accuracy should be assessed based on their maximum deviations from their
nominal/programmed values. On the other hand, the repeatability and reproducibility should
be evaluated by comparing the measured values with their respective average values obtained
from samples 1 and 2, respectively. Lastly, to ensure that the ARR capabilities of LMM
systems can be quantified in a reliable and repeatable manner using the proposed test method,
the uncertainty associated with the employed measuring equipment and procedures must be
kept to a minimum. A flowchart is provided in Fig. 6.5 that summarises the main steps and

methodology proposed in this research to evaluate the overall performance of LMM systems.
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Fig. 6.5. Flowchart summarising the procedure to evaluate the performance of a LMM system.

6.4. Pilot implementation

A pilot implementation of the proposed methodology is provided in this section. To
demonstrate the applicability of the proposed method, a multi-axis LMM system was selected
that was capable of executing the considered LPTs and thus to show what quantitative data

about the ARR capabilities of such systems can be obtained.
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6.4.1. Experimental set-up and analysis tools

The experimental trials were conducted on the state-of-the-art LASEA LS4 LMM workstation
and its main component technologies, i.e. beam delivery sub-system and the multi-axis setup,
are depicted in Fig. 6.6. In particular, the system is equipped with a high precision stack of
two rotary-axis drivers (B, C) and three linear (X, Y, Z) mechanical stages to tilt, rotate and
position the workpiece inside the machine’s working envelop. The C rotary stage is on top of
the B one and it can rotate continuously, whereas the latter is limited to the range of - 100° to
+ 30°. In addition, a reconfigurable work-holding device is mounted on the C rotary stage to
precisely load and unload the samples. A galvo scan head, mounted on the Z stage, with two
optical beam deflectors (Gx, Gy) is incorporated in the beam delivery sub-system that allows
the laser beam to be steered with a maximum scanning speed of 50 rad/s. For multi-axis
processing strategies, the motions of optical and mechanical axes are fully synchronised and
are controlled by a PC-based multi-axis motion controller (Aerotech A3200). To ensure that
the beam deflectors operated within their technical specifications, as stated in Table 6.2, an
automated calibration process was carried out prior to the LMM operations. At the same time,
the positioning ARR of the linear stages (see Table 6.2) were measured using a laser

interferometer and were then error mapped by the manufacturer during the installation.
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Table 6.2. Technical specifications of component technologies (as provided by the

manufacturer) integrated into the LS4 workstation.

Specifications XIY axis Z axis B axis C axis Optical axes
Travel range 500/300 mm 200 mm  -100°to +30° continuous 37°
Resolution 0.1 um 1 um 0.01° 0.01° 0.0006°

Max travel speed 200 mm/s 150 mm/s 200 deg/s 200 deg/s 2865 deg/s

Acceleration rate 3000 mm/s?> 1250 mm/s?> 500 deg/s?> 500 deg/s? -

Accuracy + 1 um +1.75 um 5arc sec 6 arc sec +5 um
Repeatability + 0.4 um + 1 pm 3arc sec 3arc sec + 0.0006°
Thermal drift - - - - +0.001°

- - 160 ps

Tracking error

Furthermore, the LS4 workstation integrates a 10 W ultrafast femtosecond laser source (Yuja,
Amplitude Systems) with a central wavelength of 1030 nm delivering pulse energies up to 100
uJ at 100 kHz, pulse durations in the range from 300 fs to 10 ps, and maximum repetition rates
up to 2 MHz. Also, the workstation integrates a 50 W pulsed nanosecond fibre laser (GLPN
series, IPG) that operates at a central wavelength of 515 nm. In this research, the experimental
work was conducted using the ultrashort pulse laser in order to attain a higher structuring
quality, i.e. edge definition, and thus to minimise the measurement uncertainty in quantifying
the system’s ARR capabilities. Nevertheless, it should be noted that the proposed assessment
method can be implemented onto any multi-axis LMM system irrespectively of the laser

source integrated into it.

Commercially available aluminium spheres, with a nominal diameter of 40 mm and deviations

from sphericity within £ 0.5 um, were used in this pilot implementation of the proposed
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method. The spheres were attached to a shaft extension of 15 mm, and they were utilised to
evaluate the machining ARR capabilities of the LMM system. The substrates were processed
with a nearly Gaussian beam (M? < 1.3), which was focused down to a beam spot diameter of
35 um at the focal plane using a telecentric lens with a focal length of 200 mm and FOV of 40
x 40 mm?. As it was already stated in Sub-section 6.2, variations of BIA from normal are
always present when processing curved surfaces, which can result in a non-uniform ablation
along the beam paths. Therefore, to maintain as consistent as possible ablation along the beam
paths regardless of BIA, a quarter waveplate was integrated into the beam delivery system to
convert the linear polarisation into a circular polarisation [40]. Moreover, it is worth noting
that the four LPTs were initially carried out at a relatively low scanning speed of 10 mm/s in
order to characterise the performance of the system under quasi-static conditions. Thereafter,
the same tests were repeated at a speed of 100 mm/s to assess the capabilities of the LMM
system under dynamic conditions. However, it should be stressed that a constant pulse energy
of 50 wJ and a pulse-to-pulse distance of 2 um was maintained throughout all the experimental

procedures, unless otherwise stated.

A fully automated setting up routine, like those in conventional machining, was implemented
for correlating the workpiece coordinate system to the machine’s one using a CAD/CAM
software (GibbsCam). This setting up routine aligns precisely the samples at the focal plane
and at the centre of the lens’ FOV prior to the LMM operations. In addition, a dedicated
module, namely “Laser Process”, is integrated into this software which is capable of
programming multi-axis LMM movements to execute complex processing strategies.
Therefore, it was employed in this research to generate the necessary beam paths and output

the respective beam motion commands.
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The inspection of the machined structures was performed with the Focus Variation (FV)
technology optical microscope (Alicona Infinite Focus G5), which incorporates software tools
to perform both surface texture and form measurements on parts with complex 3D geometries.
To do so, the system is equipped with a clamping device, which was used for mounting and
securing the spherical samples in an exact 90° position and also to move between different
machining patterns on them. At the same time, the three integrated linear motorised stages
allow X-Y scanning of the processed areas and images of the surface topography to be
captured. Thereafter, each single topography captured was automatically combined into a full
3D model of the machined patterns by using for this the overlapping areas of different scan
fields. In the stitching process, any motion errors from the linear stages can be neglected as
the system compensates them, automatically. Once the real 3D surface was obtained, a range
of software tools were employed to extract the surface forms out of the 3D dataset and then

the machined structures were inspected offline.

Beam

Quarter

500 fs Shutter vanl expander Galvo scan head
1030 nm e s (2x)
R S
1.5ns Shutter ‘ Ha"
515 nm waveplate

==&}

Fig. 6.6. Schematic illustration of the employed multi-axis LMM set up.
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6.4.2. Process design requirements

Prior to assessing the ARR capabilities of the LMM system, a series of preliminary trials were
conducted on planar aluminium substrates. They were used to determine the effective
processing window for machining freeform/curved surfaces and also to compensate any
negative dynamic effects of the optical beam deflectors. Each experimental procedure was
repeated five times to judge the reliability of the obtained results. The machined structures
were analysed using the FV microscope with 50x objective lens and lateral and vertical

resolutions of 1 um and 20 nm, respectively.

6.4.2.1. Effective processing window

To define the effective processing window of the laser source integrated in the LMM system,
a vertical scanning strategy was employed to produce scribing lines with a single pass on the
surface as depicted in Fig. 6.7a. Each scribing line was produced with increasing FOD, both
above (positive) and below (negative) the focal plane, by moving the Z stage in increments of
100 um. The laser scribing operations were performed with FODs varying in the range of +
700 pm, and therefore a relatively large spacing of 200 um was set between the lines. In this
way, any overlaps between the lines, especially due to the increasing beam spot size, can be
avoided. As can be seen in Fig. 6.7b, significant variations were observed in the ablation depth
along the lines processed with FODs in the range from — 700 to + 700 um. For instance, FOD
of £ 300 um led to an average depth decrease of more than 32%. In this research, the acceptable
range of FOD variations, and hence the effective processing window, was defined as a
maximum Z offset from the focal plane that entailed an average ablation depth reduction of
less than 25% for each scribing line. Therefore, the scribing process was considered effective

when the FOD deviations were restricted within £ 200 um and thus a relatively uniform
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scribing depth could be maintained along the beam paths. Nevertheless, this is just an
assumption in this research and it should be tailored according to the specific laser-material

interaction effects that can affect the conducted LPTs.

(a) (b)
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Fig. 6.7. The effective ablation range analysis: (a) the scribing lines produced with a single
pass that were used to identify the acceptable FOD limit; (b) the measured depth of the scribing

lines at different FODs.

6.4.2.2. Dynamic effects of optical beam deflectors

An empirical procedure was implemented to determine the acceleration/deceleration regions
of the scan head beam deflectors when used simultaneously with a scanning speed of 100
mm/s. A set of five beam vectors were employed to produce trains of craters on the surface as
illustrated in Fig. 6.8a while the pulse-to-pulse distance was set to 50 um. Thereafter, the
distance between the craters was measured using the automatic fitting tools provided by the
2DImageMeasurement module of Alicona G5 to determine the acceleration/deceleration
regions of the beam deflectors. As can be seen in Fig. 6.8b, a non-uniform distance was
observed between the craters at the beginning of the beam vectors owing to their acceleration.

Once the laser beam reached its steady-state velocity, the pulse-to-pulse distance stabilises and
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as a result the distance between the craters becomes uniform. For example, the average
acceleration/deceleration length of the beam deflectors employed in this research was 90.2 +
0.7 um at a scanning speed of 100 mm/s. Thus, to ensure a constant velocity along the optical
axes during the LPTs, this value was added at the start and end of each beam vector to
compensate for the beam deflector’s dynamic effects. At the same time, the laser source was

switched off during the acceleration /deceleration regions along the beam vectors.

(a) (b)

\
N
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=

89.5um 50.1 pm

50 pm

Fig. 6.8. Analysis of negative dynamic effects along the optical axes: (a) the test procedure
used to identify the acceleration/deceleration regions along the beam vectors; (b) the varying
craters’ distance along one of the beam vectors used to determine the respective

acceleration/deceleration regions at a scanning speed of 100 mm/s.

6.4.3. Design of laser processing tests

The proposed LPTs for assessing the ARR capabilities of the used multi-axis LMM system
were implemented as shown in Fig. 6.9 and the procedure that was followed is explained below
in detail. First, an accurate 3D model of the aluminium spheres used in the method pilot
implementation was created by using GibbsCAM. Then, the same software was used to design
and project the patterns onto the surface of the test sphere. They were four equidistantly 3 x 3

mm? square patterns and each of them was used for a different LPT. The size of these four
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processing fields was chosen so that the FOD variations along the beam paths did not exceed
+ 200 um. A different laser processing strategy was employed to scribe the respective patterns
in each test. The desired orientation of the beam vectors in each LPT was defined with guide
curves in the used CAD/CAM software that were overlaid onto the 3D sample. Especially,
these guide curves determined the direction of mechanical axes’ movements during the
scribing operations, and thus the beam vectors were oriented perpendicularly to them. It is
worth noting that the processing strategies and the combinations of simultaneous multi-axis
motions used to execute each LPT were as defined in Table 6.1 for a multi-axis LMM

configuration with B rotary-axis.

Furthermore, a constant offset distance of 0.2 mm was set between any two consecutive beam
scribing vectors and the patterns were produced with a single pass. In addition, three beam
vectors, which were 1 mm apart, were also included in the tests to produce reference scribing
lines. They would be used to assess the geometrical accuracy, i.e. their g to the other scribing
lines produced in the LPTs, and also to position the patterns at the centre of the FV
microscope’s FOV when scribing them. As stated in Sub-section 6.3.3, the relative positioning
movements between these three beam vectors were performed with only the X and Y
mechanical axes to achieve the maximum possible accuracy in the used laser processing
configuration. At this point, it should be noted that the width of the scribing lines produced on
the test pieces was depended on the beam spot diameter at a given FOD and BIA. Based on
our initial scribing trials in Sub-section 6.4.2, variations of scribing lines’ width were marginal,
within FOD of + 200 um. At the same time, taking into consideration both the test piece
geometry and the predetermined maximum FOD limit, the BIA variations had a relatively
small impact on the resulting scribing lines in the LPTs. Similar observations were also

reported in [39], which found that small BIA variations had an almost negligible impact on the
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morphology of the scribing lines. Thus, the beam spot size and the width of the scribing lines
can be deemed constant inside the predetermined effective processing window. Meanwhile, it
should be reiterated that the beam vectors were modified as described in the previous section
to avoid/minimise the negative dynamic effects of optical axes. Specifically, corrections, i.e.
infout movements for each scribing vector, were introduced in the generated beam paths with
GibbsCAM. At the same time, the mechanical axes had a constant velocity that was attained
by adjusting the first lead into the beam movement at the beginning of each operation. Finally,
a pseudo-repeatability test was performed by repeating the four LPTs on the same sample with
a predefined angular displacement of 22.5° from the first patterns along the C axis. Thereafter,
a reproducibility test was also carried out on another identical spherical sample using the same

laser processing parameters.

LPT1 LPT 2
1 mm
0.2 mm
3 mm
3 mm
LPT3 LPT 4
0.2 mm<
1 mm

Fig. 6.9. The implemented LPTs to assess the performance of the employed multi-axis LMM

system.
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6.4.4. Uncertainty assessment

The focus variation technology was used for inspecting the scribing lines and quantifying the
system’s ARR capabilities in this research. Therefore, the uncertainty (u,) related to the
instrument’s measurement repeatability was analysed regarding the three measurands. Then,
the overall uncertainty (U) in assessing the ARR of simultaneous multi-axis LMM strategies

was calculated in accordance to GUM as follows [41]:
U; = max(uq Up,i Ue,;) (6.1)

where: i = di, d2 and g, the measurands used to quantify the processing ARR capabilities; u, ;
- the experimental standard deviation of 10 repeated measurements of the same scribing line;
u,, ; - the experimental standard deviation of repeated measurements on different scribing lines
from the two similar patterns produced on the same sample to evaluate the machining
repeatability; and u,; - the experimental standard deviation of repeated measurements on
different scribing lines produced on the two samples in order to assess the system’s
reproducibility. To avoid overestimating the influence of the instrument’s repeatability on the
overall uncertainty, the largest uncertainty contributor among the calculated type A

uncertainties, i.e. (ug, up, u.), was chosen [42].

Furthermore, the employed measuring procedure itself can significantly affect the instrument’s
repeatability and consequently the uncertainty in quantifying the system’s ARR. Thus, its
uncertainty contribution must be minimised in order to perform a reliable analysis. In this
regard, a pattern as those produced on the spherical samples in the proposed assessment
method was fabricated on a planar substrate and the distance between two lines was measured

10 times as shown in Fig. 6.10a. It is worth noting that the surface was scanned using only the
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objectives that provide a lateral resolution better than 1 um, whilst the measurements were
performed by using two methods that minimise the subjective errors associated with the
operator. First, the distance between the edges of the 1 and the 2" lines was measured using
the 2DImageMeasurement module available in Alicona software, i.e. by employing an
automatic edge detection. Secondly, the distance was measured by using two respective cross-
sectional profiles of the lines. Especially, the distance between two points with the maximum
depth in these profiles was measured using the ProfileFormMeasurement module. The
calculated average values of these measurements and their corresponding standard
uncertainties for the considered three Alicona objectives are plotted in Fig. 6.10b. As expected,
the measurement uncertainty decreased with the increase of the objectives’ magnification with
both measurement methods. A higher scattering of the measurement results was obtained with
the second method and therefore the 2DImageMeasurement module was used to perform all
the measurements in this research. The measurement uncertainty of this method, employing
the three objectives, is stated in Table 6.3. Considering both the precision of the measurement
results and the time required to obtain them, the 50x objective was selected to conduct all

measurements in this research.

Table 6.3. The measurement uncertainty associated with the three objectives when using the

2DImageMeasurement module.

Obijectives Vertical resolution (um) Lateral resolution (um) Uy (um)
20x 0.10 0.90 0.9
50x 0.04 0.64 0.5
100x 0.02 0.44 0.3
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Fig. 6.10. The measurements conducted by using the two methods: (a) a representative 3D
image of the scribing lines with 10 measurements between two consecutive ones; (b) a plot of

the standard uncertainties and average values obtained when measuring the distances between

two scribing lines with the three objectives and the two methods.

6.4.5. Results and discussion

The results of the pilot implementation of the proposed methodology are presented and
discussed in this section. Fig. 6.11a-d shows PS 1, i.e. one of the three Pattern Sets produced
with the four LPTs on the two samples. 10 different scribing lines on each of the pattern (see
Fig. 6.11a-d) in the three sets, i.e. PS 1, PS 2 and PS 3, were measured to assess the capabilities
of the multi-axis LMM system. Especially, the measurements of scribing lines’ di, d> and g
were taken on the patterns produced with each test as shown in Fig. 6.11e. The average value
of 10 repeated measurements were used to calculate the deviations from the programmed and
executed beam vectors. Since d> and g may vary along the scribing lines as stated in Sub-
section 6.3.3, their average values were determined based on repeated measurements taken at
10 and 3 equally distant places along the scribing lines, respectively. By applying the
measuring procedure described in Sub-section 6.4.4, the overall uncertainty, U, associated with
the measurands di, d> and g was better than 0.9 um, 0.5 um and 0.1° in this research,

respectively.
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Fig. 6.11. The patterns in PS 1 that were produced with the four LPTs: (a-d) top view of the
four patterns in PS 1 produced with a scanning speed of 10 mm/s; (e) a close view of three
scribing lines in (b), which depicts the procedure followed to measure the d1 (the arrow red
dashed line), d2 (the arrow blue line) and g (the orange 90° angle sign). Note: The black arrow
dashed lines and numbers in (a-d) signify the scribing lines measured on the patterns produced

in the four LPTs. Scale bar: 500 um.

6.4.5.1. Laser processing test 1

The processing ARR achievable when the C rotary-axis is used simultaneously with both
optical ones, i.e. the beam deflectors, to execute a given LMM strategy is analysed
experimentally in this test. The measurements conducted to assess the system’s performance
under quasi-static conditions, i.e. when laser processing was carried out at a lower scanning
speed of 10 mm/s, are depicted graphically in Fig. 6.12a-c. The graphs show the deviation of

actual measured values from the programmed beam vectors for the scribing lines produced
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with the vertical scanning strategy in the three Pattern Sets (PSs 1, 2 and 3). As can be seen in
Fig. 6.12a, the maximum deviations observed regarding d: of the scribing lines were 32.4 pum,
34.4 um and 40.5 um for PSs 1, 2 and 3 on the two samples, respectively. Therefore, it can be
stated that the accuracy in executing the beam movements along the programmed beam vectors
was better than 40.5 um. However, the repeatability and reproducibility were less than 3.5 ym
and 7 um based on the average measurements from samples 1 and 2, respectively. It is evident
from these results that the deviations were mainly due to systematic errors and therefore they
can be compensated. Conversely, the deviations of d> between the scribing lines were much
smaller as shown in Fig. 6.12b. Thus, it can be judged that the accuracy achievable between
two consecutive beam vectors was better than 2.9 pum, whilst the repeatability and
reproducibility were 1.4 um and 2.6 pum, respectively. At the same time, Fig. 6.12c presents
the geometrical accuracy of the scribing lines, i.e. their g in regard to the reference ones, in
PSs 1, 2 and 3 on the two samples. These results show that the deviation of the scribing lines
from their g was less than 0.49°, whereas the respective geometrical repeatability and
reproducibility were better than 0.28° and 0.39°, respectively. Finally, the processing
uncertainties associated with the conducted LPT were calculated in the same way as the
measurement uncertainties using Equation 6.1. Based on these calculations, it can be stated
that the overall processing uncertainty, U, in producing the patterns in LPT 1 was + 3.7 um
and + 1.5 pm with regard to the scribing lines’ d1 and dz, respectively, while regarding their g,

it was + 0.35°.

Thereafter, the same test was performed at a higher scanning speed of 100 mm/s to assess the
dynamic performance of the system and the measurement results are presented in Fig. 6.12d-
f. As expected, the dimensional accuracy of the scribing lines worsened as the processing speed

increased. More specifically, the accuracy of di and d2 dropped down to 69.7 pm and 5.4 pm,
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respectively, while their deviation from g was less than 0.66° based on the results from the
three Pattern Sets. Again, the relatively large deviations of the scribing lines’ d1 were mostly
due to systematic errors as the repeatability and reproducibility achieved in executing them
was found to be 13.3 um and 17.7 um, respectively. This was true for their dz, t00, because the
repeatability achieved between two consecutive lines was better than 2.5 pum, while the
reproducibility was 3.6 um. On the contrary, it was evident in Fig. 6.12f that the repeatability
and reproducibility in regard to the scribing lines’ geometrical accuracy worsened, as the
maximum absolute errors obtained when comparing the measured values with the average
ones from either one or two samples was 0.62°. Such relatively high geometrical deviations
during the machining were mainly ascribed to random errors that would be difficult to
compensate/reduce without increasing the overall processing performance of the LMM
system. Thus, it can be stated that the processing uncertainty, U, regarding the scribing lines’
d; and d2 were + 10 um and + 3.1 pum, respectively, while regarding their g, it was + 0.63°.
Considering the results presented in Fig. 6.12, it can be concluded that there is an obvious
difference between the dimensional accuracy achieved on the sample 1 and sample 2 for both,
quasi-static and dynamic, conditions during this LPT. In contrast, this was not the case
regarding the geometrical accuracy (see Figs. 6.12c and f), as the results obtained from the
three Pattern Sets on the two samples were quite similar. This difference can mainly be
explained with the use of a reconfigurable work-holding device and/or the precision of
mechanical stages employed to position the sample at the centre of the lens’s FOV prior to the

LMM operations.
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Fig. 6.12. The effects of multi-axis laser processing errors on dz, d> and g of the scribing lines

produced in LPT 1 under quasi-static (a-c) and dynamic (e-f) conditions, respectively.

6.4.5.2. Laser processing test 2

The aim of this LPT was to assess the processing ARR achievable when 5-axis, i.e. 3
mechanical and 2 optical axes, are utilised simultaneously to execute a given LMM strategy.
Initially, the systems’ performance was tested at a relatively low scanning speed of 10 mm/s,
especially at quasi-static LMM conditions, and the measurement results are provided in Fig.

6.13a-C. As can be seen in Fig. 6.13a, the largest deviation of the scribing lines’ d; from the
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programmed beam vectors was less than 40.3 pm based on the measurements of the three
Pattern Sets on the two samples. Despite that, the corresponding repeatability and
reproducibility achieved was better than 3.4 pm and 6.3 um based on their average di
calculated from the patterns processed on one and two samples, respectively. Once again, the
observed deviations from the d; of the programmed beam vectors were mostly attributed to
systematic errors and hence the processing accuracy can be improved substantially by
compensating them. At the same time, it can be noted that there were no significant
discrepancies between the LPTs 1 and 2 regarding the scribing lines’ d1. Even though different
combinations of mechanical and optical axes were used to execute the beam vectors in these
tests, both LMM strategies led to almost equal cumulative errors regarding scribing lines’ ds.
Therefore, the dimensional accuracy achieved regarding di might be explained with the
cumulative tracking error of the galvo scanner. Nevertheless, this was not the case regarding
the d2 between any two consecutive scribing lines where the errors were higher in comparison
to those in LPT 1. Especially, the deviations identified in their d2 were in the range of 0.4 to
4.9 pm for the three Pattern Sets on the two samples. Thus, the ARR capabilities of the system
to execute consecutive beam vectors in producing the three patterns were better than 4.9 um,
1.6 um and 2.3 pum, respectively. Moreover, a thorough analysis of the scribing lines’
geometrical accuracy revealed that their deviations from g were ranging from 0.1° to 0.5° on
the three Pattern Sets. Therefore, the machining ARR achieved regarding the geometry of the
three patterns were better than 0.52°, 0.48° and 0.48°, respectively. Finally, it is worth noting
that the overall processing uncertainty, U, regarding the scribing lines’ d1, d> and g in the LPT

2 was £ 3.7 um, £ 1.9 um and + 0.44°, respectively.

Next, the whole experimental procedure was repeated to assess the influence of dynamic

effects on LMM patterns. Figs. 6.13d-f show the processing errors about the scribing lines’ di,
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d2 and g when the scanning speed was set at 100 mm/s. Generally, the ARR capabilities of the
system have worsened significantly under these dynamic conditions. For instance, the
dimensional accuracy regarding the scribing lines’ di, d2 and g declined to 79.9 pm, 8.7 um
and 0.9°, respectively. At the same time, the negative dynamic effects due to the higher
processing speed led to a lower machining repeatability and reproducibility, too. Especially,
the repeatability and reproducibility regarding the scribing lines’ di, d> and g under these
dynamic conditions were found to be better than 15.3 um, 4.3 um and 0.89°, and 28.3 um, 5.6
um and 0.85°, respectively. Thus, it can be stated that the processing uncertainty, U, in regard
to their d1, d> and g under these dynamic conditions were = 15.9 um, = 3.1 pm and + 0.69°,

respectively.
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Fig. 6.13. The effects of multi-axis processing errors on di, d> and g of the scribing lines

produced in LPT 2 under quasi-static (a-c) and dynamic (e-f) conditions, respectively.

6.4.5.3. Laser processing test 3 and 4

These LPTs aimed to assess the processing ARR achievable when simultaneous 6-axis
movements are required to execute a given LMM strategy. Fig. 6.14 presents the measurement
results obtained from the scribing lines processed at a quasi-static conditions, especially at a
lower scanning speed of 10 mm/s. Fig. 6.14a-c displays the deviation of actual measurements

from the programmed values for the lines scribed using the diagonal 45° scanning strategy.
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The analysis of the three Pattern Sets showed that the maximum deviation of di was 62.3 um.
At the same time, the maximum absolute error with regard to d», i.e. the relative distances
achieved with two consecutive beam vectors, was 5.0 um, whilst their deviation from g was
0.52°. On the other hand, the dimensional accuracy of the three patterns produced with the
diagonal -45° scanning strategy in LPT 4 was better as it is shown in Fig. 6.14d-f. It can be
seen in Fig. 6.14d-f that the dimensional accuracy with regard to the scribing lines’ d; had
improved and was better than 45.8 pm. The same applied to the scribing lines’ d> and g, as the
deviations from the programmed values were smaller than those in LPT 3. More specifically,
the error regarding d> was less than 2.9 um, whilst their deviation from g was less than 0.38°
on the two samples. Therefore, it can be stated that the processing accuracy achieved with
regard to the scribing lines’ di, d2 and g was better than 62.3 um, 5.0 pum and 0.52°,
respectively, with both 6-axis LMM strategies in LPTs 3 and 4. Additionally, the repeatability
achieved in these two LPTs was 19.5 um, 1.2 pm and 0.48°, and 14.0 um, 1.4 pm and 0.40°
with regard to the dimensional and geometrical accuracy of PS 1 and PS 2, respectively. Thus,
it can be stated that the repeatability achieved in the LPTs 3 and 4 was better than 19.5 pm,
1.4 um and 0.48° about the scribing lines’ di, d2 and g, respectively. At the same time, the
respective reproducibility achieved in these two tests was better than 19.6 um, 3.3 um and
0.48° with regard to the same dimensional and geometrical characteristics of the three Pattern
Sets, respectively. Thus, it can be stated that the overall processing uncertainty, U, in
producing the three patterns with the simultaneous 6-axis LMM strategies in LPTs 3 and 4 was

4+ 10.1 um, + 1.7 um and + 0.42° about the scribing lines’ d1, d2 and g, respectively.

By comparing the results of LPTs 1 and 2 in Figs. 6.12 and 6.13 with those in LPTs 3 and 4,
it can be seen that a lower machining ARR was attained regarding the scribing lines’ di1. The

relatively lower ARR can be attributed to the varying d: of the beam vectors in LPTs 3 and 4.
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It can be clearly seen in Fig. 6.14a and d that accuracy gradually decreases with the increase
of vectors’ d1 and therefore if the processing errors are normalised, it will be very similar
across all vectors’ di. For instance, after normalising the data obtained from the scribing lines
in these two tests, it can be stated that the largest deviation in their d; was less than 0.8%.
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Fig. 6.14. The effects of multi-axis processing errors on di, d> and g of the scribing lines

produced in LPTs 3 (a-c) and 4 (e-f) under quasi-static conditions, respectively.

The LPTs 3 and 4 were repeated at a higher scanning speed of 100 mm/s to assess, again, the

dynamic performance when a simultaneous 6-axis LMM strategy is used, and the results are
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provided in Fig. 6.15. Especially, Fig. 6.15a-c presents the deviations of the actual measured
values from the programmed ones when the diagonal 45° LMM strategy was used in LPT 3.
As expected, again, the processing errors increased and the dimensional and geometrical
accuracies were better than 64.1 pm, 4.9 pm and 0.91° in regard to the scribing lines’ d1, d2 and
g on both samples, respectively. On the contrary, as it was the case with LPT 4 under the quasi-
static conditions, the dynamic machining performance was better, again (see Fig. 6.15d-f). The
analysis of the scribing lines of the three Pattern Sets revealed that the processing error
regarding the lines’ d1 was less than 58.4 pum, whilst their deviation from g was less than 0.66°.
At the same time, the machining error in regard to do, i.e. the relative distances between two

consecutive lines, was less than 2.3 um.

Considering the results obtained in both tests, it can be stated that the processing accuracy was
better than 64.1 pm, 4.9 um and 0.91° in regard to the scribing lines’ d1, d> and g, respectively,
when the two 6-axis LMM strategies were used. Apart from g, it can be concluded that both
LMM strategies achieved a higher accuracy under dynamic conditions compared to the results
obtained in LPTs 1 and 2. The superior performance of these 6-axis LMM strategies might
partly be attributed to the acceleration/deceleration effects of mechanical axes when executing
the programmed beam vectors. For example, the mechanical axes had to adjust their velocity,
i.e. accelerate or decelerate, to maintain the scanning speed and compensate for the different
distances covered by the optical axes. Additionally, it should be stressed that the effects of
multiple geometric errors together with the motion errors of each individual axis were
combined and led to the processing errors in both 6-axis LMM tests. As such, some of the
factors affecting the machining performance in these two tests might have cancelled each

other. Therefore, it can be stated that the proposed method can be used to assess the overall
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ARR of multi-axis LMM systems but cannot determine the individual contributions of the

different axes employed in the tests.

As with the other two tests, the machining repeatability achieved with these two multi-axis
LMM strategies was assessed, too. Especially, the repeatability achievable with LPTs 3 and 4
was less than 20.8 um, 2.2 um and 0.48° and 17.7 um, 2.04 um and 0.81° in regard to the
scribing lines’ di, d2 and g based on the PSs 1 and 2 results, respectively. Overall, it can be
stated that the two simultaneous 6-axis LMM strategies could execute complex beam paths
with a repeatability better than 20.8 um and 2.2 um regarding the di and d2 of the scribing
lines, respectively, and with a geometrical accuracy better than 0.81°. Additionally, the
reproducibility achieved in these two LPTs was 23.2 um, 2.8 pm and 0.90°, and 18.5 um, 2.5
um and 0.86° in regard to the scribing lines’ d1, d> and g based on the average results from PSs
1, 2 and 3 on the two samples, respectively. Thus, it can be stated that the two simultaneous 6-
axis LMM strategies could execute complex beam paths with a reproducibility better than 23.2
um and 2.8 um regarding the di and d of the scribing lines, respectively, while regarding their
geometrical accuracy it was better than 0.86°. Overall, the processing uncertainty, U, regarding
the d1 and d of the scribing lines produced with these complex multi-axis LMM strategies was

+ 11.1 pm and + 2.02 um, respectively, and + 0.72° regarding their geometrical accuracy.
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Fig. 6.15. The effects of multi-axis processing errors on di, d> and g of the scribing lines

produced in LPTs 3 (a-c) and 4 (e-f) under dynamic conditions, respectively.

6.5. Conclusions

A novel method for assessing the capabilities of multi-axis LMM systems is presented in this
paper, especially when executing complex laser processing strategies. The method requires a
series of LPTs to be performed on spherical samples when both optical and mechanical axes

are used simultaneously. These tests are then employed to investigate and compare the
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achievable ARR capabilities of such processing strategies under both quasi-static and dynamic
conditions. Especially, the tests include strategies requiring the simultaneous use of all
possible combinations of optical and mechanical axes available in a given LMM system. By
employing this method, the influence of multiple error sources on achievable dimensional and
geometrical ARR can be determined when executing any simultaneous multi-axis LMM
strategy feasible on a given LMM system. However, some preliminary trials have to be
conducted to implement efficiently the proposed test procedure for a given multi-axis LMM
system. Especially, they are important for determining the effective processing window of the
integrated laser source, compensating the negative dynamic effects of optical axes and also

minimising the measurement uncertainty in quantifying their processing capabilities.

The pilot implementation of the proposed method demonstrates what ARR data could be
obtained about any multi-axis LMM strategies when executing processing strategies
employing the simultaneous use of up to 6 optical and mechanical axes. In addition, the
systematic analysis of the obtained results made possible some generic conclusions to be made
about the capabilities of multi-axis LMM systems. Especially, the experimental results
revealed that systematic errors were mostly responsible for the relatively low dimensional
accuracy in executing multi-axis processing strategies. Therefore, it could be stated in general
that the overall system performance of such LMM systems can be improved, substantially, by
compensating them. In contrast, it could be stated that the geometrical accuracy achievable
with different simultaneous multi-axis LMM strategies could be very similar. However, the
respective repeatability and reproducibility achieved could be lower when compared with the
dimensional one. In general, the increase of processing speed could lead to an increase of
negative dynamic effects on the machining performance of the multi-axis LMM system. When

assessing their ARR capabilities, it should be noted that combined processing errors due to the
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use of different optical and mechanical axes simultaneously are coming into play and they are
due to a range of systematic and stochastic factors. Thus, it can be stated that the proposed
method can be a valuable tool for assessing the combined effects of multiple geometric errors
together with the motion errors of individual axis. Therefore, as such, some of the factors
affecting the multi-axis processing performance might cancel each other and these effects
could be more pronounced in 6-axis LMM tests. So, it should be stressed that the proposed
method can assess, mostly, the overall ARR of multi-axis LMM systems and not the individual
contributions of employed optical and mechanical axis. Accordingly, it is reasonable to
conclude that this method is more suitable for assessing the overall ARR achievable with such
systems. Especially, the proposed methodology can be used after the installation of a given
multi-axis LMM system on-site and then after any changes of its multi-axis configuration or
after specific time periods to make sure that its overall performance is still within acceptable

limits.

Further research should be conducted to evaluate other factors affecting ARR of LMM
systems. For instance, the machining accuracy achievable over larger surface areas exceeding
the focusing lenses’ FOV will be affected by the stitching errors between the processing fields,
especially when processing freeform surfaces. Therefore, such stitching errors should be
investigated, and ways to minimise them when executing multi-axis LMM strategies have to
be proposed. Also, the machining capabilities of LMM systems should be assessed in
simultaneous multi-axis strategies that require sharp changes in the motion trajectory of rotary

axes and thus to better account for their dynamic performance.
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CHAPTER 7: CONTRIBUTIONS TO KNOWLEDGE AND

FUTURE RESEARCH

This chapter summarises the major contributions to knowledge that are claimed in this PhD

research. Moreover, potential future work and research directions are disclosed, too.

7.1. Contributions to knowledge

The overall aim of this PhD research was to broaden the use of the LMM technology for
functionalising surfaces at an industrial scale. The cost-effective fabrication of such surfaces
in a sustainable manner was achieved by combining LMM with polymer micro/nano
replication followed by lubricant infiltration into a process chain. Several functional
characteristics of the as-prepared thermoplastic LIS were considered, such as anti-
adhesive/antifouling, anti-fogging and optical properties, to demonstrate their potential. In
particular, the suitability of such treated surfaces for food packaging applications was
presented in Chapter 3 while their effectiveness to prevent vision loss during endoscopy was
demonstrated in Chapter 4. The effects of surface topography and lubricant viscosity on LIS
functionality and durability were investigated in these two chapters, too. A laser surface
treatment was proposed in Chapter 5 that enables the cost-effective generation of highly
regular and uniform sub-wavelength structures by employing a green nanosecond pulsed laser
and thus to reduce even further the manufacturing costs in producing polymer replicas with
functional topographies. Finally, a generic methodology for assessing the capabilities and
limitations of multi-axis laser processing strategies for texturing/structuring of complex 3D
surfaces is proposed and its pilot implementation for a given multi-axis LMM system was

presented in Chapter 6.
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The objectives stated in the Introduction Chapter were fully met and the contributions to

knowledge claimed are as follows:

1. Develop an efficient and cost-effective manufacturing process chain for producing
recyclable polymer LIS.

e Instead of using complex and potentially environmentally harmful manufacturing
processes, a one-step laser surface treatment was developed and validated for fabricating
two different length scale structures onto SS replication masters (Chapters 3 and 4). To
obtain these surface topographies, various laser parameters, i.e. fluence, hatch distance,
pulse overlap and number of repeated scans, were investigated and then optimum
processing conditions were determined. Highly regular and homogeneous LIPSS with a
periodicity in the range of 800 to 900 nm and an amplitude varying from 100 to 200 nm
were generated using a linearly polarised ultrashort pulsed laser source. The same laser
processing setup was also utilised to attain two-tier MS topographies. In this case,
microscale protrusions fully covered with nanoscale ripple-like structures were formed
on the SS surface. The spacing of these ripples was very similar to that of LIPSS, whilst
their amplitude was two times smaller. On the other hand, the periodicity and height of
the grid-like microtopography was defined by the hatch distance and number of repeated
scans.

e A cost-effective and scalable process for producing polymer substrates with textured
surfaces by replicating LMM generated functional topographies was designed and
validated (Chapters 3 and 4). Following an optimisation procedure, the two surface
topographies “imprinted” onto the SS masters were successfully replicated onto

thermoplastics through hot embossing. Overall, it was demonstrated that the replication
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fidelity achieved with this process was better than 14% when the deviations of
topographies on replicas were compared with those on the masters.

e A simple and fast procedure was proposed to prepare stable LIS and thus to impart anti-
fouling functionalities (Chapters 3 and 4). To accelerate the lubricant impregnation
process, the textured replicas were fully wetted with silicone-based oils, which are
biocompatible and safe to use as food additives, and then stored in a vacuum chamber
for 15 min. Unlike other manufacturing methods reported in literature, no chemicals or
coatings were required throughout the proposed process chain and hence the as-prepared
functional polymers can be considered less harmful to the ecosystem.

2. Investigate the functional properties and durability of the as-prepared polymer LIS.

e The wettability of the as-received, textured and LIS thermoplastic substrates was
characterised (Chapters 3 and 4). The plain surfaces of all the thermoplastic substrates
studied in this research were slightly hydrophobic. However, a considerable increase in
CA was observed when the laser textured SS masters were embossed onto them. The
alteration of surface topography was responsible for the change in CA on the
thermoplastic substrates. In general, the surfaces covered with MS structures led to
higher CA values compared to those with LIPSS. After infusing the lubricant oil into the
textured replicas, the apparent CA was reduced and also marginal differences were
observed between the two different length scale topographies.

e The shedding behaviour of water droplets was firstly investigated by measuring both
CSA and CAH. A low droplet mobility was detected on all the as-received
thermoplastics and droplet motion was initiated at average CSAs in the range from 18°
to 40°. On the contrary, the water droplets completely adhered to the polymer replicas,

with CSA values more than 90°. Thus, only the alteration of surface topography was not
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sufficient to impart an anti-adhesive functionality. However, all the LIS samples
exhibited great water-repellency since the droplets slid on their surfaces at an average
CSA and CAH below 15° and 10°, respectively. To simulate the functional response of
the as-prepared polymer LIS under the proposed use scenarios, their shedding
characteristics were also characterised against various food, biological and viscous
liquids. At the same time, their anti-adhesive performance against fluids with different
pH levels was evaluated, too. The findings of these investigations were reported in
Chapters 3 and 4, where the impressive shedding capabilities of the thermoplastic LIS
produced with LIPSS are demonstrated.

The optical properties of all treated transparent thermoplastic surfaces together with as-
received/untreated substrates were analysed using standardised methods (Chapter 4).
The textured replicas had significantly low transmittance due to their rough surface
topographies, especially because of their light scattering response. Since such effect is
typically more intense on surfaces with micro-roughness, the samples with LIPSS were
less opaque compared to the MS ones. Overall, these results suggested that the as
textured polymer replicas could not meet the requirements of optical lenses. On the
other hand, the LIS samples exhibited higher transmittance, which was partly attributed
to the light scattering reduction by the infused lubricant. However, only the LIPSS-LIS
substrates attained an excellent transparency, resulting in less than 10% reduction when
compared with that achieved on as-received/untreated thermoplastic substrates. In
addition, as shown in Chapter 4, relatively common methods were employed to explore
other surface functionalities of these samples. Specifically, it was demonstrated that the
LIPSS-LIS substrates also exhibited a great ability to inhibit protein adsorption, fog

formation and microalgae formation.
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e The degradation of LIS properties was assessed by following accepted methods that used
to quantify their durability, i.e. when exposed to shear loadings and bulk liquids
(Chapter 3 and 4). In addition, the LIS durability was investigated against vibration-
induced forces, which has not been studied previously. All the aforesaid test conditions
led to a serious lubricant depletion on MS topographies, which had a major impact on
LIS functionality. Instead, the LIS substrates produced with LIPSS preserved their anti-
adhesive characteristics even after subjecting them to vibration for 5 minutes, and also
sustained the shear forces from a high number of droplets. Moreover, these samples
exhibited a better fouling resistance against both Newtonian and non-Newtonian liquids,
too. The superior functional response of LIPSS-LIS substrates was attributed to the
stronger capillary forces induced by their narrower cavities when compared to that of
MS ones. Finally, the influence of lubricant viscosity on the functional performance of
LIS was analysed, too (Chapter 4). This investigation revealed that high viscosity
lubricants were depleted at a much slower rate from the impregnated structures and thus
can be used to enhance the performance of LIS.

3. Investigate the influence of processing environment on LIPSS generated with green

nanosecond laser.

e For the first time, a cost-effective laser surface treatment was proposed to improve the
quality and homogeneity of LIPSS with short pulsed lasers (Chapter 5). The method
involved laser processing in a controlled gas environment to mitigate the thermal side
effects associated with such lasers. The concept was validated on SS surfaces by using
a linearly polarised green nanosecond laser. The formation of LIPSS over relatively large
surface was initially investigated upon irradiation in ambient conditions and then

compared to those generated in argon gas.
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e The effects of two critical laser parameters, i.e. pulse fluence and the number of pulses
per unit area, were studied to assess the evolution of LIPSS on the surface and an
effective processing window for their formation was determined. 2D-FFT analysis of
LIPSS images showed that there was no significant influence of the processing
environment on LIPSS spatial periodicity and orientation, which were found to be close
to the operating wavelength and perpendicular to the laser beam polarisation,

respectively.

¢ The quality and homogeneity of LIPSS generated in both environmental conditions were
evaluated through microscopy analysis. Moreover, a correlation between LIPSS quality
and their diffracted light intensity was established. It was revealed for first time that
LIPSS formed in a controlled argon gas environment exhibited not only less surface
defects but also higher amplitude ripples compared to those in air. The improved overall
quality of LIPSS produced in argon was also verified by the higher diffracted light
intensity obtained from their surfaces.

e The surface chemistry of LIPSS substrates produced with a green pulsed nanosecond
laser in both gas environments was studied in detail, since it has not been reported
previously. XPS analysis revealed that the ratio of oxygen to metal species decreased
when the samples were processed in the argon atmosphere, and thus the surface
oxidation was minimal. As a result, the relatively low-quality of LIPSS produced in air
was mainly attributed to the formation of oxides as a side effect of nanosecond laser
processing.

e The wetting properties of LIPSS generated in both processing environments were
characterised. The findings of this research suggested that the combined effects of

surface topography and chemistry were responsible for the higher CA obtained 3 days
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after the fabrication of LIPSS in argon gas compared to those in air. However, the
differences between them were marginal.
4. Develop a method for assessing the capabilities of multi-axis LMM systems for processing

complex 3D components.

A novel generic method was developed for assessing the performance of multi-axis
LMM systems when processing freeform/curved surfaces. Specifically, a series of tests
were designed to investigate the achievable ARR of LMM systems under quasi-static
and dynamic conditions when executing simultaneous multi-axis strategies that involve
both mechanical and optical axes motions. A pilot implementation of this method was
demonstrated on a representative multi-axis LMM system that could execute such
processing tests, and the main findings are as follows (Chapter 6):

e Line-like structures were produced on the surface of spherical samples in all the test
strategies but with different axes combinations. The width of these lines was depended
on the beam spot size, whilst their length was defined by the predetermined maximum
FOD limit. A measurement procedure was proposed to quantify the dimensional and
geometrical accuracy of the scribing lines in a reliable manner, and then these results
were used to judge about the processing capabilities of multi-axis LMM systems.

e Systematic errors were mostly responsible for the relatively low dimensional accuracy
in executing simultaneous multi-axis processing strategies, and thus the overall system
performance can be improved significantly by applying specifically designed corrective
actions/commands. On the contrary, the geometrical accuracy achievable with the
different simultaneous multi-axis LMM strategies was very similar. However, the results

revealed that the geometrical deviations were mainly ascribed to random error sources,
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which would be difficult to compensate/reduce without increasing the overall processing
performance of the LMM system.

e The increase of processing speed led to an increase of negative dynamic effects on the
machining performance of the multi-axis LMM system. Thus, dynamic errors can
become a major obstacle for the broader use of such systems, especially in applications
where high-throughput is required.

e The proposed method proved to be a valuable tool for assessing and then improving the
overall performance of multi-axis LMM systems after their installation on-site.
However, it cannot be used to quantify the individual contributions of each employed

optical and mechanical axis.

7.2. Future research

Based on the investigations conducted in this PhD research, some new directions for future

research have been identified:

1. The thermoplastic LIS produced with LIPSS exhibited great anti-adhesive properties
against non-Newtonian liquids, and their suitability for food packaging and optical lenses
was demonstrated. However, more in-depth research is needed to further optimise their
overall performance. For instance, the functionality and durability of such LIS could be
enhanced by properly tailoring the geometrical and dimensional characteristics of LIPSS.
At the same time, the functional response of thermoplastic LIS with triangular LIPSS could
be evaluated, too, and thus to minimise or eliminate any anisotropic surface properties that
can affect the lubricant depletion and consequently improve the LIS durability.

2. In this research, the intensity of first-order diffracted light was proved to be a key indicator

of LIPSS regularity and homogeneity. Since the captured intensity mainly depends on the
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LIPSS morphology, further efforts are required to better understand their interdependences
and identify correlations between them. Then, light diffraction can be used as a qualitative
tool to judge about LIPSS topographical characteristics, and thus eliminating the need for
conducting time-consuming local measurements, such as SEM and AFM.

. Considering the geometrical and dimensional characteristics of LIPSS generated with the
green nanosecond laser, such structures can be used for imprinting attractive functionalities
to surfaces. In particular, the proposed LIPSS treatment could be a potentially cost-effective
solution for fabricating surfaces with anti-reflective functionalities. For example, one such
application could be the manufacture of broad-band ultralow optical reflective surfaces.
Thus, further in-depth research should be focused on investigating the functional responses,
e.g. optical and anti-bacterial properties, of as-prepared laser-induced structures.

. Future research should be carried out to assess other factors affecting the machining
performance of multi-axis LMM systems. Firstly, the ARR achievable when processing
relatively large surface areas, i.e. those exceeding either the focusing lenses’ FOV or the
laser’s effective area, onto freeform components will be affected by the stitching errors
between the scanning fields. Therefore, such stitching errors should be investigated, and
then strategies to eliminate them should be designed. One such possible solution could be
to randomise the starting and end positions of the beam vectors in the boundary/overlapping
regions between two scanning fields. Secondly, to get a better indication of the LMM
systems’ dynamic response, their processing capabilities should also be tested when
executing simultaneous multi-axis strategies with sharp changes in the motion trajectories

of rotary axes.
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APPENDIX

Table A.1. The water CA and CSA values measured on all the tested plain surfaces.

Material CA CSA
X6Cr17 ferritic SS 93.8°+£1.6° Pinning (90°)
AISI 316 SS 71.2°+1.2° Pinning (90°)
PS 98.5°+2.1° 37.0°+23°
PP 108.0° +1.2° 18.4° + 2.0°
PC 91.0°+1.4° 32.0°+45°
COoC 093.3°+2.9° 28.4° +15°

Table A.2. The water CA and CSA values measured on all the textured topographies.

Material Surface topography
MS LIPSS
CA CSA CA CSA

X6Crl7 ferritic SS ~ 137.9°+2.7° Pinning (90°) 112.7°+1.3°  Pinning (90°)

PS 130.7° £ 2.8° Pinning (90°) 104.0° £ 1.6° 78°+2.0°
PP 138.4° +1.8° Pinning (90°) 112.9°+2.5° 62.6° + 6.0°
PC 127.3°+2.1° Pinning (90°) 106.7° £ 1.2°  Pinning (90°)
CoC 130.7° £ 1.2° Pinning (90°) 113.7°+1.2°  Pinning (90°)
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Table A.3. The water CA measurements obtained from all the different LIS substrates.

Material Surface topography
MS-LIS LIPSS-LIS
X6Cr17 ferritic SS 100.9° £ 2.1° 109.5° £ 2.3°
PS 103.1° £ 1.3° 105.5° £ 0.9°
PP 104.8° £ 1.4° 104.2° +2.2°
PC 102.0° £ 1.0° 104.5° £ 0.5°
COoC 103.0° £ 1.0° 104.5° £ 1.5°

Table A.4. The water CSA and CAH values measured on the various LIS substrates.

Material Surface topography
MS-LIS LIPSS-LIS
CSA CAH CSA CAH

X6Cr17 ferritic SS 8.4°+£20° 49°+1.0° 2.8°+1.0° 3.0°x11°
PS 6.8°+1.7° 35°+1.2° 94°+21° 4.0°+1.0°

PP 7.6°+0.8° 45°+0.5° 5.2°+1.6° 3.0°£1.0°

PC 12.4°+2.1° 11.0°+1.6° 5.0°%£0.7° 6.3°+1.2°

COC 8.2°+23° 9.7°+1.2° 3.3°£0.8° 5.3°£0.5°
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Table A.5. The CSA values of milk and honey droplets measured on the plain, textured and

LIS topographies of SS, PS and PP substrates.

Surface topography Material
X6Cr17 ferritic SS PS PP
Milk

Plain 45.0° £ 4.5° 38.4°+3.0° 33.0°£0.9°
MS Pinning (90°) Pinning (90°) Pinning (90°)
LIPSS Pinning (90°) Pinning (90°) Pinning (90°)

MS-LIS 4.0°+1.0° 31.9°+2.0° 98°+13°

LIPSS-LIS 2.0°+£0.5° 24.2°+2.7° 94°+22°
Plain 32.0°+3.0° 38.0°+2.1° 42.0° £ 3.0°
MS Pinning (90°) Pinning (90°) Pinning (90°)
LIPSS Pinning (90°) Pinning (90°) Pinning (90°)
MS-LIS 12.8°+0.7° 13.0°+0.9° 12.4°+1.0°

LIPSS-LIS 5.8°+0.7° 7.6°+14° 4.6°+1.0°




Table A.6. The CSA values of water, milk and honey droplets measured on the various LIS

substrates after subjecting them to vibrations.

Surface topography Material
X6Cr17 ferritic SS PS PP
Water
MS-LIS Pinning (90°) 44.8° +4.3° 20°+1.2°
LIPSS-LIS 18.5° +5.2° 11.0°+1.6° 4.5°+0.5°
Milk
MS-LIS 61.0°+0.7° 77.5°+24° 66.0° + 4.6°
LIPSS-LIS 25.8°+15° 34.7°+3.7° 15.5°+ 2.0°
Honey
MS-LIS 13.0°+0.6° 13.4°+0.5° 14.8°+1.0°
LIPSS-LIS 6.2°+0.7° 8.6°+1.0° 54°+£0.5°

Table A.7. The CSA values obtained from the plain, textured and LIS topographies of PC and

COC substrates for droplets of Xanthan Gum solution.

Surface topography Material
PC CcocC
Plain 46.0°+0.8° 37.0°+22°
MS Pinning (90°) Pinning (90°)
LIPSS Pinning (90°) Pinning (90°)
MS-LIS 21.0°+1.9° 135°+1.1°
LIPSS-LIS 8.3°+04° 7.0°x£0.7°
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Table A.8. The CSA values of pH-adjusted droplets measured on the LIS of PC and COC.

pH level Material/Surface topography
PC

MS-LIS LIPSS-LIS MS-LIS LIPSS-LIS
1 16.0°+1.6° 5.7°+0.5° 11.7°+1.2° 4.3°+0.5°
2 15.0°+1.0° 4.7°+0.5° 10.7°+0.5° 5.3°+0.5°
3 14.0°+1.6° 6.0°+0.0° 9.0°+0.8° 5.0°+0.8°
4 15.0°+1.0° 4.3°+05° 8.0°+0.0° 5.7°+£0.5°
5 14.5°+0.5° 5.3°+0.9° 8.3°+1.2° 5.0°+0.8°
6 15.0°+1.0° 4.7°+0.5° 8.7°+0.9° 4.7°+0.9°
7 15.3°+0.9° 5.0°+0.8° 10.0°+1.6° 3.7°+£0.5°
8 15.7°+x1.7° 4.3°+0.5° 11.0°+1.0° 4.3°+0.5°
9 15.7°+x1.7° 4.0°+0.0° 11.7°+1.2° 4.7°+0.9°

Table A.9. The evolution of water CA on the LIPSS produced in air and argon environments.

Time (days) LIPSS
Air Argon
1 63.7° £ 3.2° 54.5°+2.3°
3 69.8° + 2.5° 71.7°+1.6°
5 77.1°+2.0° 80.1°+1.9°
8 81.0°+1.5° 85.1°+2.3°
10 83.4°+15° 88.9° +2.5°
12 85.5°+1.8° 90.8° +2.8°
15 86.9°+1.2° 90.3°+1.9°
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