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RESUMO

A presente dissertacao consiste no desenvolvimento de uma profective optical window (POW) com a
propriedade de auto-limpeza, através do processo de Aot embossing, para a proteccdo de um sensor
LiDAR aplicado a conducéo auténoma. Para o bom funcionamento do sensor, a protective optical window
deve ter uma excelente transmissao optica no comprimento de onda operacional do sensor.

A primeira fase compreende a investigacao de conceitos e o estado da arte relativo a propriedade de
autolimpeza, a influéncia da rugosidade de uma superficie nas propriedades oOpticas, as abordagens em
biomimética destas superficies artificialmente com materiais poliméricos e uma visdo geral dos processos
disponiveis para a replicacdo de microestruturas, com um enfoque especifico no processo de Aot
embossing e na forma como as suas condicdes de processo influenciam a qualidade da peca.

O principal objetivo deste trabalho foi testar a funcionalidade de uma configuracdo previamente
desenvolvida num inserto metalico na superficie de materiais poliméricos com boas propriedades épticas,
como o PC e o PMMA, através da simulacao do processo de /ot embossing. Por esta razao, foi estudado
0 efeito das condicoes de processamento no grau de replicacao, e a influéncia do padrao replicado nas
propriedades da superficie, através de testes de caracterizacao para avaliar as propriedades hidrofobicas
e as propriedades opticas das pecas produzidas. Além disso, foi também realizado um estudo adicional
sobre o efeito da aplicacao de um revestimento hidrofébico em amostras microestruturadas, seguido da
determinacao da sua influéncia na molhabilidade da superficie e na transmitancia dptica.

Os resultados dos estudos apresentados nesta dissertacdo demonstraram que o padrao
microestruturado aumentava o angulo de contacto com a agua (WCA) das amostras produzidas apenas
até ao regime hidrofébico. Para as amostras de PC, a replicacdo por Aot embossing, resultou no
enchimento completo das cavidades, o que resultou num aumento do WCA em quase 50% em
comparacao com uma amostra ndo microestruturada. Embora, para o PMMA o enchimento completo
nao tenha sido alcancado, com as estruturas com uma média maxima de até 84% da altura desejada,
ainda se verificou um aumento do WCA em 30°. No entanto, o padrao replicado na superficie também
afetou negativamente o desempenho o6ptico das pecas, invalidando a sua aplicagdo numa POW para um
sensor LiDAR. A aplicacdo de um revestimento hidrofobico numa superficie microestruturada, embora
provocando repeléncia as gotas de agua, também se revelou uma abordagem nao valida devido a sua

significativa influéncia negativa sobre a transmitancia optica.

Palavras-chave: Angulo de Contacto, Auto-Limpante, Hot Embossing, Microestruturas, Transmitancia



ABSTRACT

The present dissertation consists in the development of a protective optical window (POW) with the
property of self-cleaning, through the process of hot embossing, for the protection of a LiDAR sensor
applied in autonomous driving. For the proper functioning of the sensor, the optical window must have
an excellent optical transmission in the sensor operational wavelength.

The first stage comprises the research of concepts and the state-of-the-art concerning the self-cleaning
property, the influence of surface roughness on optical properties, the approaches in biomimetic these
surfaces artificially with polymer materials and an overview of processes available for the replication of
microstructures, with a specific focus on the hot embossing process and how its process conditions
influence the part quality.

The main goal of this work was to test the functionality of a structure configuration previously developed
in a metallic insert on the surface of polymeric materials with good optical properties, such as PC and
PMMA, through the simulation of the hot embossing process. For this reason, it was studied the effect of
the processing conditions of the hot embossing process in the replication degree, and the influence of
the replicated microstructured pattern on the surface properties by performing characterization tests to
evaluate the hydrophobic properties and optical properties of the produced parts. Furthermore, an
additional study of the effect of the application of a hydrophobic coating on microstructured samples was
also conducted, followed by the determination of its influence on the surface wettability and optical
transmittance.

The results of the studies presented in this dissertation demonstrated that the microstructured pattern
enhanced the water contact angle (WCA) of the produced samples only up to the hydrophaobic regime.
For the PC samples, the replication by hot embossing, resulted in the complete filling of the cavities,
which resulted in an increase of the WCA by almost 50% in comparison with a non-microstructured
sample. Although, for the PMMA the complete filling was not achieved, with the structures with a
maximum average up to 84% of the desired height, it still resulted in an enhancement of the WCA in 30°.
However, the pattern of the surface also negatively affected the optical performance of the parts,
invalidating its application in a POW for a LiDAR sensor. The application of a coating on a microstructured
surface, although causing water repellency of the water droplets, also showed to be an invalid approach

due to its significative negative influence on the optical transmittance.

Keywords: Hot Embossing, Microstructures, Self-Cleaning, Transmittance, Water Contact Angle
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CHAPTER 1 - INTRODUTION

This chapter provides an overview of this work and its organization. Firstly, the framework and
motivations that led fto the selection of the fopics covered in this thesis are presented. Then, bearing in
mind the work motivations, the main objectives are introduced, and finally, the organization/ structure of

the thesis is presented.

1.1. Framework and Motivation

In the last decades, the human being has been using nature as a source of inspiration for the
development of new materials and/or systems, trying to mimic them. It is well-know that nature and
natural processes are adaptable to changing environmental conditions, and with millions of years of
evolution and natural selection, organisms have achieved sophisticated structures, patterns or textures
with complex multifunctionality (Yilgor et al., 2016). Among all the fascinating characteristics observed in
biosystems, self-cleaning ability is regarded as one of the most interesting topics in biomimicry because
of its potential applications in various fields such as aerospace, automotive, textile, energy conversion,
biomedical, environmental protection, beyond others (Xu et al., 2016).

Studies on self-cleaning surfaces were prompted by the understanding of phenomena existing in
nature in more than 200 animals and vegetable species, such as the leaves of some plants, the feathers
of birds, the wings of some insects, among others (Verplanck et al., 2007). Natural or biosurfaces
principally maximize or minimize the contact angles of the droplets to facilitate free liquid droplet
movement. The use of scanning electron microscopy (SEM) on studies with various types of organisms
conducted decades ago has led to a clear understanding of the close relationship between the topography
and wetting behavior of natural surfaces (Barthlott & Neinhuis, 1997). Investigations about these self-
evolved structures has also led to intense progress that has allowed the development of products with
hydrophobic and superhydrophobic properties, with high contact angles and low sliding angles,
characteristic of self-cleaning surfaces.

Based on research about the natural superhydrophobic phenomenon, artificial superhydrophobic
surfaces are more controllable under the combination of low surface energy materials or coatings and
designed hierarchical roughness materials in both micro and nanoscales (Sun, Li, et al., 2019).
Compared to metallic materials, polymers have a lower free surface energy. Hydrophobic or even
superhydrophobic characteristics can be achieved as long as the hierarchical micro/nanostructures were

fabricated on their surfaces. Due to several characteristics of polymers, such as excellent workability,



temperature resistance, low cost for high-volume fabrication, among others, it is very simple and diverse
to manufacture micro/nanostructures on polymeric surfaces via injection molding, hot embossing,
besides many others (J. Li et al., 2018; Khosrow Maghsoudi et al., 2020; Zhou et al., 2018).

Self-cleaning surfaces are highly important in several applications due to their potential in the durability
and efficiency of products improvement, eliminating additional cleaning actions, and consequently
reducing the use of water, energy and potentially hazardous substances that enter the environment
through those actions. One of the applications where self-cleaning surfaces can demonstrate a significant
importance is in optical sensors, especially for autonomous driving, if certain properties, such as optical
transmittance at certain wavelengths is achieved.

Autonomous driving is one of the main development targets in the automotive industry today (Kutila
et al., 2016). In addition to daily usage, autonomous vehicles can expand transportation options for the
elderly and the disabled, facilitate navigation in unknown places and even reduce the number of traffic
accidents through the extinction of the primary cause, human error. Autonomous vehicles rely on their
perception systems to acquire information about their immediate surroundings. Safety concerns and the
need for accurate estimations have led to the introduction of LiDAR systems to complement camera- or
radar-based perception systems (Y. Li & Ibanez-Guzman, 2020).

LiDAR (Light Detection and Ranging) sensors are the key sensors for autonomous vehicles, using
pulsed laser waves to map the distance of the surrounding objects, allowing to obtain a three-dimensional
view of the environment around the car in real time. LiDAR systems emit pulsed light waves, in the
infrared, to the surrounding environment, which reverberate on objects and return to the sensor. The
distances of the objects are calculated based on the time it took for each pulse to return to the sensor.
By transmitting and receiving data from hundreds of thousands of laser pulses every second, the on-
board computer records each laser reflection point, producing a 3D point cloud that corresponds to the
surrounding environment in real time.

Currently, automotive manufacturers have been integrating LiDAR into ADAS (Advanced Driver
Assistance Systems) in order to visualize the constantly changing environments their vehicles are
immersed in, from mapping the static environment to detecting and identifying moving vehicles,
pedestrians and wild animals. The amount of data collected allows ADAS systems to make carefully
considered and safe driving decisions. These devices have the same function in the context of
autonomous driving, their outputs are used for object detection, classification, tracking and intention
prediction, corresponding to various layers of information that allows safe driving (Y. Li & Ibanez-Guzman,

2020).



In this manner, the application of a protective optical window with self-cleaning properties for the
sensor protection is extremely important, not allowing any deposition of particles that may obstruct and/or
hinder the emission and reception of the laser pulses, leading to greater efficiency of this equipment and
consequently safer and more efficient autonomous driving. However, it is challenging to develop a surface
with self-cleaning properties and optimum optical transmittance of light at the same time. Since typical
superhydrophobic property is usually achieved on a rough surface. Meanwhile, rough structured surfaces
often suffer from strong scattering or diffraction effects, thus inducing large loss of light transmittance.
Furthermore, research about surfaces with superhydrophobic properties and optical transmittance are
rarely reported. In addition, for its viability it is also necessary to find manufacturing processes and
operating conditions that allow its production in large quantities and with the required properties to enable
the achievement of self-cleaning properties and the correct functioning of the sensor.

For this, compression processes, such as hot embossing, appear as effective procedures in the
replication of structures on the micro and nano scale in polymeric materials, and can offer a solution for

the production of this type of surfaces on a large scale and with the desired properties.

1.2. Objectives

The present dissertation consists in the development/production of a protective optical window with
the property of self-cleaning, through the process of hot embossing, for the protection of a LiDAR sensor
applied in autonomous driving. For the proper functioning of the sensor, the optical window must have
an excellent optical transmission in the sensor wavelength.

The objectives and tasks of this dissertation (Figure 1) include the surface replication of a structure
previously developed in a metallic insert on the surface of polymeric materials, such as PC and PMMA,
through the simulation of the hot embossing process. Furthermore, it is intended to obtain the effect of
the processing conditions of the hot embossing process in the replication degree, and the influence of
the replicated microstructured pattern on the surface properties by performing characterization tests to
evaluate the hydrophobic properties and optical properties of the produced parts. An additional study of
the effect of the application of a hydrophobic coating on microstructured samples produced with
conditions that allow the achievement of the higher replication degree should also be performed, followed
by the determination of its influence on the surface wettability and optical transmittance.

The results obtained in the studies of this dissertation shall help to understand if microstructured
pattern and the materials used for the production of the samples, as well as the application of a coating

on a rough surface approach are valid options for the production of protective optical window with self-



cleaning properties for the protection of a LiDAR sensor.

Literature review concercing the self-cleaning
property of the surfaces, the surface roughness
influence on optical transmittance and the
replication methods, namely the hot embossing
process.

'

Test different compression conditions on suitable
polymeric materials, simulating the hot embossing

process.
Application of a hydrophobic coating, by spin
Evaluate the replication degree coating, on microstructured samples produced with
;s —_—

the condition that allowed the higher replication
degree.

Characterization : Surface Topography and SEM.

l

Evaluate the influence of the replicated
microstructured pattern on the surface
wettability and optical performance.

Evaluate the influence of the coating on the
surface topography, the wettability properties and
optical transmittance.

Characterization : Water Contact Angle and Optical Characterization : Surface Topography, SEM, Water
Transmittance. Contact Angle and Optical Trasmittance.

Figure 1 - Flowchart representing the tasks follow-up to fulfil the defined goals of the master thesis work.

1.3. Thesis Organization

The methodology and results obtained in this work are presented in 7 separate chapters.

In chapter 1, the framework of the theme, motivation and objectives of the work are enunciated.

The chapter 2 comprises the research of concepts and the state-of-art concerning the self-cleaning
property, the influence of surface roughness on optical properties and an overview of processes available
for the replication of microstructures, with a specific focus on the hot embossing process and how its
process conditions influence the part quality.

Chapter 3 comprises the materials, procedures and methodologies used in the experimental work
defined for this dissertation. The experimental planning is presented, followed by an overview of the
production techniques, the materials and aspects related to the productive tools applied.

The descriptions of the tests performed for the characterization of the samples produced in the
experimental work are given in Chapter 4.

The results of the experimental work performed are reported in Chapter 5.

Chapter 6 and Chapter 7 show an overall view of the results obtained and the main conclusions taken,

and the given suggestions for further work within the framework of the project, respectively.



CHAPTER 2 - LITERATURE REVIEW

This chapter presents the theoretical foundations about the main fields covered in this thesis,
especially in what concems the wettability of polymers surfaces, the roughness influence on the optical
transmittance of the surfaces and replica-based technigues to achieve self-cleaning surfaces, especially

the hot embossing process.

2.1. Wettability and Surface Energy of Polymers

The self-cleaning ability of a surface depends on its wettability, which is a very important property of
surfaces and is related to the tendency of a liquid to spread or not to spread on a given surface (K. Liu et
al., 2013). It is the ability of a liquid to maintain contact with a solid surface as a result of intermolecular
interactions (Fei et al., 2020).

Ideally, when a drop is deposited on a surface, it can spread out to form a thin liquid film, or remain
on the surface in a spherical shape (K. Liu et al., 2013). The contact angle (CA) is a quantitative measure
of the wettability of a solid surface by a liquid, and is dependent on the surface tension of the liquid
involved, the solid surface, and the surrounding gas (Koch & Barthlott, 2009). This is the angle formed
by the drop of liquid, in the three-phase liquid, gas and solid boundary, between the plane tangent to the
surface of the liquid and the plane tangent to the surface of the solid (Figure 2) (K. Liu et al., 2013).

. —
Vse Yrs
Figure 2 - Surface tensions acting on the threephase contact line of a liguid droplet deposited on an ideal substrate. (Adapted from Verplanck el
al., 2007).

A surface is regarded as wetting when the contact angle formed by the drop with it is lower than 90°.
In the opposite case, where the contact angle is higher than 90°, the surface is nonwetting (Verplanck et
al., 2007). The wettability of a smooth surface and the contact angle are directly related to the intensity
of the liquid-liquid and liquid-solid intermolecular forces, referred to as cohesive and adhesive forces,
respectively. If the cohesive forces are stronger than the adhesive forces, then the solid surface will not
be wetted by the liquid and the CA will be greater than 90°. If the adhesive forces are stronger, the drop
of liquid will interact very intensely with the solid surface, thus wetting of the solid will occur and the CA
will be less than 90°(Yilgor et al., 2016). The wettability of a liquid on a given surface is inversely
proportional to the contact angle, the smaller the contact angle, the higher the wettability.
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Figure 3 - Schematic of various cohesive and adhesive intermolecular forces in a droplet placed on
an inert solid surface. (Adapted from Yijgor et al., 2016)

The wetting behavior of solid surfaces can be divided into four classes, defined by their static contact
angle (Figure 4)(Figure 5). Surfaces are termed superhydrophilic when the contact angle is less than 10°.
Surfaces with contact angles greater than 10° and less than 90° are referred to as hydrophilic.
Hydrophobic surfaces have high contact angles, meaning that the liquid on the surface forms a spherical
or semi-spherical droplet, and the contact angle is greater than 90° and less than 150°. For a surface to

be considered superhydrophobic, the contact angle must be greater than 150° (Koch & Barthlott, 2009).

c) d)

Figure 4 - Four classes of wettability of a surface and their respective contact angles. a) Hydrophobic surface. b)
Superhydrophobic surface. ¢) Hydrophilic surface. d) Superhydrophilic surface. (Adapted from Koch & Barthllot, 2009)



Figure 5 - Four classes of the wettability of a surface represented on leaves. a) The hydrophobic leaf of
Regnellidium diphyllum (Marsileaceae). b) Superhiydrophobic surface of a leaf of Brassica oleracea. c) The
hydrophilic leaf of Alocasia odora. d) The superhydrophilic leaf of Ruellia devosiana. (Adapted from Koch &
Barthllot, 2009)

In 1805, Young was the first to describe the equilibrium contact angle and wetting model (Young,
1805). For a drop of liquid on an ideal flat surface (Figure 2), the wettability is determined by the surface

free energy of the solid surface, which is expressed through Young's equation:

Ys¢ = Vs + Y1cCc0sOy (2.1)

Where, y represents the surface tension (or surface free energy), 8y is the contact angle of the liquid
on the surface in the Young's model, ysg, ¥s. and y. ¢ are the interfacial tensions involved in the solid-
gas, solid-liquid and liquid-gas system, respectively. Young's equation can successfully predict the contact

angle of a water droplet deposited on a flat surface with a homogeneous interface (Xu et al., 2016).



The chemical structure of a material defines the surface tension, which in return, partially determines
the wettability and adhesion of materials. The magnitude of the surface energy of polymers is related to
the intensity of the intermolecular forces between the polymer chains (van der Waals). If the polymer
structure contains polar groups, then reasonably strong intermolecular forces result in high surface
energy. For apolar polymers, in which only weak intermolecular interactions arising from dispersion or
London forces are present, the surface energy is low. In general, polymer structures can contain both
polar and non-polar groups, so the total surface energy of a polymer is considered to be the sum of the
dispersive and polar components (Yilgor et al., 2016). In general, as the surface energy of the polymer
increases, the surfaces become more polar and the water contact angle decreases. Therefore, a low
surface energy results in hydrophobic properties while high surface energy leads to hydrophilic properties.

The contact angle of a water droplet (WCA) on the surface of various polymers, together with their

surface energies are given in Table 1.

Table 1 - Surface energy and WCA of various polymers (Adapted from Yilgor et al., 2016).

Polymer Surface Energy (mN/m) WCA (°)
PVOH 37.0 51.0
PA-66 46.5 68.3
PMMA 41.1 70.9

PC 44.6 82.0
PVC 41.5 85.6
PS 40.6 87.4
PE 35.7 96.0
PP 30.1 102.1
PTFE 20.0 109.2

During the last decades, there has been a great deal of interest in the preparation and characterization
of polymer surfaces that exhibit superhydrophilic and superhydrophobic properties. As noted in Table 1,
none of the surfaces of the polymers mentioned exhibit a contact angle of a water droplet as low or as
high as necessary. However, as will be discussed later, polymer surfaces with superhydrophilic or
superhydrophobic characteristics can be obtained through various physical and chemical surface

modification methods.



2.2. The Effect of Roughness on the Water Contact Angles

Young's equation is used to determine unique contact angle values for a drop of liquid deposited on
an ideal solid surface, i.e., perfectly smooth, homogeneous, rigid, as well as chemically and physically
inert with regards to the used fluid. However, in practice these properties are not all present on real solid
surfaces. In particular, chemical variations of the surface and roughness are the most observed situations
when dealing with real solid surfaces (Hejazi et al., 2014). Thus, the wettability of rough and/or chemically
heterogeneous surfaces is characterized by the apparent contact angle, which is the macroscopically
measured equilibrium contact angle (Bormashenko, 2015).

The wettability of a solid surface is essentially dependent on two factors, surface energy, as mentioned
previously, and surface roughness (A. Nakajima et al., 2001). The roughness of a surface plays a critical
role in determining the wettability of a solid surface (K. Liu et al., 2013). The Wenzel and Cassie-Bexter

models provide expressions for the relationship between contact angle and solid surface roughness.

2.2.1. Wenzel Model

The effect of roughness on the apparent contact angle of a chemically homogeneous surface was first
studied by Wenzel in 1936. Wenzel proposed a model to express the relationship between surface

roughness and contact angle according to the following equation:
cosBy, =1 cosby (2.2)

Where 8y, is the apparent contact angle in Wenzel’s model, 8y is the contact angle in Young's model
and r is the surface roughness factor, defined as the ratio between the real and apparent surface area
(Wenzel, 1936). For ideal flat surfaces, r = 1, however, since all real surfaces are not smooth at molecular
level, r>1.

In Wenzel's theory it is assumed that the liquid contacts with the entire rough surface, filling all the
micro geometries that characterize the roughness of the surface (Figure 6a). According to equation (2.2,
roughness can further amplify the hydrophilic or hydrophobic character of a surface (Forbes, 2008). If
the surface roughness of an inherently hydrophobic material (8>90°) is increased, the static contact
angle also increases (6y,> ). If the surface roughness of an inherently hydrophilic material (6<90°) is

increased, the static contact angle decreases (6y,< 9).



2.2.2. Cassie-Bexter Model

In 1944, Cassie and Bexter derived an equation to describe the effect of chemical heterogeneities on
the contact angle at solid surfaces (Cassie & Bexter, 1944). This model assumes that the liquid does not
completely wet the rough surface, due to the existence of air between the depressions (Figure 6b).

This model assumes that the liquid only contacts the solid through the top of the protrusions and that
there are pockets of air trapped beneath the liquid, which gives a composite surface (Figure 6b). In this
case, the liquid surface interface consists of two phases, a liquid-solid interface and a liquid-gas interface.
Thus, the apparent contact angle is the sum of all the contributions from the different phases, as shown
by the equation:

cosOcp = f1 cosB, + f,cosH, (2.3)

Where 6.5 is the apparent contact angle in the Cassie-Bexter model, f; is fractional area of the surface
with a contact angle of 6; (f; + f, = 1).

In this composite state, air parts of the surface can be considered perfectly non-wetting, and
consequently the water contact angle is equal to 180°. By assuming that f, is fraction of air which the

water is in contact with and consequently 8, = 180°, one can conclude that:
cosOcg = fs(cosOs +1) —1 (2.4)

Where f; is the fractional area of the solid surface in contact with the drop.

a) b)

Figure 6 - Droplet behavior on solid surfaces. a) Wenzel Model. b) Cassie-Bexter Model. (Adapted from Forbes, 2008)

The Cassie-Bexter regime is characterized by a high apparent contact angle, promoting easy sliding of
the liquid droplets on the surface. However, an high apparent contact angle is not sufficient to achieve
the self-cleaning ability, a low contact angle hysteresis and high stability of the Cassie-Bexter wetting
regime are also required (Bormashenko, 2015).

The composite interface, which allows the Cassie-Bexter state, is often fragile and can be irreversibly

transformed into a homogeneous interface. There are several mechanisms that may contribute for its

10



destabilization such as condensation or accumulation of nanodroplets between the asperities, surface
heterogeneity, among others (Michael & Bhushan, 2007). A multiscale or hierarchical roughness is often
recommended in order to effectively resist these mechanisms and achieving a more stable Cassie-Bexter

wetting state (Figure 7).

hierarchical structure

Figure 7 - Droplet in a surface with hierarchical structures. (Adapted from Michael & Bhushan, 2007)

However, when the initial Cassie-Bexter wetting state is not stable, the wetting transition namely the
transition from the Cassie-Bexter to the Wenzel wetting may occur. The midterm wetting regime can also
occur and is typical for superhydrophobic materials that present high contact angle hysteresis, i.e., the
water droplet adheres to the substrate.

One of the first experimental studies that demonstrated the effect of increasing surface roughness on
increasing the WCA of a polymer material was done by Garbassi and co-workers (Garbassi et al., 1994;
Morra et al., 1989). In that study, a smooth PTFE surface was etched with oxygen plasma and the surface
roughness increased as a function of etching time. The increase in surface roughness resulted in a
significant increase in WCA (greater than 160°) compared to the WCA of the smooth surface (108°),

clearly demonstrating the formation of a superhydrophobic surface.

2.3. Contact Angle Hysteresis

The ability of a droplet to move on a surface is determined by the contact angle hysteresis (CAH)
(McHale et al., 2004). The hysteresis of a surface is related to its imperfections, which come from physical
defects such as roughness or chemical variations (Verplanck et al., 2007).

If a surface on which a drop rests is slightly tilted, the drop remains at rest with differing contact angles
at each side of the drop (Figure 8c). When the upper angle reaches the receding angle, 8, and the lower
angle reaches the advancing angle, 8,4, the drop begins to move (McHale et al., 2004). It can be
considered that the advancing angle is always higher and favors the flow of the droplet, while the receding

angle resists the flow of the droplet (Yilgor et al., 2016).
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Figure 8 - Contact angle hysteresis. a) Advancing angle. b) Receding angle. c) Advancing and receding angle
determined by tilting experiment. (Adapted from McHale et al., 2004)

The difference between these two angles (8, — 65) is called hysteresis and is responsible for the
adherence of the liquid to the surface (Koch & Barthlott, 2009; Verplanck et al., 2007). Although
hysteresis is a force that opposes the movement of the drop, the lower its value, the easier will be to
move the liquid droplet (Verplanck et al., 2007).

Furmidge calculated the tilt angle, a, required in order for a drop to slide (Furmidge, 1962):

mg sina (2.5)

Or — 0
— 16 (cos6y — c056,)

Where m is the mass of the droplet, g is the acceleration of gravity, w is the width of the drop, 8g,is
the receding angle when the droplet leaves the surface and 8, is the advancing angle when the droplet
begins to move. The tilt angle required for a droplet to roll or slide on the substrate is referred to as the
sliding angle.

In Young's model, it is assumed that there is no hysteresis because the surface is ideally flat and
chemically homogeneous. Therefore, the three-phase line can move freely on the surface (Yilgor et al.,
2016). According to Farshchian ef al,, it is known that both the Wenzel and Cassie-Bexter regimes can
form droplets with high contact angles, however, only in the Cassie-Bexter regime can low sliding angles
be obtained. In the Wenzel regime, the droplet completely wets the surface, and therefore cannot easily
move over it, and a contact angle hysteresis greater than 10° is obtained, due to the fixation of the
droplet. In the Cassie-Bexter regime, since the droplet is in contact with a smaller solid area, it thus
reduces the drag force (friction) on the droplet. As a result, the droplet can easily move over the surface
with a low tilt angle. Therefore, only the Cassie-Bexter regime can fulfill the two requirements necessary
for the self-cleaning ability (Farshchian et al., 2010).

Contact angle hysteresis can be controlled, and values lower than 1° can be achieved. In the case of
hydrophobic or superhydrophobic surfaces it is intended that the tilt angle and consequently the contact
angle hysteresis should be low, so that droplet could roll over the surface with a small tilt. A tilt angle of
less than 10° is characteristic of superhydrophobic surfaces with self-cleaning properties (Koch &

Barthlott, 2009).
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2.4. Superhydrophobic and Self-Cleaning Surfaces in Nature

There are several surfaces in Nature that exhibit a high intrinsic ability for self-cleaning without any
external help. This phenomenon, due to its uniqgue mechanism and high adaptability, has attracted
enormous scientific interest in recent decades. The concept of self-cleaning was initially based on the
superhydrophobic nature of some plant leaves. Among them, the leaf of the lotus flower (Nelumbo
nucifera) is considered one of the most relevant inspirations for the design of self-cleaning surfaces. Lotus
flower leaves are able to stay clean in muddy water due to the way their surfaces are structured and
water-repellent.

The underlying mechanism of the self-cleaning property of the lotus flower leaf was first investigated
by Barthlott and Neinhuis (1997). It was found that micrometer-scale papillae and epicuticular wax play
an important role in its superhydrophobicity, i.e., high water contact angle and low sliding angle, which
was defined as the “Lotus effect” (Barthlott & Neinhuis, 1997). As observed in Figure 9b, micro-sized
papillae with diameters between 5 and 9 um are randomly distributed on the leaf surface. However, the
fundamental mechanism of self-cleaning had not yet been fully clarified. In 2002, Feng et a/. reported the
existence of nanostructures in each papilla, with diameters of approximately 200 nm, which contributed
to greatly increase the roughness of the leaf surface and effectively prevent the attachment of water
droplets (Feng et al., 2002). Therefore, the effect observed on the leaf surface is due to the combination
of the inherent hydrophobicity of the epiticular wax and the papillae with hierarchical roughness that are
irregularly dispersed on the surface, granting superhydrophobicity to the leaf as water droplets form
contact angles greater than 150° and a critical sliding angle of less than 2°. The water therefore creates
droplets that roll off the surface, dragging the impurities that adhere to it (Figure 9c). As a result, the
leaves are always clean — the principle of self-cleaning.

Thus, the so-called Lotus effect, which leads to the formation of self-cleaning surfaces, can be
explained as the free rolling motion of water droplets due to the superhydrophobicity of the leaf surface
and the ability of these same droplets to collect and drag debris from the surface (Figure 10) (Yilgor et

al., 2016).
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Figure 9 - Hydrophobic leaf surface of the lotus flower. a) Water droplets on the leaf surface. b) SEM images of cell papillae distributed on the leaf
surface. ¢) Impurities adhere to the surface of the droplet and are removed when the droplet rolls over the leaf. (Adapted from Barthlott & Neinhuis,
1997)
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Figure 10 - Mechanism of the lotus effect. a) Schematic illustration of the lotus state. b), c) Schematic illustration of the cleaning by water droplets
on smooth and structured surfaces, respectively. On the smooth surface, the particles are mostly redistributed by the water, while on the rough
surface, they adhere to the surface of the droplets and are removed from the surface. (Adapted from Barthlott & Neinhuis, 1997)

Plants such as tulip, iris, eucalyptus, ginko biloba, and many others have leaves with this property.
Another example of superhydrophobicity in nature is the eye of the mosquito (Figure 11a). The eye of this
insect is covered by hexagonally closed-packed, micron-sized hemispheres called ommatidia (Yilgor et al.,
2016). In addition, these microstructures are covered with hexagonally close-packed nanopillars. This
micro/nano-hierarchical surface pattern gives the mosquito eye superhydrophobic and antifogging
properties (C. Yu et al., 2020). Moreover, the hairs around the eye act as nucleating agents for water
droplets, providing additional protection against fogging (S. Yu et al., 2015).

Cicada wings are also superhydrophobic and self-cleaning. Water droplets on the wing surface assume a
spherical shape and roll easily with small inclinations (Yilgor et al., 2016). Cicada wings have been
reported to consist of hexagonally closed-packed nanopillars (Figure 11b) (S. Yu et al., 2015). The
nanometric surface pattern in combination with the wax layer on the surface allows the wing to exhibit a
superhydrophobic character, although hierarchical roughness is not present. In addition to this, the wings
of cicadas display high transparency and anti-reflective properties due to a single level of roughness
consisting of regularly spaced nanopillars with sizes below the wavelength of propagating light (Darmanin,

2015).
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Figure 11 - Natural hydrophobic surfaces. a) SEM image of a mosquito's eye. b) Optical image of a cicada and SEM image of its
wing. (Adapted from Yilgor et al., 2016, S. Yu et al., 2015)

Some insects, such as butterflies have their wings covered with shapes whose size and geometric
shape lead to a superhydrophobic state and which is also at the origin of their colors (Verplanck et al.,
2007). The wings of the Morpho aega butterfly possess flexible nanotips that are direction-dependent and
are present on the top of ridging nanostripes and overlapped microscales. The quadrate scales overlap
each other and there are several ridging stripes on the surface of each scale (Figure 12a-b). Therefore,
there exists a hierarchical arrangement of micro and nanostructures made of nanotips, stacked
nanostripes and microscales on the wings. This periodic arrangement delivers superhydrophobic and self-
cleaning function to the butterfly wing surface (Figure 12a-b) (Malshe et al., 2013) . A peculiar feature of
the wings of this butterfly is that the water droplets slide only in one direction, always outward from the
animal's body (Figure 12e-g). Studies show that the droplet remains intact on the surface even when one
tries to slide the liquid in the opposite direction, showing directional adhesive properties (Zheng et al.,
2007).

The phenomenon of directional droplet movement on superhydrophobic surfaces can also be observed
on feathers. Bird feathers exhibit strong water repellency that is mostly due to their porous structures and
the grease coating on the feather surfaces. As demonstrated in Figure 12c and Figure 12d, feathers are
composed of branches with different dimensions, including micro-scale dorsal spines, trunks and
barbules, which facilitate the porous structure of feathers. The porous structures, as well as the grease
coating with low surface tension, give the feathers a large liquid-gas interface, contributing to a water

repellency differentiated from other (C. Yu et al., 2020).
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Figure 12 - Natural hydrophobic surfaces. a) SEM image of a butterfly's wings. b) Fine lamella-stacking nanostrips on the scales in
butterfly wings. c) Optical image of a water droplet on a duck feather. d) Structures of duck feathers at various scales. e) Morpho aega
butterfly with the direction of its directional adhesion indicated (RO - Radial Outward). 1) The droplets glide easily in the RO direction and
(g) in the opposite direction they show no movement. (Adapted from Malshe et al., 2013; Yu et al., 2020, Zheng et al., 2007)

2.5. Artificial Superhydrophobic and Self-Cleaning Surfaces

For a surface achieve the self-cleaning ability, the primary goal is to ensure that droplets can flow or
roll off smoothly from the attached surface without any resistance. Based on the research about the
natural superhydrophobic phenomenon, it is known that artificial superhydrophobic surfaces are more
controllable under the combination of low surface energy materials or coatings and hierarchical roughness
designed at micro and nano scales (Y. Lee et al., 2007; Yinyong Li et al., 2013; Sun, Li, et al., 2019).
Several studies have confirmed that the combination of micrometric and nanometric scale roughness
along with a material exhibiting low surface energy leads to apparent contact angles greater than 150°,
low sliding angles and the self-cleaning effect (A. Nakajima et al., 2001). Based on the previously proposed
models, it is possible for a surface to achieve the self-cleaning property by controlling surface structures
to promote the free and spontaneous movement of a liquid droplet on the surface, allowing the removal
of contaminants from the surface (Xu et al., 2016).

Conventionally, microstructures can be created to produce the required surface roughness for
superhydrophobic surfaces. To achieve a desirable superhydrophobicity by creating microstructures, a

high aspect ratio is required. Aspect ratio is defined as the ratio of height to width of a structure, the
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increase of the aspect ratio, increases the water contact angle (K. Maghsoudi et al., 2017). Nevertheless,
the production of high aspect ratio structures is limited due to processing constrains (Andersen &
Taboryski, 2015). In addition, high aspect ratio structures are prone to faster wear and bending by
mechanical forces (S. Lee et al., 2011). The introduction of nanostructures in order to create hierarchical
micronanostructures can improve the performance of the produced surface in terms of wettability (Zhou
et al., 2018). A dual-scale roughness not only establishes a more stable superhydrophobic condition, but
it also allows a lower aspect ratio than a single-scale roughness, due to the formation of a more stable
Cassie-Bexter regime (Khosrow Maghsoudi et al., 2020). Although, especially for production process and
demolding issues, a lower aspect ratio is highly sought after, surfaces with hierarchical structures display
lower mechanical durability in comparison with single-scale structures (J. Ma et al., 2018).

Since the first studies on the production of artificial superhydrophobic surfaces, a wide number of
ways have been reported for producing rough surfaces that exhibit superhydrophobicity. In addition to
water repellency, other properties such as transparency and color, reversibility of anisotropy, flexibility,
anti-icing, anti-fogging and others have been incorporated into superhydrophobic surfaces (M. Ma & Hill,
2006; Xu et al., 2016).

In any case, both low surface energy and adequate surface roughness have been shown to be
indispensable for processing superhydrophobic surfaces (Y. Lee et al., 2007). Techniques to make
superhydrophobic surfaces can be simply divided into two categories, making a rough surface from a low
surface energy material and modifying a rough surface with a material of low surface energy (M. Ma &
Hill, 2006)

The most widely applied strategy involves roughening the substrate surface with micro- or
nanofabrication processes, followed by a separate surface treatment or modification step, with the goal
of lowering the surface energy. However, in practical applications, this type of approach requires two
different steps, physical surface texturing and chemical surface coating, and has disadvantages such as
peeling-off and degradation of the chemical coating (J. Li et al., 2018). To overcome this issue, it is
desirable to roughen or texturize a surface that is inherently hydrophobic so that extra chemical treatment
or coating is not necessary, as this increases the robustness and reliability of the superhydrophobicity of
the surface.

Polymer materials have significantly lower surface free energy than metallic materials (Khosrow
Maghsoudi et al., 2020). It is possible to achieve hydrophobic or superhydrophobic characteristics as
long as the required roughness is fabricated on their surface (Zhou et al., 2018). Because of the excellent
workability and processability for mass production, temperature resistance, high modulus of elasticity,
low cost for high-volume fabrication and the wide range of material properties and surface chemistries
available, the fabrication of polymeric superhydrophobic surfaces has been drawing the attention of many
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researchers (Becker & Heim, 2000; Juang et al., 2002; Khosrow Maghsoudi et al., 2020; Zhou et al.,
2018). Recently, thermoplastic polymers, such as low surface energy materials, have aroused large
interest in recent years because of their strong hydrophobicity, electrical insulating, formable and flexible
mechanical properties and chemical inertness to acids and alkali metals (J. Li et al., 2018).

Many researchers have explored the fabrication of superhydrophobic surfaces, based on these
polymers. Zhou et al presented a simple approach to fabricate high aspect ratio nanopillars and
micro/nano combined structures via injection molding with the use of PC and PP grades (Figure 13)
(Zhou et al., 2018). For both materials, the highest WCA measured was at highest mold temperature with
hierarchical roughness (Figure 14). However, although the contact angle of the produced surfaces was
above 150°, exhibiting excellent hydrophobic characteristics, the sliding angle of ~ 18,8° demonstrated

that the surface did not possess self-cleaning abilities.

Figure 13 - SEM images of replicated structures on the surface of PC products by injection molding. (a) micropillar arrays (Tmold=
163 C), (b) nanopillars (Tmold= 163 C), (c) surface morphology replicated on the unprocessed AAO template. (Adapted from Zhou et

al, 2018)
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Bhushan ef a/. reported the fabrication of surfaces with micro-, nano- and hierarchical structures by
replication of a micropatterned silicon surface using an epoxy resin and by self-assembly of alkanes to
create hydrophobic nanostructures (Bhushan et al., 2009). Their study shows that the presence of single
scale roughness (Figure 15a-b), both on nano and microscale, enhanced the WCA of the produced
samples to the superhydrophobic regime, with the samples exhibit a WCA of 158 ° and 154 °,
respectively. Concerning the CAH, the microstructured and nanostructured epoxy samples exhibited
values of 23 © and 36 °, respectively. However, the presence of a hierarchical structure (Figure 15c) was
observed to boost even more the WCA of the surface (169 °) and decrease its CAH (2°), allowing the

achievement of the self-cleaning property.

a)

c) Hierarchical structure

Figure 15 - SEM micrographs of the nanostructure, microstructure,and hierarchical structure. (Adapted from Bhushan et al., 2009)

In addition to self-cleaning surfaces, superhydrophobic polymeric surfaces can be used for a wide
range of potential applications (Khosrow Maghsoudi et al., 2020). However, its developing can be really
challenging, due to the difficulty to find the appropriate surface topography that boosts the WCA and

lowers the hysteresis, in order to achieve the self-cleaning ability.

2.6. Optical Transmittance on Superhydrophobic Surfaces

Progression of materials and techniques used to fabricate superhydrophobic surfaces has led to the
investigation of other properties desirable for many applications. There are many optical applications for
superhydrophobic surfaces, which depend on a material being transparent (Roach et al., 2008). Almost
all natural superhydrophobic surfaces and most synthetic ones are not transparent, limiting the
applications in optics industry. To enable the applications of superhydrophobic surfaces to optical devices
such as solar cell panels, smart windows, camera lenses, sensors, among others, it is critical to maintain

high optical transparency in the desired wavelength.
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Transparency is a physical property of materials, which allows light to pass through the material
without significant scattering or absorption (Fei et al., 2020). Roughness, pores and grain boundaries will

scatter light (Figure 16), significantly comprising transparency (Chen et al., 2012; @gendal, 2019).
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Figure 16 - Light scattering. (Adapted from Ogendal, 2019)

As mentioned, superhydrophobic surfaces or films require a large surface roughness and a low surface
energy. From the point of view of surface roughness, hydrophobicity is competitive with transparency
because it is the source of light scattering (Akira Nakajima et al., 2000).

Likewise, it is difficult to achieve both superhydrophobicity and high optical transmittance on the same
surface, mainly because the surface features required for superhydrophobicity often leads to severe light
scattering, resulting in nearly opaque or translucent surfaces (Fei et al., 2020; Karunakaran et al., 2011).
An increase in surface roughness leads to a decrease in the optical transmittance due to Mie and Rayleigh
scattering. Both theories assume that the surface roughness is created by spherical and non-absorbing
particles that redirect the incident light. The relationship between particle size and incident light
wavelength is used to categorize the scattering models. Mie scattering takes place when the diameter of
the particle is close to the incident light wavelength, and Rayleigh scattering occurs when the particle size
is much smaller than the wavelength of the incident light (< 1/10 A).

This phenomenon caused by surface roughness is mainly due to the Mie scattering effect. Mie

scattering theory is described in the following equation:

d% <O
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Csca =

The scattering cross section (Csc4) provides a quantification of light scattering as a function of particle
diameter (d), where a,, and b,, are Mie coefficients of the order n, relating to the electromagnetic
properties of the material. The Csc4 is directly proportional to the square of the particle diameter,
indicating the existence of an upper limit beyond which the surface feature size, while providing a platform
for superhydrophobicity, will result in significant light scattering, and thus reduce transparency (Fei et al.,
2020). Therefore, precise control of roughness is required to satisfy both hydrophobicity and
transparency. It is necessary to find the critical window, where the roughness is optimized for optical
transmittance yet high enough for superhydrophobicity.
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Based on research, surface roughness below the wavelength of incident light can help minimize Mie
scattering (Fei et al., 2020; Yilgor et al., 2016). According to Liu et al. (2019), when the surface roughness
is larger than Vs of the wavelength of light, it causes light to scatter and thus loss of transmission
depending upon the length and concentration of rough features (Y. Liu et al., 2019). It is believed that, to
some extent, both transparency and superhydrophobicity of the surfaces can be obtained simultaneously.
However, the required micro/nanostructures for superhydrophobicity are usually vulnerable to abrasion,
exhibiting poor mechanical durability (Fei et al., 2020). The intrinsic contradiction of transparency and
superhydrophobicity plus durability issues are a major challenge to overcome for preparation of self-
cleaning surfaces with good optical transmittance.

Ngo et al. also investigated the effect of the micropillar step size upon the superhydrophobicity and
transparency on a Polydimethylsiloxane (PDMS) sample (Ngo et al., 2015). They produced PDMS
surfaces with cone-shaped micropillars arrays with an average height of 20 um and base diameter of 23
um, and tested five different step sizes: 40 um, 60 pum, 80 pm, 100 pum and 120 pum. They reported
that the transparency increased with the increase of the step size. With smaller distances between the
structures, there was a higher concentration of the pillars, contributing to light scattering and
consequently loss in transparency (Figure 17). They also found that the critical step size of 80 um made
it possible to achieve both superhydrophobicity, with WCA of 175 ° and a good transparency, with only
2% of transmittance loss over the 300-1000 nm spectral region.

(2) (b)

\

Figure 17 - Schematic diagrams illustrating the effects of step size upon the effects of step size upon transparency. a) small step size and
b) large step size. (Adapted from Ngo et al., 2015)

The self-cleaning effect of superhydrophobic surfaces is especially critical for optical applications such
as sensors, the main focus of this work, which should be dust-free for optimum efficiency. Studies have
been carried out on designing and fabricating superhydrophobic and transparent materials through the
control of the structure’s dimensions, although is not straightforward how the surface topography
dimensions can affect the transparency. According with the authors mentioned previously, for a surface
to be transparent, surface structures should be smaller than the wavelength of the incident light, and the

precise control of other roughness parameters are also important for the achievement of both properties.
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2.7. Methods and Processes used for the Production of

Superhydrophobic Polymer Surfaces

Before going into the description of the methods and processes used for the production of
superhydrophobic polymer surfaces, it will be useful to list the critical structural features that must be
incorporated onto polymer surfaces in order to observe superhydrophobic behavior. To prepare
superhydrophobic polymeric surfaces with water contact angles superior to 150° and contact angle
hysteresis below 10°, these following general requirements must be incorporated (Khosrow Maghsoudi
et al., 2020; Yilgor et al., 2016):

i.  Use preferably low surface energy substrates;

ii.  Microstructures distributed throughout the surface with an average distance between them;
iii.  Preferably the use of nanoscale roughness on the protrusions;
iv.  High aspect ratio of the surfaces asperities to provide a large surface area for the structures;
v.  Pillars lacking sharp edges to limit pinning of the water droplet;
vi.  Tight packing of the structures to avoid destabilization of the solid/liquid/air composite;

vii.  Small-sized asperities relative to droplet size.

Various physical and chemical methods have been developed to create superhydrophobic surfaces.
In general, these approaches can be divided into three groups, bottom-up, top-down and combined
approaches.

Bottom-up approaches, including chemical vapor deposition (CVD), electrochemical deposition (CBD),
layer-by-layer (LbL), colloidal assembly and sol-gel methods, create surface roughness by depositing
materials onto a surface. These methods produce micro/nanoscale superhydrophobic surfaces even from
hydrophilic materials (Celia et al., 2013; X. M. Li et al., 2007; Khosrow Maghsoudi et al., 2020). However,
they are limited in their use in industrial applications due to elaborated procedures and high costs of
fabrication. In addition, micro/nanostructures produced via bottom-up approaches are not originated from
the substrate, possibly leading to poor mechanical durability (Fei et al., 2020).

Top-down approaches, which include lithography, templation, micromachining, LIGA, plasma
treatment, laser ablation and etching, are based on removing materials from the surface to create an
appropriate surface roughness (Celia et al., 2013; X. M. Li et al., 2007; Khosrow Maghsoudi et al., 2020).
The rough surface is an integrated part of the substrate and thus it has relatively high mechanical
durability. The properties of the substrate are very crucial to the processability and quality of the surface.
The low throughput and high cost of top-down approaches are the main limiting factors of their practical
applications (Fei et al., 2020). The produced surface through this approach can also become a template

in a polymer processing method to directly replicate the created roughness on a polymeric surface.
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There are also methods based on the combination of both bottom-up and top-down approaches, for
example, casting of polymer solution, phase separation and electrospinning. The combination of bottom-
up and top-down approaches might have the apparent advantages of both methods and it is especially
useful for the creation of architectures with a dual-scale roughness. The combination techniques often
consist in two stages. Generally, the first step is the top-down approach for the creation of a rough surface
and the second step is bottom-up process for the creation of the adequate roughness. However, some
combination methods do not show a distinct two-stage process (X. M. Li et al., 2007). Moreover, these
methods are not yet practical in an industrial context, most of these techniques suffer from process
complexity, low level of automation, limitation of available materials and high specialization of the required
equipment.

Given the interest in mass producing superhydrophobic surfaces, the application of polymer molding

processes to the making of superhydrophobic surfaces arises as the main focus of this work.

2.7.1. Replication-based Methods

As mentioned previously, thermoplastic polymers have aroused wide interest for self-cleaning
applications. Therefore, many researchers have explored the fabrication of superhydrophobic surfaces,
based on these polymers, with various techniques, such as photolithography processes, etching
techniques, among others.

Although the aforementioned techniques could generate superhydrophobic surfaces, the preparation
of hierarchically structured superhydrophobic products still cannot meet the demands of large-scale
industrialization. Therefore, there is still demand for the development of simple, efficient and economical
fabrication methods that are capable of precisely controlling the dimensions and shapes of the surfaces
structures (J. Li et al., 2018; Sun et al., 2019).

Alternatively, replication-based techniques have been regarded as a more cost-efficient and scalable
processes. Replication-based techniques can be applied to already produced polymer surfaces, sheets
and films, among others. Regular surface structures as well as relatively complex patterns can be created
via replication-based techniques and the range of available polymer materials provides a wide selection
and variety for fabricating patterned surfaces that meet specific properties (Guan et al., 2013; Khosrow
Maghsoudi et al., 2020). Moreover, these methods are usually relatively simple and require less expensive
equipment (Yeong & Gupta, 2017).

Replication-based methods generally involve three steps, template making, where a template with
suitable structures is manufactured, a molding step, where a polymeric material is replicated on the

template surface based on the specific processing technique being applied, and a demolding step, where
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the structured polymer surface is very carefully detached from the template surface (Khosrow Maghsoudi

et al., 2020).

There are some advantages attributed to the replication-based manufacturing of superhydrophobic

polymer surfaces compared to other means of fabrication (Khosrow Maghsoudi et al., 2020):

Polymer processes are industrially practical methods that facilitate the mass production of
superhydrophobic surfaces;

Polymer processing techniques benefit from a high level of automation. They are usually
simple processes, applicable to complex shapes and sizes, and that does not require
excessive specialization of equipment;

A wide range of polymers, including thermoplastics, thermosets, rubbers and thermoplastic
elastomers can be processes using this type of techniques;

Superhydrophobic polymer surfaces fabricated by replication-based methods can be highly
resistant to mechanical damage, showing great durability. In replication-based method, the
micro/nanostructures required for obtaining superhydrophobicity are a part of the bulk
material. Therefore, these replicated surfaces benefit from high cohesive forces and thus a
higher level of mechanical and chemical durability;

Due to the use of inserts or templates in an injection or compression mold cavity, the polymer
surface can be produced directly. Moreover, the fabrication of micro/nanostructures on

already produced polymer materials is also possible through the hot embossing technique.

However, despite the above mentioned advantages, several issues limit the wider application of

replication-based methods, and further research is required to overcome many of this existing issues

(Khosrow Maghsoudi et al., 2020):

The replication of some structure shapes, such as reentrant structures like T-shape,
mushroom-like structures, among others, may provide the desired superhydrophobic
property. However, these structures are often associated with serious demolding issues that
prevent the successful fabrication of such structures;

Currently, some approaches have been introduced to create nanostructures on a
microstructured surface to create hierarchically structured surfaces, such as a combination
of a two-level hot embossing via heating-cooling cycles and stretching of structures at higher
molding temperatures when demolding. However, the fabrication of nanostructures using
polymer processing techniques remains challenging due to complications during the filling
and demolding steps;

Polymer materials, have difficulty filling nanostructures due to their high viscosity and non-
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Newtonian behavior. In case of thermoplastics, the manipulation of processing parameters,
such as mold and melt temperature, can offer a solution for this issue;

iv.  Micro/nanostructures are prone to damage from mechanical forces during demolding, being
required a careful use of both produced samples and templates, and although and antistiction
coating on the mold surface can be applied, this may create issues on the structures filling;

v. Template quality affects the replication quality of the produced surfaces. The
micro/nanostructures of a template can be damaged by repetitive molding-demolding cycles
due to mechanical forces or the filling by polymer materials. Although some studies have
attempted to reduce damage during demolding, prolonging the template lifespan remains a

major challenge.

2.7.1.1. Injection Molding

Among the diverse polymer processing techniques, injection molding is one of the most potential
techniques to fabricate polymer products in large numbers (Figure 18) (Zhou et al., 2018). Injection
molding profits from a low cost of fabrication of polymers parts in large quantities, the possibility of
producing versatile shapes, short cycle times and simple automation (Khosrow Maghsoudi et al., 2020).
The replication quality has been shown to be influenced by mold temperature, melt temperature, injection
velocity, injection pressure, holding pressure and ejection temperature (Matschuk & Larsen, 2013). The
greatest challenge in injection molding of micro/nanostructured surfaces is the proper filling of polymer
into the structures. This difficulty emerges from the arduous filling of polymer melt into the
micro/nanostructures and the fast cooling rate of the polymer material in the mold cavity, due to the heat
transfer from polymer to the cold mold (Khosrow Maghsoudi et al., 2020; Matschuk & Larsen, 2013;
Stormonth-Darling et al., 2014). High-quality replication requires both complete filling of the mold
structures by the polymer melt and negligible deformation of the solidified replica during demolding
(Matschuk & Larsen, 2013). For an improved control of the demolding quality, usually is applied an anti-

sticking coating layer on the mold insert, especially for the high aspect ratio structures (Zhou et al., 2018).
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Figure 18 - Schematic of injection molding. (Adapted from Khosrow Maghsoudi et al., 2020)
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2.7.1.2. Polymer Casting

Another promising technique is polymer casting, in which a polymer material having a suitable
flowability is poured onto the template surface (Figure 19). The material can fill the micro/nanostructures
without the need of any pressure, due to the low viscosity of the polymer. However, the filling is
occasionally quite difficult, especially for nanostructures due to the presence of trapped air (Khosrow
Maghsoudi et al., 2020). Nonetheless, filling can be achieved under vacuum. Given the specific properties
that a polymer should possess for use in this technique, i.e., low viscosity and favorable flowability, PDMS

is the main material used in this method (Hong et al., 2013).
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Figure 19 - Schematic of polymer casting. (Adapted from Khosrow Maghsoudi et al., 2020)

2.7.1.3. Hot Embossing

Hot embossing or the thermal nanoimprint technique is one of the most highly used processes for
fabricating micro and nanostructured surfaces. Both amorphous and semicrystalline thermoplastic
polymers and thermoplastic elastomer polymers can be replicated via hot embossing (Khosrow
Maghsoudi et al., 2020). This process replicates a microstructured master, a so-called mold insert, in a
polymer substrate. Hot embossing process relies on increasing the temperature of a polymer substrate
up to its melting range in semicrystalline polymers or above its glass transition temperature in amorphous
polymers and then on pressing a heated mold into the polymer for generating pressure to fill the surface
structures (Omar, 2013; Worgull, 2009).

This method for fabricating micro and nanostructures on polymer substrate was firstly proposed by
Chou S. Y. of Princeton University of the United States (Chou et al., 1995). Since then, this technology
has attracted a significant interest among micro and nano replication processes due to the relatively
simple set-ups and short lead times associated with its implementation.

In both academia and industry, this method is regarded as a more cost-efficient and scalable technique
for the fabrication of high quality polymer structures, both on micrometer and nanometer scales, and also
provides several advantages such as relatively low cost embossing tools, loss cost required for

manufacturing, a single mold that can be used for mass production, simple operation and high replication
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accuracy (Deshmukh & Goswami, 2020; Juang et al., 2002; Peng et al., 2014; Sun et al., 2019).
Compared with other methods, this technique presents a much better processability ability for the
fabrication of polymer micro/nanostructures, showing great precision forming at both micro and nano-
scales (Sun, Zhuang, et al., 2019).

Up to date, the are mainly three kind of hot embossing technology, distinguished by the configuration

of the molding tools, including Plate to Plate (P2P), Roll to Plate (R2P) and Roll to Roll (R2R) (Figure 20).
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Figure 20 - Schematic diagrams of three modes of micro hot embossing. (a) P2F, (b) R2P—roller mold, (c) R2P~flat mold and smooth
roller, and (d) R2R. (Adapted from Peng et al., 2014)

The R2R hot embossing is characterized by the use of two rotating cylinders, one is microstructured
and the other one is the supporting roller. The polymer substrate in placed in between and is continuously
passed through the roller (Deshmukh & Goswami, 2020). R2R embossing allows a high cylinder rotation
speed and likewise is suited for the series production of large batches. The R2P is described by a rotating
cylinder and a flat plate, where the cylinder can unwind. It is similar with the R2R principle, with the
difference that the mold can be integrated in the plane area. The cylinder rolls along the microstructured
mold and the embossing of the structures takes place on the contact line (Worgull, 2009). However, both
of these principles can only be applied to the production of microstructures with low aspect ratios and a
low heights due to demolding issues (Worgull, 2009).

Among these embossing technologies, the P2P hot embossing has advantages of high precision, good
replication, flexibility in material choice and process controllability (Wu et al., 2016). The schematic of
P2P hot embossing is illustrated in Figure 21, which contains a mold plate with microstructures and a
substrate plate. As an advantage, the press force over the whole microstructured area allows the use of
polymer melts, a prerequisite for molding high microstructures with high aspect ratios, making it the most
suitable for the fabrication of superhydrophobic surfaces. Another advantage lies on the fact that

structures can be demolded by a motion parallel to the structures. Hence, the risk of damaging the
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structures is lower than the other principles. Due to these advantages and the fact that microstructures
molds are typically produced on flat areas, this is the conventional method of hot embossing (Worgull,
2009). However, P2P hot embossing is a discontinuous batch-wise mode facing drawbacks of limited
efficiency, high deformation force and small replication area (Peng et al., 2014).

The technological procedure of hot embossing comprises of four major steps (Figure 21): (1) heating

the mold and substrate to molding temperature above its glass transition temperature, T,, in case of

amorphous polymers or melting temperature, T,,, for semicrystalline polymers, (2) embossing the
microstructure patterns at embossing pressure, (3) after preset embossing time, cooling the mold and

substrate to demolding temperature below Ty or Ty, accordingly with the used polymer and (4) separating

the mold from the substrate by opening the tools (deembossing).
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Figure 21 - Schematic representation of a typical micro hot embossing process including four major steps. heating, molding, cooling and
demolding. (Adapted from Peng et al., 2014)
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Figure 22 - Procedure’s diagram of the traditional hot embossing process (Pp - preload pressure, Ty - room temperature, Ty — embossing
temperature,; Ty, — demolding temperature; Py — embossing pressure). (Adapted from Wu et al., 2016)
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Figure 22 shows the procedures diagram of the hot embossing process, which in detail usually starts
with the mold and the substrate being brough in contact with each other and heated under vacuum from
the room temperature (Tg) to the embossing temperature (Tg). As a result of the contact, the heat transfer
between the mold and the substrate is optimized, leading to a more homogeneous temperature

distribution in the polymer. During the heating time the pressure is maintained at P, (preload pressure).

When the polymer temperature is close to the embossing temperature, the preload pressure is increased
to the embossing pressure (Pg). This pressure is kept for a particular duration known as embossing time.
During this time, the polymer deforms under constant load, which results in a decrease in the residual
layer and the filling of the cavities. During the molding process, both temperature and pressure remain
constant. The isothermal embossing under vacuum is important to fill the cavities of the mold completely,
since air inclusions or cooling during the mold filling may result in an incomplete molding of the
microstructures in particular with high aspect ratios. Upon the end of the embossing time, cooling of the
mold and substrate starts while the pressure is maintained. Finally, when the demolding temperature of
the polymer is achieved (Tp), the molded part is demolded from the mold by the relative movement
between mold and substrate (Deshmukh & Goswami, 2020; Worgull, 2009).

In case of thermoplastic polymers, considered the most suitable materials, they experience two stages
of deformation in the whole process: one is a stress concentration and strain hardening stage occurring
in heating and embossing steps, and the other is a stress relaxation and deformation recovery steps which
occurs in cooling and demolding steps (C. Liu et al., 2010; Sun, Zhuang, et al., 2019).

The stresses develop in a component after hot embossing is much less than in other methods. This
could be attributed to the fact that in hot embossing, the polymer is stretched over a smaller distance
from the bulk of the polymer substrate. The operating temperatures range in this technique is much less
compared with other manufacturing methods, which helps in decreasing the shrinkage and frictional
forces during the cooling and deembossing steps, respectively, leading to higher shape and dimensional
precision (Deshmukh & Goswami, 2020; Sun, Zhuang, et al., 2019).

The pressure applied for replication in the hot embossing process is well distributed in the component,
while in the injection molding process, for example, it is applied only at the injection gate and it dissipates
throughout the mold cavity during the injection phase. On the other hand, the hot embossing cycle is
relatively long if compared with injection molding, for example, due to the low cooling and heating rate of
the bottom and top plates. This process could take up to 30 minutes depending on the mold design,
machine and the replicated materials where the complex and high aspect ratio structures will prolong the
process. Also the material viscoelastic behavior under embossing conditions which determines the

replicability of the polymer will directly affect the processing time (Omar, 2013).

29



One of the major challenges faced during hot embossing is to arrive at optimum level of process
parameters to ensure complete filling of the cavities on the embossing tool with the work material to
achieve the maximum accuracy. Another challenge is to apply the optimum level of deembossing force
in the cooling step to separate the mold from the polymer without damaging or distorting the replicated
structure on the polymer (Deshmukh & Goswami, 2020). According to Worgull, demolding is the most
critical process step of hot embossing, depending on the process parameters and the quality of the mold,
demolding forces can vary by several factors (Worgull, 2009). The demolding-related defects, such as
broken and distorted features, are important issues that limit the wide application of this method,
especially in production of patterns with high aspect ratio. These phenomena may be attributed to the
thermal contraction behavior of polymer being significantly different from that of the molds. As a result,
large thermal stress during the cooling phase is generated because of this disparity, making it difficult to

separate the features from the mold (Peng et al., 2014).

2.8. Factors Affecting the Replication and Part Quality in Hot

Embossing

The molding parameters of hot embossing comprise process parameters, which are controlled by
users, material parameters and influencing factors mainly from the embossing machine. Together, they
influence the quality of the molded part. Therefore, their understanding and characterization is important
to avoid defects or failures on the embossed parts.

The overall factors affecting the control of the process and the quality of the embossed parts can be
separated into the five following groups:

i.  Embossing machine;

ii.  Embossing tool (alignment system, heating unit and cooling unit);
ii.  Substrate Plates;

iv.  Mold insert/Microstructures;

V. Process Parameters.
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Figure 23 - Schematic view of the process parameters and factors influencing the quality of the replicated parts. (Adapted from Worgull,
2009)

The stiffness of the machine must be as high as possible in order to prevent bending of the plates
under the embossing load, and consequently the possible damage of the structures during demolding.
The precision of the plate displacement through the motion of the crossbars is responsible for the required
parallel movement of the mold and the substrate material, which in turn influences the quality of the
molded part. The lack of parallelism results in a gradient in the residual layer, a non-uniform-filling and
the creation of high stress in one area, which may be the reason structures get damaged during demolding
(Omar, 2013; Worgull, 2009). Furthermore, the evenness and the surface roughness of the plates is of
particular importance to ensure a homogeneous thickness of the molded part over the complete

embossing surface.

Another important factor is the homogeneous and stable temperature distribution during the heating
and cooling phases. The accuracy of a homogeneous temperature distribution in the mold and substrate
plate is essential for a successful molding. In particular, non-homogeneous temperature distribution
during the heating stage could cause a non-uniform flow of the polymer melt and also, can contribute to
variations in thickness of the residual layer. In the cooling stage, a non-homogeneous temperature
distribution could be more problematic as it can result in an inhomogeneous solidification and anisotropic
shrinkage, which can lead to warping of the produced replica (Omar, 2013).

The thermal properties of the polymer material are very important to control the embossing process,
namely the molding and demolding temperature are crucial parameters for achieving high quality
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replicated parts. The isotropic or anisotropic behavior of the polymer material will also affect the shrinkage
and the warpage of a replicated part. Amorphous polymers are typically characterized with isotropic
shrinkage, while semicrystalline polymers present anisotropic behavior. Therefore, the orientation of the
crystallite structures determines the shrinkage and warpage of the molded parts. Furthermore, the
molecular weight of a material will affect the cavities filling. The longer the polymer chains, the higher the
embossing temperature has to be chosen above Ty, in order to maintain a viscosity suitable for replication
of the mold pattern into the polymer substrate, also resulting in an increase on the processing time due

to long heating and cooling cycles (Schulz et al., 2005).

The mold material should also show chemical resistance to the polymer substrate, and a high heat
conductivity of the mold material will also help reduce heating and cooling times, providing a more efficient
cycle. In addition, the material properties of the mold are responsible for its deformation behavior when
it is under load. Silicon molds can be broken easily under a small applied pressure and other molds made
of relatively soft materials can be bent easily which can cause failures or defects on the final product
(Omar, 2013). Evenness and parallelism of the mold are also essential for molding structures and
achieving a uniform filling and a thin residual layer. Furthermore, the roughness of the mold surface is
another factor responsible for high friction and demolding forces, that may cause the risk of damaging
the structures during demolding. Another important factor is concerned with the mold machining defects
like overlaps or the roughness of the vertical walls, as such surface features could damage or separate
the polymer structures during the demolding step. To achieve a successful demolding, the surface
roughness, especially of vertical sidewalls, should be reduced as much as possible (Omar, 2013; Worgull,
2009). In addition, the layout and the aspect ratio of the structures of the mold could cause filling
problems during embossing and high forces during the demolding step (Omar, 2013). The use of mold
coatings, lubricants and release agents can reduce friction, and thereby reducing the risk of damaging
the structures during demolding. However, if its not an appropriate one, it can obstruct the structures and

hinder the filling.

One of the most important factors which will affect the replication quality and accuracy is the
controllable process parameters. The following process parameters, which can be controlled by the user
during the setting up of a replication process on a hot embossing machine, define the hot embossing
cycle:

i.  Embossing temperature;
ii.  Embossing pressure;
ii.  Embossing velocity;

iv.  Embossing time or holding time;
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v.  Demolding temperature;

vi.  Demolding velocity.

A general hot embossing cycle cannot be defined due to the large variety of process variations, their
individual adaptation to the requirements and the mold designs. Likewise, for each process the values of
each parameter have to be set up individually, depending on the design of the structures, the molding
material and the molding area.

With the rapid development of micro and nano manufacturing technologies and the in-depth studies
on hot embossing processes, researchers generally agree that the main processing parameters for this
method are the embossing temperature, pressure and time, as well as the vacuum environment when
applied (Sun, Zhuang, et al., 2019; Telgarsky et al., 2004). Several researches investigated the effects of
these factors and the generic conclusions were that an increase of these three process parameters leaded
to improvements of the process performance (J. M. Li et al., 2008; Sun, Zhuang, et al., 2019). In
particular, the embossing temperature was found to be of major importance for achieving better
replication (Bhagat & Gupta, 2015; J. M. Li et al., 2008). Therefore, these results indicate that high values
of process parameters can be used to ensure the complete filling of the cavities, however, it should be
noted that such setting may also lead to negative effects such as an increase of the cycle time, degradation
of the material, among others.

Li et al. investigated the effect of the process parameters on the polymer flow via online observation
with stereo vision microscopy (J. M. Li et al., 2008). The results demonstrated that the embossing
temperature had the most significant role in the replication accuracy of the width and shape of the
structures, followed by the embossing pressure and time.

The main principle of determining the processing window of the hot embossing is to cover the
temperature range where the polymer has enough flow or deformation ability filling in the cavities of the
mold at available embossing pressure. According to Sun ef a/,, the embossing temperature needs to
between 10 to 40 °C above the glass transition temperature for amorphous polymers, and in some cases,
even higher than the melting temperature T, or viscous flow temperature of the material T (Sun,
Zhuang, et al., 2019). The temperature curve of the mold and substrate plate is also dependent of the
quality of the heating system, heat conduction of the materials, and the amount and quality of heat
transfer between the heating system and mold, which are also factors that affect the time needed for

reaching the desired molding temperature.
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Defects can occur during the principal process stages as follows:

i.  During the filling stage, the main objective of the replication process is to obtain the complete
filling of the structures since an incomplete filling leads to the geometric inaccuracy of the
structures. Defects during this stage could happen due to the lack of required pressure to fill
the cavities at a given temperature.

ii. Inthe cooling stage, sink marks can occur if the applied pressure is not enough to prevent
shrinkage as it will induce poor contact pressure between the mold and the polymer.
Moreover, the differences in shrinkage during cooling, due to the fact that thermal contraction
behavior of polymers is significantly different from the molds, could cause a warpage of the
structures or of the whole part. Furthermore, a short cooling time will increase the internal
stress of the part as there will not be enough time for the relaxation of the shear stress during
embossing and the orientation of the polymer molecules will be frozen too rapidly.

ii.  The demolding stage is the most sensitive step which tends to cause the worst defects and
limitations. Broken and pulled out structures as well as damaged edges could happen during
this step as a result of high adhesion and friction forces between the mold structures and the
polymer. Distorted features could happen due a non-vertical demolding and overstretching

can happen due to the joint action of frictional force and high demolding temperatures.

The process parameters for hot embossing have to optimized depending on the feature size, geometry
and shape of the pattern and finally the mold and substrate contact area in order to obtain the best
replication accuracy. The parameters values must concern the highest value to assure the complete filling
of the cavities, but in a range to avoid material degradation and other process defects. Also, to improve
replication, technologies such as vacuum, to avoid incomplete filling of microstructures should be

employed.

2.9. Hot Embossing of Micron-Sized Parts with High Aspect Ratio

As mentioned previously, to achieve a desirable superhydrophobicity by creating microstructures on a
polymer part, a high aspect ratio is required. To emboss high aspect ratio structures, in line with what
was abovementioned, there are process and material properties that have to be taken into account.

Becker et al. (Becker & Heim, 2000; Juang et al., 2002) have suggested the following processing
conditions for hot embossing of polymer parts with micron-sized features:

i.  The thermal cycle, defined as the temperature range between embossing and deembossing

temperatures, should be 25°C to 40°C in order to minimize the thermally induced stresses;
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Vi.

Vii.

The embossing pressure should be around 0,5 to 2 kN/cmz;

Automated deembossing is required if the structures have vertical walls and a high aspect
ratio;

For embossing structures with high aspect ratio, the side wall surfaces of the mold must be
kept as smooth as possible in order to minimize the friction force between the mold and the
polymer substrate. The microstructure is destroyed if the frictional forces become larger than
the local tensile strength of the polymer. For making structures with aspect ratio higher than
0,5, the empirical limit is 80 nm RMS.

The above-described friction between the mold and substrate is particularly critical in
microstructures with vertical side walls. A small draft angle eases this constraint, as
mechanical contact between the mold and polymer is immediately lost in the demolding. If
the application and mold fabrication allows angles different from 90 °, this advantageous in
the fabrication process.

The thermal expansion coefficients of the mold and the polymer substrate also must be taken
into consideration, because of the additional force caused by the difference in shrinkage
between the mold and the polymer;

To minimize adhesion between the mold and the polymer material, which creates an
additional force in the deembossing step, both surfaces should offer as little chemical surface
bonding sites as possible. Although mold release agents and plasticizers can be added to the
polymer, in the fabrication of a biochemistry or biomedical devices, these components are not

desirable, owing to sample contamination or an increased fluorescence background.

2.10. Hot Embossing in the Production of Superhydrophobic Surfaces

Several studies have been investigating the production of superhydrophobic surfaces through the hot

embossing technique.

Bhagat ef a/. presented an approach for large-scale microstructure replication on PC surfaces (Figure

24a) with the use of silicon (Si) wafer masters (Bhagat & Gupta, 2015). In summary, they demonstrated

that microtexturing alone through hot embossing can lead to superhydrophobic behavior of polycarbonate,

without the need of surface chemical modification. Moreover, it was shown that the hydrophobic

properties of the PC surfaces could be tailored over a wide range through a proper control of temperature

of the master during the replication. By increasing the temperature from 155 to 175 °C, the average

height of the micropillars on the PC surfaces increases from 1,34 to 6,68 um. As a consequence, this

35



change in the micropillar height enhanced the WCA from 82 ° to 155 °, demonstrating the existence of
strong correlation was between the average height of micro-pillars on the PC surface and the resulting
WCA (Figure 24b). The PC surfaces obtained at 175 °C exhibited a contact angle as high as 155°, a
sliding angle of 9° and a contact angle hysteresis of 7°. The results reported on this study prove that a
single scale roughness on a microscale level, can boost the WCA of an intrinsically hydrophobic PC

surface to the superhydrophobic regime and the self-cleaning property.
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Figure 24 - PC surfaces obtained through hot embossing. (a) SEM images of replicated polycarbonate using microtextured Si master. (b)
Contact angle variation as a function of average microtexture height for polycarbonate surfaces replicated at various temperatures. Contact
angle values were reproducible within +1°. (Adapted from Bhagat & Gupta, 2015)

K. Li et al successfully fabricated hierarchical micro/nanostructures comprising nanopillars
superimposed on micropillars on a thermoplastic cyclic olefin polymer (COP) substrates through hot
embossing (K. Li et al., 2020). First, an array of nanopillars in the shape of circles or ellipse were
fabricated on a Si wafer (Figure 26), using photolithography and deep reactive ion etching (DRIE) process
for pillar diameters between 300 m and 500 nm. Secondly, an array of circular shaped micropillars with
either square or hexagonal arrangements and nominal pillars sizes of 15 um or 20 um diameter were
etched to a depth of 20 um or 30 um using photolithography and DRIE processes. Subsequently, the
master mold was transferred to a flexible FEP working mold, followed by the replication of the hierarchical
micro/nanopillars into the COP substrate by hot embossing. They fabricated thermoplastic hierarchical
micronanopillar surfaces were superhydrophobic with WCA above 150 °. However, they reported that the
hydrophobicity was enhanced with the decrease of the size of the nanopillars superimposed on the
micropillars and with the use of circular pillars instead of elliptic. Likewise, by further decreasing the size
of the nanopillars down to 150 nm, as well as a post-fabrication fluorocarbon coating, they were also able
to achieve WCA large as 167 © and sliding angles of 2.5 °. This study demonstrated that its possible to
produce a hierarchical structure on a polymer surface through hot embossing (Figure 25), and those self-

cleaning properties can be achieved.
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Figure 26 - Fabrication of hierarchica roughness on the mold. a) Process flow chart of the fabrication of hierarchical micronanopillars on
thermaoplastic substrate. b-c) SEM images of an array of nanopillars on Si substrate. d-g) SEM images of hierarchical micro-nanopillars on Si
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Figure 25 - SEM images of hierarchical micro- nanopillars replicated through hot embossing. a-c) SEM images of a sample with elliptic nanopiflars
(450 nm by 880 nm) superimposed onto a micropillar (19 um diameter).d-f) SEM images of a sample with round nanopillars (450 nm diameter)
superimposed onto a micropillar (15 um diameter). g-) SEM images of a sample with elliptic nanopillars (250 nm by 680 nm) superimposed onto
a micropillar (19 um diameter). j) SEM image of a sample with round nanopillars (250 nm diameter) superimposed onto a micropillar (19 um

diameter). (Adapted from K. Li et al., 2020)
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Rohrig et al. developed a combination of the classical hot embossing process, hierarchical hot
embossing and hot pulling to fabricate a gecko-inspired three-fold hierarchy of micro-nanostructures on a
PC surface (Rohrig et al., 2013). The presented process involves a hot embossing step to create
micropillars, a second step to create quadrangular pillars and a hot pulling step to create nanohairs
having an aspect ratio as high as 10. This study does not show if superhydrophobicity can be achieved
with this combination, however due to the characteristics of the produced surface it is a promising method
for this application.

The develop technique is a combination of a two-level hot embossing: the first creates microstructures,
and the second creates an additional level of submicro or nanostructures. This method is only applicable
for thermoplastic polymers as two heating-cooling cycles are needed. Besides being completely automatic
process, the introduction of an electromechanical sensor principle allows the precise fabrication of
hierarchies, as it allows the detection the first hierarchical level structures when the second level is about
to be imprinted. Lastly, the application of the hot pulling step promotes the elongation of the polymer
structures. In contrast to hot embossing, where the material is solidified before demolding by cooling the
tool, in the hot pulling step, the temperature of the mold insert is maintained above the material softening
temperature. Therefore, softened polymer chains are elongated due to adhesion and normal forces during
demolding. Benefiting from this phenomenon, the stretching effect, high aspect ratio nanostructures are

produced on the polymer surface and superhydrophobicity may be achieved in a very cost-effective way.

Figure 27 - Combining classical hot embossing, hierarchical hot embossing, and hot pulling a threefold hierarchy of micro- and nano-
structures was fabricated successtfully on a PC surface. (a) In a classical hot embossing process the lowermost pillars were replicated first.
(b) With a second mold, quadrangular pillars were molded on top in a hierarchical hot embossing step. (c) Applying hot pulling, filigree
high aspect-ratio hair were pulled out with a nanostructured mold insert. (Adapted from Réhrig et al., 2013)
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CHAPTER 3 -  MATERIALS, PROCEDURES AND
METHODOLOGIES

This chapter comprises the materials, procedures and methodologies used in the experimental work
defined for this dissertation. First it is presented a brief description of the experimental procedure,

followed by an overview of the production techniques, materials, and productive tools.

3.1. Experimental Planning

The experimental procedure defined for the present dissertation consist in the study of two different
materials in order to determinate the optimal conditions for its use in hot embossing for the production
of a prototype of a POW with self-cleaning characteristics. For its application on a LiDAR sensor to be
efficient, it is necessary that the produced samples exhibit superhydrophobic properties and an optical
transmittance in the required range (905 nm and 1550 nm) above 85%.

The experimental work is divided in three studies:

1. Determination of the optimal conditions for the embossing of PC through an improvised hot
embossing technique and the influence of the microstructure’s configuration and geometry
on its hydrophobicity and optical transmittance. And also, the establishment of the number of
cycles that the mold can handle without the need for cleaning, and, consequently, downtime
for the process;

2. Application of a hydrophobic coating, by spin coating, on PC samples produced with the
optimal conditions determined in study 1, and the study of its influence on the hydrophobic
behavior and optical transmittance;

3. Study of the operative conditions for PMMA in the hot embossing process, taking into account
the results obtained with the conditions of the study 1, and the influence of the replicated

pattern on the optical and hydrophobic properties of the produced samples.

3.2. Hot Embossing

The replication of surface features at the micro and nano scale is highly dependent on the technology
used to transfer the geometries from one substrate to another. As mentioned previously, hot embossing
is regarded as a cost-efficient and scalable technique for the fabrication of high precision and high-quality
polymer structures. As this technique presents a better processability ability for the fabrication of polymer

micro/nanostructures in comparison with other above-mentioned methods (section 2.7.1), it was the
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selected process to produce the prototype of the protective optical window for the LiDAR sensor.

Since a hot embossing machine was not available, the process had to be simulated with an improvised
station by using an existing hydraulic press in the laboratories of DEP at the University of Minho (Figure
28). A jig was also produced in order to easily place the insert between the center of the hydraulic press
plates in order to ease the procedure and to obtain a more uniform process in terms of pressure and
temperature distribution over the sample area (Figure 30a-b).

The hydraulic press is composed by an upper and lower plate. The lower plate was the one where the
jig with the microstructured insert and sample was placed, so it could be heated up above the glass
transition temperature of the used polymers materials in order to transfer the replication pattern. The
upper plate was the one responsible for applying the defined pressure, and it was heated below the glass
transition temperature of the polymers, so it would not affect the side of the sample where there should
be no replication. At the same time, the use of a hot upper plate is important to achieve a uniform
replication, as it not only helps to keep the substrate under a positive pressure but also kept it warmer,
otherwise, a significative difference between the temperature of the plates would result in unwanted
deformation of the material. Also, in order to maintain the face of the sample without replication
completely flat, with no change in its surface topography to obtain better optical properties, it was also
produced a polished metal plate that is screwed to the upper plate, preventing the direct contact between
the sample and the plate of the press and the consequent transfer of roughness (Figure 30c-d).

The process has a similar approach as the one used in hot embossing, except it was not possible to
apply a vacuum phase and the demolding of the part had to be manual since the press was not equipped
with an extraction system, which may cause the defects already listed in Chapter 2, such as incomplete

molding or distorted and broken features.

Figure 28 - Improvised hot embossing station.
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Figure 30 - Acessories produced to optimizate the process. a) Frontview of the jig. b) Backview of the jig. c¢) Polished metal plate and
respective screws. d) Side holes of the metal plate that allow the fixation to the upper plate.

Upper plate
Metal Plate

Figure 29 - Configuration of the acessories and the insert on the press.
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3.3. Processing Materials and Production of the Substrate

The materials used to produce the protective optical window for the sensor were chosen especially
concerning their capacity of transmitting light within the LiDAR wavelength range, the infrared. However,
there are other specifications that the materials must fulfill, such as adequate mechanical and thermal
properties given its application, and a good processability to facilitate the microstructures filling.

Polycarbonate and Poly(methyl methacrylate) are one of the most convenient and frequently used
polymers in optic devices, such as contact lenses, due to their excellent transparency, showing optical
properties similar to glass (Her et al., 2013). In addition, they are also emerging as the materials of choice
for the hot embossing process due to their low cost and good processability (Kiew et al., 2009). However,
despite these advantages, both PC and PMMA surfaces exhibit water contact angles well below the
superhydrophobic regime (Table 1), which severely limits its widescale exploitation in applications where
water repellency is of paramount importance. Meanwhile, several attempts through hot embossing have
been successful in transforming hydrophilic materials into hydrophobic ones (Bhagat & Gupta, 2015).

Likewise, according with the requirements of the part, the polymer characteristics, cost and availability,
it was chosen one grade from PC and one grade from PMMA to perform the experimental work.

i.  PC Makrolon 2407 (black) by Covestro;
ii.  PMMA Plexiglas 8N (black) by Evonik Industries.

Usually, the polymer substrates used in hot embossing processes are obtained through extrusion, with
some advanced lines aligning the extrusion and embossing equipment in series. However, other molding
methods can be used to obtain the polymer substrates. In this study, the polymer substrates with
approximate dimensions of 50 x 50 x 2 mm for the hot embossing process were obtained through
injection molding of the PC and PMMA grades.

Immediately before any of the substrate’s plates were used in the hot embossing process, they were
firstly cleaned with compressed air to remove any particles that may be in the surface, and, secondly, if
stains and other impurities were still visible, they were also cleaned with isopropyl alcohol. The cleaning
of the samples is not only important to assure the proper filling of the structures during the process but
also to ensure that the optical properties of the part are not affected through damage caused by these

particles.
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3.4. Microstructured Insert

Replication of microstructures requires the preparation of tools to achieve the desired surface
structure. The key element in replication-based manufacturing methods is the use of a high quality
template for the production of multiple samples (Khosrow Maghsoudi et al., 2020).

The templates used in this study were projected for development of a protective optical window through
injection molding in a previous dissertation inserted in the same project where a steel insert was used as
a nickel deposition substrate to replicate the required micropattern (Martins, 2020).

Martins opted for using nickel as the material for the template because previously it was shown that
silicon (Si) inserts, due to their fragile nature, broke during the injection phase due to the high pressures
used in injection molding, and it also broke in the manual demolding step of the hot embossing process
((Martins, 2020; Pereira, 2018). Therefore, in the selection of a less brittle material that could support
high pressures and with an easy fabrication, nickel was chosen in order to determinate the optimal
conditions to obtain parts with a high replication degree.

The surface microstructure is composed by circular holes with the dimensions present in Table 2
(Figure 31). The dimensions and shape of the microstructures were developed taking into account the
existing reports in literature about the hydrophobic behavior and its production requirements. The
structures present a circular shape in order to facilitate the part demolding from the mold, since surface
details without corners are the best approach to ease the process and cause less damages in the features.

Table 2 - Dimensions and shape of the structures in the insert
Shape Diameter (um) Depth (um) Pitch (um)
Circular 5 10 15

1 Microstructured area

Figure 31 - Scheme of the microstructured insert plate with cylindrical holes. a) Area of the part without
holes. b) Cylinders hole diameter. c) Distance between holes. d) Cylinders depth.
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The method used in the production of the pattern was UV lithography, a technique based on
transferring a pattern from a mask to a surface using a radiation source, such as UV light (C. H. Lee et
al., 2010; Pinto et al., 2018). For this process, a photoresist, a photosensitive material, is exposed
through a photomask to UV light, whereas the exposed areas suffer a change in their chemical properties
to create a pattern (Figure 32). After the substrate is coated with a semiconductor layer, the photosensitive
material is deposited over the substrate by spin-coating, forming a thin and uniform layer. The photomask,
which is a transparent plate with patterned areas printed on it, is placed between the source of radiation
and the photoresister. After the shape and size of the features are defined, it is performed an etching
process in order to define the height or depth of the feature by removing the surface layers not covered
by the photomask. Then, a developer solution is used to dissolve the photosensitive material in the
exposed areas, in case of a positive photoresist material, leaving the substrate with the pattern of the
photomask. In case of a negative photoresist, the unexposed areas are removed with the developer

solution, leaving the substrate with the opposite pattern of the photomask.

Illumination

Mask l l l l/Maskglass

umination ﬁ
hotoresist
Layer

Substrate

Positive resist Negative resist
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Figure 32 - Scheme of a UV lithography process (Pinto et al., 2018).

To obtain the defined microstructure of the used mold, the tone of the photomask had to be reverted
to use a negative photoresist in order to achieve almost vertical walls (Figure 33b), which was not possible
with the positive approach (Martins, 2020). After optimizing the UV lithography process to achieve pillars
with enough height, the nickel deposition was made to reproduce the requested height (Figure 33c).
Subsequently to the deposition and lithography, ultrasonic frequency vibrations were applied in order to

clean organic residual on the formed holes, obtaining the microfabricated insert (Figure 33d).
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Figure 33 - Nickel deposition. a) Upper view of the pattern. b) Photomask with negative resist,
after finished. c) Nickel deposition process. d) After nickel deposition, before cleaning the
organic residuals. (Adapted from Martins, 2020)

For this study, there were two equal nickel inserts available to be used. One of them, the mold 1, was
already damaged from its use in previous studies (Figure 34a), and the mold 2 was in perfect conditions.
Likewise, it was initially decided to use the mold 2 in the embossing of PC and PMMA to obtain high
quality samples. However, during the first preliminary experiments with the PC samples, it was noticed
that the mold was suffering degradation on its surface, and that this degradation was increasing with the
number of cycles (Figure 34b). With the intention of minimizing the damage to the mold and preserving
the future possibility of using it in the confirmation experiments of the study, in order to have more realistic
results, it was decided to use the mold 1 for the definition of the optimal conditions. Therefore, it was
defined that for the PC study, as it was a more intensive study with a large number of experiments, the
mold 1 was going to be used for the definition of the optimal conditions, and then it would be produced
a small number of samples through the confirmation experiment with the optimal condition for the PC
with the mold 2 to obtain more reliable results. As for the study of the PMMA, as it is known that it would
be performed much fewer experiments, all the samples of the study would be performed with mold 2
while maintained a close monitorization of its condition.

During the experiments, the molds should be evaluated using optical microscopy with the purpose of
observing if the cavities are filled with material, as it would prejudice the replication quality. Always, if

necessary, the insert would be cleaned using a toluene bath with ultrasounds.
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Figure 34 - Nickel inserts available to be used in this study. a) Mold 1 (50 x 50 mm) - Damaged mold from previous studlies. b) Mold 2 (50 x 50
mm) - Mold that suffered degradation on its surface, starting with the formation of a bubble and then starting fo peel off in some regions with
the increase of the number of experiments performed.

3.5. Processing Conditions for Hot Embossing

At an early phase of the study, it was only defined the processing conditions for the primary study, the

embossing of PC (T, = 143 °C). The embossing temperature, pressure and time are considered the most

important parameters for hot micro/nano-embossing technology (Sun, Zhuang, et al., 2019). Likewise,
its important to concentrate the study on reaching the optimal values for these parameters. For the
embossing of microstructures using polycarbonate, the processing conditions were defined taking into
account the existing reports in literature (Becker & Heim, 2000; Bhagat & Gupta, 2015; Juang et al.,
2002), the embossing station used, the technical datasheet of the material and previous testing

experiments performed to validate the process that enable the definition of the stationary parameters.

Table 3 - Processing parameters applied in the embossing of PC samples.

Replication - .
Pre-heating Top Plate Temperature Replication Replication Demolding
. . Temperature . . . Pressure temperature
time (min.) (°0) (°C) (bottom Time (min.) (Ton.) ()
plate) '
5 100 165 10 2 120
175 15 4
6

For the study of the embossing of PMMA, the processing conditions would only be defined after the
analysis of the results obtained in the PC study. The values of the replication time and the replication
pressure, especially because the substrate samples of both materials have the same area, could be

similar in both studies, only the temperature used has to be adapted to the processing material.
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3.6. Design of Experiments

The design of experiments (DOE) is an essential statistical tool for a successful product development
and improvement, and provides an efficient and scientific approach to obtaining meaningful information
(Anderson & Whitcomb, 2000). DOE is defined as a branch of applied statistics that deals with the
planning, analysis, and interpretation of controlled tests in order to evaluate the factors that control the
value of a parameter or group of parameters. It allows various input factors to be manipulated,
determining the cause/effect relationship on a desired output (response). DOE is a relevant tool, not only

in an investigational environment but also in industrial applications.

3.6.1. Design of Experiments using the Taguchi Approach

The DOE by means of the Taguchi method was selected to help identify the effects of the parameters
and the optimal set of parameters among the effective factors by cutting down a number of experiments
in the study 1.

The Taguchi method is a statistical technique that allows to minimize product variability through
robust, multi-parameter optimization that employs a smaller number of experiments in order to identify
and optimize the parameters to achieve the desired response. Thus, it represents a simple and systematic
solution to determine the effect of variables on the responses and the optimal condition of the variables.
This method aims to produce high quality products at a low price for the manufacturer.

The Taguchi method uses a complete fractional design called orthogonal matrices and ANOVA as an
analysis tool. Orthogonal matrices are the minimum set of experiments that represent the various
combinations of factors and allow to organize the parameters that affect the process and the levels at
which they should vary.

In this way the Taguchi method, allows obtaining the necessary data to determine with the necessary
confidence, the factors that most affect the quality of the product with a considerable reduction in the
experimental tests performed, thus saving time and resources, thus marking the difference between the
conventional statistical technique, in which it is necessary to test all possible combinations.

The major steps to complete an effective designed experiment are (Pareek & Bhamniya, 2013):

i. Factors selection;
ii.  Selection of orthogonal array and factor levels;
ii.  Conduct experiments described by trials in orthogonal arrays;

iv.  Analyze and interpret results of the experimental trials.
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In this experiment, as mentioned previously, the factors taken into considerations are only the
replication temperature, pressure and time, i.e., 3 factors. As observed in Table 4, this experiment
presents 1 factor with 3 levels and 2 factors with 2 levels. By using the software Minitab, it was possible
to create a mixed-level Taguchi experiment, producing an L;, orthogonal array. Therefore, for the study
of the embossing of PC, it is needed to perform twelve different experiments (runs). For each run, it was

produced four samples to be analyzed.

Table 4 - The experimental factors of the PC study and their levels.

Experimental Factors Experimental Level
1 2 3
A: Replication Temperature (° C) 165 176 -
B: Replication Time (min.) 10 15
C: Replication Pressure (Ton.) 2 4 6

Table 5 illustrates the experience plan to be performed during the first study. The level 1 corresponds
to the lower level and level 2, in case of the temperature and time, and level 3 for the pressure,

corresponds to the highest level.

Table 5 - Experiences plan of the PC stuady.

Exp A: Replication B: Replication Time C: Replication Pressure
' Temperature (°C) (min.) (Ton.)
1 Level 1 Level 1 Level 1
2 Level 1 Level 1 Level 2
3 Level 1 Level 1 Level 3
4 Level 1 Level 2 Level 1
5 Level 1 Level 2 Level 2
6 Level 1 Level 2 Level 3
7 Level 2 Level 1 Level 1
8 Level 2 Level 1 Level 2
9 Level 2 Level 1 Level 3
10 Level 2 Level 2 Level 1
11 Level 2 Level 2 Level 2
12 Level 2 Level 2 Level 3

3.6.2. ANOVA Analysis

Analysis of variance, or ANOVA, is a statistical decision-making tool used to detect differences in mean
performance and test the significance of the factors and their interactions (Asghar et al., 2014). ANOVA
uses F tests (Snedecor distribution) to test for equality between means and accept or reject the null
hypothesis. If the null hypothesis is rejected, the alternative hypothesis is necessarily true.

The generic null and alternative hypotheses are:
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HO: The result of mean values using different levels of variation is equal;

H1: The result of mean values using different levels of variation is different.

If the null hypothesis is rejected when performing the F test, it means that there are significant
differences between the sample means, that is, the factors are affecting the responses (Montgomery &
Runger, 1994). If the null hypothesis could not be rejected, then, the factors being studied had no
influence on the response.

The analysis of variance was performed after the production of the samples resulting from the
experience plan and its characterization in order to test the factors significance and influence in the

process.

3.7. Coating Application

As stated in Chapter 2, the most widely applied strategy used to achieve superhydrophobic surfaces
involves the roughening of the surface, followed by a separate surface treatment, such as deposition of a
coating, with the aim of lowering the surface energy. In order to test this approach, it was elected the
Cytonix® coating, a hydrophobic resin of direct application, to deposit over some selected microstructured
samples through spin coating.

Spin coating is a procedure used to apply uniform thin films to substrates (Tyona, 2013). A typical
process involves the deposition of a small puddle of a fluid resin onto the center of a substrate and then
spinning the substrate at high speed. Centrifugal force will cause the resin to spread eventually off the
edge of the substrate originating a thin film of resin on the surface. The final film thickness and other
properties will depend on the nature of the resin and the parameters chosen for the spin coating, such

as the rotation speed and acceleration.

=
B T -1 P |
Figure 35 - Laurell WS-650MZ-23NPP spin coater.
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Figure 36 - Spin coating. a) Substrate fixed by vacuum. b) Deposition of 2,5 ml of the solution on
the center of the substrate to then be spun at high speed.

The deposition tests were performed using the Laurell WS-650MZ-23NPP spin coater, available at
PIEP (Figure 35). In this method, the substrate is fixed by means of a vacuum (Figure 36a). By spinning
the substrate, the coating is spread evenly over its entire surface, due to the centrifugal force applied
(Figure 36b). Therefore, 2,5 ml of the solution (Cytonix®) was dispersed on the substrate according with
the parameters listed on Table 6 and Table 7. Subsequently, the samples were cured for 24 hours at

room temperature.

Table 6 - Parameters used on the spin coater.

Velocity (rpm) Acceleration (rpm/s) Time (s)

180 30 30

Table 7 - Velocity steps applied during the spin coating process.

Steps (s) Velocity (rpm)
2,5 90
5 90
25 180
26 144
27 108
28 72
29 36
30 18

Its was defined that the coating is only going to be applied on samples of PC produced with the optimal
conditions determined in study 1. Due to time and project constraints, it was not possible to apply the
coating on PMMA samples.
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CHAPTER 4 - CHARACTERIZATION

This chapter contains the descriptions of all the tests performed for the characterization of the
protective optical window prototype samples obtained during the course of the thesis, namely the

evaluation the surface roughness, wettability and optical performance.

4.1. Surface Topography Analysis

In order to characterize the surface topography, the device used was the InfiniteFocus SL by Bruker
Alicona, located at PIEP (Figure 37). This equipment is an optical 3D measurement system that allows

the measurement of the surface topography.

Figure 37 - InfiniteFocus SL by Alicona.

The equipment possesses a measurement field of 50 x 50 mm. The surface to be measured is
scanned and a dataset that can be displayed in true color or in pseudo color as a height map is obtained.
The output values are determined by tracing a profile line that allows the software to calculate the
amplitude parameters through the profile roughness over the specified line length.

The most important parameters are described below:

i.  Ra, the average roughness of profile, is the integral of the absolute value of the roughness

value (shaded area divided by the evaluation length, 1) (Figure 38).

!
Ra = %f |z(x)| dx (4.7
0

ii.  Rqgis the Root-Mean-Square roughness of profile, corresponds to the standard deviation of

height distribution.
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(4.8)

iii.  Rtisthe maximum peak to valley height of the roughness profile.

iv.  Rmax is the maximum peak to valley height of the roughness profile within the sampling

length.

v.  Rzisthe average peak to valley height of the roughness profile, corresponds to the difference

between the average of the selected the five highest peaks and the five lowest valleys along

the profile length, in agreement with the ISO system (Figure 39).

\ ) A.(/\\\/\\ [\'\ //\\I/\\U

Figure 38 - Representation of the definition of Ra.

Rmax

I

Rz = Mean value of 71, 72, 73, 74, 75

Figure 39 -Representation of the definition of Rz.

For this study, only the Rt and Rz were used to characterize the roughness. In addition to the roughness

parameters, the software also allows a profile form measurement, which permits the measurement of the

height or depth of peaks or valleys (Figure 40). This functionality was used to characterize all the samples

obtained through the studies on the PC and PMMA surfaces in three different spots, as it was possible to

export the data for profiles comparison and data treatment of the heights of the structures.

e

a0 2 £ £3 a

Figure 40 - Example of an output profile from the Alicona profile form measurement functionality.
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4.2. Scanning Electron Microscopy (SEM)

Scanning Electron Microscope (SEM) produces three-dimensional images of a sample surface by
scanning it with a high-energy beam of electrons in a raster pattern. The incident electron beam scans
the surface of the sample, and the backscattered or the secondary electrons emitted are detected by a
collector, showing the 3D image in display (Khare et al., 2019).

SEM also requires that the sample is electrically conductive to prevent charge buildup in the sample,
that affects the incoming primary and emitted secondary electrons, resulting in poor and distorted images
(Lampamn et al., 2003). Therefore, as most polymers are not electrically conductive, they must be coated
with thin conductive layer. In this study, it was applied a thin a gold layer in the analyzed samples in order

to increase the image resolution.

Figure 41 - FEI Nova 200 available at SEMAT.

The equipment used to perform the SEM analysis of the samples was a FEI Nova 200 available at
SEMAT in the University of Minho (Figure 41). Since it is an expensive and destructive test, this
characterization was only performed in some selected samples. The choice fell on the characterization of
two samples, one microstructured PC sample and one microstructured PC sample covered with the

Cytonix® coating layer.

4.3. Water Contact Angle Measurement

As mentioned previously in Chapter 2, the water contact angle is a quantitative measure of the surface
wettability. Therefore, is a direct way of perceiving if the modification of the surface roughness had any
influence in the surface hydrophobicity, one of the main characteristics for a surface being considered

self-cleaning.

53



Figure 42 - OCA model 20 by Data Physics. a) Full equipment display. b) Water droplet dispensing needle above the
mobile platform.

The water contact angle measurement was executed in an OCA model 20 by Data Physics, available
at DEP laboratories (Figure 42). The device consists of a movable platform where the sample is placed,
a syringe and a camera with associated software.

The water contact angle was measured in all the microstructured samples in 10 different points,
including the ones where the coating layer was applied, and also in samples without microstructures in
order to constitute the control sample.

The method of measuring was through the sessile drop technique. The syringe releases the water
droplet, according to the defined parameters in the software (Table 8), on the sample that was previously
placed on the platform. The system allows the regulation of the platform to move along the xyz axis
enabling a precise placement of the droplet. The camera captures the moment the droplet gets in contact
with the sample, and through the definition of the baseline, the software assumes an approximation of

the droplet contour and calculates the value of the water contact angle (Figure 43).

Table 8 - Parameters used in the WCA measurement.
Drop Volume (uL) 5

Volume Rate (uL/s) 2
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Figure 43 - Water droplet on a sample.

4.4, Optical Transmittance

The efficiency of light transmittance in the infrared range is the most relevant characteristic on a
protective optical window of a LiDAR sensor in order to achieve a correct functioning. It is defined that for
the sensor to work properly, it is needed that the protective optical window presents an optical
transmittance of at least 85% in the wavelengths where the sensor in study operates, i.e., 905 nm and
1550 nm.

Optical transmittance is defined as the fraction of incident light of a specific wavelength that passes
through a sample, that is the fraction of light that is neither absorbed nor reflected by the material. It
takes form as a numerical value with a range between 0%, no light is transmitted, and 100%, total

transmittance of the light.

e 1!

Figure 44 - Shimadzu UV-2401PC spectrophotometer.
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The device used for the measurement of the transmittance of the samples was a Shimadzu UV-
2401PC spectrophotometer available at DEP laboratories (Figure 44). This equipment can measure the
optical transmittance for wavelengths between 190 nm and 1100 nm. The results are presented on the
associated software, giving the percentage of transmittance for each value according with the chosen
range.

The measurement of the optical transmittance was applied to all the PC and PMMA samples produced
throughout the study, and it was measured in 2 different points of the surface. For its measurement it
was defined that the wavelength range for the analysis was between 650 nm to 1100 nm, since the
transmittance at 905 nm was the most relevant for the case study and the optical transmittance of both
materials below 700 nm is almost null. In addition, one microstructured sample of PC produced with the
determined optimum condition from study 1 and one sample of PC with the coating application from
study 2 were chosen to have their optical transmittance tested in the wavelength of 1550 nm, in the
equipment available at Bosch since the equipment available at the DEP did not allow measuring at this

wavelength.
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CHAPTER 5 — RESULTS AND DISCUSSION

The results concerning the experimental work are presented in this chapter, which is divided in three
different sections related to the three performed studies.

The first stuady (section 5.1) showed the optimal conditions for the embossing of a PC substrate and
the replicated microstructured pattern influence on the surface hydrophobicity and light transmittance.
The second stuady (section 5.2) showed the influence of a coating application on the wettability of a
microstructured samples and its optical transmittance. Lastly (section 5.3), due fo its excellent optical
properties, the PMMA processability through hot embossing was studied in order to understand its viability

for a protective optical window application.

5.1. Study 1 - Production of PC Samples through Hot Embossing

In this first study, the goal consists in testing different conditions through the simulation of the hot
embossing process in order to reproduce a microstructured pattern on a PC substrate and verify the
replication degree and its influence on the surface hydrophobicity and optical transmittance.

As mentioned previously in Chapter 3, there were two equal nickel inserts available, the mold 1, which
was already damaged from previous experiments, presenting scratches on its surface, and the mold 2,
which during the preliminary experiments started to degrade. As explained before, in order to spare the
mold 2 for its use in the production of PC parts with the optimal condition determined in this study and
in the PMMA study, it was decided to use the mold 1 for testing the different conditions on the PC
substrate. However, its known that the scratches on its surface influence its roughness, and thus it will
influence the replication and the part quality, hence the need for a confirmation experiment of the optimal

condition with the mold 2 in order to have more accurate results.

Figure 45 - Representative non-microstructured PC sample used in the
replication process for obtaining microstructured parts (50 x 50 x 2 mm).

57



The conditions or runs performed in order to evaluate the effect of the process parameters in the

replication quality are available in Table 9.

Table 9 - Conditions performed on the PC samples.

Condition = Replication Temperature (°C) = Replication Time (min.) = Replication Pressure (Ton.)

1 165 10 2
2 165 10 4
3 165 10 6
4 165 15 2
9) 165 15 4
6 165 15 6
7 175 10 2
8 175 10 4
9 175 10 6
10 175 15 2
11 175 15 4
12 175 15 6

It is important to mention that all the characterization tests were performed in parts of the samples
where there were no scratches or other damages visible, in order for a more reliable evaluation of the

effect of the process parameters in the replication degree and quality.

5.1.1. Surface Topography

After the performance of all the defined conditions or runs, the first characterization test was the profile
roughness measurement to determine the replication degree of each sample produced. During the
surface topography analysis, it was taken into account the value of Rz (Mean peak to valley height of
roughness profile), Rt (Maximum peak to valley height of roughness profile), the profile of the structures
and the height map obtained.

Firstly, the profile roughness values (Figure 46) and height maps showed that all the conditions were
able to cause changes on the surface of the samples, an indication that the polymer flowed into the

microcavities of the mold, even with the combination of the lowest temperature, time and pressure.
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Figure 46 - Values of Rz obtained through the profile roughness measurement. Rz is the average of all the heights measured in the profile.
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Figure 47 - Values of Rt obtained through the profile roughness measurement. Rt is the highest value measured between the peaks and the

valleys.
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As stated in Figure 46, it was possible to achieve up to 75 % of the desired replicated height (10 um),

even with no ideal conditions. The microstructures with the highest average heights were achieved with

the conditions 3 (165 °C x 10 min. x 6 Ton.), condition 11 (175 ° x 15 min. x 4 Ton.) and condition 12

(175 ° x 15 min. x 6 Ton.). These conditions presented average heights superior to 7 um (Figure 46)

and the highest micropillars found in its surface had average heights superior to 8 um (Figure 47).

However, a good reproducibility of the replication pattern throughout the surface was not achieved,

with most samples showing significative standard deviations due to superficial defects and incomplete

filling of the cavities. The samples demonstrated defects in some areas such as distorted features (Figure

48e-), pull out structures (Figure 48a-b) and areas with an alter pattern due to scratches present on the

mold that automatically replicated to the substrate (Figure 48c-d). These defects could be due to diverse

reasons, especially related with the conditions that were available for the study, such as:

The press not being able to maintain a complete stable temperature value and pressure
distribution during the process. Any change of these parameters will affect the polymer
substrate fluid resistance, resulting in pattern defects such as incomplete filling of the cavities
and deformation of the structures;

The mold being damaged, as the defects present on its surface can alter the surface
roughness and do not make it possible for a perfect replication of the mold pattern, directly
influencing the replicated structure;

The demolding of the parts being manual and the adhesion between the mold and the
polymer. Some defects associated with demolding, such as distorted features, overstretched
features and broken and pulled out microstructures influence the replicated pattern, having a
direct influence above the replicated height of the structures. The adhesion between the
polymer and the mold insert, which may deform and even destroy the structures, along with

the manual demolding, affected the quality of the polymer replica;
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Figure 48 - Defects present on the samples. a) Pulled out structures visible through the hejght map of the samples. b) Pulled out structures
visible through the microscopical image obtained through InfiniteFocus SL. c) Defects of the mold replicated on the surface on the samples,
visible through the hejght map produced, clearly affecting the surface replication. d) Defects of the mold replicated on the surface of the
samples, visible through the microscopical image obtained through InfiniteFocus SL. e) Profile of distorted microstructures obtained through
the profile roughness measurement, evidencing a clear dislocation of the structures during the demouling phase. 1) Profile of distorted
microstructures obtained through the profile roughness measurement, evidencing a clear deformation of the structures.
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Based on the experimental results, an analysis of variance (ANOVA) was performed in order to assess
the contribution of each processing parameter to the resulting mean replicated height (Rz). Table 10,
Table 11 and Figure 49 show the significance of each factor, the response of each parameter and the
main effects plots, respectively.

Table 10 helps to understand the significance of each parameter and interaction for the relationship
between the factors and the response. If the p-value is inferior or equal to 0,05, then, the factor is
significant for the variation of the response in study. If an interaction effect is significant, the main effects
have to be interpreted considering the interaction effects. In this case, the determinant factors are the
replication temperature, the replication time, the replication pressure and the interaction between the

replication time and pressure since they all present p-values below 0,05.

Table 10 - Analysis of variance for Rz.

Sum of Mean

Source DF Fvalue P-value
Squares = Square
Replication Temperature 1 28131 28131 6,77 0,023
Replication Time 1 3,8410 3,8410 9,24 @ 0,010
Replication Pressure 2 13,8041 16,9021 16,61 0,000
Replication Temperature*Replication Time 1 0,4859 ' 0,4859 1,17 0,301
Replication Temperature*Replication Pressure 2 1,0159 0,5079 @ 1,22 0,329
Replication Time*Replication Pressure 2 50780 2,5390 6,11 0,015
Error 12 49877 0,4156
Total 23 38,6086

It is observed from Figure 49 that, generally, an increase of temperature, time or pressure increases
the height of the structures, as already reported in literature by Lin et al (Lin et al., 2013) and Singh et al
(Singh & Dupaix, 2012). This observation for the effect of the replication temperature was expected given
that the viscosity of a polymer is directly dependent on its processing temperature. In particular, an
increase of temperature eases the polymer flow during processing as it increases its deformation ability,
facilitating the filling of the cavities. The effect of the replication time can be explained by the melt behavior
of polymers, as melt is a time-depended phenomenon and extending the time where the embossing
pressure is applied will benefit the flow of the material into the cavities. As it is obvious, an increase of
pressure will lead to a bigger capacity of the polymer to fill the cavities, and, consequently, a better

replication.
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Figure 49 - Main effects plot for Rz.

The interaction effect (Figure 50) indicates that the relationship between the replication pressure and
Rz depends on the value of the replication time. For example, if a pressure of 2 tonnes or 4 tonnes is
applied, a replication time of 15 minutes is associated with the highest mean height. However, if a
pressure of 6 tonnes is applied, a time of 10 minutes is associated with the highest mean height. This
shows that although the main plot effects show that the increase of time was beneficial to the replicated
height, that is not always the case, in this study this is also essentially dependent on the level of pressure

applied.
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Figure 50 - Interaction plot between the replication pressure and replication time for Rz.
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From the response table (Table 11), it is apparent that the most influential parameter in this study for
the replication height was the replication pressure and the least important parameter was the replication
temperature. However, the influence of the replication pressure was bigger in the transition between level

1 and level 2 (1,324) in comparison with level 2 and level 3 (0,467).
Table 11 - Response Table for Means of Rz.

Replication Replication Replication
Level .
Temperature Time Pressure

1 5,876 5,818 5,180

2 6,561 6,618 6,504

3 - - 6,971
Delta 0,685 0,800 1,791
Rank 3 2 1

As mentioned previously, through the observations of the Figure 46, it is possible to determine that
the conditions that were able to produce higher structures, closer to 10 um, are condition 3, condition
11 and condition 12 (Figure 51). When analyzing Figure 49, the main effect plot suggests that the
maximization of the values of all the parameters would offer higher structures. However, the interaction
plot (Figure 50) suggested that a combination of a pressure of 6 tonnes and a time of 10 minutes followed
closely by a combination of 4 tonnes and 15 minutes was more beneficial for obtaining higher replication
heights than the combination of the maximization of both parameters in question.
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Figure 51 - Height maps of the better condlitions for obtaining higher micropillars. a) Height map obtained from a sample produced with condition
3. b) Height map obtained from a sample produced with condition 11. c) Height map obtained from a sample produced with condition 12.
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Nevertheless, when visually observing the produced samples, it was possible to observe that the
samples produced with the conditions 8 (175 °C x 10 min. x 4 Ton.), 9 (175 °C x 10 min. x 6 Ton.), 11
(175 °C x 15 min. x 4 Ton.) and 12 (175 °C x 15 min. x 6 Ton.), showed that the surface was with a
melting appearance and unwanted deformation with the latter also showing material degradation due to
the combination of pressure, time and temperature (Figure 52). Likewise, this proved that the
combination of 175 °C and 4 and 6 tonnes did not produce viable samples, invalidating the use of this

temperature value and consequently the condition 11 and condition 12.

a) b)
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Figure 52 - Defects who invalidate the conditions 11 and 12. a) Melting and unwanted deformation on the surface of the
samples produced with conditions 8, 9, 11 and 12. b) Material degradation on the surface of a sample produced with
condition 12. c) Height map showing the replication on a degraded spot.
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During the study, it was also demonstrated that with the lowest embossing temperature applied
(165°C), the mold could handle 12 cycles without needing to be cleaned using the toluene bath with
ultrasound, while when a higher temperature (175°C) was applied the mold could only produce a
maximum of 8 samples until the cavities started to get filled with material. A higher temperature seemed
to create a greater tendency for the material to be stuck in the cavities of the mold after demolding,
increasing the need for its cleaning in order to produce quality parts. Likewise, in terms of production, a
lower replication temperature is advantageous for the process and lifetime of the mold.

Therefore, taken into account all the aspects mentioned previously, the best condition for obtaining
the better replication was condition 3 (165°C x 10 min. x 6 T), which enable around 75 % of the intended
replication height with an acceptable surface quality and permits the minimization of the downtime of the

production.

5.1.2. Water Contact Angle

In order to understand if the increase of roughness had influence on the hydrophobicity, it was
necessary to measure the water contact angle, as the WCA is a consequence of the replicated pattern.

Firstly, a non-microstructured sample was measured in order to conclude the real influence of the
microstructured pattern had on the surface wetting property. The measurement of a control sample of
the PC Makrolon showed water contact angles in the hydrophilic regime, with an average of 75,95 °
+4,69 (Figure 53). Although PC has status of an hydrophobic material due to his chemical nature that
contains non-polar groups (Bhagat & Gupta, 2015), a great quantity of grades such as the one applied to
this study are formulated to be optically smooth, which is sufficient for the material to fall into the

hydrophilic regime.

Figure 53 - Water droplet placed on a non-microstructured PC sample (WCA = 75,9 ).
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Subsequently, the measurement of the microstructured samples manufactured with the various

conditions produced the values of WCA present on Figure 54.

180,00
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89,37
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20,00
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Figure 54 - Water contact angles measured in the samples with the various conditions.

The results of the microstructured samples measurement suggested a clear enhancement of the
hydrophobic property, with practically all samples in the hydrophobic regime. A water droplet on the
microstructured PC surface could exhibit contact angles on average as high as 127 °. This implies that
the maximum contact angle that can be achieved for PC using its inherent chemistry is 75,95 ° and that
the surface roughness plays a crucial role to improve its hydrophobic properties.

The condition 3, which provided the best parameters combination for obtaining higher micropillar
height, which previously showed up to only 75 % of the desired replicated height, demonstrated an average
increase of the WCA of more than 50 %. When a more intensive study of the WCA was performed, with
more areas of the samples measured, the maximum WCA found in the samples produced with the
condition 3 was 168,2 °, an angle clearly in the superhydrophobic state (Figure 55f). Angles above 150°
were not constant through the surface, and this could be due to the lack of uniformity of the surface
structures (Figure 55). However, the presence of these values is an optimistic sign that in an optimum
environment, superhydrophobicity could be achieved with this microstructured pattern, although it

obviously needs to be tested for confirmation.
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Figure 55 — Examples of the variety of angles found on the PC samples produced with the condition 3. a) WCA =
114,5°. b) WCA = 122,7°. ¢) WCA = 130,3°. @) WCA = 151°. e) WCA = 155,2°. f) WCA = 168,2°.

e)

Condition 6, 8, 9, 10, 11 and 12 all showed on average higher water contact angles than the condition
3 (Figure 54), although all of them on average also presented inferior values for the micropillars heights
(Figure 46). Despite having higher average WCA values than condition 3, these conditions also possess
considerable standard deviations between the water contact angles measured on its surface, reveling the
lack of uniformity for the angles related to the presence of lower and uneven microstructures. In particular,
the condition 12, with the maximization of all the parameters, was the run which showed on average
higher WCA, however, it also had the biggest standard deviation among all conditions, with the
appearance of low angles in the hydrophilic range and very high angles in the superhydrophobic range
(Figure 56). This could be due to the material degradation on its surface as observed previously (Figure
52b-c), since the WCA on degraded spots created smaller contact angles due to degradation of the

structures.
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a) , b) I
Figure 56 - Different angles obtained in the measurement of the samples
produced with the condition 12. a) WCA = 86,3°. b) WCA = 169,6°.

It is also relevant to state that some of the droplets placed on the surface had the tendency to spread
after a few seconds or minutes, not maintaining the original angle, especially when they were above 150°.
When the angles were in the superhydrophobic regime, in 1 to 3 minutes the water droplet suffered a
decrease on average of 25 % of its original value (Figure 57). However, some droplets showed a much
slower rate of decrease as observed in Figure 58. These phenomenon’s could be related with diverse
causes such as the water penetration between roughness gaps, especially in superhydrophobic angles,
which could represent a transition of state between Cassie and Wenzel related to the instability of the
surface caused by the lack of hierarchical roughness, for example (Bormashenko, 2015; Teisala et al.,
2011). Although more unlikely, water absorption into the polymer material could also have caused a
decrease on the WCA, or even submicron impurities in the water when the rate is more accelerated, as
stated by Park ef a/, which reports that on a hydrophobic surface, the CA of an evaporating droplet
decreases with time and becomes smaller, however when there is some impurity in the water the
decrease of the CA is remarkably accelerated with time (L. Feng et al., 2014; C. I. Park et al., 2009; J.
K. Park et al., 2012). However, further tests in order to evaluate the evolution of the wetting regime would
have to be performed in order to detect the real cause.

i

a)

Figure 57 - Decrease of the WCA with time. a) t=0s, WCA = 164,4°. b)
t=60s, WCA = 126,7° (decrease of 22,9% in comparison with the original
value).
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Figure 58 - Decrease of the WCA with time. a) t=0s, WCA = 162,5°. b) t=60s, WCA = 162,5°. ¢) t=120s, WCA =158,7° (decrease of 2,3% in
comparision with the original value). d) t=180s, WCA = 143° (decrease of 12% in comparision with the original value).

5.1.3. Optical Transmittance

After the validation of the satisfactory replicated height of the micropillars and its influence on the
surface hydrophobicity, the next characterization consisted in the measurement of the optical
transmittance of the samples in order to understand the effect of the replicated structures on the optical
transmittance performance in the main wavelength required by the manufacturer, the 905 nm.

A non-microstructured sample of PC Makrolon offers a transmittance of 82,25 % + 2,37 at 905 nm.
As seen in Figure 59, the transmitted light values suffer a significant decreasing across all samples, with
the presence of average values well below the control sample value. This decrease was influenced greatly

by the increase of the surface roughness because of the light scattering promoted by the microstructures.
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Figure 59 - Optical transmittance measured at 905 nm with the samples from the various conditions performed.
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However, it is believed that these values could be improved if the handling during the injection and
embossing process was optimized in order to not create any further optical damage on the part. Also, the
scratches already present on the mold who were transferred to the samples, and the ones created during
the handling on the non-microstructured face of the samples could contribute for measurement errors
due to the spot of the sample where the transmittance was measured, that could have a greater or smaller
number of scratches that were invisible to the naked eye and, likewise, impossible to control.

In any case, with these results it is possible to conclude that this microstructured pattern has a
negative influence on the optical transmittance of the part, which invalidates its use on a protective optical

window for a LiDAR sensor that must have at least 85% of light transmittance in the required range.

5.1.4. Optimal Condition for the Hot Embossing of Polycarbonate

After the establishment of the optimal parameters for the embossing of the microstructured pattern
on a PC substrate through the preliminary study, five samples were produced with the mold 2 in order to
obtain more accurate and reliable results about the replication and its influence on the surface

hydrophobicity and optical transmittance.

Table 12 - Optimum condiition for the embossing of PC.

Replication oL )
Pre-heating Top Plate Temperature Replication Replication Demolding
. . Temperature . . . Pressure temperature
time (min.) (C) (°C) (bottom Time (min.) (Ton.) C)
plate) '
5 100 165 10 6 120

The profile roughness measurement demonstrated that microstructures with an average of 10,37 um
+ 1,16 were achieved, showing that a complete filling of the cavities can be achieved with this condition.
The highest micropillars present on the surface had an average of 11,18 um + 1,26, which confirms the
existence of overstretched structures on its surface that could result from high adhesion and friction
between the structure and the mold during demolding and/or from a high demolding temperature.

The samples 2, 3 and 5 did not achieve an average of 10 um of height (Figure 60), and this could be
due to the distortion of features during the demolding. Samples 1 and 4 showed that the microstructures
suffered a significant overstretch during the demolding leading to structures higher than the desired height
(Figure 60). Through the analysis of the Rt values, it could be said that a stretching of the structures was
generalized through all the samples, with the highest peak always above 10 um (Figure 61). These defects
could be improved with the application of an adequate release agent, an automatic demolding system,

and a vacuum system in order to optimize the process to have more reproducibility.
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Figure 60 - Values of Rz obtained through the profile roughness measurement.
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Figure 61 - Values of Rt obtained through the profile roughness measurement.

Rt (um)

Analyzing the height maps and the profile roughness obtained with the InfiniteFocus SL, it is possible
to observe well-defined structures, with less apparent distortion in comparison with the structures
produced with the mold 1 (Figure 62a-c). Apart from some distortion on some features, it is also possible
to observe that some structures were pulled out probably during the demolding stage (Figure 62b).
However, its already possible to assume that with the use of mold 2, the surface quality of the samples

improved, with less appearance of defects, except for the already existing demolding issues.
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Figure 62 - Example of the height maps and profile roughness obtained in the measurement of the samples. a) Height map showing a more defined
and uniform replication. b) Pulled out structures are visible on the surface due to demolding issues. c) Profile of the structures demonstrating more
structural fidelity with well-defined vertical edge.
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Scanning the surface of one of the samples through SEM, a clearest image of the microstructures was
provided (Figure 63). Through the SEM images it was possible to observe the replication of the structures,
which was well-defined as well as defects in some structures (Figure 63)(Figure 64). The defects present
on the surface are essentially related to demolding. Distorted features are visible, with the structures
slight tilted and/or deformed, which may be one of the reasons some structures are under 10 um (Figure
64b-c). Along the surface it is also possible to observe broken and pulled out micropillars (Figure 64a).
In addition, on top of a few structures it is possible to see a defect that could be material residue from
previous moldings, or an excess of the gold used to coat the samples for the SEM analysis giving that

aspect to the structure (Figure 64d).
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Figure 63 - SEM images of the structures. a) 200x magnification of the surface pattern. b) 1000x magnification of the surface pattern,
showing the top of the features. c) 1000x magnification of the surface pattern. d) 5000x magnification of the surface pattern, showing the top
view of the features.
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Figure 64 - SEM images of the surface defects associated with demolding. a)1000x magnification of the surface showing pulled out and broken
structures. b) 1000x magnification of the surface showing distorted features. ¢)5000x magnification of the surface showing slight tilted and distorted

features. d) 5000x magnification of the surface showing what could be material residue from previous moldings or an excess of the material used to
coat the samples for the SEM.
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Figure 65 - Water contact angles measured in the PC samples.

The measurement of the water contact angle showed that the samples produced with this set of
parameters had on average a WCA of 113,81 ° + 15,87. Which in comparison with a non-microstructured
sample suggests an increase of the WCA of practically 50 % due to the existing micropillars on its surface.
In a more profound measurement of the WCA on the samples, where a further 15 spots of the sample
were measured, it was possible to obtain even higher values of WCA, on average the samples provided a
water contact angle of 134,88 ° + 15,64. The highest angle measured was about 167,2 °, demonstrating
once again that parts of the surface were superhydrophobic and given positive signs that

superhydrophobicity could be achieved in a more controlled environment of processing (Figure 66).

Figure 66 - Highest WCA measured across all PC samples (WCA = 167,29).
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Similar to what happened in the preliminary study, the majority of water droplets with WCA above
150°, spread on the surface after some time. In this case, the majority of the droplets showed a decrease
on its WCA 60 seconds after being attached to the surface. However, it was observed very different rates

of WCA decrease in the droplets, some presented a much slower rate than others (Figure 67).

a)

- -

Figure 67 - Water droplets spreading in the surface at different rates. a) WCA =
151,3° (t=0s), WCA = 144,5° (t=60s) (decrease of 4,5% in comparison with the
original value). b) WCA = 162,9° (t=0s), WCA = 132,9° (t=60s) (decrease of
18,4% in comparison with the original value). c) WCA = 167,2° (t=0s), WCA =
121,1° (t=60s) (decrease of 27,5% in comparison with the original value).

With these results, it is possible to state that this microstructured pattern affects the wettability of a
surface leading to hydrophobic properties, with the surfaces exhibiting majorly a Wenzel State type of
wetting with the majority of the angles being below 150 °. Moreover, the results show that the hydrophobic
behavior does not vary among most of the samples, indicating that the hot embossing process is
reproducible. As there exists the presence of angles above 150 ° in parts of the surface, the replication
of the PC with this mold pattern in a more controlled environment and with a proper machine should be

studied in order to understand if the achievement of superhydrophobicity with this pattern is possible.
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Figure 68 - Transmittance values at 905 nm of the PC microstructured samples produced with the optimal condition.

The optical transmittance of the samples at 905 nm was on average of 69,36 % + 2,26. In comparison
with the optically smooth surface, there exists an average decrease of 12,89 % in the optical transmittance
of the samples due to the increase of the surface roughness. The results also show that optical
transmittance does not vary among the samples, with the samples presenting close average values and
minor standard deviations, also indicating good reproducibility of the process (Figure 68).

In one of the samples, it was also possible, resorting to Bosch, to measure its optical transmittance
at 1550 nm, which was another value of interest in the project. At 1550 nm, the sample produced with
this set of parameters with an undamaged mold offers an optical transmittance of 62,75 %.

In conclusion, these measurements demonstrated that the microstructured pattern influenced the
optical transmittance, which is not ideal for the application in question. Considering that the optical
transmittance should be at least 85% in both required wavelengths, these results invalidate the application
of this microstructured pattern in a protective optical window for a LiDAR sensor, as it causes significant

light scattering, resulting in a substantial decrease of the optical transmittance value.
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5.2. Study 2 - Coating Application on PC Samples

The second study consisted in the deposition of a coating by spin coating on four PC microstructured
samples produced with the optimal condition (Figure 69) (Figure 70). This study had the purpose of
studying one of mostly applied strategies to achieve superhydrophobic surfaces, where after roughening

the surface, a coating is applied with the aim of lowering the surface energy.

. . L .3 -
\

Figure 69 - All the samples affer the coating application by spin coating.

b)

Figure 70 - Samples before and after the coating application. a) Sample before the coating application. b)
Sample after the coating application, with a duller appearance.

Subsequently to the deposition, the surface topography was analyzed, however, as the coating was
transparent and the InfiniteFocus SL was an optical device, some of the images were affected by the
difficulty of the device to analyze the surface with the coating, making it difficult to measure some spots

of the samples.

Table 13 - Rz values before and affer the coating application on the samples.

Rz Average Standard Deviation
Before the coating application 10,24 2,26
After the coating application 7,90 1,19
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Table 14 - Rt values before and after the coating application on the samples.

Rt Average Standard Deviation
Before the coating application 11,03 2,42
After the coating application 8,79 1,35
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Figure 72 - Example of a profile of the structures covered by the coating, showing well-defined pillars and what could be the presence of
the coating layer above the surface.

Through the height maps it was already possible to observe the presence of the coating above the
surface (Figure 71). The measurement of the profile roughness showed an average decrease of 22,8 %
on the mean height of the structures. This decrease is expected due to an increased layer of coating on
top of the surface, leaving the structures with an apparent smaller height. With the coating, the
micropillars showed on average a height of 7,90 um + 1,19, with the highest structures present on the
surface with an average of 8,79 um + 1,35. This could mean that the layer of the coating deposited above

the surface, near the bottom of the structures, has an average of 2,3 um of thickness.
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Observing the SEM images, that provide a more accurate representation of the surface, its possible to
see that a large part of the pillars are slightly tilted, which immediately affects the height of the structures
obtained, and through the surface is also possible to observe broken and pulled out structures, mostly
likely also related to the demolding during the replication process, as these were very common defects
(Figure 73). The SEM images also reveal that the coating seems to be evenly spread in the surface,

indicating a good uniformity over the sample area (Figure 73b-c).
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Figure 73 - SEM images of a microstructured sample with the coating application. a) 1000x magnification of the surface showing some
defects related to demolding, such as distorted pillars, broken features and pulled out structures. b) 5000x magnification of the surface
demonstrating slightly tilted structures and an evenly spread coating. ¢) 10000x magnification of the surface where apart from some diistorted
features it also possible to see a good uniformity of the coating over the sample are. d) 5000x magnification of the top of the surfaces, also
making possible to observe some distortion of the features.
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For understanding the effect of the coating on the water contact angle, first a PC non-microstructured
sample with the coating deposition was analyzed in order to perceive the effect of the coating alone on
the WCA. The sample presented a mean water contact angle of 106,92 ° +1,97. This proved that the
application of the coating alone could enhance the hydrophobicity of a surface, with the WCA presenting

an increase of almost 31 ° (Figure 74).

Figure 74 - Water droplet placed on top of a
non-microstructured PC surface with the
coating application (WCA = 109,29).

When measuring the microstructured samples with the coating, in the majority of the surface the water

droplet would not adhere to the substrate, showing water repellency (Figure 75).

hanect

Figure 75 - Sequence of images showing the water droplet not adhering to the substrate.

After a few try’s and exposing the droplets to external pressure by pressing the water droplets on to
the surface, which could have caused a wetting state transition from Cassie-Bexter to Wenzel or even to
the midterm wetting regime (due to the presence of high WCA) (Bormashenko, 2015), it was possible to
put some droplets on the substrate and measured the water contact angles. The coating application
boosted the WCA by about 31,48 °, corresponding to an increase of 27,66 %, with on average a WCA
very close to the superhydrophobic regime (Figure 76), and taking into account that the first reaction of
the substrate to the water droplet was water repellency, it could be stated that this strategy is really

effective in obtaining superhydrophobic surfaces with good uniformity over the sample area.
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Figure 76 - Water contact angles before and after the coating application.

After observing that the combination of a microstructured patter and a coating could offer

superhydrophobicity, it is necessary to understand how the coating can affect the optical transmittance.
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Figure 77 - Optical transmittance values at 905 nm before and after the coating application on the samples.

The application of a coating on the microstructured samples caused an average decrease of about
19,78 % of the optical transmittance at 905 nm (Figure 77) and at 1550 nm, the sample measured at
Bosch offered an optical transmittance of 50,37 %, which represents a decrease of 12,38 % due to the
coating presence (Figure 78). This reduction was already expected as the addition of an additional barrier
to the light pathway will have a negative influence on the optical transmittance of the product as it

becomes a source of scattering.
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Figure 78 - Optical transmittance values at 1550 nm before and after the coating application on the sample.

It was also noticed that the spin coating process marked the part on the non-microstructured side due
to the vacuum system that keeps the sample in place. The marks caused by the vacuum could not be
eliminated through cleaning and contributed to worsening the optical transmittance of the samples (Figure

79).

Figure 79 - Microstructured sample with the coating application. a) Microstructured zone. b) Non-microstructured or flat zone showing the
marks caused by the vaccum.

These results show that applying a coating on a microstructured sample allows the achievement of
superhydrophobicity, however, it becomes a problem in terms of light transmission and aesthetics.
Furthermore, as it involves two different steps to produce the final part, the hot embossing process and
the spin coating process, it increases the lead time of the productive process, not being suitable for high

production rates.
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5.3. Study 3 - Production of PMMA Samples through Hot Embossing

This study had the goal of determining the optimal conditions for the processing of PMMA through hot
embossing, and the influence of the replicated pattern above the optical and hydrophobic conditions of
the produced samples.

Although the results using polycarbonate were satisfactory in terms of replication of the mold pattern,
the optical transmittance of PMMA is superior compared with PC. Likewise, it is of interest to study its
processing through hot embossing and how the same replication pattern will affect its surface wettability
and optical transmittance, and its consequent viability in the production of protective optical window for

LiDAR sensors.

5.3.1. Processing Conditions and Plan of Experiments

The determination of the values of the processing parameters for PMMA (T, = 117 °C). was made

taking into account the results with the processing conditions of PC, in particular the replication pressure
and replication time, and the existing reports in literature (Hashiura et al., 2001; Shamsi et al., 2014). In
addition, the number of factors and levels that could be studied was limited by the number of non-

microstructured samples available for using in the replication process.

Table 15 - Processing parameters applied in the embossing of PMMA samples.

Replication oL )
Pre-heating Top Plate Temperature Replication Replication Demolding
. . Temperature . . . Pressure temperature
time (min.) (C) (°C) (bottom Time (min.) (Ton.) C)
plate) '
5 80 125 10 4 90
135 6

In the study with polycarbonate, the replication pressure was set according to Becker et a/. suggestions
for the embossing of micro-sized features, mentioned in Chapter 2 (section 2.9), where the embossing
pressure should be around 0,5 to 2 kN/cm?. Likewise, taking into account that the embossing area
remains the same, the pressure used in the previous study can be applied in the processing of PMMA.
However, with the results obtained in study 1, it was possible to perceive that a replication pressure of 2
tonnes did not produce any significative result, therefore it was decided to study only a pressure of 4
tonnes and 6 tonnes for the replication of PMMA.

Study 1 also showed that a complete filling of the cavities can be achieved within 10 minutes of
replication time, and this time is much more interesting to study for the processing due to its great

influence on the cycle time, which is important to be as optimized as possible.
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The replication temperatures studied were defined taking into account the glass transition temperature

of the material (T, = 117 °C) and the literature review about the embossing of PMMA (Hashiura et al.,

2001; Shamsi et al., 2014). The top plate temperature also followed the same principles of the
temperature applied for PC, it had to be below the glass transition temperature of the material and in
accordance with the advised mold temperature of the technical datasheet. Lastly, the demolding
temperature was defined in order to try to minimize the thermally induced stresses on the parts.

In this experiment, as mentioned previously, the factors taken into consideration are only the
replication temperature and pressure, i.e., 2 factors. As observed in Table 16, this experiment presents
both factors with 2 levels. By using the software Minitab, it was possible to create a 2-level Taguchi
experiment, producing an L, orthogonal array. Therefore, for the study of the embossing of PMMA, it is
needed to perform four different experiments (runs). For each run, it was produced three samples to be
analyzed.

Table 16 - The experimental factors of the PMMA study and their levels.

Experi | Level
Experimental Factors xperimental Leve

1 2
A: Replication Temperature (°C) 125 135
B: Replication Pressure (Ton.) 4 6

Table 17 illustrates the experience plan to be performed during the study. The level 1 corresponds to

the lower level and level 2 corresponds to the highest level.

Table 17 - Experiences plan of the PMMA study.

Exp A: Replication B: Replication Pressure
' Temperature (°C) (Ton.)
1 Level 1 Level 1
2 Level 1 Level 2
3 Level 2 Level 1
4 Level 2 Level 2

The conditions or runs performed in order to evaluate the effect of the process parameters in the

replication quality are available in Table 18.

Table 18 - Conditions performed in PMMA samples.

" Replication Replication Pressure
Condition Temperature (°C) (Ton.)
1 125 4
2 125 6
3 135 4
4 135 6
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5.3.2. Surface Topography

The profile roughness values and the height maps showed that all of the conditions were able to cause
changes on the surface of the samples, however, only condition 1 and condition 2 showed acceptable
results in terms of surface quality and replication, with the condition 3 showing a significative number of
degradation spots on the samples and condition 4 demonstrating samples with a surface completely

degraded, as it will be observed below.
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Figure 80 - Values of Rz obtained through the profile roughness measurement.
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Figure 81 - Values of Rt obtained through the profile roughness measurement.
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This set of conditions made it possible to achieve a maximum average up to 84 % of the desired
replicated height, with average heights superior to 8 um (Figure 80) and the highest pillars found on its
surface with average heights of 9 um (Figure 81). The complete filling of all the cavities by the PMMA
was not achieved, but this was already expected to be more challenging than with PC, as the melt volume
rate (MVR) of the PMMA is much smaller than the MVR of the PC used previously (PMMA presented an
MVR of 3 cm3/10 min. and PC had an MVR of 19 cm3/10 min.) Likewise, the PMMA would offer less
flow capacity in the filling of cavities in comparison with PC. However, this was not the only reason that
could justify the structures not reaching the desired height, defects related with demolding and the
thermal degradation of the structures also affected the replicated mean height.

The samples produced with condition 1, which presented an average height for the structures of 7,04
um + 0,90, presented defects related with demolding (Figure 82). The appearance of distorted features
was constant throughout the surface, as well as the appearance of some pulled out structures (Figure
83). A great part of the analyzed microstructures of the samples produced with this condition presented
these defects related to demolding, which negatively influenced the replication height. However, the
highest microstructures found on the surface were well below 10 um in height (Figure 81), which indicates
that the complete filling of the cavities with this condition could not be achieved, a higher pressure is

needed for the polymer to fill the mold cavities entirely.

Height
pm

Figure 82 - Representative hejght map of a sample produced with condition 1, showing incomplete filling of the
cavities.
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Figure 83 - Common defects observed in the samples produced with condition 1. a) Pulled out structures. b) Distorted structures.

The samples performed with the condition 2, which offered the best result for the average height, 8,44
um + 1,64 (Figure 84), also presented some defects such as distorted features and pulled out structures,
which also affected the final average height of the pillars and uniformity of the surface (Figure 85).
Although being the set of the parameters that led to a higher height for the microstructures, a great part
of the features analyzed did not reach the 10 um, and based on standard deviations obtained for both
Rz and Rt, a good uniformity over the sample area was also not attained. This could be due to the defects
mentioned previously and/or lack of uniformity of the temperature or pressure distribution over the
sample during the replication process. However, the highest structures found on the surface had an
average height of 9,05 um + 1,72, demonstrating that heights of around 10 um were achieved in some
of them. Furthermore, in spots of the samples where the structures did not present any of the defects
mentioned previously, the structures had heights very close to 10 um, even demonstrating a slight
overstretch in some of the structures (Figure 86). This could mean that if the distortion of features could

be avoided and if the process could be more controlled, micropillars with 10 um, the desired height,

could be achieved in this set of parameters.
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Height

Figure 84 - Representative hejght map of a sample produced with condition 2.
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Figure 85 - Defects associated with demolding observed in the samples produced with condition 2. a) Pulled out microstructures. b)
Distortion of the features, causing its dislocation and a larger appearance (larger diameter) fo the structures.
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Figure 86 - Presence of structures with average hejghts very close to 10 um. a) Rz = 9,74 um, Rt = 10,21 um. b) Rz = 9,58
um, Rt=10,41 um.

Samples produced with the condition 3 showed clear signs of degradation on its surface, with most of
the surface topography being unmeasurable due to the degradation of the micropillars caused by the
temperature applied being too high (Figure 88). However, in some spots of the samples it was still possible
to measured structures who presented average heights of 5,44 um + 2,20 (Figure 88a-c). The samples
manufactured with condition 4, where in addition to the high temperature was also applied a bigger
pressure, were completely degraded, being almost completely unmeasurable (Figure 89). Both conditions
also caused a melting and unwanted deformation of the part (Figure 87). These results clearly show that
a replication temperature of 135 °C was excessive for the material causing the thermal degradation and

damage of its surface.

a) b)

Figure 87 - Melting and unwanted deformation of the samples. a) Deformation on a sample produced with condition
3. b) Deformation more proeminent on a sample produced with condition 4.
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Figure 88 — Representative hejght maps and respective microscopical images of samples produced with condition 3. a-b) Helght map ana
microscopical image showing microstructures on the surface, and the lack of some structures that could be due to pulled out during

demolding or thermal degradation. c-d) Height map and microscopical image demonstrating the degradation of the majority of the
surface. e-d) Hejght map and microscopical image showing a complete degraded surface due to the high temperature applied.
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Representative height maps and respective microscopical images of samples produced with condition 4. a

Figure 89

microscopical images showing that the surface of the samples produced with this condition was completely degraded due to the use of a

high temperature and high pressure during the replication process.
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Based on the experimental results, an analysis of variance (ANOVA) was performed in order to assess
the contribution of each processing parameter to the resulting mean replicated height (Rz).

Table 19 helps to understand the significance of each parameter and interaction for the relationship
between the factors and the response. In this case, the determinant factors are the replication
temperature, the replication pressure and the interaction between the replication temperature and

pressure since they all present p-values below 0,05.

Table 19 - Analysis of variance for Rz.

Source Sum of Mean P-
F-value

Squares = Square value

Replication Temperature 1 47,9236 47,9236 639,38 0,000

Replication Pressure

—_

7,2104  7,2104 96,20 0,001
Replication Temperature*Replication Pressure 1 217889 21,7889 290,70 0,000

Error

o

0,2998 0,0750

Total 77,2228

~

It is observed from Figure 90 that an increase of the temperature and an increase of pressure created
a decrease in the height of the structures. Although these results are contradictory to the literature, in
this case, its essentially related to the high replication temperature used. It was evident that, in this study,
the highest temperature was not beneficial for obtaining a good replication, as it caused the degradation
of the surface. The main plot effect for Rz also suggests that a lower pressure is beneficial for the height
of the pillars, and this is most likely caused by the results obtained in condition 4, where the use of the
highest pressure and temperature value completely damaged the replication of the samples.

Main Effects Plot for Rz
Data Means

Replication Temperature {°C) Replication Pressure {Ton.)

Mean

125 135 4 [

Figure 90 - Main effects plot for Rz.
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The interaction effect observed in Figure 91 indicates that the relationship between the replication

pressure and Rz depends on the value of the replication temperature. If a pressure of 4 tonnes is applied,

a temperature of 125 °C will produce better results for the replicated mean height, and if the pressure

used is 6 tonnes, a temperature of 125 °C is also associated with the highest mean height. This plot

actually suggests that the best result would be obtained with the combination of 125 °C of temperature

and 6 tonnes of pressure, opposing what was suggested by the main plot effects who showed that a

smaller value of pressure was more beneficial for the height of the structures.

Mean

Interaction Plot for Rz
Data Means

Replication

Temperature {°C)
—— 125
—— 135

Replication Pressure (Ton.)

Figure 91 - Interaction plot between the replication pressure and replication temperature for Rz.

The response table suggests that the most influential parameter in this study for the replication height

was the replication temperature and the least important parameter was the replication pressure. The

increase of the temperature from 125 °C to 135 °C created the biggest influence on the response due to

the degradation that affected the samples in a very negative way.

Table 20 - Response Table for Means of Rz.

Replication Replication

Level Temperature Pressure
1 34,65 31,83
2 10,71 13,54

Delta 23,94 18,29

Rank 1 2
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Therefore, for the replication of the PMMA it was evident through the experimental results and the
ANOVA analysis that the set of parameters which led to higher microstructures was the condition 2.
However, it was also visible that the complete filling of all the cavities and a uniform replication was not
achieved. This could be due to different causes or even its combinations, such as the defects associated
with demolding which affected the structures, the temperature and/or pressure distribution not being
uniform on the sample area during the process and/or the pressure applied not being sufficient. Although
the replication pressure used seemed to be enough to being able to fill the cavities, as some structures
presented values near the desired height, as the PMMA is a material that offers more resistance to fill the
cavities, in comparison with PC, the appliance of a higher pressure under a more controlled process could

also be studied in further work to understand if gives the material a bigger capacity to fill the cavities.

5.3.3. Water Contact Angle

In order to evaluate what was the influence of the replicated structure pattern on the surface wettability,
it was necessary to measure the water contact angle of the samples.

Initially, the water contact angle of a non-microstructured PMMA sample must be measured, so
conclusions can be made about the actual influence of the replicated structure on the surface wetting

property. The measurement of a control sample of PMMA Plexiglas 8N showed an average WCA of 67,71°

+ 2,81, demonstrating that the sample was in the hydrophilic state, as expected (Figure 92).

Figure 92 - Water droplet deposited on a non-microstructured PMMA sample (WCA = 67,3°).

96



Figure 93 presents the averages water contact angles measured in the PMMA microstructured

samples produced with the various conditions studied.

120
100 [ [
- CONTROL SAMPLE
~ : - CONDITION 1
< 60 CONDITION 2
= 93,30 9771 CONDITION 3
40 ’
6771 6762 68,19 CONDITION 4
20
0

Figure 93 - Water contact angles measured in the samples with the various conditions.

The results obtained in the measurement of the PMMA microstructured samples suggested an
enhancement of the hydrophobic property in condition 1 and 2, with all the samples produced with these
conditions presenting water contact angles in the hydrophobic regime.

The presence of microstructures on the PMMA samples, even though the maximum average height
obtained with condition 2 was only 84 % of the desired replication height for the micropillars, it still allowed
an average increment of the WCA in 30 ° (97,71 ° + 7,63), corresponding to an increase of almost 45 %
on the water contact angle values in comparison with a non-microstructured sample. The highest WCA

found on the produced samples with condition 2 was of 115,2 ° (Figure 94).

Figure 94 - Highest water contact angle found on a sample produced with condition 2.
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The lack of increase in the WCA of the samples produced with condition 3 and 4 could be explained
by the thermal degradation of the surface, as observed previously. The degradation of the structures did
not allow the presence of the microstructured pattern, and, consequently, did not allow that the samples

suffered an enhancement of its hydrophobic properties, remaining in the hydrophilic regime (Figure 95).

a) b)

Figure 95 - Water droplet placed on samples that suffered degradation. a) Sample produced
with condition 3 (WCA = 66,6°). b) Sample produced with condition 4 (WCA = 69,3°).

The results confirm that the microstructured pattern in study can enhance the hydrophobicity of the
PMMA samples. Although the complete filling and uniformity of the structures was not achieved, it still

caused the samples to fall into the hydrophobic regime.

5.3.4. Optical Transmittance

The final characterization of the samples consisted in the measurement of the optical transmittance
in order to understand the effect of the replicated pillars on the optical transmittance performance of the
PMMA samples in the main wavelength required for the sensor to operate, the 905 nm.

A non-microstructured and optical smooth sample of PMMA Plexiglas 8N offer a transmittance of
87,91 % + 0,04 at 905 nm. As seen in Figure 96, the transmitted light values suffer a decrease across
all samples. The decrease on the samples of condition 1 and condition 2 was influenced greatly by the
increase of the surface roughness, due to the light scattering promoted by the microstructures. In the
case of the condition 3 and 4, the samples suffered a smaller decrease of the optical transmittance in
comparison with the samples of the conditions mentioned previously. These decreases of the
transmittance on these samples were most likely due to the existence of some light scattering caused by
the degradation of the surface of the samples and/or some optical damage that the sample surface could

have suffered during the handling or the processing.
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Figure 96 - Optical transmittance average values at 905 nm obtained in the samples produced with the various
conditions.

In the samples of condition 2, which presented a satisfactory microstructured pattern on its surface,
although a complete replication was not achieved, it still caused a decrease of 16,59 % on its optical
transmittance (71,32 % + 1,96). The decrease of the optical transmittance with this microstructured
pattern was already expected, due to the results obtained with the PC, which also suffered a percentage
reduction on its optical transmittance. These results once again confirm that this microstructured
configuration has a negative influence on the optical transmittance, being the source of significant light

scattering.
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CHAPTER 6 — CONCLUSIONS

In the last decades several studies have been dedicated to understanding how to artificially achieve
the self-cleaning property on a surface, through the evaluation of different structure patterns inspired by
nature and its influence on the surface wettability, as well as other properties. The research carried out
in this work had as main objective the study of the influence of a microstructure configuration previously
developed in the wettability and optical transmittance of samples produced through an improvised hot
embossing for the development of an optical protective window for a LiDAR sensor with self-cleaning
ability and excellent optical performance.

The damage of both of the molds available was a major throwback in this study, as it obligated to
rationalize their application in order to obtain the most accurate results possible. However, it was still
possible to replicate the microstructured pattern on the samples and study its influence on the relevant
properties for the study, the wettability and optical transmittance of the surface.

The microstructured PC Makrolon 2407 samples, produced with the best set of parameters
determined in the preliminary study, demonstrated that a complete filling of the cavities could be achieved
with these conditions. The surface replicated pattern caused an increase of almost 50% of the WCA,
demonstrating that this microstructured pattern affects the wettability of a surface leading to hydrophobic
properties. Moreover, some spots of the samples presented angles in the superhydrophobic regime giving
positive signs that superhydrophobicity could be achieved in a more controlled environment of processing.
It was also observed an average decrease of 12,89 % in the optical transmittance at 905 nm,
demonstrating that the replicated configuration negatively affected the optical performance.

The second study tested the most widely applied approach for the production of superhydrophobic
surfaces. The application of a hydrophobic coating on PC microstructured samples caused the repellency
of the water droplets, however, it also caused a loss of 19,78 % and 12,38 % in the optical performance
at 905 nm and 1550 nm, respectively. The results show that applying a coating on a microstructured
sample is a really effective strategy in achieving superhydrophobicity, however, it becomes a problem in
terms of light transmission and aesthetics.

After obtaining acceptable results with the PC samples, the third study concerned the evaluation of
the application of PMMA Plexiglas 8N, which presents a higher optical transmittance than polycarbonate.
With the various set of conditions tested, it was possible to achieve a maximum average up to 84% of the
desired replicated height. The presence of microstructures on the PMMA samples, even though the
desired replication height for the micropillars was not achieved, still allowed an increase of the WCA in

30°, corresponding to a percentage increase of almost 45% on the WCA values in comparison with a non-
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microstructured sample. As expected, it was observed a decrease of 16,59 % on the optical performance
of the samples that presented a satisfactory microstructured pattern on its surface.

These results, even though they were not obtained under perfect conditions and presenting fragilities,
due to the lack of a proper machine and damage present on both of the molds used, gives some light
about the path to be taken to achieve the self-cleaning behavior on a surface.

The goal of this project was not completely achieved, although beneficial developments were made.
Through all the studies performed, it was possible to state that the microstructured pattern of the mold
led to hydrophobic behavior in both PC and PMMA samples, however, it failed to achieve
superhydrophobicity. The results obtained with PC samples, which presented WCA above 150° in some
spots, suggests that in a more controlled environment and with a proper embossing machine,
superhydrophobicity could be achieved, however, it would need to be tested in order to understand if it is
a possibility. Furthermore, taken into account that the optical transmittance should be at least 85% in
both required wavelengths, the results obtained with the PC and PMMA samples invalidate the application
of this pattern in a protective optical window for a LiDAR sensor, as it causes a significative decrease of
the optical transmittance value. It was also possible to determine that the application of a hydrophobic
coating on the microstructured samples was not a suitable approach for the project, as it significantly
affected the optical performance of the produced parts.

The improvised hot embossing process demonstrated to have good ability to replicate the mold
pattern, especially in comparison with the injection molding results obtained in previous research and
despite the difficulties. For PC, it was possible to obtain an acceptable replication quality with the complete
filling of the cavities, and for PMMA, the parameters must continue to be studied in order to achieve the

complete filling, with the appliance of a higher pressure or even a higher time.
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CHAPTER 7 - FUTURE WORK

The main focus for future works must be the development of a new structured pattern that could lead
to the superhydrophobic behavior as well as maintaining the transparency of the material in the required
wavelength.

As it was stated in the literature review (section 2.6), designing and fabricating superhydrophobic and
transparent materials can be achieved through the control of the structure’s dimensions. According to
Liu et al. (2019), the structures diameter should be lower than Y4 of the wavelength of light in order to
prevent scatter and loss of transmission. Likewise, considering that the major wavelengths for the
application are 905 nm and 1550 nm, the ideal diameter of the structures should be lower than =~ 226
nm (905 x V4). However, studies also showed that it was possible to achieve a good transmittance in
similar wavelengths with structure diameters in the micrometer range, demonstrating that this is not a
linear issue, and its dependent of other aspects, such as the material, the pitch, beyond others (Ngo et
al., 2015).

The aspect ratio of the structures also has to be considered for achieving the desirable
superhydrophobicity. The aspect ratio of the studied structures led to achieving hydrophobicity at least.
Likewise, the application of a higher aspect ratio could be an option to be studied in order to achieve
superhydrophobicity, especially if a single-scale roughness is applied. However, as the wetting regime of
the surfaces studied seemed unstable, a hierarchical roughness should be considered in order to, in the
future, achieve a stable self-cleaning ability. Furthermore, the application of a hierarchical structures
would also allow the application of a lower aspect ratio, which would benefit the manufacturing process.

Other aspects such as the pitch between the structures should also be studied in order to find the
critical step size that enables both superhydrophobicity and transparency, and further structures designs
could also be studied. In the study made by Ngo et a/. (2015), cone-shaped structures in the micrometer
range allowed both superhydrophobicity and good optical transmittance in the 300-1000 nm spectral
region, for example.

Both materials applied in this work should continue to be studied, as PC offers better mechanical
properties and enables the achievement of higher WCA, as observed in this work, and PMMA offers a
higher optical performance. Studies must be made with new replication patterns in order to understand
which material is more beneficial for the project.

Apart from the characterization tests already made in this work, it would be important to evaluate the
hysteresis of the water droplets placed on the structured surfaces by measurements performed in tilted

platforms in order to properly characterize the self-cleaning ability. The characterization of optical
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transmittance should also be measured at different incident angles in order to understand if it affects or
maintains the optical performance. Mechanical characterization, such as impact and abrasion testes
should also be performed to evaluate the resistance of the surfaces produced.

After obtaining a favorable configuration that allows the commitment between the self-cleaning ability
and optical performance, the processing techniques for replicating the pattern must be studied again, in
order to understand which is more beneficial for mass production as well as quality of the parts. In case
of the hot embossing, the samples must be produced in a more controlled environment and with a proper
embossing machine in order to obtain the optimal processing conditions and results as well as studying

options that could optimize the process in order to be adapted to mass producing.
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Makrolon® 2407

General purpose grades / Low viscosity

APPENDICES

Appendix A — Polycarbonate Technical Data Sheet

MVR (300 °Cr1.2 kg) 19 em®10 min; general purpose; low viscosity; UV stabilized; easy release;
injection molding - melt temperature 280 - 320 °C; available in transparent, translucent and opaque

colors

ISO Shortname PC

Property Test Condition Unit Standard typical Value
Rheological properties
C|Melt volume-flow rate 300°C/1.2kg en™10 min IS0 1133 19
C{Melding shrinkage, paraliel B0x60x2 mm/ 500 bar % IS0 294-4 0.65
C{Melding shrinkage, normal B0x60x2 mm/ 500 bar % IS0 294-4 07

Melding shrinkage, parallelinommal Value range based on general % b.o. 150 2577 05-07

practical experience

Melt mass-flow rate 300 °Ci12kg /10 min 1SO 1133 20
Mechanical properties (23 °C/50 % r. h.)
C|Tensile modulus 1 mmimin MPa IS0 527-1,-2 2400
C|Yield stress 50 mmimin MPa IS0 527-1,-2 66
C|Yield strain 50 mmimin %o IS0 527-1,-2 6.0
C|MNominal strain at break 50 mm/min kS 150 527-1,-2 =50

Stress at break 50 mrm/min MPa 150 527-1,-2 65

Strain at break 50 mm/min % b.o. 1S0 527-1,-2 120
ClTensile creep modulus 1h MPa IS0 B899-1 2200
ClTensile creep modulus 1000 h MPa IS0 B899-1 1300

Flexural modulus 2 mm/min MPa IS0 178 2350

Flexural strength 2 mm/min MPa 1SO 178 a8

Flexural strain at flexural strength 2 mm/min % 1SO 178 70

Flexural stress at 3.5 % sfrain 2 mm/min MPa IS0 178 T4
C|Charpy impact strength 23°C kdim? IS0 179-1eU N
C|Charpy impact strength =30 °C kdim® IS0 179-1eU N

Charpy impact strength -60 °C kdim® IS0 179-1eU N

Charpy notched impact strength 23 °CI/ 3mm kdim® IS0 7391/b.o. 150 BSP{C)

179-1ed
Charpy notched impact strength -30 *C/ 3 mm kdim® IS0 7391/b.o. 15O 14C
179-1ed

Izod notched impact strength 23 °CI/ 3 mm kdim® IS0 7391/b.o. IS0 180-A 65P

Izod notched impact strength -30 *C/ 3 mm kdim® IS0 7391/b.o. IS0 180-A 12C
C{Puncture maximum force 23°C M IS0 6603-2 5100
C|Puncture maximum force -30 *C M 150 B603-2 G000
C{Puncture energy 23°C J 150 6603-2 55
C{Puncture energy =30 °C J 150 6603-2 65

Ball indentation hardness Mimme® 150 203941 116
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Property Test Condition Unit Standard typical Value
Thermal properties
C|Glass transition temperature 10 *Cimin °C IS0 11357-1,-2 143
C|Temperature of deflection under load 1.80 MPa °C 150 75-1,-2 124
C|Temperature of deflection under load 0.45 MPa °C 150 75-1,-2 138
CjVicat softening temperature 50 N; 50 “Ch “C 150 306 143
Vicat softening temperature 50 N; 120 *Ch “C 150 306 145
C|Coefficient of linear thermal expansion, parallel 23t055°C 107K 150 11358-1,-2 0.65
Cj Coefficient of linear thermal expansion, transverse 23t055°C 107K 150 11358-1,-2 0.65
C|Buming behavior UL 94 [UL recognition] 0.75 mm Class UL 94 V-2
Burning behavior UL 34 [UL recognition] 2.7 mm Class UL 94 HE
C|Cxygen index Method A % IS0 4589-2 27
Thermal conductivity, cross-flow 23°C;50%r. h. Wim-K) IS0 8302 020
Resistance to heat (ball pressure test) “C IEC 60695-10-2 135
Relative temperature index (Tensile strength) [UL recognition] 1.5 mm “C UL 7458 125
Relative temperature index (Tensile impact strength) [UL recognition] 1.5 mm "C UL 746B 115
Relative temperature index (Electric strength) [UL recognition] 1.5 mm “C UL 7468 125
Relative temperature index (Tensile impact strength) [UL recognition] 1.5 mm “C UL 7468 115
Relative temperature index (Electric strength) [UL recognition] 1.5 mm “C UL 7468 125
Glow wire test (GWFI) 0.75mm °C IEC 60695-2-12 850
Glow wire test (GWFI) 1.5mm °C IIEC 60695-2-12 875
Glow wire test (GWFI) 3.0 mm “C IIEC 60695-2-12 930
Glow wire test (GWIT) 0.75 mm “C IIEC 60695-2-13 875
Glow wire test (GWIT) 1.0 mm °C IIEC 60695-2-13 &75
Glow wire test (GWIT) 1.5mm °C IIEC 60695-2-13 &75
Glow wire test (GWIT) 3.0 mm °C IIEC 60695-2-13 &75
Application of flame from small burner Method K and F/ 2.0 mm Class IDIN 53438-1,-3 K1, F1
Needle flame test Method Kf 1.5 mm s IIEC 60695-11-5 5
Needle flame test Method K/ 2.0 mm s IIEC 60695-11-5 5
Needle flame test Method K/ 3.0 mm s IIEC 60695-11-5 10
Needle flame test Methed F/ 1.5 mm s IIEC 60695-11-5 &0
Needle flame test Method F/ 2.0 mm s IIEC 60695-11-5 120
Needle flame test Method F/ 3.0 mm s IEC 60695-11-5 120
Burning rate (US-FMVS5) ==1.0 mm mmimin 150 3795 passed
Flash ignition temperature °C ASTM D1929 480
Self ignition temperature °C ASTM D1929 550
Electrical properties (23 *C/50 % r. h.)
C|Relative permittivity 100 Hz - IIEC 60250 31
ClRelative permittivity 1 MHz - IIEC 60250 30
C|Dissipation factor 100 Hz 10 |IEC 60250 5
C|Dissipation factor 1MHz 107 |IEC 60250 a0
C{'Volume resistivity Ohm-m IIEC 60093 1E14
ClSurface resistivity Chm IIEC 60093 1E16
C|Electrical strength 1 mm kVimm |IEC 602431 34
C{Comparative tracking index CTI Solution A Rating |IEC 80112 250
Comparative tracking index CTI M Solution B Rating |IEC 60112 125M
Electrolytic cormesion Rating |IEC 60426 Al
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Property Test Condition Unit Standard typical Value
Other properties (23 °C)
C{Water absorption (saturation value) Water at 23 °C % 150 62 0.30
C|Water absorption (equilibrium value) 23°C;50% . h. % 150 62 0.12
C|Density kgim? IS0 11831 1200
Water vapor permeaability 23 °C; B5 % RH/ 100 pm film af{m?-24 h) 150 1510641 15
Gas permeation Oxygend 100 pm film envf{m*-24 h-bar) b.o. 150 2556 800
Gas permeation Cxygend 25.4 pm (1 mil) film cn{m*-24 h-bar) b.o. 150 2556 3150
Gas permeation MNitrogen/ 100 pm film cnrf{m*24 h-bar) b.o. 150 2556 160
Gas permeation Mitregen/ 25.4 pm (1 mil) film cn{m*-24 h-lxar) b.o. 150 2556 630
Gas permeation Carbon dioxide/ 100 pm film cn{m*-24 h-bxar) b.o. 1SO 2556 4800
Gas permeation Carbon dioxide/ 25.4 pm {1 mil) film |cm™{m*24 h-bar) b.o. 1SO 2556 18900
Bulk density Pellets kgim?® 150 60 BE0
Material specific properties
Refractive index Procedure A - 150 459 1.584
Haze for transparent materials 3Imm % IS0 14782 =08
Luminous transmittance (clear transparent materials) 1mm % IS0 13468-2 89
C{Lumincus transmittance (clear transparent materials) 2mm % 150 13468-2 89
Luminous transmittance (clear transparent materials) 3Imm % 150 13468-2 88
Luminous transmittance (clear transparent materials) 4 mm % 150 13468-2 &7
Processing conditions for test specimens
C{Injection molding-Melt temperature °C 150 294 280
C{Injection melding-Meld temperature “C 150 294 80
C{Injection melding-Injection velocity mmis 150 294 200
Recommended Processing and Drying Conditions
Melt Temperatures °C - 280 - 320
Standard Melt Temperature °C - 300
Barrel Temperatures - Rear C - 250 - 260
Barrel Temperatures - Middle °C - 270 - 280
Barrel Temperatures - Front “C - 280 - 290
Barrel Temperatures - Nozzle “C - 290 - 300
Meld Temperatures °C - 80-120
Hold Pressure (% of injection pressure) % - 50-75
Plastic Back Pressure (specific) bar - 50-150
Peripheral Screw Speed mfs - 0.05-02
Shot-to-Cylinder Size % - 30-70
Dry Air Drying Temperature °C - 120
Dry Air Drying Time h - 2-3
Moisture Content max. (%) % - ==0,02
“ent Depth mm - 0.025-0.075

Figure 99 - Polycarbonate Technical Data Sheet.
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Appendix B — PMMA Technical Data Sheet

pLexIGLAS D

PLEXIGLAS® 8N

Properties:

Parameter Unit Standard PLEXIGLAS® BN
Mechanical Properties
Tensile Modulus 1 mm/min MPa IS0 527 3300
Stress @ Break 5 mm/min MPa IS0 527 77
Strain @ Break 5 mm/min % 150 527 5.5
Charpy Impact Strength 23°C kJ/m= ISO 179/1eU 20
Thermal Properties
Vicat Softening Temperature B /50 °C 150 306 108
Glass Transition Temperature °C IS0 11357 117
Temp. of Deflection under Load 0.45 MPa °C IS0 75 103
Temp. of Deflection under Load 1.8 MPa °C ISO 75 98
Coeff. of Linear Therm. Expansion 0 - 50°C E-5 /'K IS0 11359 8
Classes of construction product DIN EN 13501-1 E
Flammability UL 94 1.6 mm Class IEC 60695-11-10 HB
Rheological Properties
Melt Volume Rate, MVR 230°C / 3.8kg cm?/10min IS0 1133 3
Optical Properties d=3 mm
Luminous transmittance D65 % 150 13468-2 92
Haze ASTM D1003 < 0.5
Refractive Index 589nm/23°C IS0 489 1.49
Other Properties
Density g/cm? IS0 1183 1.19
Recommended Processing Conditions
Predrying Temperature °C max. 98
Predrying Time in Desiccant-Type Drier h 2-3
Melt Temperature °C 220 - 260
Mold Temperature (Injection Melding) C 60 - 90
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Figure 100 - PMMA Technical Data Sheet.




