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Abstract: This review is focused on the realization of liquid-repellent surfaces, inspired by two
biological models: “dry” superhydrophobic leaves and “slippery” liquid-repellent carnivorous
plants using ultrafast laser processing. After a short introduction to a biomimetic development
process, an overview of the laser-fabricated structures, which were intensively used for the realization
of biomimetic “dry” and “slippery” liquid-repellent surfaces, is given. The influence of process
parameters on the structure morphology is discussed. A summary of superhydrophobic and
liquid-repellent modifications of different materials (metals, semiconductors, and polymers),
including wettability characteristics and processing details, is provided. The technological applications
of laser-structured liquid-repellent surfaces are discussed.
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1. Introduction

This article gives an overview of the biomimetic liquid-repellent surfaces produced by ultrafast
laser radiation. During the last few decades, both of these fields: biomimetics and ultrafast laser
technologies have been developed very intensively. The exponential growth of biomimetics is reflected
in a steadily rising number of scientific publications in this field, from tens of papers in the mid-1990s to
nearly 2500 papers per year as of 2017 [Web of Science]. As an introduction to this topic, the following
books can be named [1,2]. The subject area of biomimetics doubles every 2-3 years, exceeding the
modest expansion of about 6% per year for science in general [3]. Progress in technological transfer
of biomimetic structures can be clearly seen in the rapid growth in the number of patents granted in
this field [4,5]. However, the term “biomimetics” is not always used unambiguously and correctly
in numerous scientific publications. Therefore, firstly a brief remark on terminology in biomimetics
is given.

Originally, the word “biomimetics” was introduced by an American inventor, engineer,
and biophysicist Otto Schmitt in the 1950s. He made a distinction between physics and engineering
approaches to the biological sciences, which was defined as “biophysics”, and a biological approach to
engineering, which was defined as “biomimetics.” Recently, the ISO/TC 266 Biomimetics committee
has given the following definition for the term Biomimetics: “Interdisciplinary cooperation of biology
and technology or other fields of innovation with the goal of solving practical problems through
the function analysis of biological systems, their abstraction into models and the transfer into and
application of these models to the solution” [6]. Based on the guidelines of the German Association
of Engineers (Verband Deutscher Ingenieure, VDI) [7], a technical development can be referred to as
biomimetic if it fulfills the following criteria:
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1. There is a biological model (which is linked to a technical question).
The properties of the biological model are analyzed and abstracted. (Analysis means a systematic
examination of the system by its decomposition into elementary components using a suitable
method following their subsequent evaluation and reorganization. Abstraction can be understood
as an inductive process in which a general conclusion is made in the form of physical relationships
based on the observation of the biological model.)

3. Abstracted biological results are transferred to a technical application.

In this context, both biological species with particular properties (materials, structures, functions,
processes) and the process of evolution itself could be considered as biological models. There are
many reasons to use ideas “made by nature” for technical applications. Nature has already invested
3.5 billion years of evolution in the development of highly optimized biological models. The result
of this development is some 10 million living prototypes (i.e., the estimated number of existing plants
and animals) [8]. Last but not least, the same physical laws and constants are valid in biology and
in technology.

The essence of biomimetics is interdisciplinarity and transdisciplinarity. It requires a high level
of cooperation between experts from different fields of research such as biology, chemistry, physics,
and engineering, leading to innovative, cross-disciplinary methods and tools. The typical methodology
used in biomimetics is presented in Figure 1 [7].

biology push (bottom up) ]

development of ideas

technology pull (top-down)

analysis

analogy/abstraction

Technology

project/design of experiments

experiments/calculations

prototype construction/
manufacturing

application tests
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l invention J

Figure 1. Simplified flow chart of a biomimetic development process, according to [7] (Copyright:
Fraunhofer UMSICHT /BIOKON).

The starting point for new development in biomimetics can be either initiated from basic biological
research or from a specific technical problem. The first approach is referred to as the biology push
bottom-up process. The second one is referred to as the technology pull top-down process.

As a next stage, the biological model is analyzed using methods from the natural sciences as well
as engineering sciences and abstracted. The phases between planning and invention involve typical
steps of product or process development. The result of biomimetic process is an invention, which can
be a new product or process. The flow chart in Figure 1 represents an ideal case with a linear and
sequential procedure [7].

On the way from a new idea to an invention, a stage of prototype construction or manufacturing
requires a suitable technology that enables the realization of the biologically based solution in a
technical way. At this point, laser-based manufacturing methods can meaningfully contribute to the
realization of novel biomimetic prototypes. As will be discussed in this review, particularly in the
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development of functional liquid-repellent biomimetic surfaces, where specific surface structure at
the micro- and nanoscale is one of the key components providing the desired function, we can benefit
greatly from ultrafast laser micromachining.

Ultrafast means picosecond and femtosecond lasers with a pulse width from several tens
of femtoseconds to tens of picoseconds, where a pulse width shorter than picoseconds is usually
utilized for fundamental research, while longer pulses are used for industrial applications due to
their higher output power and better reliability [9]. Historically, the era of machining by ultrafast
laser radiation began to develop intensively after the invention of the post-amplified solid state
Ti:Sapphire femtosecond laser. Since that time, the number of publications on ultrafast laser processing
has progressively increased, reaching almost half of the papers presented at major specialized
conference on laser technologies, including the SPIE LAMOM (Lasers Applications in Microelectronic
and Optoelectronic Manufacturing), the Conference on Laser Ablation (COLA), the International
Symposium on Laser Precision Microfabrication (LPM), and the European Conference on Lasers
and Electro-Optics (CLEO Europe) [9]. Compared to conventional processing using continuous or
nanosecond-pulsed lasers, ultrafast laser pulses provide the advantages of precise energy deposition
into the processed region and rapid material removal with the suppressed heat diffusion to the
surrounding area, resulting in a significantly smaller heat-affected zone and, therefore, better precision
and a higher resolution of the generated structures.

Ultrafast laser processing offers many benefits in comparison with other structuring techniques used
for fabrication surface structures, such as photolithography, electron or ion beam, and mechanical methods:

e  This technique is applicable to almost all solid materials, irrespective of whether they are opaque
or transparent, brittle or hard, heat-sensitive or magnetic;

e Itenables flexible and controllable structuring of 3D objects with complex geometries;

e Machining is contact-free and can be realized in different environments, such as normal
atmospheric conditions, in a vacuum, in different gases or liquids;

e  There is no need for special expensive facilities;

e It enables the fabrication of a large variety of surface structures.

Physical processes underlying the interaction between ultrafast laser radiation and different types
of materials have been described in several key publications in recent years [10-15]. Surface structures
generated with ultrafast laser radiation can be roughly divided into two main groups: laser-inscribed
and laser-irradiated structures (Figure 2) [16]. The structures that were intensively used for the
fabrication of biomimetic liquid-repellent surfaces are marked in gray.

Laser patterned
surface structure

T

[ ]

Laser-irradiated Laser-inscribed
structure structure
Nanostructures Microstructures
Random Periodic Undulating Columnar Others,
nanostructures nanostructures grooves structures e.g. holes

Figure 2. Classification of laser-patterned surface structures; structures that were intensively used for
the fabrication of biomimetic liquid-repellent surfaces are marked in gray, modified according to [16].
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As will be seen below, through the fabrication of laser-inscribed structures a nearly any structure
can be realized (see Section 2.1). The structural characteristics of periodic nanostructure (spatial
period) and columnar structure (average column height and average distance between the neighboring
columns) can be controlled by the adjustment of process parameters (see Sections 2.2.1 and 2.2.2).
Moreover, the unique hierarchical morphology of columnar structures produced by ultrafast laser
processing resembles the natural surfaces of the biological model (superhydrophobic plants).

2. Overview of the Structures that Were Intensively Used for the Fabrication of Biomimetic
Liquid-Repellent Surfaces

2.1. Laser-Inscribed Structures

Laser-inscribed structures are also referred to as deterministic or geometrically defined. In this
case the resulting ablation geometry is determined by the intensity distribution of laser radiation
on the target surface, taking into account the specific ablation threshold. Ultrafast laser ablation
enables the realization of nearly any user-defined structure shapes with resolution down to 1 um,
independent of material properties. An example of a laser-inscribed structure (15 um wide grooves) is
shown in Figure 3 (left). It is known that with ultrafast pulses the diffraction limit can be overcome by
choosing a peak laser fluence slightly above the ablation threshold. In that case, only the central part
of the beam, which is characterized by Gaussian intensity distribution, can ablate the material, and it
becomes possible to produce sub-diffraction structures with sub-micrometer resolution (see Figure 3,
right) [17].

Figure 3. Laser-inscribed structures by ultrafast laser processing: confocal laser microscope image
of grooves on titanium (left); scanning electron microscope (SEM)-picture of nano-holes on a sapphire
crystal (right) (reprinted by permission from Springer: [17], copyright 2003).

2.2. Laser-Irradiated Structures

Laser-irradiated structures represent both random and periodic nanostructures, as well as various
microstructures. The size of the single structures in this case is considerably smaller than the laser spot
width (see Figure 4).

Remarkable overviews on laser-irradiated structure type can be found, for example, in [16,18-20].
Periodic nanostructures and columnar microstructures, which have predominantly been used for
the fabrication of biomimetic liquid-repellent functional surfaces in the past, will be discussed in
detail below.
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Figure 4. Titanium surfaces after irradiation at 2.5 J/cm? with 100 laser pulses (stationary conditions):
columnar structure (in the center of the ablation crater), periodic nanostructure (in the outer region of
the ablation crater).

2.2.1. Periodic Nanostructures

Laser-induced periodic surface structures (LIPSS, ripples) can be generated on different materials
(metals, semiconductors, and dielectrics) by linearly polarized laser radiation at fluences slightly
above the ablation threshold. By ultrafast laser radiation two different types of LIPSS can be
fabricated: low-spatial-frequency LIPPS (LSFL) and high-spatial-frequency LIPSS (HSFL). LSFL on
strong absorbing materials, such as metals and semiconductors are characterized by a spatial period
close to or less than the wavelength of applied laser radiation and an orientation perpendicular to the
polarization of laser beam. The formation of LSFL is explained by interference of the incident laser
beam with surface electromagnetic waves generated at the surface roughness including excitation
of surface plasmon polaritons. LSFL on dielectrics can be generated with orientation perpendicular
or (for dielectrics with large band gap) parallel to the laser beam polarization. In case of dielectrics,
the absorption of high intensity ultrafast laser radiation leads to a metal-like behavior of ionized
material. Therefore, the ripple formation on dielectrics can be explained by analogy to metals.
More detailed information can be found, for example, in [21]. LSFL on dielectrics are characterized by
spatial periods near the wavelength of laser radiation (A) or nearly A/n, where n is the refractive index
of the dielectric material. Detailed pictures of LSFL made by scanning electron microscopy show that
LSFL generated by ultrafast laser radiation are densely covered by nanostructures [22,23], in contrast
to smooth LIPSS produced by long-pulsed lasers (Figure 5).
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Figure 5. Detailed pictures of LIPPS on shows that LSFL generated by ultrafast laser radiation are
densely covered by nanostructures (reprinted from [22] by permission from Springer, copyright 2007).

High-spatial-frequency LIPSS (HSFL) have a significantly shorter spatial period compared to
the irradiation wavelength (<A/2), and orientation often perpendicular but occasionally parallel to the
laser beam polarization. The formation of HSFL is still under discussion and explained by different
mechanisms such as second-harmonic generation, self-organization, and interaction with specific types
of plasmon modes. For the practical application of LIPPS in biomimetics, it is important to control
their structural properties (spatial period). It can be realized by variation of laser wavelength (smaller
wavelength leads to a smaller spatial period) [24], the angle of incidence (by changing the angle of
incidence from 0° to 80° spatial period could be controllably increased, for example from 0.6 to 3.7 pm
for platinum target [25]), and processing environment (processing in liquid leads to a decrease in
spatial period compared to processing under normal ambient conditions [26]). Detailed information
can be found in the following key publications: [19,27].

2.2.2. Columnar Microstructures

Columnar microstructures—conical, quasi-ordered micrometer-sized structures—were reported
to be generated on semiconductors as well as on metals. These structures are also referred to in
the literature as pillars, bumpy, and spikes. Micro-sized columns can be specified by the average
column height and the average distance between the neighboring columns, or by the density of the
columns. The effects of different processing parameters on the morphology of columnar structures
were studied in detail in the past (see the references summarized in Table 1). It is important to note
that the fabrication of laser-irradiated columnar microstructure does not have a universal character
and cannot be fabricated, for example, on copper [28]. Figure 6 shows ablation craters on steel and
copper, generated by 100 laser pulses (30 fs) at 10 J/cm?.

copper

Figure 6. SEM images of ablation craters on steel (left) and copper (right), generated by 100 laser
pulses (30 fs) at fluence of 10 J/cm?.
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As can be seen in Figure 6, at the same experimental conditions for the laser ablation of copper
are more efficient compared to for steel. In both cases a specific surface structure in the middle of the
ablation crater can be observed, which is formed from melted and re-solidified material. Therefore,
the height of the individual structures is in the range of 20 to 30 um for steel and in the range of 2
to 3 um for copper. This difference can be explained by the different physical characteristics of these
materials and their melts.

However, columns on copper, if required, can be produced only as laser-inscribed structures,
as was reported for the fabrication of biomimetics liquid-repellent surfaces, for example, in [29].

As distinguished from smooth surfaces of columnar structures produced with long laser pulses or
under stationary conditions (without sample translation with respect to the laser beam) with ultrafast
laser radiation, columns produced by non-stationary ultrafast laser radiation are superimposed with
LIPSS or nanoroughness [30]. The nanostructures develop on the microcolumn surfaces due to the
irradiation at fluences near ablation threshold at the trailing edge of the moving laser beam.

Due to their unique morphology, which resembles the naturally superhydrophobic surfaces
of plants, columnar structures were intensively used for the fabrication of biomimetic surfaces and
have great potential for future applications. Although the arbitrary change of column morphology
cannot be realized, some fine tuning of their shape can be done by adjusting process parameters
enabling better fit to potential application. Main tendencies of influence of process parameters on
morphology of columnar microstructures are summarized in Table 1.

Table 1. Influence of process parameters on morphology of columnar microstructures.

Process Parameters Influence on Morphology of Columnar Structures Material References

Columns start to develop after irradiation with a defined Silicon (Si) [31]
number of laser pulses.

Average column height and distance between neighboring
columns grow with increasing number of laser pulses. Nickel (Ni) [34]
After exceeding a certain number of laser pulses, the column

Titanium (Ti) [16,28,32,33]

Number of laser pulses

morphology does not change any more. Steel [28,35,36]

There are low and upper fluence thresholds for the formation Silicon (Si) [37]

of columnar structures. ,

At laser fluences below the low threshold fluence, Aluminum (Al (28]

column structures cannot be generated independent of the Titanium (Ti) [30]
Laser fluence applied number of laser pulses. Nickel (Ni) [34]

At fluences higher than the upper threshold fluence,
column structures can either be destroyed or different
structure type starts to develop. Steel [18,28,38]
Average column height and distance between neighboring

columns grow with increasing fluence.

Linear polarization leads to elliptical shape of the Silicon (Si) [37]
Polarization cglumn bases.. . .

Circular polarization leads to circular shape of the Nickel (Ni) [39]

column bases.

Processing with laser pulses at shorter wavelengths leads to Silicon (Si) [37]
Wavelength reduction of average column height and distance between

neighboring columns. Steel [40]

Processing with nanosecond laser pulses leads to the
generation of columnar structures with larger column height
and average distance between neighboring columns

Pulse duration compared to processing with ultrafast laser pulses. Silicon (i) [41-43]
Columnar structures generated by nanosecond pulses are
much smoother than those generated by ultrafast lasers.
Laser processing of silicon in SF or Cl, atmosphere leads to Silicon (Si) [37,44,45]
the formation of sharp columnar structures; processing of -
silicon in SFg leads to higher density of columns. Aluminum (Al) 28]
Laser processing of different materials in liquids leads to Titanium (Ti) [28,32,46]
Environment much smaller column height and average distance between
neighboring columns compared to processing in gasses or air.
Increasing of gas pressure leads to decreasing of column Steel [28,47]

height and average distance between neighboring columns in
laser processing of metals.
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Table 1. Cont.

Process Parameters Influence on Morphology of Columnar Structures Material References

Average column height and distance between neighboring Silicon (Si) [48]

columns decrease by decreasing the collimated beam diameter
Collimated beam diameter  at a fixed fluence.

Threshold fluence for the formation of columnar structures Steel [18]

decreases with increasing beam diameter.

By variation of angle of incidence inclined columns can

be generated. Nickel (Ni) [39]

Angle of incidence

3. Superhydrophobic, Self-Cleaning, and Antifouling Surfaces

According to the impressive estimation from [8] superhydrophobic plant leaves (e.g., grasses)
comprise in total an area of around 250 million km?, which is about 50% of the total surface of our
planet. The surfaces of many plant leaves are known to be superhydrophobic and water-repellent for
a long time. However, only since the 1970s, with the introduction of scanning electron microscope
studies, has it been revealed that their unique properties are related to the specific surface structure
of the leaf surfaces. Since then, the surface structures and wetting properties of almost 20,000
biological superhydrophobic species have been discovered and investigated [8,49-52]. One of the
most famous biological superhydrophobic species is Nelumbo nucifera (Lotus). It was found that
the specific surface structure of lotus leaves is built up of microstructures (distinctively convex to
papillose micrometer-sized epidermal cells), which are covered by nanoroughness (a very dense layer
of epicuticular waxes) (Figure 7).

2

b ot g, S e
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10 000 x| 15.00 kV|20.9 mm|ETD |25.6 ym

Figure 7. A flowering plant of the Lotus family (Nelumbo nucifera) (a); a spherical water droplet on a
superhydrophobic leaf (b); SEM image of the lotus leaf surface (c).

Biological research initiated technical implementation of self-cleaning functional surfaces and,
therefore, in this case, the biomimetic development process can be clearly referred to as biology
push or bottom-up. Since the beginning of the 1990s, a large number of scientific papers have been
dedicated to the analysis and abstraction of superhydrophobic surfaces. Below, the basics of wettability
phenomena, which are required for the abstraction of superhydrophobicity, are briefly summarized
[Box 1]. For deeper insight, the following works are recommended: [1,53,54].
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Box 1. Basics of wettability phenomena.

The wettability of the solid surface by the liquid depends on interfacial tensions v,, v4, and yj,—solid-air
(Ysa), liquid—solid (yg)), and solid—air (yj,)—and is characterized by the measurement of the contact angle.
The correlation between the contact angle and the interfacial tensions is the famous Young equation:

VYsa — Vsl
Yla

cos By =

The Young equation describes the case of an ideal solid surface, which is assumed to be smooth, rigid,
chemically homogeneous, insoluble, and non-reactive. Surfaces that are characterized by a contact angle <91°
are referred to as wetting (if the liquid is water, they are called hydrophilic); those with a contact angle >91° as
non-wetting (or hydrophobic in the case of water). On smooth, low-energy surfaces, a maximum water contact
angle of approx. 120° can be achieved [55].

By the interaction of liquids with a structured surface, different wetting states can be realized. In the first
state, the liquid wets the structured surface completely, forming a homogeneous solid /liquid interface. In this
case the contact angle of liquid on the structured surface is given by the Wenzel equation, introducing the
structure parameter r (r > 1 for rough surface), defined as the ratio of the structured enlarged surface area to its
flat projected area [56]:

cos By = rcosOy.

Due to the realization of this wetting state, the interface and therefore adhesion between the solid and liquid
is increased compared to that on a flat surface of the same material.

In the second state, the liquid wets the structured surface incompletely; a composite solid /liquid-air interface
is formed. In this case the contact angle of liquid on the structured surface is given by the following equation,
introducing the structure parameter fy (0 < fg < 1, ideally, close to 0), defined as the ratio of the solid surface in
contact with liquid to the flat surface projected area [57]:

cosOcp = fg(cosOy +1) —1.

This equation is a particular case of the general Cassie—Baxter expression cos Ocg = f1 cosfy; + fa cos fys.
This expression was developed for application to a chemically heterogeneous surface consisting of two
materials, each of them characterized by its own 6y and its own portion of the total area f (f; + f» = 1).
The superhydrophobic stage is a special case where a chemically heterogeneous surface is formed from solid
and air.

As a result, the interface between liquid droplets and solid can be strongly reduced.

air
Yia
liquid
_ Oy Ysa
YsL
solid
tilt angle
; liquid
alr liquid
air air  air air air  air
solid solid

cosOy =1cosBy cosOcp=f,(cosOy+1)—1
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An important characteristic of liquid-repellent surfaces is small contact angle hysteresis (A9). Hysteresis is
defined as the difference between the advanced and receding angles of a liquid droplet. Shortly before a droplet
starts to move over the inclined solid surface, the advancing contact angle can be observed at the front droplet
side and receding at the back side. It is important to note that retentive force, which describes drop retention on
a tilted surface, is directly proportional to cos Oadvancing — €S Oreceding [58]. Another parameter often used for
characterization of liquid-repellency is tilt angle « (also known as the tilting or sliding angle), which is required
for the initiation of droplet sliding from the surface. The droplet mobility on the surface is characterized by
contact angle hysteresis and tilt angle. The low values of contact angle hysteresis and tilt angle are intrinsic
characteristics of a nearly defect-free surface that enables liquid repellency.

Dry superhydrophobic liquid-repelling surfaces (if the liquid is water, they are referred to as
water-repelled or superhydrophobic) is a special case of realization of the state, which is described by
the Cassie-Baxter equation. In the case of superhydrophobic plants, low-energy wax makes the surface
hydrophobic, and the hierarchical structure of leaves makes them superhydrophobic. Water drops
on superhydrophobic leaves are supported by a hierarchical structure on the composite solid—air
interface. Studies with AFM and confocal light microscopy found that hierarchical roughness results in
a reduction of the contact area by more than 95% compared to the projected area of a water droplet [59].
The superhydrophobic plant surfaces are characterized by a static contact angle of >150° and contact
angle hysteresis and tilt angle <10° [50,51].

Inspired by biomimetic models, superhydrophobic surfaces were fabricated on different materials
by ultrafast laser ablation. The first works demonstrated superhydrophobic modification of silicon
using a columnar structure superimposed with LIPSS or nanoroughness in combination with
low-energy surface coating [60,61], following the application of this functionalization technique
to other materials. Superhydrophobic modification of metals was realized analogous to silicon
solely by structuring [62-66] or in combination with a coating [38,67]. The study of Kietzig et al.
(2009) [64] has shown that after some time superhydrophobicity develops on intrinsically hydrophilic
structured metal surfaces due to the formation of a carbonaceous layer that alters the chemistry of the
surface. The timescale of this process was shown to be dependent on both the structured material
and the environmental conditions and to be in the range of hours to days [68]. In [69] the increase of
hydrophobicity occurring over time on steel and aluminum after structuring with ultrafast radiation
was studied as well. This study explained hydrophobicity increases on steel by removing a thin film
of water that was initially present on the metal surface due to laser processing and on aluminum
by the appearance of new functional groups (especially methyl group—CHj and graphitic carbon)
after laser processing. Superhydrophobic modification of glass was done through fabrication of
laser-inscribed grooves superimposed with LIPSS or nanoroughness in combination with s low-energy
surface coating [70,71]. Realization of superhydrophobic polymers was shown through two different
approaches: fabrication of laser-irradiated roughness [72] or transfer laser-generated structures in
polymer by replication or injection molding [72-74]. An interesting review of laser structuring
of polymers for biomedical applications can be found in [75]. An overview of the superhydrophobic
modification of different materials by ultrafast laser processing is given in Table 2.
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Table 2. Overview of superhydrophobic modification of different materials by ultrafast laser processing.

Laser System Wave

Material Length/Pulse Superhydrophobic Modification Ocp, A, & Reference
Duration/Repetition Rate
i . . columnar structure superimposed Ocp > 160°
Silicon (Si) ggoa::ﬁ) hlfaeodfgl'lsi{i hire laser with LIPSS or nanoroughness AB < 3° [60]
! g + silanization «<2°
oo . . columnar structure superimposed o
. . an amplified Ti:Sapphire laser . Ocp =156
Silicon (Si) 800 nm, 180 fs, 1 kHz w1fh L'IPS'S or nanoroughness o< 10° [61]
+ silanization
i . . columnar structure superimposed o 1 10
s . an amplified Ti:Sapphire laser . Ocp =154° £ 1
Silicon (Si) 800 nm, 180 fs, 1 kHz w1fh L.IPS‘S or nanoroughness AQ = 5+ 2° [76]
+ silanization
an amplified Ti:Sapphire laser columnar structure superimposed
Steel (different alloy) 800 nm, 150 fs, 1 kHz (seed: LIPS o nanorof hnefs Ocp = 153° (64]
Titanium alloy Coherent Mira HP, amplifier: . . & AB < 3° 7
without coating
Coherent Legend)
i . . columnar structure superimposed _ o
Steel ggoa;nnli hgi)df;ﬁ'lsig hire laser with LIPSS or nanoroughness 9c2 ; 162603 [38]
! ! + silanization i
an amplified Ti:Sapphire laser columnar structure superimposed e = 166° + 4°
Titanium 800 nm, 30 fs, 1 kHz with LIPSS or nanoroughness Acg B 10 4+ 45° [62]
(Femtopower Compact Pro) without coating - ’
Ti-6Al-4V:
picosecond laser (Trumpf Py . . Ocp =152° £ 3°
Steel Ti-6Al-4V alloy ~ TruMicro), frequency-tripled La(sier 1rrad1ate£i struitu{es: LItI.)SS AB <5° [67]
343 nm, 6.7 ps, 400 KHz and nanoroughness + silanization Steel:
Ocp = 140° £ 3°
an amplified Ti:Sapphire laser laser-msc.r ibed strt}cture (tren-ch 5
Steel 800 nm. 130 fs, 1 kKHz and matrix) superimposed with Ocp > 150 [66]
! / LIPSS without coating
Copper picosecond laser (an Edgewave) Laser-irradiated structures: LIPSS ~ 6¢p = 153.9 + 3.2° [65]
PP 1064 nm, 10 ps, 203.6 kHz without coating a=11+3° 0
. an amplified Ti:Sapphire laser Different laser-induced structures  1rqo
Platinum (Pt) 800 nm, 65 fs, 1 kHz without coating Ocp =158 [63]
laser-inscribed structure (column)
Polypropylene an amplified Ti:Sapphire laser i\iﬁiﬁﬁpﬁi}i:\s:;?eljiieorz Ocp =165° [73]
ypropy (Coherent RegA) 200 fs, 250 kHz ghn A0 very small .
transferred in polypropylene by
injection molding
. o an amplified Ti:Sapphire laser direct fabrication or replication of Ocp > 170°
Polydimethyl-siloxane 810 nm, 150 fs, 1 kHz laser-induced structure o< 3° [72]
replication of the laser-inscribed
. . picosecond laser (High-Q, structures superimposed with Ocp = 164.5° y
Polydimethyl-siloxane Austria) 532 nm, 10 ps, 1 kHz LIPPS and nanoroughness from o = 8.44° (74]
steel in polydimethylsiloxane
ip . . laser-inscribed structure (grooves) o
an amplified Ti:Sapphire laser 800 . . Ocp=1523 £1.5
K9 Glass nm, 130 fs, 1 kHz superimposed w1th LII?SS pr =46+ 0.8° [71]
nanoroughness + silanization
an amplified Ti:Sapphire laser laser-inscribed structure (grooves)
Glass (Cyber Laser Inc., IFRIT-LH-C031)  superimposed with LIPSS or 0cp ~152-155° [70]

786 nm, 183 fs, 1 kHz

nanoroughness + silanization

As can be seen from Table 2, hierarchical structures are preferably used for the fabrication
of superhydrophobic surfaces. As was shown in [77], the occurrence of the second (nanoscale) level of
topography on the microscale topography leads to increasing the contact angle (6cp) and eliminating
the contact angle hysteresis (A8). As mentioned in Table 1, processing with ultrafast laser radiation
enables a simpler fabrication of hierarchical structures compared to the nanosecond laser. For example,
columnar structures generated by nanosecond pulses are much smoother and do not have the nanoscale
level typically generated by ultrafast lasers [41-43].

An essential element of biomimetic development is transfer to a technical application. For example,
ultrafast laser-processed superhydrophobic water-repellent surfaces were proposed as anti-icing
coating for application in aviation [78]. In this case an industrial suited 25 W laser system operating at
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400 kHz was used for structure fabrication. The surface of stainless steel underwent superhydrophobic
modification by laser-inscribed structuring (column) superimposed with LIPSS or nanoroughness and
silanization. Rime testing showed that the superhydrophobic surfaces only slightly slowed down the
formation of rime on the coating surface, but it was demonstrated that the adhesion of frozen droplets
was dramatically reduced during a ice rain test. In [68] the structured steel was proposed for reduction
of ice friction. The reduction of ice friction is relevant for many applications, starting with sports
and outdoor activity equipment and ending with sleds and vehicles for transport over snow and ice.
Ice friction experiments with a structured slider showed a continuous decrease in the friction coefficient
with increasing sliding speed in comparison to the polished slider (demonstrating initial decrease
and substantial increase after passing through a minimum value). However, the main drawback of
that application of superhydrophobic modification was the poor durability of the structure under the
load and frictional motion. In [29], ultrafast laser-processed hierarchical superhydrophobic structures
on copper were applied for drag reduction. Tests of these surfaces showed considerably higher drag
reduction than what was predicted from theoretical and experimental models on non-hierarchical
structures. Even better drag reduction was achieved after silanization of structured surfaces.
Another application was related to the antifouling properties of superhydrophobic surfaces for
prevention of bacterial attachment. Nature itself evolved superhydrophobicity in plants, predominantly
as a defense mechanism against the attachment of pathogens (e.g., fungal spores) [79]. In [62,80]
superhydrophobic titanium surfaces (columnar structures superimposed with nanoroughness without
coating) were tested for their ability to retain different bacterial strains. It was shown that all tested
bacteria strains were retained by the structured surface to different degrees. It is noteworthy that each
strain was found to preferentially attach to crevices located between the columnar surface features.
The upper regions of the microscale columns remained essentially bacteria-free. It was hypothesized
that air trapped by the topographical features initially inhibited contact between the bacteria and the
titanium substratum. Attachment of bacteria (S. aureus) was shown to increase substantially over
a period of 1 h, which corresponds to the period of maximum replacement of air trapped between
microscale columns by the incubation medium (Figure 8).
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Figure 8. Dynamic wettability of the lotus-mimicked superhydrophobic titanium surfaces immersed
in water. Air replacement by water (top); graph (bottom) showing the percentage of air trapped
in superhydrophobic titanium surfaces after 1.5-h immersion in water. (Reprinted with permission
from [62]. Copyright 2011 American Chemical Society.)
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Replacement of air increases the surface area available for cells to make contact with the Ti
surface. Notably, the quantification of air trapped by in situ small-angle X-ray scattering showed
that nano-sized air bubbles trapped within nanoroughness still covered 45% of the titanium surface,
even after immersion for 50 min [80].

The replacement of the entrapped air by incubation medium described above is an example
of wetting transition. Generally, transition from a superhydrophobic state, described by the
Cassie-Baxter equation, to a Wenzel state or a mixed Cassie-Baxter/Wenzel state is accompanied by
a loosening of antifouling properties. These transitions were observed under evaporation, pressing,
vibration, and bouncing of droplets [81] and are the reason, for example, for failing the rime test in [78].
The same structured surface can demonstrate excellent superhydrophobic properties under certain
conditions while failing in other environments. Therefore, careful planning of a technical application
of superhydrophobic surfaces, taking into consideration all operation conditions, is vital.

Particularly for biomedical applications, a comprehensive overview of utilization of superhydrophobic
surfaces for control over protein absorption, adhesion of tissue cells and bacteria, blood compatibility,
drug delivery, and diagnostic applications can be found in [82]. Briefly summarized, it concludes that
superhydrophobic surfaces can limit the surface area available for protein, tissue, and blood cells,
as well as bacteria to bind due to the presence of a protective air barrier. Taking into account the limited
lifetime of the underwater entrapped air layer, superhydrophobic surfaces can be used as a temporary
barrier to biofouling.

4. Slippery Liquid-Infused Porous Surfaces (SLIPS)

A biological model of the considered here biomimetic development is carnivorous plants.
Compared to superhydrophobicity, carnivorousness in plants is a relatively rare phenomenon in
nature resulting from the adaptation to nutrient-poor habitats. About 600 plant species were identified
to having developed interesting morphological and anatomical features related to carnivorousness [83].
One of the most studied pitcher plants is the genus Nepenthes, containing approx. 120 species
(Figure 9).

o, i‘::;WPpé‘Y\'

¥
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Figure 9. Nepenthes pitcher organization (left), SEM image of peristome and slippery surface (middle),
detailed image of slippery zone (right).

These plants evolve special properties of the flower peristome to promote the falling of insects
into the flower pitcher. The peristome surrounds the opening of the pitcher and has a unique
slippery surface that prevents the escape of prey. The flower peristome is characterized by a regular
microstructure [84] whose surface is completely wetted, so that a homogeneous liquid film covers the
surface. Only when wet, the peristome surface is slippery for insects, so that most insects coming into
contact become trapped [84,85].

Inspired by this biological model, liquid-repellent synthetic surfaces named “slippery liquid-
infused porous surface(s)” (SLIPS) were developed by Aizenberg’s group [86]. Instead of using the dry
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structuring surface to repel liquids, the surface structure was used for immobilization of a lubricating
liquid that forms a continuous overlying film on the surface. It was presumed that such an intrinsically
smooth and defect-free liquid surface can repel immiscible liquids of virtually any surface tension.
The design of SLIPS is based on the three following criteria: (1) the lubricating liquid must be stable,
immobilized on the substrate surface; (2) the solid must be preferentially wetted by the lubricating
liquid rather than by the liquid one wants to repel, and (3) the lubricating liquid and the liquid one
wants to repel must be immiscible (Figure 10) [86].

liquid droplet sliding
down the tilted SLIPS

low-surface-energy infusion with
textured solid functionalization  lubricatingliquid

Figure 10. Fabrication of slippery liquid-infused porous surfaces (SLIPS) by infiltrating a functionalized
textured solid with a lubricating liquid to form a physically smooth and chemically homogeneous
lubricating film on the surface, enabling the test liquid to easily slide down on the tilted SLIPS.

Similar to the development of dry superhydrophobic surfaces, this biomimetic development can
also be referred to as biology push or bottom-up. The first SLIPS were fabricated from periodically
ordered nanostructured epoxy resin-based and silanized surfaces and a random network of Teflon
nanofibrous membranes in combination with low-surface-tension perfluorinated oil. Synthetic SLIPS
exhibited extreme liquid repellence, characterized by low contact angle hysteresis <2.5° and low tilt
angle <5° against liquids with surface tension from 17.2 mNm~! (n-pentane) to 72.4 mNm™~! (water).
These slippery surfaces maintained their repellent properties even under high pressure (~676 atm).
Moreover, the lubricating film was shown to have a self-healing effect; following damage of the
material surface, lubricating liquid refilled the damaged area (voids). It was demonstrated that by
matching the refractive indices of substrate and lubricant, SLIPS with enhanced optical transparency
in visible and near-infrared wavelengths can be constructed.

Nowadays, SLIPS are fabricated on different materials by ultrafast laser ablation. In [87,88],
laser-irradiated porous network microstructures were generated on various polymer surfaces,
including poly(ethylene terephthalate) (PET), poly(methyl methacrylate), polyamide, polycarbonate,
polyethylene, and polylactic acid. Ultrafast laser-generated structures consisting of protrusions and
pores with diameters of several hundred nanometres were subsequently silanized, and infused with
silicon oil. Contact angle measurements demonstrated an advancing contact angle of 27.8 + 0.1°
and receding contact angle of 27.2 & 0.1°, resulting in contact angle hysteresis of 0.6° against a water
droplet on PET-SLIPS. A tilting angle of 4° was measured for water slowly sliding downwards and oil
droplets. Additionally, PET-SLIPS were shown to have high resistance to bending and friction.

In [89], the fabrication of cauliflower-like slippery liquid-infused surfaces on steel using ultrafast
laser processing was reported (Figure 11). After subsequent UV /ozone treatment, which was
applied to remove organic contamination and generate hydroxyl groups, surfaces were silanized.
Steel-SLIPS were prepared by surface infusion with Krytox 103 (DuPont) perfluorinated oil.
By wettability characterization of steel-SLIPS the following data were obtained: water contact angle:
116.6° £ 1.3°, contact angle hysteresis: 0.6° £ 0.2°, and tilting angle: 2°.
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Figure 11. SEM images of native (A,B) laser-irradiated structure on steel (C,D), which was used for
SLIPS fabrication. (Reprinted with permission from [89]. Copyright 2017 American Chemical Society.)

In [90], different laser-fabricated structures (hierarchical columnar and ripple structures, as well
as laser-inscribed groove structures, Figure 12) and five lubricants with different viscosities (Krytox
GPL 100 (4 cSt at 40 °C), Krytox 143 AZ (18 cSt at 38 °C), Krytox GPL 104 (60 cSt at 40 °C), Krytox GPL
105 (160 cSt at 40 °C), and Krytox GPL 106 (240 cSt at 40 °C)) were tested in view of their SLIPS
performance on titanium surfaces.

Figure 12. SEM of different titanium surfaces (with laser-irradiated hierarchical columnar structure
(A) with laser-inscribed grooves structure (B), with laser-irradiated ripples structures (C), native (D)),
which was tested in [90] for fabrication of SLIPS. (Reprinted with permission from [90]. Copyright 2017
American Chemical Society.)
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Before the spin-coating with lubricants, titanium surfaces were coated with a fluorinated polymer.
On all titanium-SLIPS, regardless of the structure and lubricant applied, a static water contact angle of
100° was measured. The water contact angle hysteresis below 5° on columnar-titanium-SLIPS for all
tested lubricants was observed. For groove-, ripple-, and unstructured-titanium-SLIPS, contact angle
hysteresis was also lower than 5° for more viscous lubricants (GPL 104, GPL 105, and GPL 106),
and could not be measured for GPL 100 and 143 AZ due to pinning of the water droplet by tilting the
surface. For a closer investigation, different titanium structures were infused with 143 AZ or GPL 104
and analyzed by optical coherence tomography. In all cases, the lubricant’s thickness is approximately
60-85 um but varies according to the underlying structure and lubricant. It was found that the thickness
of 143 AZ lubricant layers was ~20 um lower than the corresponding thickness of GPL 104 layer on all
samples. It is noteworthy that the lubricant’s thickness on columnar-titanium-SLIPS was approximately
10 um greater than that on the corresponding groove-, ripple-, or unstructured-titanium-SLIPS samples.
The durability of different titanium-SLIPS structures infused with 143 AZ or GPL 104 was tested
using optical coherence tomography after incubation in an aqueous environment (biofilm cultivation
medium) for 18 h. It was found that the thickness of the lubricant layer on columnar-titanium-SLIPS
was reduced by 20-30% due to immersion, leaving a film of 60 um thickness on the surface. On SLIPS
fabricated on grooves, ripples, and unstructured titanium surface, complete removal of the lubricant
film was observed. This is the result of lubricant separation and building of spheres in hydrophilic
environment, such as the biofilm cultivation medium or PBS, to decrease the overall free energy [91].
It was assumed that only the columnar structure thermodynamically favors lubricant immobilization
on the surface against hydrophobic sphere formation in a hydrophilic environment, probably due to
the specific hierarchical nature of the structure. Therefore, among all tested titanium surface structures
only the columnar-structured titanium possesses the potential for stable SLIPS. Finally, durability of
columnar-titanium-SLIPS coated with different lubricants under rotational forces (aqueous shear stress
for 5 h at 150 rpm) was tested. Optical coherence tomography showed that lubricant layers could
only be detected for the lubricants of intermediate viscosity (143 AZ, GPL 104, GPL 105). It has
already been shown that physical forces, such as dynamic flow or centrifugal forces, may remove
lubricants from SLIPS [92-94]. A study [90] experimentally demonstrated that there exists a definite
range of surface structure dimensions and lubricant viscosities leading to stable SLIPS. Lubricants with
very low viscosity are not inert enough to withstand physical and energetic forces, whereas lubricants
with very high viscosity are not fully trapped by the surface structures.

Technical applications of SLIPS fabricated by ultrafast laser processing include self-cleaning and
antifouling. For example, in [87,88] polymer-SLIPS were shown to repel a broad range of liquids,
such as water, ink, glycerol, coffee, milk, fruit juice, egg white, and egg yolk from tilted surfaces
under normal ambient conditions. In 89] the anti-fouling properties of steel SLIPS were tested in
a real industrial pasteurization scenario in view of their ability for dairy fouling mitigation. In the
dairy sector thermal treatments are mandatory to ensure product safety. The result of the thermal
treatment is heat-induced fouling, forming an essential part (up to 80%) of the total production
costs. Steel-SLIPS in industrial-like conditions demonstrated significant antifouling performance,
with a contamination weight reduction of 63 & 4 wt % compared to native stainless steel. Moreover,
tests showed that a 20-min rinsing step with water was sufficient to eliminate all traces of fouling from
the steel-SLIPS surface. In comparison, a multiple-step procedure consisting of a pre-rinse, followed by
an alkali cleaning, an intermediate rinsing step, an acid cleaning, and a final rinsing to achieve the
same result on native stainless steel. For durability tests, steel-SLIPS were tested and rinsed repeatedly
with and without oil reimpregnation in between. Re-impregnated steel-SLIPS showed the same
performance as at their first use. Samples without reimpregnation exhibited reduced contamination
weight reduction of only 26 4 12 wt %, which was attributed to oil shedding from the surface. To sum
up, this study clearly demonstrated the potential of steel-SLIPS against heat-induced dairy fouling;
however, the problems related to dairy products’ contamination with oil and the improvement of oil
retention should be addressed in further investigations.
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Another important application tested on titanium-SLIPS fabricated using ultrafast laser processing
is the prevention of biofouling in medicine—for example, inhibition of bacterial colonization. In [25],
columnar-titanium-SLIPS coated with lubricants of intermediate viscosity (143 AZ, GPL 104, GPL 105)
showed statistically significant reduction in adhering bacteria (S. oralis) ~10-fold compared to that of
the unstructured, uncoated control (Figure 13).

Figure 13. Strong biofilm-repellent properties of SLIPS on titanium structured by ultrafast laser
processing. (Reprinted (adapted) with permission from [90]. Copyright 2017 American Chemical Society.)

For live/dead bacteria distribution, no statistical differences could be detected compared to the
control. This supports the hypothesis that SLIPS prevent initial cell attachment rather than inhibit
biofilm growth. Tests with human fibroblasts and osteoblasts demonstrated that both cell types
were not able to adhere to slippery surfaces. Also in this case, live/dead fluorescence staining has
indicated that cells were viable [90]. In [88], C6 glioma cells were tested on flat, structured, and slippery
PET surfaces (silanized and infused with silicon oil). The number of adhered cells was significantly
increased on structured (<3469 mm~?2) compared to flat (1349 mm~2) PET surfaces. In contrast,
nearly no detectable adhered cells were observed on PET-SLIPS [88]. These findings narrow the range
of possible applications of SLIPS for biomedical products requiring cell- and microorganism-free
surfaces, like catheters or endoscopes.

5. Conclusions

Two different approaches towards biomimetic biology push developments, based on ultrafast
laser processing, demonstrate the realization of a desired property—liquid repellency—Dby fabrication
of dry “lotus-like” and slippery “nepenthes-like” surfaces. The application of ultrafast lasers for the
realization of “lotus-like” surfaces on different materials, including semiconductors, metals, glasses,
and polymers, has a relatively long history that goes back to 2006, with an accompanying increase in
the understanding of processes underlying the structure generation, including chemical modification
and process optimization. Although surfaces fabricated by ultrafast laser processing demonstrated
characteristics similar to those of the biological models, some inherent limitations restrict their broad
applications. The dry “lotus-like” surfaces have air trapped within the surface structure, which strongly
reduces the contact between liquid and solid, enabling droplets to roll off easily. The escaping
of trapped air under harsh conditions of specific applications is a weak point of these surfaces.
However, “lotus-like” surfaces can be successfully applied for diagnostic applications where the
handling of microliter-scale droplets is often required, especially for miniaturized devises. Moreover,
these surfaces can be used to control liquid flow in microfluidics or lab-on-chip devices.

Developing a new class of biomimetic liquid-repellent materials—slippery “nepenthes-like”
surfaces—in which a lubricant is immobilized within the surface structure to create a slippery surface,
promises broader applications. Slippery “nepenthes-like” surfaces were found to repel different liquids
with a tilting angle of approx. 5° and to be stable under high pressure. Since 2017 SLIPS have been
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reported to be fabricated using ultrafast laser processing. As can be seen from the examples of steel and
titanium-SLIPS, their fabrication using ultrafast laser processing can benefit from knowledge gained
due to the development of structuring techniques for the realization of dry “lotus-like” surfaces.
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