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Abstract: Nature developed numerous solutions to solve various technical problems related to

material surfaces by combining the physico-chemical properties of a material with periodically

aligned micro/nanostructures in a sophisticated manner. The utilization of ultra-short pulsed lasers

allows mimicking numerous of these features by generating laser-induced periodic surface structures

(LIPSS). In this review paper, we describe the physical background of LIPSS generation as well as the

physical principles of surface related phenomena like wettability, reflectivity, and friction. Then we

introduce several biological examples including e.g., lotus leafs, springtails, dessert beetles, moth eyes,

butterfly wings, weevils, sharks, pangolins, and snakes to illustrate how nature solves technical

problems, and we give a comprehensive overview of recent achievements related to the utilization of

LIPSS to generate superhydrophobic, anti-reflective, colored, and drag resistant surfaces. Finally, we

conclude with some future developments and perspectives related to forthcoming applications of

LIPSS-based surfaces.

Keywords: bio-inspired materials; functional surfaces; laser-induced periodic surface structures;

ultra-short laser pulses; wettability; superhydrophobicity; optical properties; antireflective surfaces;

structural colors; tribology

1. Introduction

In the course of evolution, animals and plants have developed numerous skills and structures to

ensure their survival. For this purpose, nature continuously optimized the properties of materials via

natural selection. Sophisticated hierarchical structures (e.g., bone, beaks, nacre, wood) and fibers (e.g.,

spider silk, polar bear hair, mussel byssus) were developed to generate e.g., functional light-weight

structures with outstanding mechanical properties. Beyond that, numerous functional surfaces were

developed to solve very different specific problems like e.g., wettability (e.g., lotus leaf), friction and

wear (e.g., pangolin skin), antifouling (e.g., shark skin), reflectivity (e.g., butterfly wings), and adhesion

(e.g., gecko feet). Consequently, bio-inspired principles have attracted increasing attention in materials

science and engineering. Related activities aim on learning from nature how to develop technical

systems whose function simulates natural systems and how to prepare artificial materials and surfaces

with so far unrivalled properties. For this purpose, numerous different physical, chemical and

mechanical methods are available to synthesis functional surfaces. Over the last decades, the use of

lasers in materials processing has attracted continuously increasing attention due to the high cost

efficiency and excellent quality of processed products. In industrial production, lasers are successfully

used as drilling and cutting tools and to weld materials together. They are also utilized in additive

manufacturing technologies (e.g., stereolithography, selective laser sintering) that are on their way

from research to industry. Beyond, they may initiate gas phase condensation processes to synthesize

nanoparticles (e.g., laser vaporization) and coatings (e.g., pulsed laser deposition). In recent years,
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ultra-short laser beams that are pulsed in the fs to ps range were used to prepare laser-induced periodic

surface structures (LIPSS). These structures attracted particular interest in research and development

because of their great potential to create manifold functional surfaces for various technical applications.

Here, we will give a comprehensive overview on the generation of LIPSS and on their exploitation to

mimic functional biological surfaces.

2. Laser-Induced Periodic Surface Structures

In the year 1965, Birnbaum was the first to obtain laser-induced periodic surface structures (LIPSS)

by utilizing pulsed ruby lasers to irradiate semiconductors [1]. Since then extensive research was

carried out to investigate the formation mechanism of these structures. In the meanwhile, LIPSS have

been identified as a universal phenomenon that can be observed on all classes of materials when

irradiated near their ablation threshold [2]. LIPSS fabrication has mainly been demonstrated on flat

substrates and more recently also on the curved surface of carbon fibers whose curvature is in the order

of the incident laser wavelength [3]. Generally, it was shown, that LIPSS evolution and properties

are influenced by a great variety of influencing parameters including e.g., the wavelength λ and

the fluence F of the laser radiation, the optical properties of the material and the number N of laser

pulses hitting the materials surface. With respect to the wide range of these determining factors, the

key-parameter is related to the laser beam polarization. This strong influence is particularly expressed

by the degree of order/disorder as well as the alignment of the emerging pattern and was investigated

in detail by numerous authors by using linear, elliptical and circular polarization [4–9].

During the illumination of the surface of materials with linearly polarized radiation, the emerging

structures are classified with regard to their period Λ into low-spatial frequency LIPSS (LSFL)

and high-spatial frequency LIPSS (HSFL) (Figure 1). LSFL are predominantly characterized by an

orientation perpendicular to the electric field (E-field) vector. Exceptions are related to some dielectric

materials (e.g., fused silica, BaF2) and certain polymers, where LSFL are aligned parallel to the laser

beam polarization [2,10–12]. Upon irradiation of strong absorbing materials such as metals and

semiconductors by fs-laser radiation, usually LSFL are observed with Λ close to the incident laser

wavelength λ [2,13–18]. Similar behavior was reported for certain polymers irradiated with higher

harmonics of a Ti:sapphire fs-laser due to the occurrence of absorption bands in the corresponding

spectral range [12]. Spatially modulated intensity pattern resulting from interference effects of the

incident laser radiation with surface electromagnetic waves are mainly used to explain the phenomenon

of LSFL formation [4].
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Figure 1. SEM micrographs of laser-induced periodic surface structures: (a) HSFL and (b) LSFL on InP

and (c) HSFL and (d) LSFL on titanium. (a,b) Reprinted from Borowiec and Haugen [19] and (c,d) from

Bonse et al. [2], with the permission of AIP Publishing.

In this context, the excitation of surface plasmon polaritons (SPP) as well as the influence of

surface roughness and isolated defects have to be considered [20–22]. The different behavior of

metals, semiconductors and insulators is determined by their electronic structure and the incident

laser wavelength λ. In the case of dielectrics such as glasses, ceramics and polymers, the absorption of

the high intensive fs-laser radiation leads to a metal-like behavior that results from the highly excited

state of the material. In this case, LSFL emerge with Λ either close to λ or close to λ/n with n being
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the corresponding refractive index of the material. A comprehensive overview of HSFL reported on

inorganic solids is given by Bonse et al. [2]. They are usually observed for the irradiation with fs-laser

pulses, mainly for below band-gap excitation of transparent materials [2,23], but also on metals [2].

HSFL are characterized by a period much smaller than λ and an orientation that can be parallel or

perpendicular to the linear beam polarization in dependence on the type of material. Their origin,

however, still remains unclear and hence numerous investigations are still under research. Possible

explanations include self-organization [24], second-harmonic generation [19] and chemical surface

alterations (e.g., oxidation) [25]. It has to be noted, that contrary to linearly polarized radiation, circular

polarization at normal incidence leads to the formation of random structures consisting of nanodots

and ripples with many intersections and bifurcations [5–7]. Moreover, some authors showed that

elliptical polarization leads to a LIPSS pattern with an orientation perpendicular (e.g., for CaF2) [6,7]

or parallel (for certain polymers) [26] to the long axis of the polarization ellipse.

3. Wettability

3.1. Theoretical Aspects

The wetting behavior of a solid surface depends on the surface energy γ of the liquid,

the interfacial energy γsv between solid and vapor, and the interfacial energy γsl between solid

and liquid (Figure 2a). The intrinsic contact angle θ of a smooth and inert surface can then be described

by Young’s equation [27]:

cosθ “ γsv ´ γsl

γ
(1)

By convention, surfaces with a contact angle θ < 90˝ are referred to as wetting, those with θ > 90˝

as non-wetting. In the case of the liquid water, wetting and non-wetting surfaces are referred to as

hydrophilic and hydrophobic, respectively. If θ exceeds 150˝ surfaces are designated superhydrophobic.

However, on rough surfaces the measured contact angle often differs from the intrinsic one. This was

first described by Wenzel in 1936 [28], who implemented a roughness factor r > 1, which represents

the ratio of the true surface area of the solid to its horizontal projection (Figure 2b). With this factor,

the roughness dependent Wenzel contact angle θW can be calculated as follows:

cosθW “ r ˆ cosθ (2)

Thus, Wenzel’s geometrical model allows explaining why the contact angle of hydrophilic surfaces

decreases with increasing roughness whereas the contact angle of hydrophobic surfaces increases.

However, Wenzel’s model can hardly explain water contact angles exceeding 150˝. This behavior

requires an additional model that was given by Cassie and Baxter in 1944 [29]. Here, the surface tension

σ dominates the system and it is energetically favorable for the liquid to form a droplet that rests on

the tips of the surface while air fills the space between solid and liquid (Figure 2c). Consequently,

only a small fraction of the surface ϕs is in contact to the liquid. The Cassie-Baxter contact angle θCB

can then be calculated according to:

cosθCB “ φS ˆ cosθ ` φS ´ 1 (3)

According to Cassie-Baxter´s wetting state, water that is in contact to a superhydrophobic

surface forms droplets that can easily unroll a surface at very low angles of inclination. On their

way they wet contaminating particles present on the surface because thereby the surface energy of

the droplet is reduced and energy is gained by adsorption. Thus, the droplet picks up the particles

and removes them from the surface. This self-cleaning ability of a superhydrophobic surface is also

called “Lotus-Effect” [30] because these observations have already been documented in early Sanskrit

writings describing the purity of lotus leafs.
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Figure 2. Wetting states (a) Young; (b) Wenzel; and (c) Cassie-Baxter.

3.2. Examples in Nature

Numerous plants (e.g., lotus leaf) [30] (Figure 3a–c) and living creatures (e.g., springtail

cuticle) [31] (Figure 3d–f) have developed superhydrophobic surfaces by combining hydrophobic

materials (e.g., long-chain fatty acids, waxes) with surface profiles that are hierarchically structured

by combining a waviness on the microscale with a roughness on the nanoscale. The investment in

generating such complex structures mainly aims on keeping the surface clean and dry, which is a

requirement to protect the surface from the colonization of germs and microorganisms and to prevent

the clogging of breathing pores. Beyond, there are examples for surfaces that combine hydrophilic

and hydrophobic regions (e.g., Namib desert beetle) [32] (Figure 3g–i). Here, the hydrophilic peaks of

bumps facilitate the condensation of water from fog, while the superhydrophobic troughs provide a

pathway for the water droplets to roll towards the mouthparts of the beetle.

 

Figure 3. Examples of superhydrophobic surfaces in nature: (a–c) leaves of the lotus lower Nelumbo

nucifera; (d–f) Tetrodontophora bielanensis springtail cuticle and (g–i) Namib dessert beetle Stenocara

gracilipes; (a,b) Hensel et al. [33]—Published by The Royal Society of Chemistry; (d,e) Adapted by

permission from Macmillan Publishers Ltd.: NPG Asia Materials, Hensel et al. [31], copyright 2013;

(g,h) Adapted by permission from Macmillan Publishers Ltd.: Nature, Parker and Lawrence [32],

copyright 2001.

3.3. Superhydrophobic LIPSS

Wettability control and superhydrophobicity of material surfaces are probably the most studied

examples of bioinspired materials research in the past. Consequently, a broad spectrum of technical

applications is given including products like self-cleaning [34], anti-fingerprint [35], anti-corrosion
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coatings [36], water-repellent textiles [37], the prevention of bio-fouling [38] and fog harvesting [39].

It has been demonstrated, that the wetting behavior is not only a matter of the surface chemistry

alone. More importantly, it was shown on example of the hierarchical morphology of the lotus leaf

(Figure 3a–c), that the surface morphology directly affects the wetting features [40,41]. In addition

to a contact angle θ exceeding 150˝ a superhydrophobic surface is characterized by a sliding angle

(SA) below 5˝ [28,29]. The production of these surfaces has been demonstrated by means of numerous

different techniques like photolithography [42], laser interference lithography [43], and chemical

etching [44]. Readers with a deeper interest are referred to comprehensive reviews given by Roach et al. [45]

and Wang et al. [46]. However, main disadvantages of these techniques are related to the requirement for

multiple steps and additional materials as well as to their intensive time and cost factor [47].

Generally, the fabrication of superhydrophobic surfaces has to be distinguished into the two

following strategies: The first approach focuses on the increase of the surface roughness of a raw

material with a low surface energy. The second concept involves the increase of the surface roughness to

obtain a hydrophilic intermediate state in combination with a post-chemical surface functionalization

to achieve the finale hydrophobic wettability behavior [48]. The latter method has been studied

intensively, particularly concerning the transfer of hydrophilic to hydrophobic metal surfaces [49–51].

Regarding the fabrication of superhydrophobic surfaces, the irradiation with ultrashort laser pulses

offers a flexible, robust and direct technique. Beyond, chloroalkysilane and fluoroalkysilane coatings

are frequently used to increase θ to superhydrophobic states with decreasing surface energy [52]. It has

been shown, that a densely packed CF3 functionalized flat surface can reach a theoretical contact

angle of θ = 120˝. Increasing the surface roughness with LIPSS, θ exceeding 120˝ can be realized after

silanization [53,54]. Long et al. [49] investigated the influence of the laser fluence F and the pulse

number N on the resulting morphology of LIPSS fabricated on copper surfaces using a ps-laser with

λ = 1064 nm (Figure 4). It becomes evident, that for all investigated parameters, the structural period

Λ was in the same range between 700 nm and 800 nm. Varying F between 0.43 J/cm2 and 1.2 J/cm2 at

a fixed pulse number N = 509, an increasing size and density of nanoparticles loaded on the LIPSS

pattern was demonstrated (Figure 4a–c). In addition, an increasing N at F = 0.43 J/cm2 led to an

increasing depth, i.e., to a more pronounced grating structure (Figure 4d–f). However, at this low

fluence the corresponding surfaces exhibit only a small number of nanoparticles. The subsequent

reduction of the surface energy based on the functionalization with triethoxyoctylsilane resulted in

the increase of θ up to 154˝ with increasing F used during LIPSS fabrication. The hydrophobicity was

attributed to an increased surface roughness caused by the nanoparticles, whereas the smallest θ was

achieved using the lowest laser fluence.
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Figure 4. LIPSS fabricated on copper surfaces with (a–c) different laser fluences F at fixed pulse number

N = 509 and (d–f) with different number of pulses N at F = 0.43 J/cm2. Reprinted from Long et al. [49],

Copyright 2014, with permission from Elsevier.
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The influence of high laser fluences (i.e., far above the ablation threshold) on the fs-laser irradiation

of metallic surfaces was demonstrated by several authors [50,51]. Starting from conventional LIPSS

fabricated with F = 0.08 J/cm2 on stainless steel (Figure 5a), Wu et al. observed an increasing depth and

the occurrence of a new groove structure perpendicular to the initial LIPSS orientation by increasing F

up to 0.4 J/cm2 (Figure 5b) [51]. A further increase of F resulted in microscale “cone-like” structures

with LIPSS on the top (Figure 5c) that are phenomenologically characterized by a very rough surface

and a high degree of disorder.

 

θ
θ θ

θ

Λ

Figure 5. SEM micrographs of top, side (30˝) and profile view of stainless steel surfaces at various

laser fluence: (a) F = 0.08 J/cm2; (b) F = 0.4 J/cm2; and (c) F = 2.4 J/cm2. Reprinted from Wu et al. [51],

Copyright 2009, with permission from Elsevier.

After laser treatment, the surfaces were immediately silanized by Trichloro(1,1,2,2-

perfluorooctyl)silane. Compared to a non-structured surface with θ = 105˝ ˘ 3˝ (Figure 6a), LIPSS

induced by irradiation at low F exhibit θ = 150.3˝ (Figure 6b). The maximum contact angle θ = 166.3˝

together with a small SA of 4.2˝ was achieved at high F (Figure 6c). Consequently, the surfaces show

extremely superhydrophobic properties, which are caused by air pockets due to the rough surface and

subsequent silanization [51].

θ
θ θ

 

θ

Λ

Figure 6. Photographs of water droplets on (a) flat; (b) LIPSS and (c) double-scale structure stainless

steel surfaces after silanization. Reprinted from Wu et al. [51], Copyright 2009, with permission

from Elsevier.

Hierarchical structures consisting of LIPSS on the top of well-ordered micro-structured stainless

steel surfaces were demonstrated by Martínez-Calderon et al. who investigated the influence of these

“hybrid” structures on θ [47]. For this purpose, trench as well as matrix micro-pattern with a depth

of around 10 µm and line widths of about 20 µm were realized by using fs-laser radiation (Figure 7).

The superimposed LIPSS are characterized by Λ = 580 nm and a height of about 250 nm.
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Figure 7. SEM micrographs of hierarchical structures fabricated on stainless steel: (a) trench micro

pattern with a pitch distance of 30 µm; and (b) matrix micro pattern with a pitch distance of 50 µm

both covered by LIPSS. Detailed area scanned on: (c) trench micro pattern; (d) matrix micro pattern.

Reprinted from Martínez-Calderon et al. [47], Copyright 2015, with permission from Elsevier.

Based on the contact angle θ = 75˝ of the untreated flat stainless steel surface, θ was enhanced

to a maximum value of 144˝ by structuring the surfaces with trenches and matrix micro patterns

without LIPSS. Covering these microstructures with LIPSS led to an increase of θ up to 156˝, i.e., to a

highly hydrophobic surface. Experiments concerning the influence of the pitch distance on θ revealed

a decrease of θ with increasing distance. As a result, a maximal θ can be realized by LIPSS containing a

dual scale structure allowing to reach the Cassie-Baxter state [47]. It has to be noted, that based on these

hierarchical structures, hydrophobic surfaces can be obtained from an initially hydrophilic surface

without additional functionalization (e.g., coatings, silanization or additional treatments). Beyond the

morphological point of view, the investigations of Kietzig et al. revealed a change of θ of LIPSS-based

surfaces of different materials over time [40,55] (Figure 8). This aging effect leads to a change of the

wettability from hydrophilic immediately after laser structuring to hydrophobic with increasing time.

Beyond, the time required for this transfer increases with increasing fluence [40].

θ θ

θ
θ

θ θ

θ

 

θ θ
θ

θ

Figure 8. Evaluation of the time-dependency of θ of surfaces irradiated with F = 2.83 J/cm2: (a) θ

of different substrate materials and (b) exponential growth regression on θ-evaluation in the case

of stainless steel. Adapted with permission from Kietzig et al. [40], Copyright 2009 American

Chemical Society.
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Based on XPS measurements of the untreated surfaces as well as of surfaces immediately after laser

treatment and after 52 days, the time-dependency of θ was attributed to the enrichment of carbon at the

structured surfaces resulting from the decomposition of carbon dioxide by the intensive fs-laser pulses.

However, the amount of carbon from the initial decomposition is not sufficient to cover the whole

surface and to protect the underlying iron oxide. This polar iron oxide and the surfaces roughness

according to the Wenzel theory support the wetting behavior towards hydrophilicity. Over time,

the decomposition slowly proceeds and the content of non-polar carbon increases. With increasing

carbon content, the wettability of the structure with dual scale roughness transforms to hydrophobic.

These explanations were confirmed by the storage of irradiated samples in different media. As a

main result, a carbon dioxide atmosphere led to a faster change of θ when compared to normal air

atmosphere. On the other hand, θ remained unaffected when the samples were stored under water [40].

Although this theory is the most cited in literature, the “aging effect” is discussed controversially.

Some other groups like Bizi-bandoki et al. [41] propose that for aluminum the time-dependent change

to hydrophobic behavior is related to the laser-induced formation of new non-polar carbon groups

like –CH3 and graphitic carbon. In the case of stainless steel, water molecules were detected instead

of functional groups, which disappeared after laser processing and made the structured surfaces less

polar, when compared to the initial surfaces. In conclusion, Bizi-bandoki et al. predict the topography

effect (roughness) to be the dominating factor immediately after laser processing. Over time, the surface

chemistry becomes predominant and leads to hydrophobic stainless steel surfaces [41].

As an indirect LIPSS-based technique for the production of superhydrophobic surfaces, the replica

method provides the possibility to transfer the morphology of fs-laser structured metal surfaces

on polymeric materials. In this context, Liu et al. [56] investigated the wettability of a structured

master material (stainless steel), the resulting replica (polydimethylsiloxane) and of replicas sputtered

with gold. They showed, that a superhydrophobic behavior with self-cleaning effects (θ = 164.5˝,

SA = 8.44˝) could be realized on the PDMS replica. Based on a remarkable decrease of θ related to

the same replicas sputtered with a 300 nm thick gold layer (i.e., the sub-micro/nano-structures are

eliminated), they confirmed the roughness and the hierarchical structure, respectively, as the reason

for the superhydrophobicity.

4. Reflectivity

4.1. Theoretical Aspects

The reflectivity R of a perfectly flat material’s surface describes the fraction of the incident intensity

of light that is reflected at an interface between a surrounding medium and a material. R depends on

the wavelength λ and on the angle of the incident light, on its polarization, and on the optical constants

nm (refractive index) and κm (absorption index) of the material. In the case of a normal incidence and a

non-absorbing medium (e.g., air with n0 = 1), R is given by:

R “ pnm ´ 1q2 ` n2
mκ2

m

pnm ` 1q2 ` n2
mκ2

m

(4)

Anti-reflective coatings aim on minimizing R by maximizing either the part of the absorption A

or the transmission T:

R “ 1 ´ A ´ T (5)

The simplest procedure to reduce the reflectivity R of e.g., optical crown glass (nm = 1.52 and

κm « 0 at λ = 500 nm; R = 4.3%) is to coat it with a thin layer (λ/4) of a material whose refraction index

nc lies between n0 and nm. The optimum value of nc (=1.23 for the present example) can be calculated

by using [57]:

nc “
?

n0 ˆ nm (6)
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An alternative method to reduce the reflection of light is given by textured surfaces, where

gratings consisting of 3D pyramids or 2D grooves interact with the incident light [58]. Equation (7)

describes the condition for a constructive interference from periodic elements on a surface [59]

m ˆ λ “ Λ ˆ psinθi ˆ cosφ ` sinθmq (7)

with the incident angle θi, the diffracted angle θm for order m, the orientation ϕ of the ripple

pattern relative to the plane of incidence, the wavelength λ and the groove spacing Λ (Figure 9a).

These parameters control the possible presence and direction of various orders. However, the efficiency

of the grating is determined by the wavelength and polarization of incident light, the height h and

shape of the grooves, and the optical properties of the grating surface [60].

         

θ θ φ
λ Λ

 

λ Λ
λ Λ

λ Λ

λ Λ ≈

λ

      
 

Figure 9. Schematic illustration of a plane wave incident on a periodic surface grating with

(a) rectangular groove profile and (b) gradient profile.

Depending on the λ/Λ ratio, a reduction of the reflection can be described theoretically [58]. If the

wavelength exceeds the structural size of the grating (λ/Λ > 1), the grating behaves like a gradient

index film with reduced reflection [61,62]. In this case, the reflection can be calculated by using effective

medium approximations. If the wavelength is smaller than the structure size of the grating (λ/Λ < 1),

rays should be reflected many times before they revert [63]. In this case, the reduction of R can be

explained by a geometric optics approximation, and R can be calculated by ray tracing [64]. In the case

of similar sizes of wavelength and structure (λ/Λ « 1), no valid approximations exist to calculate the

reduction of R. The reflection can only be calculated by solving Maxwell’s equations numerically [58].

However, it was shown that the reflection decreases when the height of the structure is increased and

the dielectric mismatch between the grating and the incident medium is reduced [65,66].

A special case occurs if the grating has a nipple-like gradient profile with a gradual change of

index (Figure 9b). Then, the regarding reflectance is a result of an infinite series of reflections at each

incremental change in index [67]. Since each reflection comes from a different depth of the surface,

each will have a different phase. If the transition takes place over an optical distance of λ/2, all phases

are present, there will be destructive interference and R will fall to zero [67]. The effective refractive

index neff can be calculated with [68]

ne f f phq “ nm ˆ An phq
Ab

` Ab ´ An phq
Ab

(8)

where An(h) is the area of the nipples as a function of their height, and Ab is the base area of a nipple.

Beyond, the interaction of visible light with a textured surface can be used to optimize the reflection

of light of selected wavelengths and to produce structural colors. It is known, that a number of

structures can create structural colors, by mechanisms including interference, diffraction gratings,

scattering, and photonic crystals [69]. The resulting colors originate from the selective reflectance

and absorption of incident light, and they may be affected by the angle of light incidence. Diffraction

gratings divide white light into spectra. Rays scattered from different points on the grating interfere
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either constructively or destructively [70]. Depending on the geometry of the grating, this may lead

to characteristic structural colors of high brightness. Photonic crystals are another important source

of structural coloration. The sub-wavelength lattices of these periodic 1D, 2D, or 3D structures can

control the propagation of light in a manner atomic crystals control electrons [71]. Photonic crystals

with a 2D and 3D structure may be regarded as a special case of composite, built from two materials

with refractive indices nm1 and nm2, characterized by a refractive index invariant under the spatial

translations of a crystalline lattice [69]. Thus, photonic crystals can be defined as a medium with a

refractive index that varies in space periodically [72].

4.2. Examples in Nature

4.2.1. Antireflective Surfaces

The moth eye is the most prominent example for antireflective surfaces in nature. In 1967 Bernhard

described the principle by which the reflection from the corneas of night-flying moths is reduced for the

purpose of camouflage [73]. A moth eye antireflection surface consists of a very fine array of nipple-like

protuberances with hexagonal packing (Figure 10a–c). These behave as a gradation of refractive index,

which substantially reduces the reflectance [67]. It was found, that nipples with a parabolic shape,

a distance of 200 nm, and a height of 250 nm, touching each other at the base, completely prevent the

reflectance for normally incident light [74]. Thus, the eye glare of moths that are inactive during the

day is significantly reduced, and consequently they are less visible for predators. Beyond, the corneal

nipples act as an optically matched layer between the facets of the compound eye of the moth and the

surrounding air, and maximize the incoupling of light in the eye [68]. Another concept of camouflage

motivated antireflective surfaces is followed by the glasswing butterfly (Greta oto). This butterfly

has transparent wings with very low reflectance over the whole visible spectral range even for large

view angles [75,76]. The transparency of the wings makes it difficult for predatory birds to track the

butterfly during the flight. The omnidirectional antireflection behavior of the wings is caused by small

nanopillars of high aspect ratio that are irregularly arranged and feature a random height and width

distribution (Figure 10d–f) [76].

Figure 10. Examples of antireflective surfaces in nature: (a–c) moth eye and (d–f) glass wing butterfly

Greta oto. (b) Adapted from Gonzalez and Gordon [77], Copyright 2014, with permission from OSA

Publishing; (d,e) Adapted by permission from Macmillan Publishers Ltd.: Nature Communications,

Siddique et al. [76], Copyright 2015.

4.2.2. Structural Colors

Nature’s colors have three main sources: pigments, structural colors and bioluminescence [69].

While structural colors are the result of selective light reflection, diffraction, colors from pigments
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and bioluminescence originate from selective light absorption and chemical reaction, respectively [78].

Many types of butterflies use light-interacting structures on their wing scales to produce color for

camouflage, thermoregulation, and signaling [79]. Among them, Morpho butterflies are the most

well-known (Figure 11a–c). The intensely bright iridescent blue coloring in male butterflies facilitates

very long-range signaling of up to 500 meters [80]. The structure of the wing scales is characterized by

a series of longitudinal ridges that are spanned by cross ribs, which are located on a basal lamellae that

is supported by columnar trabeculae [81]. These structures selectively cancel out certain colors through

wavelength interference while reflecting others, depending on the exact structure and interspatial

distance between diffracting layers [82]. Here, the resulting structural color results from combining

different physical mechanisms. A multi-film interference was found in the vertical direction and

diffraction grating in the horizontal direction [69].

 

λ Λ

Λ

Figure 11. Examples of structural colors in nature: (a–c) Morpho butterfly and (d–f) Lamprocyphus

augustus weevil. (a) Watanabe et al. [83], Copyright 2005 The Japan Society of Applied Physics;

(b) Adapted with permission from Kinoshita et al. [84]; (d,e) Adapted with permission from

Galusha et al. [85], Copyright 2010 John Wiley and Sons.

Examples of natural photonic crystals with a 2D and 3D structure were first found in the sea mouse

Aphroditidae polychaeta [86] and in the opal weevil Pachyrhynchus argus [87], respectively. The Brasilian

weevil Lamprocyphus augustus is another example of 3D photonic crystals that has attracted much

attention due to its iridescent green color with golden reflections (Figure 11d–f). The beetle’s scales

consist of cylindrically shaped chitin building blocks and air gaps, which are arranged in the symmetry

of a diamond lattice with an average lattice constant of 450 nm [88]. This structure is transparent for

all wavelengths except 500 to 550 nm. Thus, it acts as a perfect mirror for green light and makes the

beetle appear iridescent [88].

4.3. Antireflective LIPSS

The elimination of undesired reflections from optical surfaces is a key aspect during the

development of many technologies, such as lenses and displays. On the other hand, an enhanced

coupling of electromagnetic radiation to a materials surface is of great importance for e.g., solar cells,

light sensitive detectors, optoelectronic devices and metal absorbers. Given that a rippled surface

is much less reflective and much more absorbing than a smooth surface, LIPSS provide a versatile

and relatively simple direct writing approach to enhance e.g. the efficiency of solar cells by boosting

their ability to harvest more sunlight. By taking into consideration the broad palette of available laser

sources, the relationship between incident laser wavelength λ and the resulting structural sizes Λ

facilitates the realization of LIPSS-based devices suitable for the entire spectral range from the UV up to

the near-IR. In this context, the major advantage is given by the feasibility of the grating-like structures

on all classes of materials and that the writing method heats only the surface of a material, leaving



Materials 2016, 9, 476 12 of 29

underlying structures unaffected. Moreover, the optical performance, especially in terms of the period

Λ and the alignment of the structures, can be adjusted flexibly over a wide range based on the various

influencing parameters including the pulse number N, the incident angle θi, the laser fluence F and

the polarization state. With increasing F, the blackening effect of stainless steel, brass and aluminum

surfaces treated with fs-laser radiation increases (Figure 12) [89]. Based on SEM micrographs, Ou et al.

demonstrated that the blackening threshold of stainless steel and brass is correlated to the appearance

of LIPSS. With increasing F, the shape of the grating structure is more pronounced and the modulation

depth increases. Consequently, the absorbed energy increases due to grating-assisted coupling [22,90]

and finally the initially high-reflective surfaces appear completely black to the naked eye.

θ

 

Figure 12. Optical images of metal surfaces (stainless steel, brass and aluminum) treated with fs-laser

radiation at different pulse fluences. Reprinted from Ou et al. [89], Copyright 2016, with permission

from Elsevier.

In dependence on the utilized parameters and the resulting surface morphology, the reflection of

such grating-like structures can be reduced down to about 5% for metals [89,91]. In the case of silicon,

the most significant decrease in the total reflectance is above the band gap at the wavelength range

between 250 and 800 nm, where reflectance is reduced by a factor of about 3.5 in the visible wavelengths

and by a factor of about 7 in the UV [92]. Below the band gap, the total reflectance is reduced by

a factor of 1.7 compared to an untreated surface. Through the proper scanning of a line-shaped

fs-laser beam, Hong et al. demonstrated the extension of the area of a uniformly distributed periodic

LIPSS-pattern on a silicon substrate [93]. Straightforward and inexpensive, they used a cylindrical

lens to widen a fs-laser beam to a width of 50 µm. The resulting homogenous pattern is characterized

by a ripple-depth of 300 nm, which is much deeper than the one previously reported. As a result,

an absorption enhancement of 41% compared to a planar silicon wafer was achieved. Concerning the

realization of photovoltaic devices, the light reflection of silicon including scattering has been further

reduced to less than 3% for the entire solar spectrum [94].

However, the morphology of the underlying structures differs remarkably from LIPSS. As described

by Nayak et al., they are conical shaped with 5–7 µm in base diameter, 8–10 µm in height tapering down to

about 100 nm at the tip and separated by about 6 µm from each other. Compared to LIPSS, the fabrication

requires a much higher laser fluence and the utilization of reactive background gasses [95].

As one of the main characteristics of the grating-like surface structures, polarized reflection

measurements with an integrating sphere revealed that the reduction of light reflection is most

significant for the incident polarization parallel to the LIPSS grating vector (i.e., the electrical field

vector is perpendicular to the grooves) for both total and specular reflectance (Figure 13e) [18,92].

Consequently, the optical response of LIPSS-based surfaces shows an anisotropic behavior concerning

the direction and the polarization of incident radiation (Figure 13b–d). For both types of materials

(metals and silicon) structured with a grating period of about 600 nm, this effect is most significant in

the VIS. Nevertheless, for both polarization directions the reduced reflection can be measured in the

entire spectral range. This indicates an influence of the nanoparticles. They are distributed over the

grating ridges and increase the fundamental light absorption caused by the subwavelength grating

effect (Figure 13a) [96].
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Figure 13. Antireflection effect of LIPSS on silicon: (a) SEM micrograph of LIPSS; (b–d) photographs

of laser structured silicon surfaces reveal various shades of dark colors at different viewing angles;

(e) spectral and polarization response at an incidence angle of 6˝ of the structured silicon sample.

Adapted from Vorobyev and Guo [92], Copyright 2011, with permission from OSA Publishing.

Concerning the further improve of omnidirectional, broadband and polarization-independent

optical surfaces, higher-dimensional hierarchical LIPSS-based structures imply great potential and are

therefore in the focus of current research. In this context, an obvious idea is related to the fabrication of

e.g., crossed grating structures by a multiple scanning procedure with different polarization directions.

However, as pointed out by Yao et al., a twofold scanning with the linear polarization perpendicular

to each other leads to an almost complete replacement of the initial LIPSS pattern, i.e., that the

orientation of the grating-like structure is always dictated by the most recent polarization direction [97].

Cong et al. demonstrated a direct method to realize such two-dimensional matrix subwavelength

dot structures by focusing two-color cross-polarized fs-laser pulses (in this case λ1 = 800 nm and

λ2 = 400 nm) through an optical lens [98]. The morphology was tuned in a wide range in dependence

of the time delay between the corresponding ultrafast dynamic processes. An alternative approach

was adopted by Pan et al., who fabricated two-dimensional periodic structures on silicon surfaces by

fs-laser radiation with the assistance of a microlens array placed in the beam path [99]. By scanning

the laser beam twice successively along the x- and the y-directions at a laser power of 30 mW and a

scanning velocity of 150 µm/s in air, grid-like structures were realized (Figure 14a). As illustrated,

LIPSS appeared both on the top of the surface as well as in the valleys formed between grooves

(Figure 14b,c). The optical absorptance of these “hybrid” structures measured between 250 nm and

1800 nm wavelength indicated an enhancement most significantly below 400 nm and absorption values

between 86% and 91% in the visible region (Figure 14d). Despite the promising influence of the beam

polarization on the orientation of the grating structures, up to now only a few studies considered

the utilization of transient polarization states during LIPSS-based surface structuring. By means of

spatial light modulators (SLM) and additional waveplates, Jin et al. utilized the dynamical switching

between four specific polarization states (linear horizontal and vertical, radial and azimuthal) to

demonstrate that a highly controlled real-time nanostructuring of polished stainless steel samples is

possible [100]. Nevertheless, the switching was conducted discrete between the mentioned polarization
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states, whereas the corresponding areas show highly periodic LIPSS that are aligned perpendicular to

the electrical field vector.

 

Figure 14. Fabrication of 2D periodic structures on silicon after scanning with fs-laser multi-beams:

(a) overview of the grid-like structures; (b,c) enlarged view of the laser-induced surface morphologies

before and after HF-etching for 60 min and (d) spectral absorptance of the samples. Reprinted from

Pan et al. [99], Copyright 2016, with permission from Elsevier.

Some authors reported about direct fs-laser LIPSS-based surface structuring by using tailored

optical vortex beams with different spatial distributions of the polarization state which are generated

by means of q-plates [101], SLM [102] and SLM in combination with s-waveplates [103], respectively.

It was shown, that the vortex beams facilitate to extend the fabrication of even more complex and

unconventional surface structures. Beyond, Gräf and Müller showed for stainless steel, that the

well-known relationship between laser beam polarization and the alignment of the emerging structures

can be used to continuously control the orientation of the surface textures by the utilization of a

continuously rotating electrical field vector [104]. In dependence on its rotation frequency, the originally

well-ordered ripple pattern obtained from static linear polarization has been transferred into surface

morphologies with a well-defined alignment and degree of disorder. As a main result, the induced surface

structures are characterized by their different optical response to a side-illumination at grazing incidence.

4.4. LIPSS with Structural Color

Structural coloration is promising in providing brilliant colors, adaptive camouflage, label

marking, and optical data storage. Therefore, it is of great potential for numerous industrial,

commercial and technical applications. In this context, nature offers a great variety of different

examples of functional optical surfaces, which all origin from a well-ordered micro- and nanostructured

surface. Based on the study of these biological systems, various technologies have been adopted to

transfer nature’s functional principles to potential technical applications. Hereby, LIPSS-based direct

laser structuring has emerged as a mask-free, flexible, versatile and contactless tool to modify the optical

surface properties of different types of materials. This was shown for the very first time by Vorobyev

and Guo in 2008, who demonstrated that the colorizing of surfaces facilitates to control the optical

properties, in particular the color, of aluminum, gold and platinum [105]. The most characteristic

feature of LIPSS-based surfaces is related to the exhibition of different colors at different viewing

angles and to the close interrelation of the colorizing effect to the antireflective surface properties [105].

They both origin from the diffraction behavior of the grating-like surface structures, that is modified
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by the appearance of homogenously distributed nanoparticles [106]. This grating diffraction origin is

substantiated by a red shift of the present color that can be observed with increasing inspecting angle [107].

According to a generally accepted theory, the spatial ripple period is directly related to the initial

laser wavelength, i.e., the structural sizes are equal or somewhat smaller than λ. The Ti:sapphire laser

with a central wavelength of 800 nm is currently the most common type of fs-laser used for LIPSS

fabrication. The corresponding ripple period (LSFL) ranges from about 400 to 800 nm. From the

physical point of view, the colorizing effect can be controlled by the angle of incidence and observation,

the orientation of the ripple pattern relative to the plane of incidence and by the ripple period Λ

(Equation (7)). This is illustrated in Figure 15 for LIPSS fabricated on stainless steel. It becomes evident

for a fixed observation angle, that different colors appear for different angles of incidence (Figure 15a).

On the other hand, Figure 15b shows thirty-six disc sections with grating-like structures with a period

Λ = 660 nm and a height of 200 nm, which are characterized by different ripple orientations reaching

from 0˝ to 350˝. As a result, each section exhibits different colors from the visible spectral range for

fixed angles of incidence and observation. From the technological point of view, versatile influencing

parameters are available to modify the ripple structures and their optical response. By means of the

processing parameters including e.g., F, N and the surrounding atmosphere, the colorizing effect can

be finely tuned via the well-defined modification of the induced ripple period. It was shown by several

authors for different materials, that Λ slightly decreases with increasing N hitting a certain surface

area [2,22,108–110]. In this context, Huang et al. demonstrated that the Λ -decreasing phenomenon in

dependence on N is far more prominent in the case of dielectrics and semiconductors than in the case

of conductors [22]. Beyond, a moderate increase of Λ was observed with increasing F [109–111]. In the

case of silicon, Yang et al. demonstrated different spatial periods in dependence on vacuum, nitrogen

and air as atmospheres during structuring [112]. Moreover, the colorization effect was most obvious in

vacuum, which was attributed to clearer grating structures.

λ

Λ

Λ

Λ

Λ
Λ

 

Figure 15. LIPSS-based colorizing of stainless steel: (a) variation of structural colors observed at

fixed observation angle and different incident angles ranging from 38˝ to 65˝ and (b) scanned image

(1200 dpi) of the sample surface marked by thirty six disc sections characterized by different ripple

orientations (from 0˝ to 350˝) but fixed incident and observation angle. (a) Reprinted from Yao et al. [97],

Copyright 2012, with permission from Elsevier; (b) Adapted from Dusser et al. [113], Copyright 2010,

with permission from OSA Publishing.
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Of course, the variation of the utilized fs-laser wavelength λ itself has a much greater impact

on the LIPSS period and therefore introduces a greater flexibility to laser color marking. Despite this

obvious idea and its promising advantages, color marking with an adjustable laser wavelength is only

less investigated so far. Li et al. [114] systematically studied LIPSS fabrication utilizing different laser

wavelengths between 400 nm and 2200 nm by means of an optical parametric amplifier. As illustrated

in Figure 16b for stainless steel, the investigated approach facilitates to considerably expand the

diversity of available colors. In addition to the fact different that for a given ripple period different

colors appear at different coordinates (α, ϕ) (see Figure 16a), the reported enhancement of the spectral

range is supported by different colors appearing at the same coordinates for different ripple periods.

λ

α φ

 

β
α φ α

φ

Figure 16. Structural colors formed with different spatial periods: (a) principle of the color measuring

setup and (b) photographs taken at fixed observation angle β = 20˝ (left axis: spatial periods, upper

axis: value pair (α, ϕ) consisting of α—orientation of the incident light to the Z-direction and ϕ—ripple

direction to X-direction). Adapted from Li et al. [114], with permission of Springer.

The strong dependence of the ripple orientation on the polarization of laser light offers the

opportunity of decorating different regions of the surface with different types of ripples. As shown

by Yao et al., different patterns can be selectively displayed with structural color when white

light is irradiated on the surface from different directions [97]. Moreover, they demonstrated the

possibility of decorating the same region with two or more types of ripples with different orientation,

which facilitates to selectively display different patterns with spatial overlapping with structural color.

Possible applications are related e.g., to decoration encryption. Finally, the continuous change of the

orientation of the ripple pattern as demonstrated by Gräf and Müller by means of a well-defined

control of the electrical field vector during surface scanning might enable to realize a color gradient at

fixed angles of incidence and observation [104].
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5. Drag and Friction

5.1. Theoretical Aspects

Any object that moves relative to the flow of a gas, a liquid or is in contact to another solid surface

in motion, faces a force that acts opposite to its relative motion. In the case of a fluid, this force is called

drag force FD and can be calculated according to:

FD “ ρ ˆ v2

2
ˆ cD ˆ A (9)

where ρ is the density of the fluid, v is the velocity of the object relative to the fluid, A is the cross

sectional area of the object, and cD is the drag coefficient. cD depends on the shape of the object and on

the Reynolds number Rex:

Rex “ v ˆ x ˆ ν´1 (10)

where x represents a linear dimension in the direction of the flow and υ is the kinematic viscosity

of the fluid. cD amounts to 1.328 (Rex)´0.5 and 0.455 (logRex)´2.58 for laminar and turbulent flow,

respectively [115]. It was shown, that the viscous drag of turbulent boundary layers is the main source

of high FD, and that riblets are a versatile tool to reduce viscous drag [116]. Experiments in an oil

channel with adjustable blade riblets have shown that the optimal riblet height h is at 0.5 s, with s

representing the distance between adjacent riblets [117]. With this surface a turbulent shear stress

reduction of 9.9% below that of a smooth surface has been achieved [117].

If two moving solid surfaces come in contact to each other, dry friction resists their relative lateral

motion. This may lead to a degradation or damage of the related materials by wear. The force of

friction FF can be calculated by:

FF ď µ ˆ FN (11)

where FN is the normal force that compresses two faces together and µ is the coefficient of friction.

As the crucial parameter, µ is influenced by a great variety of different parameters such as the surface

roughness, possible lubricants, the surface chemistry, the contact area and stress, the sliding speed as

well as environmental conditions.

5.2. Examples in Nature

In 1936 the British zoologist James Gray hypothesized that the skin of dolphins must have

special drag reducing properties, that facilitate to swim at much higher speed and acceleration

than the physiological condition of the dolphin should allow (“Gray´s paradox”) [118]. Since then

many examples of drag reducing marine organisms e.g., barracuda [119], tuna [120], boxfish [121],

penguin [122], and shark [123] were investigated and the related drag reducing mechanisms were

explained. It was shown, that the skin of different species of fast sharks is structured in a very similar

manner (Figure 17a–c). It consists of tiny scales with parallel riblets that are aligned in the direction of

flow [124,125]. The size of the scales is in the range from 100 to 200 µm [126]. The riblets have a height

of 20 to 30 µm [126], and the number of riblets per scale varies from 1 to 7 for different species [124].
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Figure 17. Examples of tribological surfaces in nature: (a–c) skin of sharks; (d–f) pangolin Manis

tricuspis, and (g–i) Python regius; (b) Adapted with permission from Wen et al. [127]; (d) Adapted from

Ofusori et al. [128]; (e) Adapted from Tong et al. [129] with permission from Springer; (h) Reproduced

with permission from Abdel-Aal and El Mansori [130] Copyright IOP Publishing. All rights reserved.

Soil-burrowing animals like dung beetles, ground beetles, and the pangolin dig holes in the

ground to live in [131]. Therefore, their skin must be effectively resistant against friction and abrasive

wear. For this purpose, the body of the pangolin is covered with a layer of keratin scales, each about

25 mm ˆ 40 mm in size (Figure 17d–f) [132]. These scales are structured by riblets that are aligned in

the longitudinal direction of the pangolin. The riblets have a height around 400 µm and a distance to

each other in the range of 400–800 µm. It was shown, that the free abrasive wear of the scale surface is

a function of the orientation of the riblets with respect to the sliding direction of the abrasive particles,

the abrasive particle size and the relative sliding velocity [133]. Depending on their size, particles

can either be guided along the direction of the riblets (“Guiding-Effect”), or can roll between them

(“Rolling-Effect”) [133].

In the course of evolution squamate reptiles like snakes developed customized responses to a

broad variety of tribological conditions that allows them to survive even in the remotest corners of

the earth. The skin of snakes exhibits hierarchical submicron and nanoscale features that facilitate

the reduction of adhesion and exhibit abrasion resistance as well as frictional anisotropy which are

fundamental requirements for their movement [130]. Particularly the frictional anisotropy must be

kept over a long period of time until new skin is molted. This challenging problem is intensified by

the continuous contact of the ventral body of the snake with the ground. In addition to the surface

topography, the frictional properties depend on the surface energy and the materials properties.

Regarding the mechanical properties, Klein and Gorb [134] revealed that the layered structure of the

skin consists of a hard, robust and inflexible outer surface and softer and flexible inner layers. From the

topological point of view, the ventral side of the reptile comprises hexagonal scales that are elongated

along the lateral axis of the reptile and contain micro fibril structures (Figure 17g–i). Their ordered

directional texture and the shape induce high friction anisotropy for enhancing forward motion with

minimum adhesive forces and friction [135].
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5.3. Tribological LIPSS

In recent decades, surface engineering in terms of the tribological properties has become an

important tool to reduce wastage of resources resulting from high friction and wear, to decrease CO2

emission and to improve wear resistance of technical surfaces. Potential applications are related to

the fields of e.g., aerospace, automotive, energy, ships, textiles and mechanical engineering [126].

The surface roughness in particular determines the contact area and stress as well as lubricant paths

and reservoirs. In this context, it was shown by several authors that hierarchical surfaces produced

by laser interference patterning with feature sizes in µm-range can significantly tailor the tribological

properties of surfaces [136–138]. As first proposed in 1999 by Yu and Lu [139], the introduction of

LIPSS-based micro-and nanostructures also provides a promising approach to improve the tribological

performance of surfaces. Some years later, Mizuno et al. demonstrated the reduction of µ based on

LIPSS structuring of diamond-like carbon (DLC) [140]. For this purpose, an atomic force microscope

with a spherical glass tip was used under well-defined atmospheric conditions and low normal loads in

the range of nN to measure µ in different moving directions relative to the LIPSS pattern. The reduction

of µ was attributed to a decrease of the contact radius and to an increase of the distance between the

DLC coated surface and the spherical glass tip. Consequently, the interacting area decreases and leads

to remarkably lower adhesions forces [140].

It was shown, that the influence of the testing directions on the friction is negligible compared to

the influence of the contact area and the adhesion force. The analysis of structured DLC-films coated

with a molybdenum disulfide (MoS2) layer using a ball-on-disc friction test machine with different

loads (W = 2 N and 10 N) and balls (bearing steel and WC-Co with a diameter of 6 mm) revealed an

excellent frictional performance [141]. The corresponding reduction of µ down to 0.02 was explained

by the LIPSS pattern providing lubricant reservoirs. Furthermore, a laser-induced transformation

of the DLC-films to glassy carbon (GC) was detected, which positively effects the bonding of the

MoS2-layer and the DLC-film [141]. The extension of the investigations of Yasumaru et al. to nitrides

(TiN, CrN) revealed a higher friction of the nitrides when compared to carbon materials, which was

explained by the low adhesive nature of the carbon materials (Figure 18) [142]. Contrary to micro

friction analysis with a load of 1.5 mN and a diamond tip (Figure 18b), the friction coefficient decreases

with increasing laser pulse energy during the macro friction analysis using a load of 2 N and a steel ball

(Figure 18b). Pfeiffer et al. demonstrated a significant reduction of µ and the corresponding wear rate

resulting from fs-laser structuring of super-hard tetrahedral amorphous carbon films [143]. The films

where tested under non-lubricant conditions by using a pin-on-disk-tribometer.

 

Figure 18. Friction coefficients of DLC, GC, TiN and CrN measured as a function of laser pulse energy

using (a) a load of W = 2 N and a steel ball and (b) an ultralight load of W = 1.5 mN and a diamond tip.

Reprinted from Yasumaru et al. [142], Copyright 2011, with permission from Elsevier.
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In addition to structured surface coatings, Eichstädt et al. investigated the influence of LIPSS

on the friction behavior of bulk materials [144]. For this purpose, silicon was structured with a

ps-laser (λ = 1030 nm) resulting in LIPSS with a period Λ = 750 nm. The analysis of the surfaces

under non-lubricant conditions and normal loads in the range of mN with a ball-on-flat-configuration

revealed an increased friction coefficient µ. However, this effect could not be explained completely

only by geometrical facts, interacting surfaces and altered material properties due to laser structuring.

Wang et al. [145] investigated the friction properties of large area metal surfaces structured with fs-laser

pulses. As a main parameter, they varied the measuring direction of the ball-on-disk tribometer (load

of 2 N) relative to the LIPSS orientation. In the case of stainless steel, Wang et al. [145] observed a

significant reduction of the friction of LIPSS-based surfaces (Λ = 550 nm) when compared to smooth

surfaces under dry conditions as well as with the ester based lubricant PriolubeTM. This reduction

was explained by a combination of a lower adhesion, an asperity deformation, and an accumulation of

trapped wear particles in the grooves of the LIPSS pattern.

Bonse et al. investigated the tribological performance of LIPSS on different metal surfaces

including commercial pure titanium, titanium alloy Ti6Al4V, high toughness bearing steel

X30CrMoN15-1 and stainless steel 100Cr6 (Figure 19) [13,146]. For the processing of large area LIPSS

(5 mm ˆ 5 mm) in air, linear polarized fs-laser pulses with a peak fluence of F = 0.11 J/cm2 and a

pulse duration of 30 fs were used. It was shown, that reciprocal sliding against a ball of hardened

100Cr6 steel (diameter: 10 mm) utilizing paraffin oil as lubricant for 1000 sliding cycles at 1 Hz with

a normal load of 1 N had no beneficial influence on all investigated metals. In contrast, a significant

reduction of wear and the friction coefficient were observed for sliding of pure titanium (Figure 19c)

and Ti6Al4V (Figure 19d) in engine oil. This effect was attributed to the presence of additives efficiently

covering the laser structured surfaces. However, it is less pronounced for the investigated steel surfaces

(Figure 19a,b) when compared to the titanium metals.

λ Λ

Λ

Figure 19. Friction coefficient µ as a function of the number of cycles as obtained during reciprocal

sliding (normal force 1 N, stroke 1 mm, frequency 1 Hz) of fs-laser structured surfaces in engine

oil against a 100Cr6 steel ball: (a) 100Cr6; (b) X30CrMoN15-1; (c) pure titanium; and (d) Ti6Al4V.

(a,d) Adapted from Bonse et al. [13], with permission of Springer; (b,c) Reprinted from Bonse et al. [146],

Copyright 2015, with permission from Elsevier.
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This tendency is strengthened by wear tracks of X30CrMoN15-1 and pure titanium taken after

tribological analysis perpendicular (B) and parallel (C) to the ablation direction (Figure 20). In the case

of X30CrMoN15-1, SEM micrographs reveal a small damage in the wear tracks (Figure 20a). In contrast,

the wear tracks on pure titanium are very small when compared to a reference (A) (Figure 20b).

Moreover, the corresponding SEM micrographs reveal that the LIPSS pattern is still existent, even if

there are single scratches arising from tribologically abraded particles [146].

 

λ

θ

Figure 20. Optical micrographs (OM) and SEM micrographs (SEM) of the corresponding wear

tracks taken after tribological analysis using engine oil: (a) X30CrMoN15-1; (b) pure titanium;

(A) reference (no LIPSS); (B) perpendicular to ablation lines; (C) parallel to ablation lines. Reprinted

from Bonse et al. [146], Copyright 2015, with permission from Elsevier.

Based on the previous studies concerning LSFL, Bonse et al. [147] extended their investigations

to the influence of large area structured surfaces containing HSFL on titanium. The corresponding

LIPSS pattern with a significant smaller period of 80 nm and a depth of 30 nm where fabricated with a

wavelength λ = 790 nm, a pulse duration of 30 fs and a peak fluence F = 0.08 J/cm2. The reciprocal

sliding tribological analysis performed analog to the LSFL with paraffin and engine oil as lubricants

revealed, that HSFL have no effect on the friction behavior. From the destroyed surface after tribological

analysis, the authors conclude that the depth of the LIPSS plays a very important role and that a

positive friction behavior requires surface structures deeper than the sample deformation induced by

the tribological tests.

A specific application was studied by Chen et al. [148], who structured silicon carbide (SiC)

mechanical seals with microscale strips and periodic nanostructures (Figure 21a). Using a ring-on-disk

tribometer with a load of 50 N under atmospheric conditions and deionized water as lubricant,

the friction coefficient of structured seals was reduced by 20% when compared to unstructured seals

(Figure 21b). This reduction was attributed to a hydrodynamic load of the rotating seal, which occurs

due to an infiltration of the nanostructures with water. As a main effect, the contact angle θ between

the SiC seal and water increases, which on the one hand improves the tribo-chemical reaction of SiC

rotating in water and the other hand positively affects the friction behavior [149].
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Figure 21. Friction properties of SiC mechanical seals: (a) SEM micrographs of the surface

and (b) friction coefficient of the unstructured (left) and full-textured seal (right). Adapted from

Chen et al. [148], with permission of Springer.

6. Future Perspectives

LIPSS proved their suitability to mimic specific features of biological surfaces. By varying

materials, laser parameters, and post-treatments it is possible to successfully generate

superhydrophobic, anti-reflective, colored, and drag resistant surfaces, respectively. These are of

particular interest for numerous industrial, commercial and military applications including e.g.,

self-cleaning surfaces, fog harvesting, adaptive camouflage, efficient optical switches, drag reducing

surfaces, antifouling, and cutting tools to name only a few.

Anti-reflective surfaces could be further adapted to improve the light collection in solar cells or to

enhance the performance of optical, optoelectronic and electro-optical devices, such as glasses, mirrors,

lenses, photodetectors, surface-emitting lasers, displays, and optical sensors [76]. In the context of

light emitting diodes (LED) it was shown, that the light output power of LIPSS-LED was increased

by 30% when compared to conventional LED’s at an injection current of 20 mA. This enhancement of

the light output power was attributed to the higher amount of photons escaping from the increased

surface area of textured GaN-based LED [150]. An actual challenge that could be overcome by utilizing

tailored-disordered LIPSS is to engineer broadband plasmonic surface structures that depend only

weakly on frequency and polarization and that are characterized by a high angular tolerance of the

absorption [151].

The adjustable wetting behavior and alignment of LIPSS might be of particular interest for

biomedical applications to control cell adhesion, proliferation and differentiation [152]. Recently, it was

shown, that LIPSS enhance the bioactivity of materials in simulated body fluid by reducing the contact

angle [153], and by creating functional surface sites capable for in vitro apatite formation [154]. Beyond,

LIPSS might be a promising alternative to create antibacterial surfaces [155]. Superamphiphobic

surfaces might be of particular interest for applications in microfluidics [156], for the synthesis of

polymeric particles [157,158], and for the oxygenation of blood [159].
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In the future, it seems promising to combine several of the before mentioned properties to generate

multifunctional surfaces that combine outstanding optical, tribological and wetting properties, e.g.,

butterfly wings do not only have beautiful colors, they are also superhydrophobic; shark skin does not

only reduce drag, it also represents an effective antifouling surface. Beyond, it might be promising

to extend the existing knowledge in LIPSS generation to yet unexplored materials and material

combinations like elastomers and multilayer structures to generate e.g., new gecko-inspired adhesive

tapes or chameleon-like surfaces capable of changing color.

Author Contributions: All authors have contributed to the co-writing of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Birnbaum, M. Semiconductor surface damage produced by ruby lasers. J. Appl. Phys. 1965, 36, 3688–3689.

[CrossRef]

2. Bonse, J.; Kruger, J.; Hohm, S.; Rosenfeld, A. Femtosecond laser-induced periodic surface structures.

J. Laser Appl. 2012, 24. [CrossRef]

3. Sajzew, R.; Schroder, J.; Kunz, C.; Engel, S.; Muller, F.A.; Graf, S. Femtosecond laser-induced surface structures

on carbon fibers. Opt. Lett. 2015, 40, 5734–5737. [CrossRef] [PubMed]

4. Ganeev, R.A. Optical modification of semiconductor surfaces through the nanoripples formation using

ultrashort laser pulses: Experimental aspects. Opt. Spectrosc. 2014, 117, 320–340. [CrossRef]

5. Varlamova, O.; Costache, F.; Reif, J.; Bestehorn, M. Self-organized pattern formation upon femtosecond laser

ablation by circularly polarized light. Appl. Surf. Sci. 2006, 252, 4702–4706. [CrossRef]

6. Varlamova, O.; Costache, F.; Ratzke, M.; Reif, J. Control parameters in pattern formation upon femtosecond

laser ablation. Appl. Surf. Sci. 2007, 253, 7932–7936. [CrossRef]

7. Reif, J.; Varlamova, O.; Costache, F. Femtosecond laser induced nanostructure formation: Self-organization

control parameters. Appl. Phys. A Mater. Sci. Process. 2008, 92, 1019–1024. [CrossRef]

8. Wang, J.C.; Guo, C.L. Formation of extraordinarily uniform periodic structures on metals induced by

femtosecond laser pulses. J. Appl. Phys. 2006, 100. [CrossRef]

9. Wu, P.H.; Cheng, C.W.; Chang, C.P.; Wu, T.M.; Wang, J.K. Fabrication of large-area hydrophobic surfaces

with femtosecond-laser-structured molds. J. Micromech. Microengin. 2011, 21. [CrossRef]

10. Hohm, S.; Rosenfeld, A.; Kruger, J.; Bonse, J. Femtosecond laser-induced periodic surface structures on silica.

J. Appl. Phys. 2012, 112. [CrossRef]

11. Forster, M.; Kautek, W.; Faure, N.; Audouard, E.; Stoian, R. Periodic nanoscale structures on polyimide

surfaces generated by temporally tailored femtosecond laser pulses. Phys. Chem. Chem. Phys. 2011, 13,

4155–4158. [CrossRef] [PubMed]

12. Rebollar, E.; de Aldana, J.R.V.; Martin-Fabiani, I.; Hernandez, M.; Rueda, D.R.; Ezquerra, T.A.; Domingo, C.;

Moreno, P.; Castillejo, M. Assessment of femtosecond laser induced periodic surface structures on polymer

films. Phys. Chem. Chem. Phys. 2013, 15, 11287–11298. [CrossRef] [PubMed]

13. Bonse, J.; Koter, R.; Hartelt, M.; Spaltmann, D.; Pentzien, S.; Hohm, S.; Rosenfeld, A.; Kruger, J. Femtosecond

laser-induced periodic surface structures on steel and titanium alloy for tribological applications. Appl. Phys.

A Mater. Sci. Process. 2014, 117, 103–110. [CrossRef]

14. Groenendijk, M.; Meijer, J. Microstructuring using femtosecond pulsed laser ablation. J. Laser Appl. 2006, 18,

227–235. [CrossRef]

15. Hou, S.S.; Huo, Y.Y.; Xiong, P.X.; Zhang, Y.; Zhang, S.A.; Jia, T.Q.; Sun, Z.R.; Qiu, J.R.; Xu, Z.Z. Formation of

long- and short-periodic nanoripples on stainless steel irradiated by femtosecond laser pulses. J. Phys. D

Appl. Phys. 2011, 44. [CrossRef]

16. Pan, A.; Dias, A.; Gomez-Aranzadi, M.; Olaizola, S.M.; Rodriguez, A. Formation of laser-induced periodic

surface structures on niobium by femtosecond laser irradiation. J. Appl. Phys. 2014, 115. [CrossRef]

17. Qi, L.T.; Nishii, K.; Namba, Y. Regular subwavelength surface structures induced by femtosecond laser

pulses on stainless steel. Opt. Lett. 2009, 34, 1846–1848. [CrossRef] [PubMed]

18. Vorobyev, A.Y.; Guo, C.L. Spectral and polarization responses of femtosecond laser-induced periodic surface

structures on metals. J. Appl. Phys. 2008, 103. [CrossRef]

http://dx.doi.org/10.1063/1.1703071
http://dx.doi.org/10.2351/1.4712658
http://dx.doi.org/10.1364/OL.40.005734
http://www.ncbi.nlm.nih.gov/pubmed/26670499
http://dx.doi.org/10.1134/S0030400X14080098
http://dx.doi.org/10.1016/j.apsusc.2005.08.120
http://dx.doi.org/10.1016/j.apsusc.2007.02.067
http://dx.doi.org/10.1007/s00339-008-4671-3
http://dx.doi.org/10.1063/1.2214464
http://dx.doi.org/10.1088/0960-1317/21/11/115032
http://dx.doi.org/10.1063/1.4730902
http://dx.doi.org/10.1039/c0cp01798a
http://www.ncbi.nlm.nih.gov/pubmed/21240428
http://dx.doi.org/10.1039/c3cp51523k
http://www.ncbi.nlm.nih.gov/pubmed/23728307
http://dx.doi.org/10.1007/s00339-014-8229-2
http://dx.doi.org/10.2351/1.2227020
http://dx.doi.org/10.1088/0022-3727/44/50/505401
http://dx.doi.org/10.1063/1.4873459
http://dx.doi.org/10.1364/OL.34.001846
http://www.ncbi.nlm.nih.gov/pubmed/19529723
http://dx.doi.org/10.1063/1.2842403


Materials 2016, 9, 476 24 of 29

19. Borowiec, A.; Haugen, H.K. Subwavelength ripple formation on the surfaces of compound semiconductors

irradiated with femtosecond laser pulses. Appl. Phys. Lett. 2003, 82, 4462–4464. [CrossRef]

20. Sipe, J.E.; Young, J.F.; Preston, J.S.; Vandriel, H.M. Laser-induced periodic surface-structure. I. Theory.

Phys. Rev. B 1983, 27, 1141–1154. [CrossRef]

21. Garrelie, F.; Colombier, J.P.; Pigeon, F.; Tonchev, S.; Faure, N.; Bounhalli, M.; Reynaud, S.; Parriaux, O.

Evidence of surface plasmon resonance in ultrafast laser-induced ripples. Opt. Express 2011, 19, 9035–9043.

[CrossRef] [PubMed]

22. Huang, M.; Zhao, F.L.; Cheng, Y.; Xu, N.S.; Xu, Z.Z. Origin of laser-induced near-subwavelength ripples:

Interference between surface plasmons and incident laser. ACS Nano 2009, 3, 4062–4070. [CrossRef] [PubMed]

23. Dufft, D.; Rosenfeld, A.; Das, S.K.; Grunwald, R.; Bonse, J. Femtosecond laser-induced periodic surface

structures revisited: A comparative study on ZnO. J. Appl. Phys. 2009, 105. [CrossRef]

24. Reif, J.; Costache, F.; Henyk, M.; Pandelov, S.V. Ripples revisited: Non-classical morphology at the bottom of

femtosecond laser ablation craters in transparent dielectrics. Appl. Surf. Sci. 2002, 197, 891–895. [CrossRef]

25. Li, X.F.; Zhang, C.Y.; Li, H.; Dai, Q.F.; Lan, S.; Tie, S.L. Formation of 100-nm periodic structures on a titanium

surface by exploiting the oxidation and third harmonic generation induced by femtosecond laser pulses.

Opt. Express 2014, 22, 28086–28099. [CrossRef] [PubMed]

26. Rebollar, E.; Perez, S.; Hernandez, M.; Domingo, C.; Martin, M.; Ezquerra, T.A.; Garcia-Ruiz, J.P.; Castillejo, M.

Physicochemical modifications accompanying uv laser induced surface structures on poly(ethylene

terephthalate) and their effect on adhesion of mesenchymal cells. Phys. Chem. Chem. Phys. 2014, 16,

17551–17559. [CrossRef] [PubMed]

27. Young, T. An essay on the cohesion of fluids. Philos. Trans. R. Soc. Lond. 1805, 95, 65–87. [CrossRef]

28. Wenzel, R.N. Resistance of solid surfaces to wetting by water. Chem. Res. 1936, 28, 988–994. [CrossRef]

29. Cassie, A.B.D.; Baxter, S. Wettability of porous surfaces. Trans. Faraday Soc. 1944, 40, 546–551. [CrossRef]

30. Barthlott, W.; Neinhuis, C. Purity of the sacred lotus, or escape from contamination in biological surfaces.

Planta 1997, 202, 1–8. [CrossRef]

31. Hensel, R.; Helbig, R.; Aland, S.; Voigt, A.; Neinhuis, C.; Werner, C. Tunable nano-replication to explore the

omniphobic characteristics of springtail skin. Npg Asia Mater. 2013, 5. [CrossRef]

32. Parker, A.R.; Lawrence, C.R. Water capture by a desert beetle. Nature 2001, 414, 33–34. [CrossRef] [PubMed]

33. Hensel, R.; Neinhuis, C.; Werner, C. The springtail cuticle as a blueprint for omniphobic surfaces.

Chem. Soc. Rev. 2016, 45, 323–341. [CrossRef] [PubMed]

34. Bhushan, B. Biomimetics: Lessons from nature—An overview. Philos. Trans. R. Soc. A 2009, 367, 1445–1486.

[CrossRef] [PubMed]

35. Wu, L.Y.L.; Ngian, S.K.; Chen, Z.; Xuan, D.T.T. Quantitative test method for evaluation of anti-fingerprint

property of coated surfaces. Appl. Surf. Sci. 2011, 257, 2965–2969. [CrossRef]

36. Liu, K.S.; Jiang, L. Metallic surfaces with special wettability. Nanoscale 2011, 3, 825–838. [CrossRef] [PubMed]

37. Zimmermann, J.; Reifler, F.A.; Fortunato, G.; Gerhardt, L.C.; Seeger, S. A simple, one-step approach to

durable and robust superhydrophobic textiles. Adv. Funct. Mater. 2008, 18, 3662–3669. [CrossRef]

38. Bixler, G.D.; Bhushan, B. Biofouling: Lessons from nature. Philos. Trans. R. Soc. A 2012, 370, 2381–2417.

[CrossRef] [PubMed]

39. Park, K.C.; Chhatre, S.S.; Srinivasan, S.; Cohen, R.E.; McKinley, G.H. Optimal design of permeable fiber

network structures for fog harvesting. Langmuir 2013, 29, 13269–13277. [CrossRef] [PubMed]

40. Kietzig, A.M.; Hatzikiriakos, S.G.; Englezos, P. Patterned superhydrophobic metallic surfaces. Langmuir

2009, 25, 4821–4827. [CrossRef] [PubMed]

41. Bizi-bandoki, P.; Valette, S.; Audouard, E.; Benayoun, S. Time dependency of the hydrophilicity and

hydrophobicity of metallic alloys subjected to femtosecond laser irradiations. Appl. Surf. Sci. 2013, 273,

399–407. [CrossRef]

42. Limongi, T.; Schipani, R.; Di Vito, A.; Giugni, A.; Francardi, M.; Torre, B.; Allione, M.; Miele, E.; Malara, N.;

Alrasheed, S.; et al. Photolithography and micromolding techniques for the realization of 3d polycaprolactone

scaffolds for tissue engineering applications. Microelectron. Eng. 2015, 141, 135–139. [CrossRef]

43. Rodriguez, A.; Echeverria, M.; Ellman, M.; Perez, N.; Verevkin, Y.K.; Peng, C.S.; Berthou, T.; Wang, Z.B.;

Ayerdi, I.; Savall, J.; et al. Laser interference lithography for nanoscale structuring of materials: From

laboratory to industry. Microelectron. Eng. 2009, 86, 937–940. [CrossRef]

http://dx.doi.org/10.1063/1.1586457
http://dx.doi.org/10.1103/PhysRevB.27.1141
http://dx.doi.org/10.1364/OE.19.009035
http://www.ncbi.nlm.nih.gov/pubmed/21643157
http://dx.doi.org/10.1021/nn900654v
http://www.ncbi.nlm.nih.gov/pubmed/20025303
http://dx.doi.org/10.1063/1.3074106
http://dx.doi.org/10.1016/S0169-4332(02)00450-6
http://dx.doi.org/10.1364/OE.22.028086
http://www.ncbi.nlm.nih.gov/pubmed/25402049
http://dx.doi.org/10.1039/C4CP02434F
http://www.ncbi.nlm.nih.gov/pubmed/25025655
http://dx.doi.org/10.1098/rstl.1805.0005
http://dx.doi.org/10.1021/ie50320a024
http://dx.doi.org/10.1039/tf9444000546
http://dx.doi.org/10.1007/s004250050096
http://dx.doi.org/10.1038/am.2012.66
http://dx.doi.org/10.1038/35102108
http://www.ncbi.nlm.nih.gov/pubmed/11689930
http://dx.doi.org/10.1039/C5CS00438A
http://www.ncbi.nlm.nih.gov/pubmed/26239626
http://dx.doi.org/10.1098/rsta.2009.0011
http://www.ncbi.nlm.nih.gov/pubmed/19324719
http://dx.doi.org/10.1016/j.apsusc.2010.10.101
http://dx.doi.org/10.1039/c0nr00642d
http://www.ncbi.nlm.nih.gov/pubmed/21212900
http://dx.doi.org/10.1002/adfm.200800755
http://dx.doi.org/10.1098/rsta.2011.0502
http://www.ncbi.nlm.nih.gov/pubmed/22509063
http://dx.doi.org/10.1021/la402409f
http://www.ncbi.nlm.nih.gov/pubmed/23895249
http://dx.doi.org/10.1021/la8037582
http://www.ncbi.nlm.nih.gov/pubmed/19267439
http://dx.doi.org/10.1016/j.apsusc.2013.02.054
http://dx.doi.org/10.1016/j.mee.2015.02.030
http://dx.doi.org/10.1016/j.mee.2008.12.043


Materials 2016, 9, 476 25 of 29

44. Liu, Y.; Yin, X.M.; Zhang, J.J.; Wang, Y.M.; Han, Z.W.; Ren, L.Q. Biomimetic hydrophobic surface fabricated

by chemical etching method from hierarchically structured magnesium alloy substrate. Appl. Surf. Sci. 2013,

280, 845–849. [CrossRef]

45. Roach, P.; Shirtcliffe, N.J.; Newton, M.I. Progress in superhydrophobic surface development. Soft Matter.

2008, 4, 224–240. [CrossRef]

46. Wang, S.T.; Liu, K.S.; Yao, X.; Jiang, L. Bioinspired surfaces with superwettability: New insight on theory,

design, and applications. Chem. Rev. 2015, 115, 8230–8293. [CrossRef] [PubMed]

47. Martínez-Calderon, M.; Rodríguez, A.; Dias-Ponte, A.; Morant-Minana, M.C.; Gómez-Aranzadi, M.;

Olaizola, S.M. Femtosecond laser fabrication of highly hydrophobic stainless steel surface with hierarchical

structures fabricated by combining ordered microstructures and lipss. Appl. Surf. Sci. 2015, 374, 81–89.

[CrossRef]

48. Ma, M.L.; Hill, R.M. Superhydrophobic surfaces. Curr. Opin. Colloid Interface Sci. 2006, 11, 193–202.

[CrossRef]

49. Long, J.; Fan, P.; Zhong, M.; Zhang, H.; Xie, Y.; Lin, C. Superhydrophobic and colorful copper surfaces

fabricated by picosecond laser induced periodic nanostructures. Appl. Surf. Sci. 2014, 311, 461–467.

[CrossRef]

50. Moradi, S.; Kamal, S.; Englezos, P.; Hatzikiriakos, S.G. Femtosecond laser irradiation of metallic surfaces:

Effects of laser parameters on superhydrophobicity. Nanotechnology 2013, 24. [CrossRef] [PubMed]

51. Wu, B.; Zhou, M.; Li, J.; Ye, X.; Li, G.; Cai, L. Superhydrophobic surfaces fabricated by microstructuring of

stainless steel using a femtosecond laser. Appl. Surf. Sci. 2009, 256, 61–66. [CrossRef]

52. Barberoglou, M.; Zorba, V.; Stratakis, E.; Spanakis, E.; Tzanetakis, P.; Anastasiadis, S.H.; Fotakis, C.

Bio-inspired water repellent surfaces produced by ultrafast laser structuring of silicon. Appl. Surf. Sci.

2009, 255, 5425–5429. [CrossRef]

53. Nishino, T.; Meguro, M.; Nakamae, K.; Matsushita, M.; Ueda, Y. The lowest surface free energy based on

–CF3 alignment. Langmuir 1999, 15, 4321–4323. [CrossRef]

54. Hozumi, A.; Takai, O. Preparation of ultra water-repellent films by microwave plasma-enhanced CVD.

Thin Solid Films 1997, 303, 222–225. [CrossRef]

55. Kietzig, A.M.; Mirvakili, M.N.; Kamal, S.; Englezos, P.; Hatzikiriakos, S.G. Laser-patterned

super-hydrophobic pure metallic substrates: Cassie to wenzel wetting transitions. J. Adhes. Sci. Technol. 2011,

25, 2789–2809.

56. Liu, B.; Wang, W.J.; Jiang, G.D.; Mei, X.S.; Wang, Z.B.; Wang, K.D.; Cui, J.L. Study on hierarchical

structured pdms for surface super-hydrophobicity using imprinting with ultrafast laser structured models.

Appl. Surf. Sci. 2016, 364, 528–538. [CrossRef]

57. Cox, J.T.; Hass, G. Antireflection coatings for optical and infrared materials. In Physics of Thin Films; Hass, G.,

Thun, R.E., Eds.; Academic Press: New York, NY, USA, 1968; Volume 2, p. 239.

58. Deinega, A.; Valuev, I.; Potapkin, B.; Lozovik, Y. Minimizing light reflection from dielectric textured surfaces.

J. Opt. Soc. Am. A 2011, 28, 770–777. [CrossRef] [PubMed]

59. Heath, J.W.; Jull, E.V. Perfectly blazed reflection gratings with rectangular grooves. J. Opt. Soc. Am. 1978, 68,

1211–1217. [CrossRef]

60. Boyd, R.D.; Britten, J.A.; Decker, D.E.; Shore, B.W.; Stuart, B.C.; Perry, M.D.; Li, L.F. High-efficiency metallic

diffraction gratings for laser applications. Appl. Opt. 1995, 34, 1697–1706. [CrossRef] [PubMed]

61. Southwell, W.H. Pyramid-array surface-relief structures producing antireflection index matching on

optical-surfaces. J. Opt. Soc. Am. A 1991, 8, 549–553. [CrossRef]

62. Raguin, D.H.; Morris, G.M. Analysis of antireflectionstructured surfaces with continuous one-dimensional

surface profiles. Appl. Opt. 1993, 32, 2582–2598. [CrossRef] [PubMed]

63. Sopori, B.L.; Pryor, R.A. Design of antireflection coatings for textured silicon solar cells. Sol. Cells 1983, 8,

249–261. [CrossRef]

64. Campbell, P.; Green, M.A. Light trapping properties of pyramidally textured surfaces. J. Appl. Phys. 1987, 62,

243–249. [CrossRef]

65. Abouelsaood, A.A.; El-Naggar, S.A.; Ghannam, M.Y. Shape and size dependence of the anti-reflective and

light-trapping action of periodic grooves. Prog. Photovolt. 2002, 10, 513–526. [CrossRef]

66. Llopis, F.; Tobias, I. Texture profile and aspect ratio influence on the front reflectance of solar cells.

J. Appl. Phys. 2006, 100. [CrossRef]

http://dx.doi.org/10.1016/j.apsusc.2013.05.072
http://dx.doi.org/10.1039/B712575P
http://dx.doi.org/10.1021/cr400083y
http://www.ncbi.nlm.nih.gov/pubmed/26244444
http://dx.doi.org/10.1016/j.apsusc.2015.09.261
http://dx.doi.org/10.1016/j.cocis.2006.06.002
http://dx.doi.org/10.1016/j.apsusc.2014.05.090
http://dx.doi.org/10.1088/0957-4484/24/41/415302
http://www.ncbi.nlm.nih.gov/pubmed/24045766
http://dx.doi.org/10.1016/j.apsusc.2009.07.061
http://dx.doi.org/10.1016/j.apsusc.2008.07.130
http://dx.doi.org/10.1021/la981727s
http://dx.doi.org/10.1016/S0040-6090(97)00076-X
http://dx.doi.org/10.1016/j.apsusc.2015.12.190
http://dx.doi.org/10.1364/JOSAA.28.000770
http://www.ncbi.nlm.nih.gov/pubmed/21532687
http://dx.doi.org/10.1364/JOSA.68.001211
http://dx.doi.org/10.1364/AO.34.001697
http://www.ncbi.nlm.nih.gov/pubmed/21037714
http://dx.doi.org/10.1364/JOSAA.8.000549
http://dx.doi.org/10.1364/AO.32.002582
http://www.ncbi.nlm.nih.gov/pubmed/20820420
http://dx.doi.org/10.1016/0379-6787(83)90064-9
http://dx.doi.org/10.1063/1.339189
http://dx.doi.org/10.1002/pip.443
http://dx.doi.org/10.1063/1.2402348


Materials 2016, 9, 476 26 of 29

67. Wilson, S.J.; Hutley, M.C. The optical-properties of moth eye antireflection surfaces. Opt. Acta 1982, 29,

993–1009. [CrossRef]

68. Dewan, R.; Fischer, S.; Meyer-Rochow, V.B.; Ozdemir, Y.; Hamraz, S.; Knipp, D. Studying nanostructured

nipple arrays of moth eye facets helps to design better thin film solar cells. Bioinspir. Biomim. 2012, 7.

[CrossRef] [PubMed]

69. Sun, J.Y.; Bhushan, B.; Tong, J. Structural coloration in nature. RSC Adv. 2013, 3, 14862–14889. [CrossRef]

70. Parker, A.R. Natural photonics for industrial inspiration. Philos. Trans. R. Soc. A 2009, 367, 1759–1782.

[CrossRef] [PubMed]

71. Thylen, L.; Qiu, M.; Anand, S. Photonic crystals—A step towards integrated circuits for photonics.

Chemphyschem 2004, 5, 1268–1283. [CrossRef] [PubMed]

72. Vigneron, J.P.; Simonis, P. Natural photonic crystals. Phys. B Condens. Matter 2012, 407, 4032–4036. [CrossRef]

73. Bernhard, C.G. Structural and functional adaptation in a visual system. Endeavour 1967, 26, 79–84.

74. Stavenga, D.G.; Foletti, S.; Palasantzas, G.; Arikawa, K. Light on the moth-eye corneal nipple array of

butterflies. Proc. R. Soc. B 2006, 273, 661–667. [CrossRef] [PubMed]

75. Binetti, V.R.; Schiffman, J.D.; Leaffer, O.D.; Spanier, J.E.; Schauer, C.L. The natural transparency and

piezoelectric response of the greta oto butterfly wing. Integr. Biol. 2009, 1, 324–329. [CrossRef] [PubMed]

76. Siddique, R.H.; Gomard, G.; Holscher, H. The role of random nanostructures for the omnidirectional

anti-reflection properties of the glasswing butterfly. Nat. Commun. 2015, 6. [CrossRef] [PubMed]

77. Gonzalez, F.L.; Gordon, M.J. Bio-inspired, sub-wavelength surface structures for ultra-broadband,

omni-directional anti-reflection in the mid and far IR. Opt. Express 2014, 22, 12808–12816. [CrossRef]

[PubMed]

78. Yu, K.L.; Fan, T.X.; Lou, S.; Zhang, D. Biomimetic optical materials: Integration of nature’s design for

manipulation of light. Prog. Mater Sci. 2013, 58, 825–873. [CrossRef]

79. Vukusic, P.; Sambles, J.R. Photonic structures in biology. Nature 2003, 424, 852–855. [CrossRef] [PubMed]

80. Vukusic, P.; Sambles, J.R.; Lawrence, C.R.; Wootton, R.J. Quantified interference and diffraction in single

morpho butterfly scales. Proc. R. Soc. B 1999, 266, 1403–1411. [CrossRef]

81. Prum, R.O.; Quinn, T.; Torres, R.H. Anatomically diverse butterfly scales all produce structural colours by

coherent scattering. J. Exp. Biol. 2006, 209, 748–765. [CrossRef] [PubMed]

82. Vukusic, P.; Sambles, J.R.; Ghiradella, H. Optical classification of microstructure in butterfly wing-scales.

Photon. Sci. News 2000, 6, 61–66.

83. Watanabe, K.; Hoshino, T.; Kanda, K.; Haruyama, Y.; Matsui, S. Brilliant blue observation from a

morpho-butterfly-scale quasi-structure. Jpn. J. Appl. Phys. 2005, 44, L48–L50. [CrossRef]

84. Kinoshita, S.; Yoshioka, S.; Fujii, Y.; Okamoto, N. Photophysics of structural color in the morpho butterflies.

Forma 2002, 17, 103–121.

85. Galusha, J.W.; Jorgensen, M.R.; Bartl, M.H. Diamond-structured titania photonic-bandgap crystals from

biological templates. Adv. Mater. 2010, 22, 107–110. [CrossRef] [PubMed]

86. Parker, A.R.; McPhedran, R.C.; McKenzie, D.R.; Botten, L.C.; Nicorovici, N.A.P. Photonic

engineering—Aphrodite1s iridescence. Nature 2001, 409, 36–37. [CrossRef] [PubMed]

87. Parker, A.R.; Welch, V.L.; Driver, D.; Martini, N. Structural colour—Opal analogue discovered in a weevil.

Nature 2003, 426, 786–787. [CrossRef] [PubMed]

88. Galusha, J.W.; Richey, L.R.; Gardner, J.S.; Cha, J.N.; Bartl, M.H. Discovery of a diamond-based photonic

crystal structure in beetle scales. Phys. Rev. E 2008, 77. [CrossRef] [PubMed]

89. Ou, Z.G.; Huang, M.; Zhao, F.L. The fluence threshold of femtosecond laser blackening of metals: The effect

of laser-induced ripples. Opt. Las. Technol. 2016, 79, 79–87. [CrossRef]

90. Sobnack, M.B.; Tan, W.C.; Wanstall, N.P.; Preist, T.W.; Sambles, J.R. Stationary surface plasmons on a

zero-order metal grating. Phys. Rev. Lett. 1998, 80, 5667–5670. [CrossRef]

91. Yang, Y.; Yang, J.J.; Liang, C.Y.; Wang, H.S. Ultra-broadband enhanced absorption of metal surfaces structured

by femtosecond laser pulses. Opt. Express 2008, 16, 11259–11265. [CrossRef] [PubMed]

92. Vorobyev, A.Y.; Guo, C.L. Antireflection effect of femtosecond laser-induced periodic surface structures on

silicon. Opt. Express 2011, 19, A1031–A1036. [CrossRef] [PubMed]

93. Hong, L.; Rusli; Wang, X.C.; Zheng, H.Y.; Wang, H.; Yu, H.Y. Femtosecond laser fabrication of large-area

periodic surface ripple structure on si substrate. Appl. Surf. Sci. 2014, 297, 134–138. [CrossRef]

http://dx.doi.org/10.1080/713820946
http://dx.doi.org/10.1088/1748-3182/7/1/016003
http://www.ncbi.nlm.nih.gov/pubmed/22155981
http://dx.doi.org/10.1039/c3ra41096j
http://dx.doi.org/10.1098/rsta.2009.0016
http://www.ncbi.nlm.nih.gov/pubmed/19376770
http://dx.doi.org/10.1002/cphc.200301075
http://www.ncbi.nlm.nih.gov/pubmed/15499844
http://dx.doi.org/10.1016/j.physb.2011.12.130
http://dx.doi.org/10.1098/rspb.2005.3369
http://www.ncbi.nlm.nih.gov/pubmed/16608684
http://dx.doi.org/10.1039/b820205b
http://www.ncbi.nlm.nih.gov/pubmed/20023733
http://dx.doi.org/10.1038/ncomms7909
http://www.ncbi.nlm.nih.gov/pubmed/25901418
http://dx.doi.org/10.1364/OE.22.012808
http://www.ncbi.nlm.nih.gov/pubmed/24921476
http://dx.doi.org/10.1016/j.pmatsci.2013.03.003
http://dx.doi.org/10.1038/nature01941
http://www.ncbi.nlm.nih.gov/pubmed/12917700
http://dx.doi.org/10.1098/rspb.1999.0794
http://dx.doi.org/10.1242/jeb.02051
http://www.ncbi.nlm.nih.gov/pubmed/16449568
http://dx.doi.org/10.1143/JJAP.44.L48
http://dx.doi.org/10.1002/adma.200902852
http://www.ncbi.nlm.nih.gov/pubmed/20217707
http://dx.doi.org/10.1038/35051168
http://www.ncbi.nlm.nih.gov/pubmed/11343102
http://dx.doi.org/10.1038/426786a
http://www.ncbi.nlm.nih.gov/pubmed/14685223
http://dx.doi.org/10.1103/PhysRevE.77.050904
http://www.ncbi.nlm.nih.gov/pubmed/18643018
http://dx.doi.org/10.1016/j.optlastec.2015.11.018
http://dx.doi.org/10.1103/PhysRevLett.80.5667
http://dx.doi.org/10.1364/OE.16.011259
http://www.ncbi.nlm.nih.gov/pubmed/18648443
http://dx.doi.org/10.1364/OE.19.0A1031
http://www.ncbi.nlm.nih.gov/pubmed/21935245
http://dx.doi.org/10.1016/j.apsusc.2014.01.100


Materials 2016, 9, 476 27 of 29

94. Nayak, B.K.; Iyengar, V.V.; Gupta, M.C. Effiecient light trapping in silicon solar cells by ultrafast-laser-induced

self-assembled mirco/nano structures. Prog. Photovolt. Res. Appl. 2011, 19, 631–639. [CrossRef]

95. Her, T.H.; Finlay, R.J.; Wu, C.; Deliwala, S.; Mazur, E. Microstructuring of silicon with femtosecond laser

pulses. Appl. Phys. Lett. 1998, 73, 1673–1675. [CrossRef]

96. Cesario, J.; Quidant, R.; Badenes, G.; Enoch, S. Electromagnetic coupling between a metal nanoparticle

grating and a metallic surface. Opt. Lett. 2005, 30, 3404–3406. [CrossRef] [PubMed]

97. Yao, J.W.; Zhang, C.Y.; Liu, H.Y.; Dai, Q.F.; Wu, L.J.; Lan, S.; Gopal, A.V.; Trofimov, V.A.; Lysak, T.M. Selective

appearance of several laser-induced periodic surface structure patterns on a metal surface using structural

colors produced by femtosecond laser pulses. Appl. Surf. Sci. 2012, 258, 7625–7632. [CrossRef]

98. Cong, J.; Yang, J.J.; Zhao, B.; Xu, X.F. Fabricating subwavelength dot-matrix surface structures of molybdenum

by transient correlated actions of two-color femtosecond laser beams. Opt. Express 2015, 23, 5357–5367.

[CrossRef] [PubMed]

99. Pan, A.; Si, J.; Chen, T.; Li, C.; Hou, X. Fabrication of two-dimensional periodic structures on silicon after

scanning irradiation with femtosecond laser multi-beams. Appl. Surf. Sci. 2016, 368, 443–448. [CrossRef]

100. Jin, Y.; Allegre, O.J.; Perrie, W.; Abrams, K.; Ouyang, J.; Fearon, E.; Edwardson, S.P.; Dearden, G. Dynamic

modulation of spatially structured polarization fields for real-time control of ultrafast laser-material

interactions. Opt. Express 2013, 21, 25333–25343. [CrossRef] [PubMed]

101. Nivas, J.J.J.; He, S.T.; Rubano, A.; Vecchione, A.; Paparo, D.; Marrucci, L.; Bruzzese, R.; Amoruso, S. Direct

femtosecond laser surface structuring with optical vortex beams generated by a q-plate. Sci. Rep. 2015, 5.

[CrossRef] [PubMed]

102. Allegre, O.J.; Jin, Y.; Perrie, W.; Ouyang, J.; Fearon, E.; Edwardson, S.P.; Dearden, G. Complete wavefront

and polarization control for ultrashort-pulse laser microprocessing. Opt. Express 2013, 21, 21198–21207.

[CrossRef] [PubMed]

103. Ouyang, J.; Perrie, W.; Allegre, O.J.; Heil, T.; Jin, Y.; Fearon, E.; Eckford, D.; Edwardson, S.P.; Dearden, G.

Tailored optical vector fields for ultrashort-pulse laser induced complex surface plasmon structuring.

Opt. Express 2015, 23, 12562–12572. [CrossRef] [PubMed]

104. Gräf, S.; Müller, F.A. Polarisation-dependent generation of fs-laser induced periodic surface structures.

Appl. Surf. Sci. 2015, 331, 150–155. [CrossRef]

105. Vorobyev, A.Y.; Guoa, C.L. Colorizing metals with femtosecond laser pulses. Appl. Phys. Lett. 2008, 92.

[CrossRef]

106. Ahsan, M.S.; Ahmed, F.; Kim, Y.G.; Lee, M.S.; Jun, M.B.G. Colorizing stainless steel surface by femtosecond

laser induced micro/nano-structures. Appl. Surf. Sci. 2011, 257, 7771–7777. [CrossRef]

107. Ou, Z.G.; Huang, M.; Zhao, F.L. Colorizing pure copper surface by ultrafast laser-induced

near-subwavelength ripples. Opt. Express 2014, 22, 17254–17265. [CrossRef] [PubMed]

108. Bonse, J.; Kruger, J. Pulse number dependence of laser-induced periodic surface structures for femtosecond

laser irradiation of silicon. J. Appl. Phys. 2010, 108. [CrossRef]

109. Bonse, J.; Hohm, S.; Rosenfeld, A.; Kruger, J. Sub-100-nm laser-induced periodic surface structures upon

irradiation of titanium by ti:Sapphire femtosecond laser pulses in air. Appl. Phys. A Mater. Sci. Process. 2013,

110, 547–551. [CrossRef]

110. Zhao, Q.Z.; Malzer, S.; Wang, L.J. Formation of subwavelength periodic structures on tungsten induced by

ultrashort laser pulses. Opt. Lett. 2007, 32, 1932–1934. [CrossRef] [PubMed]

111. Okamuro, K.; Hashida, M.; Miyasaka, Y.; Ikuta, Y.; Tokita, S.; Sakabe, S. Laser fluence dependence of periodic

grating structures formed on metal surfaces under femtosecond laser pulse irradiation. Phys. Rev. B 2010, 82.

[CrossRef]

112. Yang, H.D.; Li, X.H.; Li, G.Q.; Wen, C.; Qiu, R.; Huang, W.H.; Wang, J.B. Formation of colorized silicon by

femtosecond laser pulses in different background gases. Appl. Phys. A Mater. Sci. Process. 2011, 104, 749–753.

[CrossRef]

113. Dusser, B.; Sagan, Z.; Soder, H.; Faure, N.; Colombier, J.P.; Jourlin, M.; Audouard, E. Controlled

nanostructrures formation by ultra fast laser pulses for color marking. Opt. Express 2010, 18, 2913–2924.

[CrossRef] [PubMed]

114. Li, G.Q.; Li, J.W.; Hu, Y.L.; Zhang, C.C.; Li, X.H.; Chu, J.R.; Huang, W.H. Femtosecond laser color marking

stainless steel surface with different wavelengths. Appl. Phys. A Mater. Sci. Process. 2015, 118, 1189–1196.

[CrossRef]

http://dx.doi.org/10.1002/pip.1067
http://dx.doi.org/10.1063/1.122241
http://dx.doi.org/10.1364/OL.30.003404
http://www.ncbi.nlm.nih.gov/pubmed/16389846
http://dx.doi.org/10.1016/j.apsusc.2012.04.105
http://dx.doi.org/10.1364/OE.23.005357
http://www.ncbi.nlm.nih.gov/pubmed/25836567
http://dx.doi.org/10.1016/j.apsusc.2016.01.269
http://dx.doi.org/10.1364/OE.21.025333
http://www.ncbi.nlm.nih.gov/pubmed/24150374
http://dx.doi.org/10.1038/srep17929
http://www.ncbi.nlm.nih.gov/pubmed/26658307
http://dx.doi.org/10.1364/OE.21.021198
http://www.ncbi.nlm.nih.gov/pubmed/24103993
http://dx.doi.org/10.1364/OE.23.012562
http://www.ncbi.nlm.nih.gov/pubmed/26074511
http://dx.doi.org/10.1016/j.apsusc.2015.01.056
http://dx.doi.org/10.1063/1.2834902
http://dx.doi.org/10.1016/j.apsusc.2011.04.027
http://dx.doi.org/10.1364/OE.22.017254
http://www.ncbi.nlm.nih.gov/pubmed/25090539
http://dx.doi.org/10.1063/1.3456501
http://dx.doi.org/10.1007/s00339-012-7140-y
http://dx.doi.org/10.1364/OL.32.001932
http://www.ncbi.nlm.nih.gov/pubmed/17603618
http://dx.doi.org/10.1103/PhysRevB.82.165417
http://dx.doi.org/10.1007/s00339-011-6340-1
http://dx.doi.org/10.1364/OE.18.002913
http://www.ncbi.nlm.nih.gov/pubmed/20174119
http://dx.doi.org/10.1007/s00339-014-8868-3


Materials 2016, 9, 476 28 of 29

115. Schubauer, G.B.; Skramstad, H.K. Laminar boundary-layer oscillations and stability of laminar flow.

J. Aeronaut. Sci. 1947, 14, 69–78. [CrossRef]

116. Walsh, M.J. Riblets as a viscous drag reduction technique. Aiaa J. 1983, 21, 485–486. [CrossRef]

117. Bechert, D.W.; Bruse, M.; Hage, W.; VanderHoeven, J.G.T.; Hoppe, G. Experiments on drag-reducing surfaces

and their optimization with an adjustable geometry. J. Fluid Mech. 1997, 338, 59–87. [CrossRef]

118. Gray, J. Studies in animal locomotion. Vi. The propulsive powers of the dolphin. J. Exp. Biol. 1936, 13,

192–199.

119. Rosen, M.W.; Cornford, N.E. Fluid friction of fish slimes. Nature 1971, 234, 49–51. [CrossRef]

120. Blake, R.W.; Chan, K.H.S. Models of the turning and fast-start swimming dynamics of aquatic vertebrates.

J. Fish Biol. 2006, 69, 1824–1836. [CrossRef]

121. Van Wassenbergh, S.; van Manen, K.; Marcroft, T.A.; Alfaro, M.E.; Stamhuis, E.J. Boxfish swimming paradox

resolved: Forces by the flow of water around the body promote manoeuvrability. J. R. Soc. Interface 2015, 12.

[CrossRef] [PubMed]

122. Bannasch, R.; Wilson, R.P.; Culik, B. Hydrodynamic aspects of design and attachment of a back-mounted

device in penguins. J. Exp. Biol. 1994, 194, 83–96.

123. Reif, W.E.; Dinkelacker, A. Hydrodynamics of the squamation in fast swimming sharks. Neues Jahrbuch Geol.

Palaeontol. Abhandlungen 1982, 164, 184–187.

124. Reif, W.E. Squamation and ecology of sharks. Courier Forschungsinstitut Senckenberg 1985, 78, 1–255.

125. Bechert, D.W.; Bruse, M.; Hage, W. Experiments with three-dimensional riblets as an idealized model of

shark skin. Exp. Fluids 2000, 28, 403–412. [CrossRef]

126. Luo, Y.H.; Yuan, L.; Li, J.H.; Wang, J.S. Boundary layer drag reduction research hypotheses derived from

bio-inspired surface and recent advanced applications. Micron 2015, 79, 59–73. [CrossRef] [PubMed]

127. Wen, L.; Weaver, J.C.; Lauder, G.V. Biomimetic shark skin: Design, fabrication and hydrodynamic function.

J. Exp. Biol. 2014, 217, 1656–1666. [CrossRef] [PubMed]

128. Ofusori, D.A.; Enaibe, B.U.; Falana, B.A.; Adeeyo, O.A.; Yusuf, U.A.; Ajayi, S.A. A comparative morphometric

analysis of the stomach in rat rattus norvegicus, bat eidolon helvum and pangolin manis tricuspis. J. Cell

Anim. Biol. 2008, 2, 79–83.

129. Tong, J.; Ren, L.Q.; Chen, B.C. Chemical constitution and abrasive wear behavior of pangolin scales. J. Mater.

Sci. Lett. 1995, 14, 1468–1470. [CrossRef]

130. Abdel-Aal, H.A.; El Mansori, M. Tribological analysis of the ventral scale structure in a python regius in

relation to laser textured surfaces. Surf. Topogr. Metrol. Prop. 2013, 1. [CrossRef]

131. Ren, L.Q.; Han, Z.W.; Li, J.Q.; Tong, J. Experimental investigation of bionic rough curved soil cutting blade

surface to reduce soil adhesion and friction. Soil Tillage Res. 2006, 85, 1–12. [CrossRef]

132. Tong, J.; Ma, Y.H.; Ren, L.Q.; Li, J.Q. Tribological characteristics of pangolin scales in dry sliding. J. Mater.

Sci. Lett. 2000, 19, 569–572. [CrossRef]

133. Tong, J.; Lu, T.B.; Ma, Y.H.; Wang, H.K.; Ren, L.Q.; Arnell, R.D. Two-body abrasive wear of the surfaces of

pangolin scales. J. Bionic Eng. 2007, 4, 77–84. [CrossRef]

134. Klein, M.C.G.; Gorb, S.N. Epidermis architecture and material properties of the skin of four snake species.

J. R. Soc. Interface 2012, 9, 3140–3155. [CrossRef] [PubMed]

135. Hazel, J.; Stone, M.; Grace, M.S.; Tsukruk, V.V. Nanoscale design of snake skin for reptation locomotions via

friction anisotropy. J. Biomech. 1999, 32, 477–484. [CrossRef]

136. Duarte, M.; Lasagni, A.; Giovanelli, R.; Narciso, J.; Louis, E.; Mucklich, F. Increasing lubricant film lifetime

by grooving periodical patterns using laser interference metallurgy. Adv. Eng. Mater. 2008, 10, 554–558.

[CrossRef]

137. Gachot, C.; Rosenkranz, A.; Reinert, L.; Ramos-Moore, E.; Souza, N.; Muser, M.H.; Mucklich, F. Dry friction

between laser-patterned surfaces: Role of alignment, structural wavelength and surface chemistry. Tribol. Lett.

2013, 49, 193–202. [CrossRef]

138. Rosenkranz, A.; Reinert, L.; Gachot, C.; Mucklich, F. Alignment and wear debris effects between

laser-patterned steel surfaces under dry sliding conditions. Wear 2014, 318, 49–61. [CrossRef]

139. Yu, J.J.; Lu, Y.F. Laser-induced ripple structures on ni-p substrates. Appl. Surf. Sci. 1999, 148, 248–252.

[CrossRef]

140. Mizuno, A.; Honda, T.; Kiuchi, J.; Iwai, Y.; Yasumaru, N.; Miyazaki, K. Friction properties of the dlc film with

periodic structures in nano-scale. Tribol. Online 2006, 1, 44–48. [CrossRef]

http://dx.doi.org/10.2514/8.1267
http://dx.doi.org/10.2514/3.60126
http://dx.doi.org/10.1017/S0022112096004673
http://dx.doi.org/10.1038/234049a0
http://dx.doi.org/10.1111/j.1095-8649.2006.01251.x
http://dx.doi.org/10.1098/rsif.2014.1146
http://www.ncbi.nlm.nih.gov/pubmed/25505133
http://dx.doi.org/10.1007/s003480050400
http://dx.doi.org/10.1016/j.micron.2015.07.006
http://www.ncbi.nlm.nih.gov/pubmed/26348428
http://dx.doi.org/10.1242/jeb.097097
http://www.ncbi.nlm.nih.gov/pubmed/24829323
http://dx.doi.org/10.1007/BF00462216
http://dx.doi.org/10.1088/2051-672X/1/1/015001
http://dx.doi.org/10.1016/j.still.2004.10.006
http://dx.doi.org/10.1023/A:1006769926391
http://dx.doi.org/10.1016/S1672-6529(07)60017-1
http://dx.doi.org/10.1098/rsif.2012.0479
http://www.ncbi.nlm.nih.gov/pubmed/22896567
http://dx.doi.org/10.1016/S0021-9290(99)00013-5
http://dx.doi.org/10.1002/adem.200700321
http://dx.doi.org/10.1007/s11249-012-0057-y
http://dx.doi.org/10.1016/j.wear.2014.06.016
http://dx.doi.org/10.1016/S0169-4332(98)00900-3
http://dx.doi.org/10.2474/trol.1.44


Materials 2016, 9, 476 29 of 29

141. Yasumaru, N.; Miyazaki, K.; Kiuchi, J. Control of tribological properties of diamond-like carbon films with

femtosecond-laser-induced nanostructuring. Appl. Surf. Sci. 2008, 254, 2364–2368. [CrossRef]

142. Yasumaru, N.; Miyazaki, K.; Kiuchi, J.; Sentoku, E. Frictional properties of diamond-like carbon glassy

carbon and nitrides with femtosecond-laser-induced nanostructure. Diamond Relat. Mater. 2011, 20, 542–545.

[CrossRef]

143. Pfeiffer, M.; Engel, A.; Gruettner, H.; Guenther, K.; Marquardt, F.; Reisse, G.; Weissmantel, S. Ripple formation

in various metals and super-hard tetrahedral amorphous carbon films in consequence of femtosecond laser

irradiation. Appl. Phys. A Mater. Sci. Process. 2013, 110, 655–659. [CrossRef]

144. Eichstädt, J.; Römer, G.R.B.E.; Huis in1t Veld, A.J. Towards friction control using laser-induced periodic

surfaces structures. Phys. Proc. 2011, 12, 7–15. [CrossRef]

145. Wang, Z.; Zhao, Q.Z.; Wang, C.W. Reduction of friction of metals using laser-induced periodic surface

nanostructures. Micromachines 2015, 6, 1606–1616. [CrossRef]

146. Bonse, J.; Koter, R.; Hartelt, M.; Spaltmann, D.; Pentzien, S.; Höhm, S.; Rosenfeld, A.; Krüger, J. Tribological

performance of femtosecond laser-induced periodic surface structures on titanium and a high toughness

bearing steel. Appl. Surf. Sci. 2015, 336, 21–27. [CrossRef]

147. Bonse, J.; Höhm, S.; Koter, R.; Hartelt, M.; Spaltmann, D.; Pentzien, S.; Rosenfeld, A.; Krüger, J.

Tribological performance of sub-100-nm femtosecond laser-induced periodic surface structures on titanium.

Appl. Surf. Sci. 2015, 374, 190–196. [CrossRef]

148. Chen, C.Y.; Chung, C.J.; Wu, B.H.; Li, W.L.; Chien, C.W.; Wu, P.H.; Cheng, C.W. Microstructure and lubricating

property of ultra-fast laser pulse textured silicon carbide seals. Appl. Phys. A Mater. Sci. Process. 2012, 107,

345–350. [CrossRef]

149. Phillips, B.S.; Zabinski, J.S. Ionic liquid lubrication effects on ceramics in a water environment. Tribol. Lett.

2004, 17, 533–541. [CrossRef]

150. Chen, J.T.; Lai, W.C.; Kao, Y.J.; Yang, Y.Y.; Sheu, J.K. Laser-induced periodic structures for light extraction

efficiency enhancement of gan-based light emitting diodes. Opt. Express 2012, 20, 5689–5695. [CrossRef]

[PubMed]

151. Guo, C.F.; Sun, T.; Cao, F.; Liu, Q.; Ren, Z. Metallic nanostructures for light trapping in energy-harvesting

devices. Light Sci. Appl. 2014, 3. [CrossRef]

152. Webster, T.J.; Ahn, E.S. Nanostructured biomaterials for tissue engineering bone. Tissue Eng. II Basics Tissue

Eng. Tissue Appl. 2007, 103, 275–308.

153. Cunha, A.; Serro, A.P.; Oliveira, V.; Almeida, A.; Vilar, R.; Durrieu, M.C. Wetting behaviour of femtosecond

laser textured ti-6al-4v surfaces. Appl. Surf. Sci. 2013, 265, 688–696. [CrossRef]

154. Oyane, A.; Kakehata, M.; Sakamaki, I.; Pyatenko, A.; Yashiro, H.; Ito, A.; Torizuka, K. Biomimetic

apatite coating on yttria-stabilized tetragonal zirconia utilizing femtosecond laser surface processing.

Surf. Coat. Technol. 2016, 296, 88–95. [CrossRef]

155. Puckett, S.D.; Taylor, E.; Raimondo, T.; Webster, T.J. The relationship between the nanostructure of titanium

surfaces and bacterial attachment. Biomaterials 2010, 31, 706–713. [CrossRef] [PubMed]

156. Mumm, F.; van Helvoort, A.T.J.; Sikorski, P. Easy route to superhydrophobic copper-based wire-guided

droplet microfluidic systems. ACS Nano 2009, 3, 2647–2652. [CrossRef] [PubMed]

157. Deng, X.; Paven, M.; Papadopoulos, P.; Ye, M.; Wu, S.; Schuster, T.; Klapper, M.; Vollmer, D.; Butt, H.J.

Solvent-free synthesis of microparticles on superamphiphobic surfaces. Angew. Chem. Int. Ed. 2013, 52,

11286–11289. [CrossRef] [PubMed]

158. Wooh, S.; Huesmann, H.; Tahir, M.N.; Paven, M.; Wichmann, K.; Vollmer, D.; Tremel, W.; Papadopoulos, P.;

Butt, H.J. Synthesis of mesoporous supraparticles on superamphiphobic surfaces. Adv. Mater. 2015, 27,

7338–7343. [CrossRef] [PubMed]

159. Paven, M.; Papadopoulos, P.; Schottler, S.; Deng, X.; Mailander, V.; Vollmer, D.; Butt, H.J. Super

liquid-repellent gas membranes for carbon dioxide capture and heart-lung machines. Nat. Commun. 2013, 4.

[CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.apsusc.2007.09.037
http://dx.doi.org/10.1016/j.diamond.2011.02.010
http://dx.doi.org/10.1007/s00339-012-7146-5
http://dx.doi.org/10.1016/j.phpro.2011.03.099
http://dx.doi.org/10.3390/mi6111444
http://dx.doi.org/10.1016/j.apsusc.2014.08.111
http://dx.doi.org/10.1016/j.apsusc.2015.11.019
http://dx.doi.org/10.1007/s00339-012-6822-9
http://dx.doi.org/10.1023/B:TRIL.0000044501.64351.68
http://dx.doi.org/10.1364/OE.20.005689
http://www.ncbi.nlm.nih.gov/pubmed/22418376
http://dx.doi.org/10.1038/lsa.2014.42
http://dx.doi.org/10.1016/j.apsusc.2012.11.085
http://dx.doi.org/10.1016/j.surfcoat.2016.03.075
http://dx.doi.org/10.1016/j.biomaterials.2009.09.081
http://www.ncbi.nlm.nih.gov/pubmed/19879645
http://dx.doi.org/10.1021/nn900607p
http://www.ncbi.nlm.nih.gov/pubmed/19681579
http://dx.doi.org/10.1002/anie.201302903
http://www.ncbi.nlm.nih.gov/pubmed/24038790
http://dx.doi.org/10.1002/adma.201503929
http://www.ncbi.nlm.nih.gov/pubmed/26461096
http://dx.doi.org/10.1038/ncomms3512
http://www.ncbi.nlm.nih.gov/pubmed/24065073
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Laser-Induced Periodic Surface Structures 
	Wettability 
	Theoretical Aspects 
	Examples in Nature 
	Superhydrophobic LIPSS 

	Reflectivity 
	Theoretical Aspects 
	Examples in Nature 
	Antireflective Surfaces 
	Structural Colors 

	Antireflective LIPSS 
	LIPSS with Structural Color 

	Drag and Friction 
	Theoretical Aspects 
	Examples in Nature 
	Tribological LIPSS 

	Future Perspectives 

