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Abstract:

 Surface functionalization by topographic micro- and nano-structures in order to achieve unique properties, like super-hydrophobicity or ultrahigh light absorption, is a common strategy in nature. In this paper, direct laser interference patterning (DLIP) is presented as a promising tool allowing for the generation of such surface patterns on technical surfaces in order to mimic these biological surfaces and effects. Friction optimization and antibacterial effects by DLIP are exemplarily described. Topographic surface patterns on the micro- and nano-scale demonstrated a significant reduction in the coefficient of friction and bacterial adhesion. It was shown that in both cases, the control of the contact area between surfaces or between surface and bacteria is of utmost importance.
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1. Introduction

Over millions of years of evolution, nature creates organisms with very unique properties. Natural phenomena, such as the self-cleaning effect of lotus leaves [1], the attachment mechanisms of geckos [2], the non-fogging and super-hydrophobic eyes of mosquitos [3], the super-hydrophobic legs of water striders [4], the colorful wings of butterflies [5,6] or the surprising mechanical properties of spider’s silk [7], provide very interesting solutions for specific problems. Based on these unique properties, many researchers around the world have sought to imitate/mimic these natural solutions (being called biomimetic) and transfer these to technological problems in order to improve properties, like wetting, friction, adhesion or optical properties [8,9].

Inspired by biological systems with an outstanding property, the key issue to mimic this system is to understand the connection between the material’s properties, the structure on different scales ranging from the nano- to the macro-scale, as well as the resulting macroscopic properties. Based on this understanding, a solution for specific technological problems can be designed [10]. Detailed studies of the aforementioned phenomena have clearly demonstrated that these properties cannot be only traced back to the intrinsic properties of the material. Special micro- and/or nanostructures, as well as hierarchical/multi-scale surfaces also contribute to a large extent to these effects [9,10,11]. For example, the self-cleaning and anti-adhesion effect of the lotus leaf can be explained by a combined chemical (epicuticular wax) and topographical effect (hierarchical surface structure) [12]. The excellent mechanical and adhesive properties of the gecko’s foot are based on a multi-scale surface ranging from the milli- to the nano-meter regime in combination with a rigid, as well as hydrophobic material (β-keratin) [9].

Moreover, the non-fogging and super-hydrophobic compound eyes of mosquitos can be explained by hierarchical surface structures, as demonstrated by Gao et al. [3]. The colors of the wings of a butterfly are caused by variations in the dielectric constant induced by specific microstructures [5,13]. In addition to these effects, tailored surface structures are a common and effective strategy in nature to prohibit the colonization of bacteria and biofilm formation in liquid media [14]. Known examples for this kind of behavior can be found in plant leaves, gecko feet, shark skin, insect wings, fish scales and spider silk, only to name a few [15]. Some of these structured surfaces not only prevent the attachment of bacteria, but also show an active bactericidal activity. The antibacterial effect on Pseudomonas aeruginosa bacteria of the cicada wing for example was attributed exclusively to a specific nanotopography rather than chemical effects [16].

From this brief summary, it can be deduced that specific surface structures/patterns might be the key issue in order to create unique antimicrobial, adhesive or frictional properties. In the tribological community, many research groups around the world study the influence of laser-patterned surfaces on the frictional response. As far as dry friction is concerned, most of this work is related to the trapping of wear debris in order to avoid third body interaction and reducing the contact area (for example, lowered stiction in magnetic storage disks) [17,18,19,20,21]. Youquiang et al. investigated the influence of laser-patterned surfaces in frictional pairs Si3N4/TiC sliding against steel. They found a reduction in the coefficient of friction (COF) of 22.1% and a reduced wear rate of ~37% [22]. Moreover, Borghi et al. performed laser patterning on nitrided steel surfaces and could demonstrate a decrease in the COF of about 10% due to embedded wear particles [23]. Wang et al. studied the influence of groove spacings (produced by a femtosecond laser) between 15 and 300 µm on the frictional response in stainless steel parts. These authors related the different findings to the ploughing, adhesion and surface roughness contributions of the COF. Larger groove spacings lead to smaller area densities and, thus, to an increase in the real contact area, which results in an increased COF. Additionally, all laser-treated samples had lower wear rates in comparison to the unpatterned reference [24]. Gachot et al. investigated the influence of the pattern orientation for stainless steel surfaces that were treated by direct laser interference patterning (DLIP). The authors concluded that the role of alignment is of utmost importance. It turned out that slightly misaligned surfaces have a smaller COF than perfectly-oriented surfaces due to the reduced contact area [25,26]. Additionally, Rosenkranz et al. continued this work also for larger sliding cycles (up to 20,000 cycles) in order to study degradation effects of the patterned surfaces in more detail. They could show that the laser patterns still exist even after longer sliding times and that there is a general tendency for smaller COF’s in the case of perpendicular compared to parallel sliding to the line patterns due to a reduced contact area, which is in good agreement with He et al. [27,28]. Recently, Yu et al. published research work on pattern orientation effects for nano- and micro grooved surfaces. They defined a relative pattern size, which is simply the ratio between the groove width b and the radius R of the used tip. They could show that this ratio strongly determines the frictional behavior under parallel or perpendicular orientation to the grooves. It could be stated that for a ratio of b/R < 10−3, the COF is smaller for the perpendicular and higher for the parallel sliding direction along the grooves [29]. They finally concluded that the contributing factors to the friction anisotropy are mainly the contact area, the stiction length, the energy barrier and the surface contact stiffness in the respective directions.

Structured or hierarchical surfaces can be produced by lithography [30], replica molding combined with etching [31] or laser processing [32,33]. In this context, laser interference patterning is an interesting technique, which typically produces periodic surface patterns with feature sizes in the micron range. In previous publications, the authors could demonstrate that these surfaces can significantly tailor the antimicrobial and tribological properties of surfaces [25,27,34,35]. In order to shed some light on this interesting patterning technique, the theoretical background is summarized in Section 2.1. Afterwards, the influence of the produced surface patterns on the antimicrobial effect and frictional properties under dry sliding is elucidated.



2. Results and Discussion

In the first section of this chapter, the underlying physical principle of DLIP will be introduced and explained in detail. In the following sections, the effect of the produced patterns on the tribological and antimicrobial properties will be summarized.


2.1. Physical Principle of DLIP

The underlying physical principle of DLIP is interference, since at least two coherent laser beams are superimposed in order to create a defined intensity distribution, thus resulting in a certain surface topography. The superimposed sub-beams can be described as monochromatic, linearly-polarized plane waves. Consequently, the total electric field (Etot) is given by:
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(1)




where Ej0 denotes the amplitude of each sub-beam, k the wave number, t the time, ω the angular frequency, r the direction of propagation and n the number of superimposed sub-beams. After the analysis of the scalar product of the vectors k and r, as well as under the assumption that ω is equal to zero, the total electric field can be written as:
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(2)




In Equation (2), αj and βj represent the angles of the superimposed sub-beams with respect to the interference-plane.

The spatial intensity distribution Itot can be expressed by:
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(3)




where c is the speed of light and ε0 the dielectric vacuum permittivity, respectively.
Based on the following assumptions:



[image: there is no content]



(4)




the spatial intensity distribution for two-beam interference (n = 2) is given by:
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(5)




which represents a two-dimensional surface pattern with a characteristic periodicity. This periodicity can be defined as:
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(6)




where λ presents the wavelength of the used laser and θ is the angle between the interfering sub-beams.
Following the procedure, the resulting intensity distribution for two-, three- and four-beam interference can be calculated.

As can be seen in Figure 1, the result of two-beam interference is a sinusoidal intensity distribution, whereas three-, as well as four-beam interference end up in a dot-like intensity distribution.

Figure 1. (a,b,c) Calculated intensity distribution for two-, three- and four-beam interference; (d,e,f) the respective beam configurations for two-, three- and four-beam interference [36].
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2.2. Surface Patterns for an Improved Tribological Performance

In the tribological community, it is well known that artificial surface patterns can significantly improve the tribological performance under dry and lubricated conditions. Under full fluid film conditions (hydrodynamic lubrication), these patterns can produce an additional hydrodynamic pressure, thus leading to an enhanced load-carrying capacity [37,38]. With regard to boundary and mixed lubrication, patterned surfaces can store oil in order to act as a secondary oil source or trap wear particles to reduce abrasive wear. This can lead to an increase in the oil film lifetime or to an improved wear behavior [39,40,41,42]. Regarding dry friction, surface patterns typically reduce the contact area and store wear particles, thus lowering the resulting coefficient of friction (COF) and avoiding stiction, as well as improving adhesion [21,43]. Furthermore, as already discussed in the Introduction and pointed out by Nosonovsky et al. and Gebeshuber, surface structures play a significant role in biological systems and, consequently, also in biotribology [20,44].


2.2.1. How to Achieve Quasi-Periodic Penrose-Like Surface Patterns

After the first patterning step (0°), the sample can be rotated by 90° and a second line-like pattern can be superimposed, thus resulting in a cross-like surface pattern. As already published by the authors in a previous manuscript, these patterns can be used to tailor the tribological performance, especially under mixed lubrication [35].

By means of a multi-step process, Penrose patterns with different symmetries can be produced by DLIP. As can be seen in Figure 2, quasi-periodic patterns typically have an 8-, 10- or 12-fold symmetry.

Figure 2. Two-dimensional images of quasi-periodic Penrose-like surface patterns with 8-fold (a), 10-fold (b) and 12-fold (c) symmetry measured by white light interferometry (WLI).
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In order to create a quasi-periodic Penrose pattern with an eight-fold symmetry (Figure 2a), it is necessary to superimpose four line-like surface patterns with different rotation angles (0°, 45°, 90° and 135°). Penrose patterns with 10- or 12-fold symmetry can be produced by a five- or six-step process with a rotation angle of 36° or 30°, respectively. It is worth mentioning that these patterns do not have a three-dimensional translation symmetry, which makes them very interesting for tribological applications under dry friction due to reduced geometrical interlocking [45,46].





2.2.2. Effects under Dry Friction

In order to study the tribological performance under dry sliding conditions, line-like surface patterns with different periodicities (2, 5, 7 and 8 µm) were fabricated by DLIP. After the laser patterning, the produced surface patterns were analyzed by WLI (Figure 3) in order to investigate the shape of the produced surface patterns.

Figure 3. Cross-sectional profiles of laser-patterned line-like surfaces having a periodicity of 2 (a), 5 (b) and 8 µm (c) measured by WLI.
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As can be seen in Figure 3, clear differences in the surface profiles can be observed as a function of the adjusted periodicity. In the case of periodicity of 2 µm (Figure 3a), a more spiky surface profile with sharp asperities can be found. An increase in the pattern periodicity leads to the formation of a more plateau-like surface profile (Figure 3b,c). In order to precisely describe the produced surface patterns, selected roughness parameters, such as the Swedish height H, the root-mean-square roughness Rq and the skewness Rsk, were measured by WLI (Table 1).

Table 1. Topographic parameters of laser-patterned aluminum samples measured by WLI. The Swedish height H is a well-suited parameter to indicate the structural depth of the laser-patterned surfaces.


	Sample
	H/µm
	Rq/nm
	Rsk





	Polished reference
	0.030 ± 0.005
	20 ± 3
	−1.44 ± 0.33



	Line pattern P = 2 µm
	1.58 ± 0.27
	547 ± 56
	0.73 ± 0.16



	Line pattern P = 5 µm
	1.88 ± 0.34
	579 ± 116
	0.65 ± 0.13



	Line pattern P = 7 µm
	2.98 ± 0.37
	936 ± 89
	0.25 ± 0.09



	Line pattern P = 8 µm
	2.87 ± 0.36
	978 ± 76
	0.53 ± 0.06










As can be seen in Table 1, the topographic analysis demonstrates no significant differences. The Swedish height H and Rq increase with increasing periodicity. Similar findings have already been published by Lasagni et al. [33]. The skewness Rsk for the polished reference sample is negative, indicating a good load-bearing capability being typical for polished surfaces. In contrast to that, the skewness value of all laser-treated specimens is positive, which can be traced back to spikier surface profiles.

The experiments under dry friction were performed as a function of the relative alignment of the line-like surface pattern with respect to the sliding direction of the tribological counter body. Two different alignments, namely “para” (parallel) and “perp” (perpendicular), were tested. In the case of the para-orientation (Figure 4a), the sliding direction of the ball is aligned parallel to the line-like pattern, whereas “perp” indicates a sliding direction being perpendicular to the surface pattern (Figure 4b). Furthermore, a small normal load of 100 mN was used in order to avoid any wear features.

Figure 4. (a,b) Schematic illustrations of the parallel (para-) and perpendicular (perp-) alignment; (c,d) temporal evolution of the coefficient of friction (COF) of the polished reference and line-like surface patterns with different periodicity for the para- and perp-alignment.
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As can be observed in Figure 4c, the COF of the polished reference and of the line-like pattern with a periodicity of 7 and 8 µm fluctuates around one. In contrast to that, the COF of the surface patterns having a periodicity of 2 and 5 µm is about 0.25 and stable over time. Therefore, it can be concluded that the line-like surface pattern can lead to a significant friction reduction by a factor of roughly four under dry conditions. On the contrary, the effect of the periodicity is not very pronounced for the perp-alignment, as can be seen in Figure 4d. It is worth mentioning that the COF of the reference is in the same range compared to the para-configuration. Furthermore, all samples roughly start from the same initial COF. From the literature, it is well known that the frictional response for para- and perp-alignments can be quite different [28,47,48]. Recently, Yu et al. were able to demonstrate that the contact area, the stiction length, the energy barrier and the contact stiffness are the most influencing factors for the frictional behavior with respect to these two extreme cases [29]. The increased corrugation of the surface topography in the perpendicular direction obviously plays a role in terms of COF fluctuation. It is also worth mentioning that, after the tribological experiments, both the substrate and the counter body were studied by light microscopy, scanning electron microscopy and WLI. However, no pronounced wear features have been observed. Furthermore, no generated transfer layer could be detected by energy dispersive X-ray spectroscopy

In order to describe this behavior from the theoretical point of view, half-space simulations based on a multi-level and multi-integration approach were performed on laser-patterned line-like surfaces in collaboration with the tribology group of the Imperial College in London. As can be seen in Figure 5, the contact between a smooth sphere and a patterned aluminum plane is analyzed as a function of the periodicity.

Figure 5. Simulated contact pressure distributions for line-line surface patterns with 2 (a), 5 (b), 7 (c) and 8 µm periodicity (d) based on a multi-level and multi-integration approach using a finite-element mesh with 2048 × 2048 nodes. The color code highlights the normalized contact pressure. The normalization is done using the Hertzian contact pressure p0.
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By means of the numerical simulation, the acting contact pressure, the number of asperities in contact and the contact area can be evaluated. The results of the numerical simulation are summarized in Table 2.

Table 2. Summary of the numerical results for the laser-patterned surface with different periodicities.


	Periodicity/µm
	Number of Asperities
	Contact Area/µm2





	2
	14
	29.48



	5
	7
	44.38



	7
	4
	50.58



	8
	5
	55.81










The numerical results clearly demonstrate that the number of asperities in contact increases from five (line-like pattern with periodicity of 8 µm) to 14 (line-like pattern with periodicity of 2 µm) with decreasing periodicity. However, the contact area shows exactly the opposite trend, which correlates very well with the experimental findings of the para-alignment.




2.3. Antibacterial Surface Structures for Implant Materials

Infections originating in bacterial biofilms pose a major problem, as bacteria generally tend to colonize any available surface rather than staying in the planktonic state [49]. In the human body, bacterial biofilms preferably develop on inert surfaces or dead tissue, which makes implant materials a primary target for bacterial attachment after insertion [50]. It is therefore imperative to provide some kind of antimicrobial properties to implant surfaces, which should at least last for a few weeks after surgery. In addition to release-based strategies [51], intrinsic antibacterial properties are also added to implant surfaces by bio-inspired topographical design [52].

One straight-forward approach in materials design is aiming at surface structures that actively destroy bacteria. Ivanova et al. generated so-called black silicon surfaces, on which Gram-positive and Gram-negative bacteria, as well as endospores were efficiently killed [53]. The black color originates from a needle-like nanostructure of the silicon surface, on which bacteria were impaled upon attachment. Similar effects were observed on titanium coatings, which were sputtered under glancing incidence angle (GLAD) by Sengstock et al. [54]. The specific sputtering setup used also induced a needle-like nanoroughness, which was attributed with a supposedly mechanical, bactericidal effect. In this study, Gram-positive bacteria with a thicker cell wall were found to be more resistant than Gram-negative cells against the proposed killing mechanisms [54]. Both studies claim to be inspired by the topography-related antimicrobial properties of insect wings [16]. A possible model describing the destructive interaction of topographical insect wing structures with bacteria has been proposed by Pogodin et al. According to their observations, nanopillars on the cicada wing with a diameter of 60 nm, a height of 200 nm and a spacing of approximately 170 nm may stretch the bacteria envelope until it tears. They propose the structural size of those pillars and the bacterial cell wall properties as governing parameters for the observed, purely physic-mechanical killing mechanism.

Besides an active bactericidal effect, bacteria repelling surfaces may as well be considered antibacterial. The relation between topographical surface design and bacterial adhesion is all but trivial and is subject of numerous studies [55,56]. A general consensus seems to be that structures on the nanoscale, thus smaller than bacteria, tend to inhibit bacterial adhesion, and topography features larger than bacteria may favor adhesion [55,56]. Although to this end, some studies rebutting this rule can also be found [14,57]. Patterned surfaces with features of about the same size as bacteria may cause different effects depending on the specific interaction between single bacteria and topography [56,58]. In order to apply anti-adhesive and in this sense antibacterial properties to implant materials, surface functionalization presumably needs to aim towards structures of a few microns in size or smaller. Following this approach, Levandowska et al. generated nanotube structures on titanium by an electrochemical surface treatment, which resulted in a decrease in bacterial attachment and at the same time enhanced fibroblast adhesion [59].

As laser interference surface structuring allows for surface patterns in the micron and sub-micron range, it is an ideal tool to investigate and tailor the bacterial attachment on surfaces. In spite of this potential, only very few studies using laser surface patterning to influence bacterial adhesion and antibacterial properties were conducted so far. Wagner et al. investigated the biofilm formation on line-like laser patterned steel surfaces [60]. They suspect that the 5-µm laser pattern periodicity used was too large compared to bacterial size for anti-adhesive effects to take place. Valle et al. observed that a regular laser pattern (periodicity of 5 µm) may enhance bacterial adhesion in contrast to a contact-inhibiting, irregular, non-laser surface pattern on polystyrene [61]. So far, to the best of the authors’ knowledge, the effect of the laser pattern of exactly the bacterial size has not been investigated nor has a clear mechanism of action been defined.


2.3.1. DLIP to Investigate Bacterial Killing

In previous experiments, DLIP surfaces have been used to clarify the role of bacterial adhesion to a metallic surface during the so-called contact killing of bacteria [34]. Bacterial adhesion experiments performed on metallic surfaces (see Figure 6a) proved that about 90% percent of bacteria adhere to the sample surface already after 90 min (dotted line), which becomes apparent by the plateau values after 90 min. Standardized antimicrobial testing procedures, according to the Environmental Protection Agency of the U.S., should at least last for 2 h [62]. Bacterial adhesion to surfaces therefore plays a major role during must studies on antibacterial surface effects.

Figure 6. (a) Bacterial adhesion per surface determined on several polished stainless steel (filled symbols) and brass (empty symbols) samples; (b) contact-inhibiting, inert arrays generated by direct laser interference patterning (DLIP) on polished copper [34].
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In order to shine light on the actual role of bacterial adhesion for actively antimicrobial effects, inhibitory array structures have been generated by DLIP on metallic copper (see Figure 6b) [34]. In this experiment, DLIP patterns were tailored in a way (lateral periodicity of 700 nm) that bacteria adhering to the surface could not get in contact with the metallic copper. It became clear that the direct contact to a metallic surface promotes contact killing.

These experiments emphasize the role of bacterial attachment on intrinsically antibacterial materials, as well as for passively antibacterial, anti-adhesive surface concepts.



2.3.2. DLIP Induces Antibacterial Surface Effects

On this behalf, we investigated on a possible antibacterial surface functionalization by DLIP in terms of lowered bacterial adhesion. For this purpose, line-like topographical surface structures with a periodicity of about 2 µm were generated on polymer and homogeneously covered with a gold layer to provide an inert metallic surface, as shown in Figure 7a. Initial bacterial adhesion on this surface was measured for 2 h by microscopic means and compared to a flat gold reference surface.

Figure 7. (a) Laser interference-patterned, gold-coated surface; (b) reduced bacterial adhesion on DLIP surface compared to a flat reference surface.
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Both surfaces showed linearly increasing bacterial adhesion over time. The number of attaching bacteria on the laser-patterned surface was reduced about 80% compared to the non-treated surface, which is clearly depicted by the calculated adhesion rates of 51.59 and 11.11 mm−2·min−1 (see Figure 7b). The applied laser surface patterning thus resulted in a clear antibacterial effect.

Whitehead et al. proposed in theory that, with a decreasing number of contact points for bacteria to a structured or rough surface, the bacterial adhesion may also decrease [63]. The generated laser interference patterns were specifically designed in a way that the valleys of the structures are minimally smaller than the applied bacteria, therefore offering only the edges as initial points of attachment. Similar effects are expected for even smaller periodicities. The observed bacteria-repelling effect is believed to originate in a reduced number of possible contact points for the tested bacteria on the structured surface, following the mechanism proposed by Whitehead et al. [63].





3. Experimental Section


3.1. Materials

Adhesion experiments depicted in Figure 6 were performed on polished inert stainless steel (AISI 304) and polished brass (CuZn23Al3Co) with a roughness Ra = 5 ± 2 nm for both. For the bacterial adhesion experiments shown in Figure 7, flat, spin-coated polyimide films (Ra = 2 ± 1 nm) were PVD coated with an approximately 10-nm gold layer or laser interference patterned at 890 mJ/cm2 with line-like topography and then coated. The bacteria used were Escherichia coli K12 (Figure 6) and Staphylococcus carnosus (Figure 7) concentrations of about 2 × 105 mL−1 bi-distilled. A flow box setup was used in both experiments, which allowed counting bacteria in situ by microscopic means.

Commercially available, flat aluminum bulk samples with a technical purity of 99.5% (round plates with a diameter of 25 mm) were used for the laser surface patterning and the subsequent tribological experiments under dry sliding conditions (Figure 4). The specimens were grounded and polished in order to have a good surface finish (Table 1).



3.2. Laser Interference Patterning (DLIP)

A high power pulse solid-state Nd:YAG laser with a fundamental wavelength of 1064 nm, a pulse duration of 10 ns and a repetition rate of 10 Hz is used for the surface patterning. The experimental set-up for two-beam interference can be seen in Figure 8.

Figure 8. Schematic illustration of the experimental set-up for two-beam interference. By a multi-step process, the generation of quasi-periodic Penrose-like surface patterns is possible as schematically depicted in this figure.
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By means of harmonic generation, a laser wavelength of 355 nm can be produced, which is typically used for the patterning process. As can be seen in this figure, the primary beam travels through an attenuator in order to adjust the energy of the beam. Afterwards, this beam passes a shutter to precisely select the number of pulses used for the surface patterning. A lens can be used in order to increase the laser fluence. Finally, the primary beam is split into two sub-beams by means of a suitable beam-splitter, and these sub-beams interfere with each other on the surface of the sample. The result of two-beam interference is a sinusoidal, line-like surface pattern with a characteristic periodicity P. As already demonstrated in Equation (6), the periodicity is mainly dependent on the laser wavelength used and the angle between the interfering sub-beams. It is important to mention that the positions of the maximum laser intensity correspond to the topographical minima positions and vice versa.

As already depicted in Figure 1, by means of three-beam interference, it is possible to create adot-like surface pattern. The experimental set-up for three-beam interference is shown in Figure 9.

Figure 9. Experimental set-up for three-beam interference to create dot-like surface patterns. (1) represents a lens in order to increase the laser fluence, whereas (2) and (3) illustrate the positions of the respective beam-splitters and mirror, respectively [36].



[image: Lubricants 04 00002 g009 1024]







The periodicity of the dot-like surface pattern can be expressed as:
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(7)




Consequently, the periodicity of the dot-like surface pattern also depends on the laser wavelength and the angle between the interfering sub-beams.

For the tribological experiments under dry friction, line-like surface patterns with different periodicities (2, 5, 7 and 8 µm) and a structural depth of around 1 µm were produced in order to study the influence of the periodicity on the frictional response. For all laser experiments, a laser fluence of 1500 mJ/cm2 was used in order to create homogenous surface patterns. All of the samples were irradiated under normal atmospheric conditions in air with one single laser shot. After the laser patterning, the homogeneity of the patterns was investigated by WLI and scanning electron microscopy (SEM). The obtained experimental results were directly compared to numerical studies done by collaborations partners at the Imperial College (Dr. Simon Medina).

The line-like patterned surfaces for adhesion experiments (lateral periodicity of 2 μm) were generated on polyimide at a laser fluence of about 490 mJ/cm2 and coated with gold (50 nm). Inert contact arrays shown in Figure 6b were generated by laser interference lithography with a spin-coated photo resist (AZ 1518, MicroChemicals GmbH) at a laser fluence of 33 mJ/cm2. In both cases, a laser wavelength of 355 nm was used, which was obtained by second harmonic generation.



3.3. Tribological Experiments

The tribological experiments under dry sliding conditions were conducted using a ball-on-disk configuration in linear reciprocating sliding mode with a stroke length of 0.6 mm, a sliding speed of 1 cm/s and a normal load of 100 mN. A normal load of 100 mN was selected in order to avoid any wear features. The number of cycles was set to 200 cycles. The counter body was a 100Cr6 steel ball with a diameter of 1.5 mm, which is mounted on a stiff cantilever. During the experiment, the deflections of the cantilever in the horizontal and vertical direction are measured using optical fiber displacement sensors, thus being able to calculate the normal and friction force. Temperature and relative humidity were kept constant at 20 ± 2 °C and 45% ± 2%, respectively. The tribological experiments under dry friction were performed as a function of the periodicity of the line-like surface pattern.




4. Conclusions

DLIP is a powerful technique to create different, periodic surface geometries (line-, dot- or cross-like surface patterns) having a periodicity and structural depth in the micron and sub-micron range. In addition to periodic surface topographies, quasi-periodic Penrose-like patterns with 8-, 10- or 12-fold symmetry can be generated by means of a multi-step process.

With regard to the frictional behavior under dry sliding conditions, it could be demonstrated that periodic line-like surface patterns with small periodicities (2 and 5 µm) lead to a significant reduction of the resulting COF. The experimental results fit very well with theoretical calculations showing a decrease in the contact area with decreasing periodicity.

By using DLIP surfaces with lateral periodicities on and below the bacteria scale, the important role of bacteria adhesion for antibacterial surface effects could be demonstrated. Furthermore, an anti-adhesive surface pattern, which could prevent bacterial attachment in the first place, has been realized by DLIP.

To conclude, surface patterns generated by DLIP allow an active surface optimization for biological applications in terms of tribological and antibacterial properties.
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