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Direct Laser Interference Patterning (DLIP) has become an industrial-relevant method for microtex-
turing materials and modifying surface properties. Despite extensive research on DLIP-processed
metals for hydrophobicity, the long-term effects of texture geometry on static and dynamic wetting
are not yet fully understood. Here, periodic microstructures on stainless steel were fabricated by ps-
DLIP to study the effects of texture type, spatial period A, and aspect ratio AR on the surface wetta-
bility. Line- and cross-like textures with A = 6.0, 10.0, and 30.0 pm were created using a multi-scan
approach to reach ARs of 0.3, 0.6, and 1.0. Wettability was monitored over 220 days by measuring
static water contact angle (WCA), contact angle hysteresis (CAH), roll-off angle (Orol-ofr), and surface
free energy (SFE). The results show that smaller spatial periods (6.0 and 10.0 pm) favored superhy-
drophobicity (WCA > 150°), with faster stabilization times. In turn, patterns with A =30.0 pm exhib-
ited a rose-petal effect, with WCA up to 143.4° and CAH > 45°. All structured surfaces showed a
decrease of the polar component of SFE, in alignment with the observed water-repellency properties.
Overall, the period proved to be the dominant factor for increasing the long-term hydrophobicity

through DLIP.
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1. Introduction

Stainless steel is a widely used material across numerous
industries, including automotive, medical, and food pro-
cessing, due to its excellent mechanical properties and cor-
rosion resistance [1]. However, to expand its functionality,
especially in applications involving liquid interaction, mod-
ifying its surface wettability has become increasingly im-
portant. The ability to control how liquids interact with solid
surfaces is critical for enabling functions such as self-clean-
ing [2—4], anti-fogging [5—7], and enhanced corrosion re-
sistance [8, 9]. A classic natural model for controlled wetta-
bility is the lotus leaf, whose hierarchical micro- and
nanostructures yield remarkable water repellency and self-
cleaning properties [10]. Inspired by such biological sur-
faces, researchers have focused on replicating these wetting
behaviors through engineered surface texturing techniques.

In this context, laser-based techniques have emerged as
a promising technology for replicating these surface proper-
ties by creating complex periodic microstructures on metals
in a single process step [11-13]. Among these techniques,
Direct Laser Interference Patterning (DLIP), stands out for
its distinct advantages over conventional Direct Laser Writ-
ing (DLW) methods, including smaller feature sizes coupled
with higher processing rates [14—16].

DLIP is based on the overlap of multiple laser beams in
the focal plane to create an interference pattern with a peri-
odic distribution of laser intensity. The geometry of the re-
sulting interference pattern depends on the number of inter-
fering beams, the individual angle of incidence as well as
phase and polarization of each laser beam [17]. Therefore,
this technique offers a wide range of different surface struc-
tures [18]. Through the utilization of ultra-short laser pulses,
the material can be locally heated only at the interference
maxima positions, reducing the amount of undesired molten
material and allowing the fabrication of highly homogene-
ous patterns with feature sizes even in the sub-micrometer
range [19]. Moreover, when using ultrashort pulses on me-
tallic substrates, self-organized nano- and microstructures,
commonly known as Laser-Induced Periodic Surface Struc-
tures (LIPSS), arise in combination with the produced DLIP
features and thus leading to the formation of multi-scale tex-
tures [20-24].

In the past, DLIP has been successfully used to tune the
wettability of stainless-steel substrates, by the production of
periodic micro-structures [25-28]. For instance, Schell et al.
employed a nanosecond four-beam DLIP setup to fabricate
periodic dot-like microstructures with different initial rough-
ness to investigate the influence of the fabricated surface
pattern on the wetting behavior and its temporal evolution
[29]. Furthermore, Aguilar-Morales et al. used a picosecond
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two beam DLIP set up to produce high aspect ratio line- and
cross-like DLIP structures, which demonstrated a high de-
gree of hydrophobicity by applying a single scan coupled
with overlaps up to 99 %. The obtained results also pointed
out that the hierarchical surface structure composed of cross-
like DLIP and LIPSS, led to higher contact angles compared
to single-scale microstructures [28]. In this direction, Shi-
mada et al. used a femtosecond DLIP setup based on a spa-
tial light modulator to fabricate shallow single and mul-
tiscale line-like structures with different spatial periods. The
results suggested that hierarchical DLIP topographies were
more stable and showed better reproducibility for the static
WCA over compared to single scale texture [30].

Despite these advances, a comprehensive understanding
of how geometric parameters of the texture (spatial period,
aspect ratio and pattern shape) influence the long-term evo-
lution of wetting properties remains limited. Previous stud-
ies have focused primarily on short-term static water contact
angles (WCA) measurements, often neglecting complemen-
tary parameters like contact angle hysteresis (CAH), roll-off
angle, and surface free energy (SFE), which are essential for
evaluating dynamic wetting and predicting self-cleaning
performance.

This study addresses this gap by systematically investi-
gating the effects of spatial period (A = 6.0, 10.0, 30.0 um),
aspect ratio (AR = 0.3, 0.6, 1.0), and texture geometry (line-
and cross-like) on the wettability characteristics of stainless
steel (SS1.4301) surfaces structured using picosecond DLIP.
The long-term wettability is studied over 220 days by meas-
uring static WCA, while the dynamic wetting behavior is
evaluated through CAH and roll-off angle experiments. In
addition, to a gain deeper insight into the chemical and phys-
ical interactions between the treated surfaces and liquids,
surface free energy measurements are conducted using lig-
uids of opposing polarities. The SFE measurements comple-
ment contact angle analysis by differentiating between polar
and dispersive interactions. By correlating structural param-
eters with temporal and functional wetting behavior, this
work aims to provide a more detailed understanding of how
to engineer durable, application-specific wetting properties
using DLIP.

2. Materials and methods
2.1 Materials

For the laser structuring experiments, X5CrNil8-10
plates (SS 1.4301) were utilized with dimensions of 60 mm
x 90 mm x 0.8 mm and an average surface roughness (Sa)
of 50 nm. Prior to the laser treatment, the metallic samples
were cleaned with absolute ethanol (99.9%, Supelco, Ger-
many) to remove any possible contamination. Subsequently,
the substrates were dried with compressed air.

2.2 Ps-DLIP process

The laser texturing was performed employing an optical
configuration with two-beam interference optics. The exper-
imental setup consists of a picosecond solid-state laser
(Innoslab PX, EdgeWave, Germany) delivering laser pulses
with a pulse duration of 12 ps and a maximal average laser
power of 60 W. The infrared laser beam (A = 1064 nm) was
expanded using a two-lens telescope system and directed
into an optical DLIP head (ELIPSYS®, SurFunction GmbH,
Germany - EU patent EP3990211B1). There, a Diffractive

Optical Element (DOE) splits the main beam into two sub-
beams, which are subsequently shaped into an elongated
spot (Figure 1a)

This optical head enables an impressive depth of focus
of ~ 10 mm and generates an elliptically shaped laser spot
with dimensions (dx % dy) of 1.03 £ 0.06 x 0.09 = 0.01 mm?
at the focal plane. The spatial period (A) of the interference
pattern can be calculated considering the interference angle
(©) (Figure 1a) as well as the laser wavelength (), using
equation (1):
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Fig. 1 (a) Schematic drawing of the experimental setup showing
the two-beam DLIP optical configuration provided by ELIPSYS®
head. The inset denotes the two overlapping sub-beams producing
a line-like distribution of laser intensity. (b) Resulting interference
profiles for spatial periods A = 6.0, 10.0, 30.0 um.

N\ = Spatial period

For this study the texture spatial period was changed by
exchanging the DOE within the optical configuration, so that
spatial periods of 6.0, 10.0, and 30.0 pm could be produced
(Figure 1b).
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The motion of the metallic substrates in two-dimensional
directions was realized with mechanical stages (Aerotech
PRO155-05, USA). Considering the size of the laser spot in
the y-direction and the used pulse-to-pulse distance, it is pos-
sible to calculate the Pulse-to-Pulse Overlap (OV) by using
equation (2):

PtpP

oV = (1 - —) X 100%. )

The surfaces were textured at a fixed repetition rate (fip)
of 10 kHz and OV of 90% and 95%. For the treatment of
large areas, the hatch distance, which is the lateral distance
(x-direction according to Figure 1b) between structured
tracks, was set in dependence of the employed spatial period.

In order to produce cross-like features, the metallic sam-
ples were first processed to create a line-like DLIP pattern
and subsequently rotated 90° in the x-y plane and re-irradi-
ated using the same process parameters. The laser experi-
ments were carried out in ambient environment with no ad-
ditional treatment.

2.3 Topographical analysis

For evaluating the surface topography of the laser-struc-
tured samples, White Light Interferometric (WLI) images
(Sensofar S-Neox, Spain) were recorded by employing 50x
magnification objective providing vertical of 1 nm and lat-
eral resolutions of 500 nm, respectively. The surface profiles
and average structure depth values were obtained using the
SensoMAP Advanced Analysis Software (Sensofar, Spain).
High resolution images were recorded using Scanning Elec-
tron Microscopy (SEM) operating at an acceleration voltage
of 12 kV (Quattro ESEM, Thermo Fischer Scientific, Ger-
many).

2.4 Wettability analysis

The wettability was characterized by static water contact
angle measurements using deionized water with droplet vol-
ume of 5 uL. The calculation of the contact angle was con-
ducted with the water contact angle system DSA100
(KRUSS GmbH, Germany) employing the tangent method.
The WCA of the laser-structured surfaces was continuously
monitored for 220 days. Directly after the laser treatment,
the samples were stored under ambient conditions.

Additionally, the static contact angle hysteresis was de-
termined 220 days after laser texturing by measuring the ad-
vancing and receding water contact angle of an inflating and
deflating water droplet on the laser-textured surfaces. After
an initial droplet with a volume of 5 uLL was deposited, a
liquid volume of 10 uL was subsequently dispensed at a dos-
ing rate of 0.5 pL s™'. The advancing contact angle (0aay) was
recorded at 1.0 s intervals. After the droplet reached the
steady state, the receding contact angle (Orec) was then meas-
ured by re-absorbing the water with the syringe under same
conditions. The procedure finished when the droplet de-
tached from the sample surface.

In addition, the roll-off angle (Oron-ofr) Was determined
by placing a droplet on the laser-treated samples and incre-
mentally tilting the sample angle from 0° to 50° in 1° steps.
Furthermore, the Owens-Wendt-Rabel-Kaelbel (OWRK)
approach was used to determine the surface free energy of
the laser-textured substrates by measuring the static contact
angles of a polar (deionized water) and non-polar (diiodo-
methane) liquid [31,32]. All measurements were performed
employing a droplet volume of 5 uL, each measurement was
repeated five times for statistical significance. The surface
free energy for the two testing liquids used in this study, as
well as their dispersive yD and polar yP components are
given in Table 1.

LSFL
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Fig. 2 SEM and 3D white light interferometry 1 1mages ot line-like DLIP structures with a spatial penod of (a, b) 6.0 um, (¢, d) 10.0 pm
and (e, f) 30.0 um and AR = 1.0. Extracted profiles are shown below each sub-figure. The cumulated fluence (®cum) is displayed in the
corresponding labels above.
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Table 1 Surface free energy (SFE) of used test liquids at 298 K.

Liquid SFE Polar Dispersive
tquids [mN m] yP[mMNm']  yD [mNm']
Di-wa- 72.8 51.0 21.8
ter
Diiodo- 50.8 0.0 50.8
methane

3. Results and discussion
3.1 High aspect ratio DLIP structures

Periodic line- and cross-like structures with spatial peri-

ods (A) of 6.0, 10.0, 30.0 um and aspect ratios (AR) of 0.3,
0.6, 1.0 were fabricated by DLIP. Figure 2 displays exem-
plary SEM and white-light interferometry images of the fab-
ricated DLIP line-like structures with an aspect ratio (AR) of
1.0. In Figure 2a well-defined parallel lines with a spatial
period of 6.0 um are observed. Superimposed on the DLIP
pattern, sub-wavelength ripples, identified as Low Spatial
Frequency LIPSS (LSFL), are clearly visible and oriented
perpendicular to the laser polarization. The corresponding
WLI image confirms a homogeneous surface modulation
with peak-to-valley heights of approximately 6.1 + 0.4 um,
indicating a regular and symmetric ablation profile.
In contrast, an increase in spatial period to 10.0 um led to
less regular line-like textures, with visible LSFL and emerg-
ing micro-holes at positions of maxima interference due to
the higher cumulated fluence (Figure 2¢). Moreover, in Fig-
ure 2d non-uniform material re-deposition is visible on the
structure peaks of the DLIP pattern.

Figure 2e, displays line-like structures with a 30.0 um
period featuring a periodic array of laser-induced micro-
holes inside the valleys of the DLIP pattern. Furthermore,
significant material re-deposition becomes evident not only
at the interference maxima positions but also at the minima.

The resulting prominent accumulation of re-deposited
material and the appearance of the micro-hole sub-structure
can be attributed to the higher cumulative fluence (312.6 J
cm™) in comparison with the textures in Figure 2a-d.

Together, the SEM and WLI images demonstrate how in-
creasing spatial period and fluence lead to more complex
morphologies, evolving from smooth line-like patterns to hi-
erarchical, porous surface textures.

The complete set of 3D WLI and SEM images for the
produced line- and cross-like hierarchical DLIP structures
can be found in Appendix A, B, C, D. Further details re-
garding the structure formation process can be found else-
where [33].

3.2 Temporary evolution of static wetting properties

To determine the relation between the structure topogra-
phy and the wetting behavior, static water contact angle
(WCA) measurements have been carried out over 220 days.

Figure 3 shows the time-dependent development of the
static water contact angle for all line- and cross-like DLIP
treated samples with aspect ratios of 0.3, 0.6 and 1.0. The
dashed line represented the WCA of the untreated reference
with a mean value of 69.1° + 4.3°.

Directly after laser structuring, the water droplets placed
on the samples tended to wet the whole structured area, ex-
hibiting either superhydrophilic (WCA < 10°) or hydrophilic
behavior (10° < WCA <90°). In particular, line-like textures
showed a strong directional spreading of the liquid droplet
along the grooves (Appendix E). The low initial WCA were
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Fig. 3 Time-dependent development of the static water contact angle over a period 220 days for line- and cross-like DLIP structures with
aspect ratio (AR) 0f 0.3, 0.6 and 1.0 and spatial periods (A) of (a, d) 6.0 um, (b, €) 10.0 um, (c, f) 30.0 pm.
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attributed to the presence of an iron oxide layer, consisting
of numerous active polar sites, which formed as a result of
the laser-material interaction under ambient conditions [34].

Over time, the WCA increased for all samples, which is
attributed to the dissociative adsorption of CO; from the am-
bient air. This process resulted in the formation of a non-
polar carbon layer, which promoted hydrophobicity. Such
effect has already been described by Kietzig et. al., who per-
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The time-dependent change in surface chemistry com-

bined with the generated microstructure provided surfaces
with strong hydrophobic properties for all textures. Particu-
larly, the samples textured with either cross-like or line-like
structures with spatial periods of 6.0 or 10.0 um showed a
superhydrophobic characteristic in terms of WCA > 150°,
regardless of the aspect ratio.

The observed hydrophobic behavior is assumed to be
controlled by the wetting state defined by Cassie-Baxter the-
ory [37], which states that air cushions separate the water
droplet and the texture’s valleys, while the liquid sits on the
peaks of the DLIP pattern. For the spatial period (A) of 0 15 20 28 30
30.0 um, the observed lower static water contact angle (130° Period / pm
< WCA < 150°) indicated that the water droplet was able to
partially penetrate into the valleys of the DLIP features, thus
increasing the wetted area and reducing the WCA.

Additionally, the measurements in Figure 3 confirmed
that the wetting state of cross-like and line-like patterns with
spatial periods of 6.0 and 10.0 pm are stable, at least until
day 220 from fabrication, once they reach the steady state,
i.e., typically between 20 and 45 days after fabrication. For
the samples with a spatial period of 30.0 pm the correspond-
ing WCA exhibited a steady increase to values between 120°
and 140° over 220 days.

The evolution of the WCA could be approximated with
the exponential saturation equation proposed by Kietzig
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where Omax is the maximum contact angle after 220 days and 30 *
Awca represents a time constant, which refers to the time un- .
til 63.2% of the maximum contact angle value is reached. By ~ 23]
fitting the experimental data with Equation 3 (lines in Fig- 3 201
ure 3), the regression coefficient Awca could be calculated &
and it is summarized in Table 2 for all manufactured textures. £ *
As observed in Table 2, the regression coefficient (Awca) 5 S % __________________________
tends to increase with AR for all line-like structures. This B
observation can be attributed to the differences in cumulated 5
laser fluences (®@cum) applied during the laser processing.
Structures with smaller aspect ratios were fabricated using °5 s 10 15 20 25 30
lower cumulated laser fluences and exhibited a more rapid Period / pm

increase in WCA (characterized by a smaller time constant,

Awca) compared to those with higher aspect ratios, which Fig. 4 (a, ¢) Contact angle hysteresis (CAH) and (b, d) roll-off
were produced using higher cumulated fluences. Regardless angles (Brollorr) 220 days after the laser treatment for the line-
of the applied spatial period, processing with low cumulated and cross-like DLIP structures as a function of spatial period (A)
fluences resulted in a reduced level of oxidation on the steel and aspect ratio (AR).

substrate. Consequently, the number of active polar sites was
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lower for these structures, compared to those with high as-
pect ratios, favoring the transition to the hydrophobic state
over time. On the contrary, there is no clear correlation be-
tween the time constant Awca and AR over the three studied
spatial periods (Table 2). In case of the samples with spatial
period of 6.0 and 10.0 pum, the cross-like patterns showed
practically constant regression coefficients. However, for
the spatial period of 30.0 um the regression coefficient be-
came smaller with increasing AR. A more detailed surface
chemical analysis is still needed to shed light into this unex-
pected behavior, which will be conducted in a future study.

Table 2 Time dependent regression coefficient Awca for line- and
cross-like DLIP structures with spatial periods (A) of 6.0, 10.0,
30.0 pm and different aspect ratios (AR).

. . Awca Awca
Period A Asp i:i{atlo (Line-like) (Cross-like)
[pm] [days] [days]

0.3 4.5 2.1
6.0 0.6 52 24
1.0 11.1 2.6
0.3 9.1 5.4
10.0 0.6 10.8 3.6
1.0 18.4 34
0.3 59 233
30.0 0.6 7.4 14.6
1.0 15.7 8.3

3.3 Dynamic wettability analysis

To further assess the wetting properties, the static contact
angle hysteresis (CAH) and the roll-off angle (Oroi-ofr) Were
measured on the DLIP-treated samples 220 days after laser
texturing. For obtaining the CAH, regular sessile drops de-
posited on the texture’s surfaces were imaged by the contact
angle measurement device, while the droplets were enlarged
and reduced to obtain the advancing (Baqv) and receding
(Brec) contact angles (listed in Appendix F). The hysteresis
values as well as the roll-off angles after 220 days are sum-
marized in Figure 4 for all samples.

There is an agreed consensus in the scientific community
that a surface is considered superhydrophobic when the
WCA is larger than 150°, combined with CAH smaller than
10° and a roll-off angle (Oroior) below 10° [38]. For this
purpose, the individual diagrams in Figure 4 were divided
into the areas corresponding to hydrophobic (light orange)
and superhydrophobic (light blue) wetting state. Consider-
ing the hysteresis values in Figure 4a, c it became noticeable
that none of the laser-textured surfaces were able to transi-
tion into the superhydrophobic regime.

According to Bhushan and Nosonovsky, a relatively high
hysteresis paired with high static water contact angles ob-
served in hierarchical structures suggested a complex wet-
ting state, where individual micro- and nanoscale features
are either fully or partially wetted. The size and distribution
of these micro- and nanostructures significantly influences
the ability of the interface to pin the contact line of a water
droplet [39]. Consequently, it is here hypothesized that var-
ying the spatial period (A) and texture type resulted in dif-
ferent wetting states.

For instance, in the case of line- and cross-like structures
with a spatial period of A =30.0 pm, the contact angle hys-
teresis (CAH) was approximately 60% higher than on the

surfaces with the other periods. This observation suggests a
rose petal effect [40], in which the microstructure beneath
the droplet is fully wetted, while the nanostructures are only
partially wetted, irrespective of the aspect ratio. As a result,
the DLIP grooves contributed to high droplet adhesion, pre-
venting the droplet from rolling off the surface, whereas the
nanoscale structures induced high static water contact angles.

As shown in Figures 4b and 4d, droplets deposited on
all samples with periods of 6.0 and 10.0 um have rolled off
the surface at the measured Oronofr. Specifically, the roll-off
angles for both line-like and cross-like DLIP textures ranged
between 12°-23° and 8°-30°, respectively. A correlation be-
tween CAH and roll-off angle was evident, as patterns with
the smallest CAH also allowed droplets to roll off at the low-
est tilting angles. This behavior suggests that the liquid does
not infiltrate significantly the structure valleys, forming air
pockets that reduce contact area and droplet adhesion. The
reason for this might be the increased surface area combined
with a lower density of support points for the droplet to rest
upon. This confirms a Cassie-Baxter wetting state for both
line- and cross-like textures. Interestingly, cross-like struc-
tures with A = 6.0 um and AR = 0.3 had the lowest roll-off
angle of 8.4°, which can be further utilized for self-cleaning
applications [41].

3.4 Surface free energy analysis

Additionally, the surface free energy (SFE) was meas-
ured for the laser-structured surfaces. For this purpose, the
OWRK method was applied to determine the SFE based on
static contact angle measurements of deionized water and di-
iodomethane droplets deposited on the surfaces, allowing
the calculation of the polar (yP) and dispersive (yD) compo-
nents. These contact angles were recorded 220 days after the
laser structuring experiments.

Figure 5 displays on the left axis the obtained dispersive
(YD) and polar (yP) components, and total surface free en-
ergy (SFE), and on the right axis the average contact angles
for each test liquid as a function of spatial period and the
aspect ratio. The SFE of the reference steel surface (46.4 +
0.3 mN m™) aligned closely with values reported in the lit-
erature, confirming the consistency of these measurements
[42].

Compared to the reference, a general increase in the sur-
face free energy can be observed in all samples as a result of
the DLIP treatment. The values of the surface energy vary
between 60 and 70 mN m™, for all samples with a spatial
period of 6.0 and 10.0 pm.

For the DLIP-treated samples, it should be noted that the
dispersive component constitutes the main part of the sur-
face tension and is primarily responsible for the increase in
SFE. This promotes the tendency of non-polar liquids to wet
and spread extensively on the surfaces of the patterned sam-
ples. The high wettability by diiodomethane and the result-
ing low contact angles can be attributed to prevailing inter-
molecular interactions, which are influenced by the presence
of oxides on the treated surfaces, leading to the formation of
chemical species with dispersive character within the sur-
face boundary layer [43].

A different behavior is observed for the polar component
of the free surface energy. The results shown in Figure 5 in-
dicate a reduction in the polar contribution compared to the
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untreated reference, which is interpreted as a direct conse-
quence of the accumulation of non-polar compounds after
laser processing. As a result, polar interactions contribute
only minimally to the surface tension, resulting in poor wet-
tability and high contact angles for polar liquids such as wa-
ter.

As shown in Figure 5, structures with spatial periods of
6.0 and 10.0 um exhibited larger polar components than the
samples with A =30.0 um, despite having significantly
higher water contact angles. It needs to be taken into account
that the surface patterns with A =6.0 um and A =10.0 pm
exhibit a Cassie-Baxter wetting behavior, where the water
droplet partially rests on air pockets trapped between struc-
tural peaks. However, this condition does not necessarily im-
ply that the surfaces with smaller spatial periods are less po-
lar. In fact, due to the smaller spatial periods, these surfaces
have a higher density of structural peaks, which could lo-
cally expose more polar functional groups (e.g., hydroxyl
groups). As a result, even though the droplet interacts with
less of the actual solid surface (due to air entrapment), the
surface still presents a higher degree of chemical polarity,
which is reflected in the larger polar component of the sur-
face free energy. Kuznetsov et al. noted in this context that
polar interactions are not only defined by strong bonds be-
tween molecules (e.g., hydrogen, covalent, and dipole
bonds) but are also influenced by the prevailing size and dis-
tribution of roughness features on the surface [44].

The strong contrast between the low polar and high non-
polar components of the SFE observed on all structured sam-
ples can further enable new applications. Namely, in addi-
tion to the observed water-repellency, the high dispersive
component might attract oils. Such opposite behavior can be
exploited for surfaces that can separate water from oil [45].

Additional experiments should be performed on the DLIP-
treated surfaces to confirm this hypothesis.

4. Conclusion

The application of picosecond DLIP has been success-
fully demonstrated for the fabrication of high aspect ratio
line- and cross-like microstructures on stainless steel
(S8S1.4301) using an innovative optical head based on two-
beam interference optics.

The wettability of line- and cross-like DLIP surfaces
with AR values of 0.3, 0.6, and 1.0 was characterized over a
period of 220 days, revealing a transition from initial hydro-
philic states to strongly hydrophobic states depending on the
spatial period. Specifically, surfaces with A = 30.0 pm be-
came hydrophobic with WCA < 150°, while those with A =
6.0 and 10.0 pm transitioned to a superhydrophobic regime
in terms of static WCA. Moreover, laser-structured surfaces
exhibited different contact angle hysteresis (CAH) and roll-
off behavior. Structures with largest spatial period A =
30.0 pm demonstrated a rose petal effect, where the micro-
structure caused strong adhesion of the water droplet to the
surface. In turn, a reduction in spatial period to A = 6.0 and
10.0 um reduced the wettability and adhesion of water drop-
lets to the surface allowing the droplets to roll-off the surface
at tilting angles between 8 and 30° indicating a Cassie-Bax-
ter wetting regime. In general, it was observed that the main
texture parameter controlling the long-term wetting state is
the DLIP period, whereas the aspect ratio or texture type did
not affect consistently the wetting characteristics.

The results obtained in this study can be further exploited
for many technically relevant applications such as surfaces
with self-cleaning, oil/water separation, anti-icing, or anti-
corrosion functionalities.
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Fig. 5 Surface free energy (SFE) and corresponding dispersive (YD) and polar (yP) components and corresponding water- and diiodome-
thane contact angles after 220 days for (a) line- and (b) cross-like DLIP structures with aspect ratio (AR) of 0.3, 0.6 and 1.0 and spatial

periods (A) of 6.0 pm, 10.0 pm, 30.0 um.
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Appendix A 3D topography images taken by WLI of line-like DLIP structures with a spatial period of (a-c) 6.0 um, (d-f) 10.0 um
and (g-1) 30.0 um with AR = 0.3, 0.6, 1.0. Also, extracted profiles are shown below each figure.



JLMN-Journal of Laser Micro/Nanoengineering Vol. 20, No. 2, 2025

Appendix B
Spatial period A

[a] — w0

Aspect Ratio AR

150...

Hm
10

v 0 50 100 150...

Appendix B 3D topography images taken by WLI of cross-like DLIP structures with a spatial period of (a-c) 6.0 pm, (d-f) 10.0 pm and
(g-1) 30.0 um with AR =0.3, 0.6, 1.0. Also, extracted profiles are shown below each figure.
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Appendix C
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Appendlx C SEM images of line-like DLIP structures with a spatial period of (a-c) 6.0 um, (d-f) 10.0 pm and (g-i) 30.0 um with AR
=0.3, 0.6, 1.0. The aspect ratio (AR) cumulated laser fluence (®cum) and the total number of applied passes (N) are displayed in the
corresponding labels.

Appendix D

=1489Jcm?,N =11

=1231Jcm?,N=15

Appendlx D SEM images of cross-like DLIP structures with a spatial period of (a-c) 6.0 um, (d-f) 10.0 pm and (g-i) 30.0 pm with
AR =0.3, 0.6, 1.0. The aspect ratio (AR) cumulated laser fluence (®cum) and the total number of applied passes (N) are displayed
in the corresponding labels.
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Appendix E
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Appendix E Exemplary optical images of spreading behavior
for (a) line- and (b) cross-like DLIP patterns directly after laser
texturing.

Appendix F

Table 3 Resulting advancing (0a¢v) and receding (Brec) water
contact angles for the line- and cross-like DLIP structures with A
=6.0,10.0, 30.0 pm and different aspect ratios (AR) 220 days after

laser texturing.

. OAdv eRec OAdv eRec

Period ASP?“ (Line- (Line-  (Cross- (Cross-
A ratio . . . .
[um] AR like) like) like) like)
[°] [°] [°] [°]

03 1694+ 1286+ 1742+ 1447+

’ 2.0 6.2 1.2 6.3
1712+ 1376+ 1727+ 1468+

6.0 0.6 1.3 5.0 3.0 6.4
1.0 171.6+ 1453+ 171.6+ 1381+

) 2.1 34 3.2 24
03 1712+ 1358+ 1688+ 1396+

’ 53 4.8 35 3.6
1704+ 1466+ 167.0+ 1378+

10.0 0.6 3.0 3.1 2.5 4.2
10 1707+ 1364+ 1698+ 139.1+

) 1.8 3.8 2.7 2.7
03 1606+ 111.1+ 1672+ 1150+

’ 9.7 44 1.9 54
1603+ 109.6+ 1622+ 117.8+

300 06 74 6.4 0.8 1.6
10 1547+ 1106+ 1682+ 1164+

6.7 6.4 1.8 2.8
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