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In this study, the wetting behavior of micro-structured poly(methyl methacrylate) (PMMA) sur-
faces produced by plate-to-plate hot embossing is investigated. The embossing tools used consist of
stainless steel plates, which were previously processed by different laser methods, namely Direct La-
ser Engraving (DLE), Direct Laser Writing (DLW) and Direct Laser Interference Patterning (DLIP).
Various textures with spatial periods in the range 1.7 to 900 pm and structure depths between 0.1 and
50 um were produced and successfully transferred to 175 pm thick PMMA films at an embossing
temperature of 130°C. In all cases, the imprints displayed the negative of the stamp textures with a
difference between the stamp depth and imprint height between 6 and 16 %. The wetting behavior of
the PMMA surfaces was investigated by measuring the static contact angle of distilled water as well
as linseed oil. The measurements revealed an increase in the water contact angle from 79° up to 142°
on the DLE-based surfaces, whereas for linseed oil, a decrease from 20° to 5° was observed for the
same sample. In addition, the PMMA foils were also treated with a hydrophobizing agent in order to
modify the surface chemistry. The measurements revealed no change in the water contact angle,

whereas for linseed oil, contact angles up to 142° on a hierarchical surface were reached.
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1. Introduction

Flora and fauna provide numerous examples of hierar-
chical surface textures with outstanding technical properties
such as the self-cleaning behavior of the lotus leaf or the su-
per-oleophobic skin of the spring tail [1,2]. The imitation
and transfer of the easy-to-clean property of the lotus leaf,
for example, to technical surfaces has been the subject of
numerous studies by engineers in recent decades [3,4]. Pol-
ymer materials are of particular interest due to their inexpen-
sive production and widespread utilization. Technical parts
made of poly(methyl methacrylate) (PMMA) have become
a relevant material due to its low weight, high chemical sta-
bility and high transparency. In particular, optical applica-
tions of PMMA include displays, architectural glass or pro-
tective cover for light sources. In addition, the response of
PMMA surfaces in contact with liquids can be tuned to
achieve advanced applications, such as easy-to-clean or anti-
biofilm effects.

The wetting behavior can be specifically modified by
chemical coatings [5-7], plasma treatment [8—10] or surface
laser based structuring [11—13]. Also combined methods in-
cluding surface textures and coatings with super-amphipho-
bic and amphiphilic behavior have already been developed
[14]. However, these processes often require the use of en-
vironmentally harmful substances or are not suitable for
mass production. Indirect surface structuring by hot emboss-
ing is an alternative method, which produces no hazardous
agents and is compatible with industrial processes.
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Hot embossing is a fabrication technique that can be
used to replicate micro-textures form a mold to a polymer.
In order to achieve high replication quality, temperature and
holding time are the key parameters. [15,16]. As embossing
tools (molds), metals are used due to their durability and low
costs. Fabrication of micro-textured molds can be done with
CNC micro-milling [17], lithography [18], etching [19] and
also with laser based techniques.

The idea of utilizing laser-based micro-fabrication to
texture embossing tools is not new. Choi et al. [11] produced
micro-fluidic channels on stainless steel (AISI 304 L) using
fs-laser texturing. The channels showed a depth of 10 um
with a width of 75 pm and were embossed on PMMA. Zhu
et al. [20] used ultrasonic embossing with ns-laser textured
steel and aluminum tools on polyethylene-terephthalate
films. Pillar-like micro-textures with a pitch of 80 um were
embossed on PET films and showed an increased water con-
tact angle from 70.7° to 100.4°.

Depending on the laser technique, different structure res-
olutions are possible. With conventional Direct Laser Writ-
ing (DLW), structure resolutions up to 5-30 um have already
been reported [21]. Structures larger than approximately
300 pm are possible to fabricate by Direct Laser Engraving
(DLE) [22]. For micro- and nano-structuring with feature
sizes smaller than 10 um, Direct Laser Interference Pattern-
ing (DLIP) technique has become an established process in
recent years [23]. In DLIP, a single laser beam is split up into
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multiple sub-beams that are superimposed on the target sur-
face at a specific angle of incidence ©. If two sub-beams are
used, a line-like intensity distribution is formed in the over-
lapping area, where the spatial period /A depends on the laser
wavelength A and the incidence angle. For two beams, the
spatial period is given by [24]:
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When four beams are used, a periodic dot-shaped intensity
distribution is formed with a spatial period of [25]:
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Even smaller textures can be obtained by applying ultra-
short laser pulses (in the fs to ps regime) on a material so
that the so-called Laser-Induced Periodic Surface Structures
can be formed. On metals, these self-assembled nano- or
sub-microstructures arise due to the interaction between the
surface and plasmonic resonances and can be controlled by
adjusting the cumulated fluence, pulse duration and polari-
zation direction, among other factors [26,27]. Yao et al. and
Rakabrandt et al. [28,29] reported a successful transfer of
LIPSS with periods of 600-700 nm from fs-laser treated steel
to polymer sheets via hot embossing.

In this work, laser-structuring techniques, namely DLE,
DLW and DLIP are employed for texturing metallic tools for
plate-to-plate hot embossing. These tools are used to control
the wettability behavior of PMMA foils for polar- and non-
polar liquids. Due to the different resolutions that can be
achieved with each technique, the structure parameters
(shape, depth and period) are varied to determine their influ-
ence on the wetting contact angle. Various structure geome-
tries, such as line-like, dot-like but also more exotic shapes
as donut-like textures were created. The wetting behavior of
imprinted PMMA is determined for each single scaled sur-
face. Finally, structure combinations with two length-scales
are produced in order to evaluate the potential to further im-
prove the wetting behavior.

2. Materials and methods
2.1 Materials

For laser structuring treatment, stainless steel plates
(1.4301, Designblech GmbH, Germany) with dimensions of
80 mm x 60 mm, a thickness of 0.8 mm and an initial rough-
ness Sy of 15 nm were used. After laser texturing, the plates
served as masters for plate-to-plate hot embossing. Imprints
were obtained on poly-methyl-methacrylate (PMMA) foils
(Evonik Performance Materials, Darmstadt, Germany) with
a thickness of 175 pm and a glass transition temperature of
130°C.

2.2 Laser processing methods

Laser structuring of stainless steel plates was performed
using two techniques of direct laser structuring, namely Di-
rect Laser Writing (DLW) and Direct Laser Interference Pat-
terning (DLIP). In DLW, the laser is guided over the sample
surface using a scanner system. Large areas can be processed
with parallel lines, whereas the ablation behavior of the ma-
terial within the laser spot determines the feature geometry
on the surface. Direct Laser Engraving (DLE) is a variation

108

of the DLW technique, where the surface is scanned line-
wise with parallel lines at a close distance. Each scan repre-
sents a layer. Multiple layers can be applied in order to create
a 2.5 dimensional surface texture.

In this study, DLW and DLE were performed with a
commercial available laser surface texturing station (P600U,
GF machining solutions, Switzerland), equipped with an yt-
terbium fiber laser operating at 1064 nm and an average
power output of 30 W. The system operates at frequencies
between 2 kHz and 1000 kHz and the pulse duration can be
tuned between 4 ns and 200 ns. An integrated galvanometer
scanner system, equipped with an F-theta lens, provides an
operating speed up to 10 m/s with a laser spot size of 60 pm.

Two-beam direct laser interference patterning (2B-
DLIP) was performed using a self-developed DLIP system,
equipped with a DLIP-optical head (Fraunhofer IWS, Ger-
many) and a picosecond laser source (Edgewave PX200,
Germany) operating at 1064 nm. A detailed description of
the system can be found elsewhere [30].

Four-beam direct laser interference patterning (4B-
DLIP) was performed using a self-developed system,
equipped with a 70 ps solid-state pulsed laser (NeoMos 70ps,
NeoLASE GmbH, Hannover, Germany). The system pro-
vides a repetition rate of 1-10 kHz at a wavelength of 532
nm with a maximum power output of 7.5 W. Further infor-
mation of the used system can be found elsewhere [31].

2.3 Hot embossing treatment of PMMA

Hot embossing process was performed using a hydraulic
press (Paul-119 Otto Weber GmbH, Germany), providing
pressing forces of 100-1000 kN in a temperature range of
40°C to 400°C. To assure a homogeneous pressure distribu-
tion, the polymer foils were placed between the metal master
and a rubber-like sheet of high-performance silicone (Exact
plastic GmbH, Brockel, Germany) with a thickness of 3 mm.
To prevent friction between the metal and the silicone during
pressing, a sheet of baking paper was placed between them.
To avoid sticking, the metal plates were initially cleaned
with ethanol, dried with compressed air and finally spray
coated with a non-toxic anti-sticking-agent (Mecasurf, Sur-
factis Technologies, Angres, France).

2.4 Contact angle measurements

Contact angle measurements were performed with de-
ionized water and linseed oil (cold pressed linseed seed oil,
Kunella Feinkost GmbH, Cottbus; Germany) using a com-
mercially available droplet shape analyzer (Kriiss DSA 100
S, Hamburg, Germany). The analyses were performed using
the Young-Laplace fitting method. Before measurements,
the PMMA samples were cleaned with a jet of compressed
air and rinsed with ethanol. For contact angle measurements
with oil, the polymer samples were either directly used or
after dip-coating them with a perfluoropolyether compound
(Mecasurf, Surfactis Technologies, Angres, France). The
coated samples were dried under atmospheric conditions for
5 min followed by a jet of compressed air. Measurements
were taken under normal ambient conditions (22 °C, 16 %
R.H.). For statistical analysis, the average of five measure-
ments were taken at different positions. Before and between
measurements, samples were rinsed with warm water and
ethanol before drying with a jet of air again.
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2.5 Surface characterization

The morphology of the laser engraved metal masters as
well as imprinted polymer foils were measured using confo-
cal microscopy (Sensofar S neox, Sensofar S.A., Spain) with
magnification objectives of 20x and 50x. The obtained topo-
graphical data were analyzed using SensoMap software
(SensoMap “Premium” Version 7, Sensofar 140 S.A.).

3. Results and discussion

In this study, an experimental approach was followed to
determine optimal texture combinations of different dimen-
sions using three laser-based methods: DLW, DLE and DLIP.
In addition, hierarchical surfaces were producing by combi-
nation of these methods obtaining surface textures with dif-
ferent length scales. For each of the mentioned processes,
common structure resolutions were chosen based on the
technically possible limits for texturing stainless steel. The
maximum structure depths were limited to aspect ratios
(height to period ratio #/A) below 0.4. This value was se-
lected from previous investigations, since higher values can
lead to the attachment of the polymer foil to the metallic em-
bossing tool.

3.1 Wetting behavior of PMMA foils with simple struc-
ture geometry

In a first set of experiments, periodic structures with a
simple geometry were produced using direct laser engraving
(DLE), direct laser writing (DLW) and direct laser interfer-
ence patterning (DLIP). For each condition, fields of
10x10 mm? were processed on stainless steel. The steel
plates served as master for a plate-to-plate hot embossing
process with a temperature of 130°C, a pressure of 1.1 MPa
and a holding time of 10 min. These process parameters has
been chosen according to previous studies by Wu et al. [32].

The structures on the steel master and the according
PMMA imprint can be seen in Figure 1. The DLE-grid like
texture, shown in Figure la, was produced by scanning the
steel surface 40 times in a line-wise movement with a line-
to-line distance of 10 pm. One layer of material was re-
moved with each scan, and the scanned areas were thinned
with each scan to obtain a 2.5D topography with a triangular
profile. The optimum process parameters were determined
in preliminary experiments. Therefore, the pulse duration
was set to 30 ns with a constant laser fluence of 21.2 J/cm?
per pulse. The pulse frequency was 100 kHz and the feeding
rate 1000 mm/s. A detailed description of this established
DLE strategy and the influence of different process parame-
ters was already given by Nikolidakis et al. [33].

As a result, plateau like areas were created on the metal,
separated by grooves with depths of 54 pm and widths of 90
um. The top area of each plateau remained untreated with
the initial roughness of 15 nm and was also surrounded by
formations of molten material with a height of up to 8 um
next to the grooves. The embossed PMMA surface showed
the inverted morphology with grid like walls with heights of
50 pm and a width of 5 pm on top. The areas between the
walls remained flat, surrounded by 8 um deep grooves.

The DLW dot-like pattern, depicted in Figure 1b, was
processed by applying 30 pulses per spot at a frequency of
130 kHz and a laser fluence of 11.8 J/cm? following a hex-
agonal arrangement with a periodic distance of 80 um. The
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pulse duration was 30 ns. As it can be seen, holes with depths
of 17 um surrounded by molten material were created on the
master. The according imprint showed pillar-like formations
where the polymer flowed into the cavities of the metal mas-
ter during the hot embossing. The average height of the pil-
lars was 6.8 um with a diameter of 30 um on top.

The DLIP line-like structure, shown in Figure lc, was
processed with a two beam ps-laser system with a spot di-
ameter of 80 pm at a frequency of 10 kHz. The sub-beams
were focused on the metal surface with an angle of incidence
of 14.2° resulting in a spatial period of 4.3 pm. The overlap
between single pulses (in the direction along the interference
lines) was set to 90 % with a line-to-line spacing of 100 pm.
As result, periodic line-like textures with an average depth
of 483 nm were processed on the master. The PMMA imprint
showed a similar profile geometry with heights of 425 nm in
average.

The above mentioned structures were fabricated with
varying depths on steel and replicated on PMMA with con-
stant stamping parameters.
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Fig. 1 Laser processed surfaces on stainless steel master and corre-
sponding imprints on PMMA foil for (a) grid like DLE-structure
with period of 500 pm, (b) DLW dot-like structure with period of
80 um and (c) DLIP line-like texture with period 4.3 um. Depicted
areas are (a) 1.15 mm x 1.15 mm, (b) 350 pm x 350 pm and (c) 80
umx 80 um.

Figure 2 shows the measured depths in the master (full
markers) and the corresponding heights on the PMMA im-
print (empty markers) for DLE, DLW and DLIP structures.
For DLE (Figure 2a), periods of 300 — 900 pm were pro-
cessed and the depth was controlled by adjusting the number
of scanning cycles between 10 — 40. It is clear to see, that
the engraved depth increased for smaller periods. Structures
with a period of 900 um, for instance, showed a depth of
47 pm in 40 scans. With a period of 300 pm, a depth of 64
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um was reached. Considering that all laser parameters re-
mained fixed for this set of experiments, the decrease of the
structure depth as the spatial period increased can be as-
cribed to the followed structuring strategy, whereby the
shorter periods were achieved at higher number of laser
passes than the longer ones. Therefore, for patterning the
shorter periods more cumulated fluence was applied and
thus more molten and/or ablated material was expected [34-
37].
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Fig. 2 Structure depth on stainless steel master plates and related
heights on imprinted PMMA (empty symbols) for structure peri-
ods produced with (a) DLE, (b) DLW and (c) DLIP.

For DLW (Figure 2b), the period (distance between the
dots) was varied between 60 um and 160 pm and the number
of applied pulses was between 10 and 40 pulses. The depth
on the master increases with the number of applied pulses up
to 29 um for 40 pulses. On the corresponding imprint, a
height of only 25 um was determined, indicating insufficient
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filling of the cavities in the master. For all the DLW experi-
ments, the heights and depths of the structures on the master
and imprint were comparable.

For the DLIP method (Figure 2c), line-like structures
with periods between 1.5 and 4.3 um were produced with
varying pulse-to-pulse overlaps from 50% up to 95%. The
deepest structures were 773 nm with a period of 3.4 um. On
the corresponding imprint, a depth of 687 nm was measured.
In general, better replication was observed for smaller peri-
ods and lower depths.

From this set of experiment, it can be concluded that the
used embossing parameters are satisfactory to reproduce the
patterns of the textured embossing tools.

After that, preliminary contact angle (CA) measure-
ments were performed to evaluate the effect of structure
depth on the wetting behavior. During the first imprints, it
was observed that dust and other micro-particles were trans-
ferred from the laser textured areas to the polymer. To avoid
a contamination, contact angle measurements of embossed
surfaces were performed after the 10™ imprint.

Exemplary results for water and linseed oil are pre-
sented in Figure 3a and b, respectively. For the water CA
measurements, the textured polymer foils exhibited angles
between 95° and 114°. In all cases, the oil CA of the textured
PMMA foils was below 21° and for the DLIP structures, a
nearly super-oleophilic character was observed with CA
lower than 10°.
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Fig. 3 Static contact angles for (a) deionized water and (b) linseed
oil on micro-structured PMMA with simple feature geometries.
References (dashed lines) were 79° for water and 20° for linseed
oil. For oil, structures were additionally coated with Mecasurf
(shallow bars). When coated, the reference (dotted line) contact
angle is 81°.
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The wetting behavior of patterned polymer surfaces has
already been the subject of numerous studies [38,39]. The
Wenzel and Cassie-Baxter models have proved to be simple
yet effective approaches for describing the relationship be-
tween roughness and contact angle. According to Wenzel’s
theory, a liquid droplet in contact with the structured surface
penetrates the protrusions of the texture, wetting completely
the valleys and peaks of the topography. The model suggests
that hydrophobic or hydrophilic wetting behavior becomes
reinforced by increasing the surface roughness [40]. On the
contrary, Cassie-Baxter model assumes that when a rough
surface is wetted, air pockets are formed that prevent the lig-
uid from infiltrating into the texture valleys. As a result, the
contact angle increases with increasing roughness, inde-
pendent of the initial contact angle or wetting state [41].

In this study, it can be assumed that the hot stamping pro-
cess did not modify the surface chemistry of PMMA, and
thus all changes in wetting behavior can be attributed to the
increase of surface roughness. When wetted with water, all
microstructured surfaces showed a change from the initial
slightly hydrophilic state with contact angles of 79° to a hy-
drophobic one characterized by contact angles between 95°
and 122°. Thus, a Cassie-Baxter wetting state or a mixed
state can be assumed, in which air remains in the cavities of
the textured surface. An opposite behavior was observed for
the oil wetting experiments. In this case, the microstructured
surfaces showed contact angles lower than that of the oleo-
philic smooth reference surface (20°). It can be thus assumed
that a wetting state according to Wenzel’s model is present
here, in which the oil penetrates and wets the pits and
trenches of the surface.

For easy-to-clean applications, surfaces must be both hy-
drophobic and oleophobic. Since the produced surfaces
showed an oleophilic characteristic, the effect of an addi-
tional chemical modification with a hydrophobizing agent
(Mecasurf) was investigated. MecaSurf is a chemically ac-
tive perfluoropolyether containing ethoxydifluoromethyl
terminal groups that physically interact with the pendant es-
ter groups of polymethylmethacrylate (PMMA) generating
attractive electrostatic dipole-dipole induced and London
forces. These electrostatic forces favor the adhesion of both
non-polar compounds forming an ultrathin layer (<5 nm)
[42].

Without the chemical modification, the oil droplets

spread within few minutes over the entire structured surface.
This effect is shown in Figure 4 (top-right area). In case of
the coated structured foils, drops of oil had a relatively large
contact angle and retained their shape even after several
minutes. The effects of the coating are also shown in Figure
4 (bottom-left: reference surface, bottom-right: micro-tex-
tured areas).
When coated with Mecasurf, the oil CA on the imprinted
foils varied between 93° and 124° depending on the used
technology and chosen parameters, as shown in Figure 3b.
The highest value was obtained for the DLE texture pro-
cessed with 40 scanning cycles. For water (not shown), no
visible difference between the coated and non-coated sur-
faces was observed and in consequence, only the water CA
without Mecasurf coatings are reported in this study.
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micro textured

Fig. 4 Linseed oil droplets deposited on hot embossed PMMA
without and with applied Mecasurf coating on flat (left) and micro-
textured (right) PMMA.
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b) Lines

DLE 1.000 x 1.000 pm?

DLW 200 x 200 um?

DLIP 80 x 80 ym?

0.0

Fig. 5 Confocal images of micro-structured PMMA imprinted from
laser textured stamps using (a-f) DLE, (g-j) DLW and (k-1) DLIP
technique. Structure periods were a,b,e,f) 500 um, ¢,d) 300 um, (g-
j) 80 um and (k-1) 4.3 um.
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3.2 Wetting behavior of PMMA foils with complex
structure geometry

The results reported in section 3.1 permitted to find con-
venient laser and embossing parameters for producing sim-
ple geometries. However, other topographies might be rele-
vant for controlling the wettability of oils and water on
PMMA foils. Therefore, in this section, we focus on the fab-
rication and replication of complex structures, following the
parameters already reported. In this section, only confocal
images of micro-structured PMMA are shown.

DLE structures in Figure 5a-f were processed with 40
scans and structure periods from 300 pm to 900 um. Differ-
ent geometries were produced, namely hills, lines, chess-like,
cross-like, donut-like and grid-like patterns. Confocal meas-
urements revealed that for all geometries, structure heights
of 45 — 75 pm were achieved (similarly to the results ob-
tained from simple geometries). On geometries with sharp
edges, such as chess- or plateau-like structures, the contours
showed a lower homogeneity, which is a result of laser pro-
cessing with ns-pulses at high depths. Within the last layers
of engraving, an important amount of energy is concentrated
in small areas, leading to partly higher ablation and move-
ment of molten material. This formed random grooves on
the master that became bulky material formations on the im-
prints.

Smaller structures were achieved using the DLW tech-
niques to create line-like structures and dot-like textures, as
shown in Figure 5g-j. For line-like textures, the metal sur-
face was scanned 20 times with a pulse duration 30 ns and a
fluence of 9.9 J/cm?, resulting in smooth grooves with depths
of 14 um. On the imprint, each processed line forms a ridge-
like structure with heights up to 14 pm. The grid-like and

a) DLE
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hexagonal-grid-like structures in Figure Sh-i were processed
by repeating the scanning two times with a shift of 90° and
three times with a shift of 60°, respectively. As a result, pits
were created on the polymer with cross-like or hexagonal
arrangement. The size of the pits was controlled by increas-
ing the line-to-line width. The depth of the pits was 16 um
for crossed lines and 26 pm for hexagonal lines.

The dot-like texture in Figure 5j was created by structur-
ing the stamp with 40 pulses at single positions with a spot-
to-spot distance of 80 um. Each hole in the master led to a
pillar-like structure on the imprint with a maximum height
up to 26 pum on the imprint. Each pillar is surrounded by a
round grove with a depth of 5 pm, which is a replication of
molten material around the laser drilled holes in the metal
master.

The smallest structure resolution was achieved with two-
and four-beam DLIP, as depicted in Figure 5g-h. For two-
beam DLIP, the incident angle of the sub beams was set to
18°, which resulted in a structure period of 3.4 um for the
used wavelength (note that the period in Figure 1c was 4.3
um). An overlap of 90 % was used to achieve structure
depths of up to 0.7 pm.

The dot-like DLIP structures, shown in Figure 5h was
processed with four beams with an incident angle of 12.7°.
Ten pulses were applied to each position with a spot-to-spot
distance of 40 um. The period measured in this case was 4.3
pm. The height of the structures was 512 nm (at the center
of the interference spot). The height drops with increasing
distance from the center, which can be attributed to the
Gaussian intensity distribution of the used laser source. Ad-
ditional stamps were fabricated by DLIP with period in the
range between 1.5 um and 4.5 pm.
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Fig. 6 Static contact angles for (a) deionized water and (b) linseed oil on micro structured PMMA for various structure geometries.
Dashed lines represent the references, where 79° for water, and 81° for oil with Mecasurf coating were determined.
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Contact angle (CA) measurements were also performed,
for the above described structures. As shown in section 3.1,
the desired oleophobic behavior could only be achieved for
chemically modified surfaces. Therefore, the samples with
complex geometries were coated with Mecasurf before the
CA measurements. For each measurement, five droplets of
either water or oil, with a volume of 4 pl were carefully
placed on the micro-textured PMMA imprints.

The results of the water CA measurements are summa-
rized in Figure 6a. Several trends can be observed. For all
surface geometries, an increase in CA was found in compar-
ison to the flat reference (dotted line). Depending on the
structure geometry and period, the wetting behavior changed
from hydrophilic to hydrophobic. For DLE structures, a de-
crease in the structure period led to an increase in CA. In
addition, the structure geometry had also a significant influ-
ence on the wetting. Wall- or column-like elevations
achieved higher contact angles than flat structure types. The
effects were particularly visible with donut-like structures;
in this case the contact angle increased from 93° at a period
0f 900 pm to 142° at a period of 300 pm.

For DLW, a significant increase was obtained for col-
umn-like structures (DLW dots) from 94° to 113°, with the
CA increasing with shorter distances between the columns.
DLIP dot structures showed increased hydrophobic behavior
compared to line-like ones, with no significant difference
between structure periods (~ 129 ©).

As already discussed in section 3.1, the results of the wa-
ter contact angle measurements suggest a wetting condition
described by Cassie-Baxter’s theory. The droplets rest on the
highest points of the surface and an air barrier is formed be-
tween liquid and surface. Higher angles were achieved with
increasing density of contact points.

The oil contact angles on the coated surfaces are shown
in Figure 6b. Again, an increase in the contact angle was ob-
served with smaller structure periods. For example, a DLE
cross-structure with a period of 900 pm showed a contact
angle of 89°, which is only a small increase compared to the
unstructured reference with 81°. For a period of 300 um, a
contact angle of 136° was measured.

For line-like DLE structures, a maximum value of 134°
was found at a period of 300 um. For this geometry, the
measurements were performed in the direction parallel to the
lines. Also, a deformation of the droplets in the direction of
the structure was observed (not shown). It can be assumed
that the wall-like structures impede the flow of oil at small
periods orthogonal to the structure direction.

In DLW, pillar-like structures with a spacing of 70 pm
showed the highest contact angle of 114°. With increasing
distance between the columns, the CA drops to 103° at
130 pm. For line structures, simple lines show higher con-
tact angles than cross or hexagonal-cross structures, alt-
hough no significant difference was observed between the
structure periods.

DLIP structures showed an increase in oil contact angle
to an average of 105°, but no significant effect depending on
both structure period or geometry was observed.

3.3 Wetting behavior of hierarchical structures
Following the results of the preliminary tests, different

surface geometries were combined. For instance, the DLE

grid-like pattern (Figure 1a), DLE donut-like pattern (Figure
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5e) and the DLW dot-like pattern (Figure 5j) were selected
for the fabrication of a hierarchical surface because of the
high CA angles achieved for both water and oil.

Figure 7a show a steel surface which was structured first
with a DLE grid-like pattern with a period of 500 um and
then with a DLW dot-like pattern with a period of 60 pm.
The process parameters corresponded to those of the prelim-
inary tests. The cross-like trenches with a width of 90 pm
are the result of the DLE structuring. For the DLE pattern,
structure depths of 71 pm were measured.

Ring-hole-like depressions with a diameter of 50 pm can
be seen on the entire steel surface as a result of DLW pro-
cessing (Figure 7a and 7b). The dot-like structures showed
depths of 8.9 um on average. Surprisingly, the DLW textures
were 14 um less deep than on the surfaces of the preliminary
tests. This could be due to a change in the melt pool dynam-
ics. The holes of the ns-laser process are mainly formed by
the expulsion of melt from the hottest areas in the center of
the laser spot. The melt moves up the hole edges by Maran-
goni convection, resulting in the characteristic accumula-
tions of material around the hole. However, previous DLE
machining roughens the surface and disturbs the heat flow
near the deep engravings. As a result, the melt movement of
the subsequent DLW machining is impeded and more mate-
rial remains in the machining zone. This behavior is well
known and described in detail elsewhere [43-45].

Figure 7c show an imprint on PMMA produced with the
steel master with DLE grid-like structure and DLW dot-like
structure. As it can be seen, both DLE structures (wall-like
elevation) and DLW structures (pillars) were transferred to
the polymer over a large area. The wall structures showed a
height of 69 um and the pillars a height of 8.7 pum. Compa-
rable imprint structures were also obtained for a combination
of DLE donut and DLW dots, as shown in Figure 7d.

Steel

100

Steel

Fig. 7 Stainless steel master (a,b) and corresponding PMMA im-
print (c,d) for texture combinations of a DLW dot-like texture with
a period of 60 um and DLE textures with a period of 500 pm with
(a) grid and (b) donut geometry.

The hierarchical surfaces were also characterized regard-
ing their wetting behavior. Figure 8 shows the measured wa-
ter contact angles for water and linseed oil droplets for hier-
archically hot embossed PMMA film. The DLW structure
period was set constant at 60 um while the structure period



JLMN-Journal of Laser Micro/Nanoengineering Vol. 17, No. 2, 2022

of the DLE structure was varied between 300 - 900 um. The
drop volume was 4 ul for both liquids. As before, the sur-
faces for the oil tests were previously coated with Mecasurf.
Without the coating, the surfaces showed super-oleophilic
behavior with contact angles below 5°.
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Fig. 8 Static contact angle for 4 pl sized water and linseed oil drop-
lets on hierarchical micro-structured and coated PMMA for DLE
structure periods between 300 um — 900 pm. Dashed lines indicates
reference on unstructured surfaces.

Reference measurements on a flat surface are shown as
dashed lines. It can be clearly seen that all fabricated struc-
tures exhibited higher CA than the unstructured references.
The highest contact angles of 144° for water and 141° for oil
were determined for a donut structure with a period of
500 um. Thus, the contact angle for both liquids was in-
creased by about 7° compared to single-scale donut struc-
tures. With respect to DLW point structures of comparable
height, the increase was of 37° for water and 28° for the lin-
seed oil.

During the wetting experiments, it was observed that wa-
ter and oil droplets did not detach from the structured sur-
faces even at high tilting angles. For instance, Figure 9
shows droplets of linseed oil with a size of 8 ul on a hot
embossed PMMA film with four hierarchically micro-struc-
tured surfaces with varying period (see labels in Figure 9)
when rotated by 180°. It can be clearly seen that the droplets
do not detach from the surface despite high wetting angles.
This effect, also known as the rose-petal effect, has already
been observed for water on PMMA [46].

For up-scaling the presented approach, the processed ar-
eas and throughputs must be compatible with industrial ap-
plications. Thanks to the availability of high-power and
high-frequency lasers, surface structures can be patterned at
high scanning velocities and over large areas using galva-
nometer scanners or polygon scanners, whereby DLIP
throughputs of 1.1 m?/min have already been reported [47].
For the hot embossing step, plate-to-roll or roll-to-roll strat-
egies can be adopted. Recently, a roll-to-roll hot embossing
unit equipped with DLIP-processed cylindrical molds was
employed to achieve web speeds of 50 m/min [48].
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Fig. 9 Sticking linseed oil droplets with a volume of 8 pl on a mi-
cro-textured PMMA foil with a hierarchical grid-like texture with
various structure periods.

4. Conclusions

In this study, micro-structured PMMA surfaces were in-
vestigated with regard to their wetting behavior with polar
and nonpolar liquids for easy-to-clean applications. The mi-
cro-structures were first produced on stainless steel using the
laser-based processes DLE, DLW and DLIP with feature
sizes from 1.5 pm to 900 um and then transferred to PMMA
foils using plate-to-plate hot embossing. Confocal examina-
tion revealed sufficient transfer quality with texture heights
from 0.09 pm to 85.0 pm.

Contact angle measurements were performed with de-
ionized water and linseed oil. It could be shown that the
structure depth, period and shape strongly affects the wetting
behavior. Water contact angles up to 142° have been meas-
ured on DLE structures with donut shape and a period of
300 pm. For oil, a nearly super-oleophilic state with contact
angle of 5.3° was found on a DLIP line-like texture with a
period of 3.4 pm. The effects of coating with a hydrophobic
agent (Mecasurf) was also investigated. While no change oc-
curred for water, the surfaces changed to a strongly oleopho-
bic condition with contact angles up to 140°.

Finally, hierarchical surfaces were produced by combin-
ing DLE and DLW structuring. It was shown that the com-
bination of structures increased the contact angles for water
to 142° and for oil (coated surface) to 141°C. This corre-
sponds to an increase of 7° compared to the corresponding
single-scale structures. The polymer film processed in this
way could be of interest for easy-to-clean applications in dis-
plays, sensors or in architecture.
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