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Creating Hydrophobic Foils From Biopolymer Blends Using
Mechanical Microimprinting
Hang Liu,*[a] Michaela Zagler,[b] Michael Nase,[b] Katharina Weber,*[a] and Joachim Albrecht*[a]

The surface topography of biodegradable polymer foils is
modified by mechanical imprinting on a submillimeter length
scale. The created patterns strongly influence the wetting
behavior and allow the preparation of hydrophobic surfaces
with controlled solid-liquid interaction. A detailed analysis of
anisotropic surface patterns reveals that the observed effect

arises from a combination of topographical and compositional
changes that are introduced to the surface. As a main result it is
found that an individual combination of material and structure
is required for the production of water-repellent biopolymer
foils that are highly attractive for packaging applications.

Introduction

The use of biopolymers has several environmental benefits.
Most of them (e.g., lignin[1,2]) are a more sustainable source of
raw materials as they are derived from renewable resources
such as plants instead of finite petroleum resources used in the
production of synthetic polymers. In addition, there are
biopolymers like polylactic acid (PLA)[3] that are biodegradable
and compostable. These materials do not contribute to the
generation of non-biodegradable waste. In general, biopoly-
mers have a wide range of applications in various industries,
including packaging, agriculture, and healthcare where sustain-
ability plays an increasing role. In packaging, biodegradable
plastic bags and food containers made from biodegradable
polymers are becoming increasingly popular as they reduce the
environmental impact of plastic waste in the ocean.[4]

Polymer foils are a nearly indispensable element for pack-
aging purposes, in everyday life often met in case of food
containers. A main requirement for this application is a
reasonably high stability of the material against humidity or
water.[5,6,7] This represents a severe drawback for the use of
biodegradable polymers, as most of them are hydrophilic and

therefore show a low barrier against water vapour permeation.
Polymer foils with controlled anisotropic wettability and hydro-
phobic properties have the advantage of directing fluid flow in
a desired direction, improving residual emptying and moisture
resistance of packaging.

The surface structuring of polymer films can induce
alterations in their wetting behavior. Mechanical imprinting, as
a simple and cost-effective method, is employed to achieve
surface structuring without the need for chemical treatments. It
is ideal for mass production due to its ease of reproducibility.
Contact angle (CA) enhancement of various polymer films
through mechanical imprinting has been found. In case of an
urushi thin film using thermal imprinting of line-line structures
a strong anisotropic increase of the CA has been realized.[8]

Zhang et al.[9] have shown that an anisotropic structure causes a
strong contact angle increase perpendicular to the line
direction on the surface of PMMA and PS, and an anisotropic
wettability has been found as well. The used structure was
generated by thermal imprinting using nanoimprinting lithog-
raphy (NIL). Xu et al.[10] employed a thermal lamination imprint-
ing method to fabricate a structure on polyethylene films,
aiming to produce superhydrophobic polymer surfaces with
abrasion resistance and water pressure stability. The mechanical
structuring commonly employed in the literature involves first
heating the polymer followed by cooling after imprinting. This
extended processing time is not efficient for treating packaging
materials. Furthermore, there is a scarcity of research regarding
the feasibility of mechanical structuring of biopolymer films to
improve their wetting properties. In addition, the alteration of
surface composition resulting from the mechanical treatment is
not considered, making it difficult to conclude whether the
change in wetting behavior on the polymer surface is solely
attributed to the surface structure or if it is also influenced by
the modification of surface composition.

In this work we apply a mechanical imprinting process using
micro-engineered stainless-steel stamps to drastically reduce
wetting at the surface of biodegradable polymer foils. The goal
of method is to change the hydrophilic surface of the polymer
into a hydrophobic surface with a large contact angle through
mechanical imprinting. Large contact angle or limited contact
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between liquid droplets and solid surfaces leads to reduced
adhesion and friction. Such surfaces have ideal liquid-shedding
properties and can be used in industries such as glass coatings,
microfluidics, and pesticides.[11,12,13] Effective application often
relies on both a large contact angle and low contact angle
hysteresis, because the contact angle hysteresis (CAH) deter-
mines the pinning force of a liquid drop.[13]

Young’s equation is a well-known thermodynamic equili-
brium condition for a solid-liquid-vapor capillary system:
γsl=γsv+γlvcosθ, where γsv and γsl are the solid-vapor and solid-
liquid interfacial tensions, γlv and θ are the liquid surface
tension and the contact angle, respectively.[14,15] A key require-
ment for the equation‘s derivation is a smooth, homogeneous,
and non-deformable solid surface.

In reality, the surface of a solid has a certain roughness and
chemical heterogeneity. There are two wetting models to
describe the contact angle on such a real surface. The “Wenzel
model” accounts for rough surfaces with chemical homoge-
neity, while the “Cassie-Baxter model” considers the rough
surface with chemical heterogeneity.[16,17,18] According to the
traditional Wenzel model, the rough surface is completely
wetted or filled by the liquid. That means, if the surface is
chemically hydrophobic, it will become even more hydrophobic
when surface roughness increases the area.[16] The Cassie-Baxter
model claims that the wetting liquid does not penetrate into
the depressions of the rough surface. The air can remain
trapped below the drop and only parts of the entire surface are
in contact with the liquid.[17]

The CAH is a crucial characteristic of solid/liquid interfaces,
where the established apparent contact angle θ is confined
within a specific range, between the advancing (θadv) and
receding contact angles (θrec). The difference between θadv and
θrec is referred to as the contact angle hysteresis (θhyst),

[18] which
can be attributed to either physical,[18,19,20,21] chemical
heterogeneities[18,22,23] in the substrate and the orientation of
polar groups at the interface.[24,25]

In this work, wetting at microstructured biopolymer foils
will be studied. Microstructuring is performed by an imprinting
process using mechanical stamps. To extract the effect of the
structuring in all cases line-like structures are generated. An
analysis of the wetting behavior with respect to the line
direction can identify the role of the structure. Furthermore, the
line distance will be varied to determine its effect on the surface
wettability and CAH of the biopolymers. Considering both
composition and topography of the biopolymer surfaces it will
be determined how the line-like structure affects wetting and
adhesion behavior.

Material and Methods

Materials

In this study two biopolymers are used, namely a blend of
poly(lactic acid) (PLA) – Luminy® LX175 from Total Corbion – and
poly(butylene adipate-co-terephthalate) (PBAT) – ecoflex® F Blend
C1200 from BASF – in the following called blend A and MATER-BI
(Mater-Bi® EF51L from Novamont) and kraft lignin, blend B. The

whole preparation and measurement process is in all cases also
performed with a standard polymer, namely low-density poly-
ethylene (LDPE) for better comparison. Blend A consists of 60 wt.%
PLA and 40 wt.% PBAT. Both polymers have biodegradable proper-
ties and PBAT is considered as a flexible polymer for toughening
PLA through blending and designed for foil extrusion.[26,27]

Furthermore, for blend B, MATER-BI and Lignin are melt-blended in
a ratio of 70/30. MATER-BI is a biopolymer blend based on PLA and
thermoplastic starch (TPS), while Lignin is a natural biopolymer
with a complex phenolic macromolecule structure made up of
various monomer components.[1,3,28] Blend A was prepared by add-
ing the pre-dried polymers PLA and PBAT into two gravimetric
feeders of the corotating twin screw extruder LTE 20–44 from
Labtech. Blend B was also produced on the twin screw extruder
from Labtech. The pre-dried MATER-BI and Lignin were com-
pounded in a ratio of 70/30 by means of two gravimetric feeders.
The strand pelletizer LZ-120/hp from Labtech, positioned at the
end of the water bath, cut the extruded melt strands into pellets.
These pellets were afterwards used for the extrusion of the
biopolymer foils.

We investigated the wettability of a foil consisting of a PLA/PBAT
blend A with a ratio of 60/40 and a MATER-BI/Lignin blend B with a
ratio of 70/30, as with this material composition a continuous
blown film extrusion process was possible. Due to the continuous
extrusion process an adequate number of foils with similar material
properties could be produced, so that it offers good stability for
both packaging materials and mechanical structuring applications.
Polyethylene (PE) foils are chosen for comparison to ensure the
effect of the process.

Methods

Mechanical Structuring Processes

Firstly, line-like microstructures are applied to polymer foils through
mechanical imprinting. For that purpose steel (stainless steel
1.4301) stamps are prepared that contain parallel lines with
distances of 100 μm to 500 μm. The lines are created using a
TRUMP TruMark Station 5000 Laser structuring system. With these
stamps PE, PLA/PBAT and MATER-BI/Lignin foils are structured
using a tensile testing machine (Typ Z100, Zwick). The process runs
at T=25 °C, a force of 50 kN is used for imprinting.

Characterization

Surface Topography

The surface of the polymer foils before the imprinting process is
analyzed by Scanning electron microscope (SEM) LEO Gemini 1525
from Zeiss and optical microscopy Polyvar from Reichert-Jung.
White-light interferometry (WLI) using a ZYGO ZeGage is conducted
to reveal the surface topography of polymer foils and stamp with
spatial resolution of a few nanometers along the surface normal.

Differential Scanning Calorimetry (DSC)

The glass transition temperature of the polymer foils is determined
using DSC 214 Polyma from NETZSCH-Gerätebau.

Static Contact Angle and Hysteresis Measurements

Static contact-angle measurements and contact angle hystereses
are carried out to characterize the wetting behavior of the surface.
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The measurements are performed using a DSA100 Krüss CA
measurement system. The “Sessile Drop Method” has been used to
determine the static contact angle. A deionized water droplet with
a volume of 2 μL is deposited on the polymer surface and the water
contact angle (WCA) is determined. The contact angle hysteresis is
performed according to the Needle-embedded “Sessile Drop
Method”. For these measurements, the advancing contact angle
θadv is measured by adding constant volumes (2 μL) of water to
the surface, the receding contact angle θrec is measured by
reducing the water volume through the needle with identical
volume steps. All experiments are carried out at a temperature of
21 °C and a relative humidity of 38%. Before each measurement the
samples are cleaned with isopropanol. The preparation of aniso-
tropic, line-like structures in combination with angle-dependent
drop shape analysis allows the direct access of the microstructure-
induced modifications of wetting.

Attenuated Total Reflection Fourier-transform Infrared
Spectroscopy (ATR-FTIR) Analysis

Detailed changes in chemical composition of the polymer surface
originated by the mechanical imprinting process are analyzed using
a ATR-FTIR ALPHA II from BRUKER.

Results and Discussion

Detailed information about the composition of the used
polymer blends PLA/PBAT and MATER-BI/Lignin is provided in
Figure 1. In the top row an illustration of the phase distribution
of the blends is shown, the used colors blue and red will be
used for these materials throughout the present work.

Below the schematic illustrations polarization optical micro-
scopy images (second row) and scanning electron microscopy
images (third row) are provided of the pristine foils of PLA/PBAT
(left) and MATER-BI/Lignin (right). In the optical image of the
PLA/PBAT surface the distribution of both constituents can
hardly be observed, the image is dominated by anisotropic
surface structures that arise from the production process of the
foil. While the blown foil extrusion process, polymer chains are
orientated and stretched in the machine direction. In case of
the MATER-BI/Lignin surface a multi-phase blend system can be
identified, islands with typical sizes of about 10 μm are
surrounded by a matrix. In this case, the lignin particles disperse
in the MATER-BI matrix. The matrix is formed by the partially
compatible blend of PLA and TPS (MATER-BI). This means that
the matrix is heterogeneous and domains evolve. More detailed
information can be extracted from the SEM images below. Here,
also the microstructure of the PLA/PBAT blend can be resolved
and individual islands with a size of about 1 μm in a
homogeneous matrix can be identified. It is noticeable that the
spherical droplets of one phase (PBAT) are immersed in the
matrix of the other phase (PLA), which exhibits two-phase
characteristics. The SEM image of MATER-BI/Lignin in Fig-
ure 1 (F) magnifies a single island. Besides the size of about
10 μm it is seen that the islands are elevated from the matrix
around. This means that the presence of the different phase
leads to a substantially modified surface topography. The fact
that the blends consist of separated phases is supported by the

differential scanning calorimetry (DSC) thermograms.[29,30] A
single glass transition temperature (Tg) defines a blend contain-
ing completely miscible components. Phase-separation in
domains manifests itself in separate Tg values, one for each
independent component. The Tg measured by DSC are shown
in Figure 1 (G) and (H). In each case, two distinctly different
glass transitions are observed. The PLA/PBAT blend shows Tg,1
at � 30.3 °C (PBAT) and Tg,2 at 60.6 °C (PLA).[26] For MATER-BI/
Lignin Tg,1 at � 25.6 °C (TPS) and Tg,2 at 58.4 °C (PLA)[31] are found.
A glass transition of Lignin is not visible in the DSC thermo-
gram. This proves that both PLA/PBAT and MATER-BI/Lignin

Figure 1. Top row: Illustration of the phase distribution in the biodegradable
polymer blends used in this work: PLA/PBAT (left, blue) and MATER-BI/Lignin
(right, red). Second row: Optical microscopy in polarized light. Third row:
High magnification obtained by scanning electron microscopy. Bottom row:
Second heating curves of PLA/PBAT (blue) and MATER-BI/Lignin (red)
measured by DSC (see text). The higher glass transition temperature (Tg,2)
refers to the matrix constituent PLA of both blends.
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biopolymer blends are physically only partially miscible. The
formation of the blends does not include a chemically inter-
penetrating network of the components.

Having considered the materials properties Figure 2 displays
the surface topography of the used foils. The measurements are
performed with a vertical resolution of a few nanometers using
white-light interferometry. The surfaces are displayed in false
colors in Figure 2. Bright colors refer to elevated areas.

The WLI images show a completely different surface
topography for each polymer foil. The PE foil (top) is basically
flat with a low density of irregularities of different shape. The

surface roughness Rq=0.056 μm is rather small. PLA/PBAT
(center) shows a strong uniaxial surface structure with vertically
oriented, individual line-like elements having a typical width of
the order of 10 μm. The corresponding roughness Rq=

0.455 μm is large. The MATER-BI/Lignin surface displayed in the
bottom panel is characterized by a high density of dot-like
elevations. These refer to the islands of lignin that are already
described in Figure 1 (F). They lead to a roughness value of Rq=

0.083 μm that is much smaller than for the PLA/PBAT foil.
A micromechanical imprinting technique is used to intro-

duce microstructures into the surface of the foils. Figure 3
illustrates the process.

Figure 3 (A) provides a sketch of the used imprinting
technique. Metallic stamps with uniaxial line structures pre-
pared by a Laser structuring process are pressed with high force
and without thermal heating onto the surface of the foil. The
exact sequence of stamps and materials is illustrated in
Figure 3 (A).

A surface of a typical stamp and an example of an imprinted
foil are shown in Figures 3 (B) and 3 (C). The images are
obtained by white-light interferometry. The false color repre-
sentation maps show the height distribution of the surface on
an area of 843 μm x 843 μm. The bright parts of the image refer
to elevated parts of the surface, while dark parts of the image
show the deeper parts of the surface. In the stamp surface of
Figure 3 (B) there are parallel lines with an individual width of
about 50 μm and a depth of nearly 20 μm. The line distance is
400 μm. The topography of the imprinted PLA/PBAT foil (Fig-
ure 3 (C)) corresponds as negative to the surface of the stamp.
Both surfaces exhibit line-like structures with a distance of
400 μm. In addition, a corresponding horizontal profile is
depicted below. The displayed topographies clearly show that

Figure 2. Surface topography of the used foils of PE (A), PLA/PBAT (B) and
MATER-BI/Lignin (C). The images are obtained by white-light interferometry,
bright colors refer to elevated areas. The profile below is extracted along the
solid horizontal line. In the top left corner the quadratic roughness is given,
the inset in the top right corner shows a photo of the foil.

Figure 3. (A) Schematic of the mechanical imprinting process. (B) and (C) WLI
images of surface of the stamp and of a created PLA/PBAT surface with
groove width 400 μm.
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the template is simply embossed into the polymer surface
creating a negative image of the template. The comparison
reveals that the mechanical process basically reproduces the
topography of the stamp.

In Figure 4 the topography of the foils after the imprinting
process is studied. The figure depicts a surface profile extracted
perpendicular to the line-like structures for all three foils,
respectively.

The profiles refer to PLA/PBAT (blue) and MATER-BI/Lignin
(red). For comparison the surface profile of the PE foil is
depicted in grey. The surface topography is qualitatively similar
in all cases. Ordered line-like structures are found at the
polymer surface. However, it is revealed that the evolving
surface structures exhibit different height scales. The height
scale found for PLA/PBAT ranges from � 8 μm to 10 μm, for
MATER-BI/Lignin from � 3 μm to 7 μm and in case of PE from
� 3 μm to 2 μm. This is of course related to different mechanical
properties of the polymers, in particular to different transitions
from elastic to plastic deformation. However, there will be no
in-depth discussion at this point, the important result is a
permanent sculpturing of the surface of the foil. Considering
the area in between the imprinted lines we find very smooth
surfaces for MATER-BI/Lignin and PE, in case of PLA/PBAT the
surface is rather rough. This correlates with the initial roughness
of these foils before the imprinting process. The result shows
that the roughness of the unstructured sample is largely
retained during the mechanical embossing process. Thus, the
predominant roughness is not only due to the anisotropic
structure, but also to the roughness caused by the manufactur-
ing process.

In the next step it is analyzed how the introduced surface
topography affects the wetting process in case of water. For
that purpose contact angle measurements are performed using
a drop shape analyzer. The used water droplet has a volume of
2 μL and is positioned carefully on a dry surface. The appearing
water contact angles (WCA) are analyzed by an image
processing software.

Figure 5 illustrates the behavior of a water droplet on a
MATER-BI/Lignin surface.

The photographs in the top row of Figure 5 show two water
droplets with a volume of 2 μL, respectively, placed on a
pristine MATER-BI/Lignin surface (left) and on the same foil after
the imprinting of a line structure with a line distance of 100 μm.
Obviously, the modified surface topography reduces wetting
and leads to a significant increase of the WCA values. Fig-
ure 5 (C) depicts an individual drop as imaged in the drop shape
analyzer. An image processing software calculates the contact
angles on both sides of the drop, in the depicted case 111.5°
and 111.6°. Further steps of evaluation always use the average
of both values. The measurement of the WCAs of each of the
materials is always performed in two directions. We define
x-direction as the direction perpendicular to the lines and
y-direction as the direction parallel to the lines, as illustrated in
Figure 5 (D). The top view illustrates the strongly anisotropic
wetting behavior on mechanically treated polymer surfaces and
the strong interaction between drop surface and line structure.
In particular, this means that the contact angle in the direction
parallel to the lines is hardly affected by surface imprinting. A
significant increase of the contact angles arises in perpendicular
direction for all polymer surfaces after mechanical imprinting.
This proves that the introduced structures are the main origin
of the effect. To correlate surface pattern and wetting the
contact angles perpendicular to the line direction are always
considered in the following.

The measured contact angles are plotted over the line
distance of the imprinted structures for all polymer foils in
Figure 6.

The diagram shows the WCA θ for PLA/PBAT (blue), MATER-
BI/Lignin (red) and PE (grey) depending on the line distance in

Figure 4. Height profiles of the surface of imprinted PE (grey), PLA/PBAT
(blue) and MATER-BI/Lignin (red). A stamp with a line distance of 400 μm has
been used. Identical stamps lead to different surface structures.

Figure 5. Photographs of water droplets (2 μL) on an unstructured (A) and
imprinted (B) MATER-BI/Lignin foil. The microstructure has a line distance of
100 μm. Drop shape with data analysis (side view) from perpendicular
direction to the pattern (C). Top view image (PLA/PBAT) of a droplet (2 μL)
on the surface with a groove width of 400 μm. The pinning of the drop
surface at the lines is clearly visible (D).
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the direction perpendicular to the lines. For comparison, the
horizontal dashed lines in corresponding color refer to the
pristine surfaces. The x-axis shows the line distance from
100 μm to 500 μm. The y-axis shows the water contact angle
(WCA) θ in degrees. All the unstructured materials have
hydrophilic surface properties since the water contact angle is
below 90°. The introduction of the surface line structures made
the polymer foils more hydrophobic in all cases. The original
hydrophilic surfaces are transformed into hydrophobic surfaces
with apparent contact angles between 110° and 125° in case of
the 100 μm structures. For increasing line distances the
beneficial effect decreases for all considered polymer foils
which is not surprising since the density of the structures
decreases. For PE the WCAs decrease from 124.5° to 97.8° from
100 μm to 500 μm line width, in case of PLA/PBAT from 119.4°
to 104.7° and for MATER-BI/Lignin from 111.6° to 98.4°. After
imprinting is the measured WCA θ for PE largest in the range
from 100 μm to 400 μm compared to PLA/PBAT and MATER-BI/
Lignin. PLA/PBAT has the largest WCA at 500 μm. MATER-BI/
Lignin shows the lowest value. However, the relative change Δθ
in the WAC for PLA/PBAT is largest. Here, a relative increase of
56% can be achieved for a line width of 100 μm.

The observed behavior is related to the change of the
surface topography due to mechanical imprinting. The prepared
line-like structures exhibit inclined flanks with typical slopes
between about 30° and 50°. If the equilibrium contact angle
(ECA) given by Young’s equation forms on an inclined surface
the apparent contact angle (ACA) that is seen e.g. in Figure 5a–
c can be the sum of ECA and the inclination angle. This explains
the increase of the observed CA’s. In addition, a decrease of the
line density would then lead to a reduction of the effect, as
seen in the curves with negative slope in Figure 6.

Further information about the interaction of liquid and
surface is collected by hysteresis measurements of the apparent
contact angles perpendicular to the line direction. The protocol
of the hysteresis measurements is illustrated in Figure 7.

A drop with an initial volume of 2 μL is put onto the surface
under continuous contact to the water needle. Then in further
step, additional 2 μL of water are added. After every step the so
called advancing contact angle is measured. This provides the
upper red line in the diagram. Having reached 20 μL the needle
is used to remove water in steps of 2 μL from the droplet. The
interaction of droplet and surface leads to pinning of the drop
surface. When removing water a smaller contact angle evolves
(bottom red line in the diagram). Finally, the receding curve
ends in a horizontal curve that defines the receding contact
angle. The difference between advancing and receding contact
angle is the contact angle hysteresis θhyst that is a measure for
the interaction of droplet and surface.

The contact angle hysteresis θhyst is measured for all polymer
foils for structural line distances from 100 μm to 500 μm and
displayed in Figure 8.

Grey symbols refer to PE, PLA/PBAT is plotted in blue and
MATER-BI/Lignin in red. The horizontal dashed lines refer to the
pristine surfaces of the polymer foils. It is found that θhyst most

Figure 6.WCA on imprinted surfaces for all polymer foils dependent on the
line distance on the surface. The horizontal dashed lines refer to the
unstructured foils: WCA by PE=87.6°�0.6°; WCA by PLA/PBAT=78.5°�2.1°;
WCA by MATER-BI/Lignin=82.9°�1.2°.

Figure 7. Advancing and receding contact angle measurement for water
droplets and corresponding sessile drop images of water droplets on an
unstructured MATER-BI/Lignin surface.

Figure 8. Hysteresis θhys on imprinted PE, PLA/PBAT and MATER-BI/Lignin
surfaces with the line distance from 100 μm to 500 μm and on their
unstructured surfaces. The horizontal dashed lines refer to the unstructured
foils: θhyst by PE=24.9°�1.1°; θhyst by PLA/PBAT=44.8°�1.6°; θhyst by
MATER-BI/Lignin=46.1°�1.8°.
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cases the structuring process leads to a substantial increase of
θhyst For PE a hysteresis angle of 30° is found for the 500 μm
structures, for the 100 μm structures it is even 63° which is
significant more that found for the pristine surface with θhyst=

26°. This result is reasonable because the introduced structures
lead to additional pinning of the drop surface at the lines and
the size of the effect decreases with increasing line distance.
Different results are obtained for the biopolymers. The struc-
tured PLA/PBAT surface exhibits a similar shape of the θhyst-
curve over the line distance. The PE-curve and the PLA/PBAT
curve nearly run parallel. However, for large line distances the
hysteresis angles of the structured surfaces are significantly
smaller than θhyst of the pristine foil. The 500 μm surface exhibits
a hysteresis angle of 35° which is below the value of 42° for the
pristine surface. This means the structuring process reduced the
drop-surface interaction and favors the motion of the drop. The
MATER-BI/Lignin surface shows a completely different behavior.
Here, a nearly constant increase of the hysteresis angle θhyst of
about 30�5° is found independent of the chosen line distance
in the imprinting process.

Hysteresis measurements showed that the interaction
between the water and the polymer surface strongly increases
after mechanical imprinting. This means that the water is
partially or completely incorporated into the structure. The
latter scenario is described by the Wenzel wetting model of
microstructured surfaces. Surfaces exhibiting wetting after the
Wenzel model exhibit a high hysteresis in the contact angle.[32,33]

There are mainly two reasons for the increase of interaction,
first, the structuring process increases the contact area and,
second, the modulation of surface elevation leads to pinning of
the surface of the droplet.

Different curves for different materials strongly suggest that
topographical modifications cannot be the only origin of the
observed increase of liquid/surface interaction. There has to be
a contribution of the ECA as well. Since the ECA is given
according to Young's equation by the interface energy/interface
tension between the different contributing phases it is
expected that the imprinting process also modified the surface
energy of the polymer. In particular, the polar part of the
surface energy could be affected since mechanical pressure
might lead to a redistribution of chemical bonds near the
surface.

ATR-FTIR Analysis

In the following, FTIR spectroscopy is performed to identify
compositional changes in the surface of the polymer foils that
lead to variations in the polar part of the surface energy. Here, a
micropatterned surface with a line distance of d=300 μm was
chosen. The FTIR spectra of PE foil before and after imprinting
correspond to the typical PE molecular structure and will not be
discussed hereafter.

According to the spectra of PLA/PBAT and MATER-BI/Lignin,
the same bands are observed before and after mechanical
imprinting, with variations in the relative intensity of some
bands. Therefore, spectral subtraction is used to examine

changes in the intensity of PLA/PBAT (Figure 9 (B)) and MATER-
BI/Lignin (Figure 10 (B)) characteristic bands.

The results of FTIR analysis on PLA/PBAT and MATER-BI/
Lignin are depicted in Figure 9 (A) and Figure 10 (A). The
detailed assignment of peaks to functional groups is presented
in the Supporting Information. The FTIR spectrum shows that
PLA/PBAT contains two polar groups: carbonyl groups (C=O)
and ether functional groups (C� O� C). The FTIR spectrum of
MATER-BI/Lignin shows that MATER-BI/Lignin contains hydroxyl
(� OH), carbonyl and ether groups. The polarity of these func-

Figure 9. (A) FTIR spectrum of PLA/PBAT. (B) The result of subtracting the
spectrum of the unstructured PLA/PBAT from the spectrum of the structured
PLA/PBAT.

Figure 10. (A) FTIR spectrum of MATER-BI/Lignin. (B) The result of subtracting
the spectrum of the unstructured MATER-BI/Lignin from the spectrum of the
structured MATER-BI/Lignin.
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tional groups is ranked as follows: hydroxyl>carbonyl > ether
group. The gradation of the polarity contributions refers to the
ability of these groups to undergo hydrogen bonding and
dipole-dipole interactions.

The assignments for the FTIR absorption bands for PLA and
PBAT with varied intensity upon structuring are presented in
Table 1. The corresponding functional groups are divided in
polar and dispersive in reference to their influence on the
surface polarity of the polymer film. The intensity of dispersive
contributions of both PLA and PBAT is attenuated after
imprinting. The changes in the intensity of ether-assigned
bands reflect an opposite effect on the polarity of the surface,
as both decreases and increases are observed. Most strikingly,
the intensity of the peak at 1713 cm� 1 assigned to polar
carbonyl groups of PBAT decreases on the imprinted surface. As
stated earlier, carbonyl groups have a higher impact on surface
polarity than ether groups. This shows that PBAT in the
biopolymer blend contributes more to the reduction of polarity
on the surface through imprinting compared to PLA.[28]

The assignments for the absorption bands for MATER-BI/
Lignin with varied intensity after imprinting are presented in
Table 2. Surface structuring leads to both a decrease and an
increase in the intensity of the peaks assigned to functional
groups with dispersive contribution. More significantly, the
intensity of the peaks attributed to the hydroxyl, ester and ether
groups decreases upon imprinting. Compared with the unstruc-
tured sample, the polarity of the structured surface has
decreased overall. It is noteworthy that the two significant
peaks at 3186 cm� 1 and 1718 cm� 1 belong to lignin. Accord-
ingly, it can be concluded that mechanical imprinting has a
significant effect on the distribution of lignin in the polymer
(surface vs. bulk) and thus on the polarity of the surface.

These results show that modifications introduced by the
presented microimprinting process significantly modify the
water-surface interaction. The observed changes in wetting and
pinning can not only be understood in terms of a modified
surface topography. Moreover, the proposed mechanical sur-

face treatment also directly affect the surface chemistry as seen
in FTIR measurements. In case of polymer blends, as considered
in this work, the mechanical pressure can lead to a redistrib-
ution of individual constituents of the blend in a surface-near
region. This directly affects the polarity of the polymer surfaces
and, thus, the polar contribution to the surface energy. In case
of the micropatterned surfaces that are presented in this work
this provides, besides the role of the topography, an additional
effect on the liquid-surface interaction of the considered
biopolymer foils.

Conclusions

In this work we have shown that mechanical imprinting is an
excellent tool to control wetting on biopolymer foils. An
appropriate surface pattern allows the increase of the initial
contact angle against water by up to a factor of two. Hysteresis
measurements revealed that the observed effect is originated
both by inhibition of drop growth due to topographical
obstacles and by modification of surface composition of the
polymer.

From SEM images and DSC results it is evident that both
PLA/PBAT and MATER-BI/Lignin blends exhibit only partial
physical miscibility. Both blends consist of separated phases.
This is consistent with domain formation by the imprinting
observed by FTIR spectroscopy. During this process, the surface
of the domains changes.

In this study, we consider not only the changes in structure
but also the alterations in chemical composition on the surface
of the examined biopolymers. This means that our focus is on
both the physical and chemical properties of biopolymers. This,
in turn, implies that the wetting behavior on the biopolymer
surface can be attributed to both its structure and chemical
composition.

The preparation of biopolymer foils with improved surface
properties offers a promising pathway for the substitution of
classical polymer foils in packaging by environment-friendly
biopolymers. As a result, the presence of residual product
content in the packaging can be reduced, which has a positive
impact on its recyclability.
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mer foils is modified by mechanical
imprinting on a submillimeter length
scale. The created patterns strongly
influence the wetting behavior and
allow the preparation of hydrophobic
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interaction. The mechanical pressure
can lead to a redistribution of individ-
ual constituents of the biopolymer
blend in a surface-near region.
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