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ARTICLE INFO ABSTRACT

Keywords: O, plasma exposure is a convenient postprocessing method for refining 3D microstructures fabricated by two-
Two-photon polymerization photon polymerization, which provides an effective way to achieve sub-micrometer resolution with remark-
3D printing

able feature control. Unlike pyrolysis, which despite being a widespread methodology to decrease feature size, it
alters the properties of the bulk material, Oy plasma etching primarily modifies the surface. In this work, we
explore the influence of plasma etching treatments on the material properties of 3D microstructures. We examine
the resulting modifications to key parameters relevant to various applications: surface roughness, mechanical
properties, and material composition. Our findings reveal a two-stage effect: low exposure times reduce surface
roughness, while prolonged exposure leads to an increase in roughness. Nanomechanical properties are strongly
affected, with the Young’s modulus of the surface increasing by an order of magnitude, indicating a stiffening
effect. Raman spectroscopy evidences that the observed stiffening is not due to the formation of a carbonized
layer but rather due to further crosslinking. These results highlight the need to carefully evaluate the impact of
O, plasma etching on the final properties of 2PP microstructures when designing fabrication processes to ensure
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the necessary physical and chemical properties for the desired application.

1. Introduction

In the last years, two-photon polymerization (2PP) has gained sig-
nificant attention, revolutionizing 3D printing of microstructures with
its high precision and ability to build intricate shapes. Being at the
forefront of 3D printing technologies with sub-micrometer printing ca-
pabilities, the use of 2PP has been extended to different fields, ranging
from optics, [1] biomedical engineering, [2] metamaterials, [3] to micro
robotics [4].

The development of femtosecond lasers enabled the realization of
this technology, by facilitating a confined polymerization reaction due
to its high photon density, within a photosensitive material. By scanning
the laser focal point along the photoresist, arbitrary three-dimensional
objects can be fabricated. Despite the versatility and potential of the
technique, the 2PP community still aims to develop smaller features,
seeking strategies to target the smallest achievable voxel sizes. [5] The
resolution of 2PP is primarily restricted by the diffraction limit of the
focusing optics, as well as the photoinitiator concentration, laser power
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stability, and material properties, which affect polymerization precision
and ultimately determine the feature size [6,7].

In this regard, various approaches have been explored to overcome
its resolution limitations, based either on (i) modifying the optics of the
setup,[8-12] (ii) adding free radical quenchers to the photoresist
[5,13-15] or (iii) following post-processing methods (Fig. 1).[16] The
application of stimulated emission depletion (STED) to 3D laser lithog-
raphy yielded freestanding features with cross sections of around 100
nm,[9,10] while more recent advances, which include its combination
with chemical quenchers,[15] have further pushed the resolution limits,
achieving feature sizes down to 50 nm.[11,15] Despite this achieve-
ment, the combination of 2PP and STED requires a setup upgrade
requiring complex optics and alignment. A more straightforward alter-
native lies in using a laser with a smaller wavelength, which is also not
always possible to implement in commercially purchased setups. [12]
Post-processing approaches are conducted for multiple purposes, offer-
ing considerable advantages in terms of simplicity. [17-20] Aiming at
reducing the dimensions to beat the resolution given by the voxel size,
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pyrolysis[21-25] and Oy plasma treatments[16,26-28] have been
proposed.

Pyrolysis treatments yield isotropic shrinkage of microstructure
volume, as subjecting the polymeric structures to a heat treatment in
absence of Oy causes thermal decomposition with subsequent loss of
mass and shrinkage. [22-29] This process leads to material trans-
formation, converting organic materials into carbonized structures,
which is interesting for MEMS or applications requiring either conduc-
tive or mechanically robust structures. [23] Pyrolysis treatments, how-
ever, can be challenging when applied to complex geometries, often
complicating the process, as the properties of the pyrolyzed material are
highly dependent on the temperature and duration of the treatment.
This leads to variability in the properties of the final structure and can
yield the appearance of internal stresses and deformations, cracking or
asymmetric shrinkage due to the adhesion to the substrate [24].

Alternatively, exposure to Oy plasma for dry etching constitutes an
easily accessible approach readily adopted by the increasing number of
researchers working with 2PP. In contrast to pyrolysis, it produces an
isotropic etching of the exposed microstructure surfaces, enabling the
fabrication of extremely fine features. [26] On the other hand, highly
intricate and high aspect ratio structures can be produced, by incorpo-
rating sacrificial support features that can be removed using plasma in a
later step treatment, which avoids distortions during development. [27]
O, plasma is also used to get rid of entire 3D printed polymeric struc-
tures that serve as molds in subsequent lithographic steps that yield a
metallic structure, such as electroplating, [29,30] or physical vapor
deposition coating [31].

As Oz plasma is widely used in nano and microfabrication processes
to achieve desired material properties — removal of organic contami-
nants, surface activation or promoting hydrophilicity —, it is well known
to affect physical and compositional properties of the material surface.
[32] During exposure of polymers to O, plasma, highly reactive species,
such as O, ions, radicals and excited molecules react with its surface,
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breaking down the polymer chains and forming volatile products.

While the physical and chemical changes occurring as a result of
pyrolysis on structures grown via 2PP has been reported [22], no study,
to the best of our knowledge, has investigated the influence of O3 plasma
exposure, despite been highly relevant to avoid compromising the
properties or functionalities of the intended applications.

In this context, the work here presented thoroughly assesses the
extent of O plasma-induced changes, focusing on the nanomechanical
properties, roughness, compositional modifications and wettability
using various complementary characterization techniques. The results
underscore the necessity of considering these effects during fabrication
process design.

2. Materials and methods
2.1. Materials

Pentaerythritol triacrylate (PETA) was purchased from Santa Cruz
Biotechnology, Inc., Germany, and the photoinitiator Phenylbis (2,4,6-
trimethylbenzoyl) phosphine oxide (Irgacure 819) was obtained from
Sigma-Aldrich, USA. The photoresist was prepared by dissolving 20 mg
of Irgacure 819 in 980 mg of PETA. The mixture was sonicated for 120
min at 60 °C to ensure complete dissolution of the photoinitiator
powder.

2.2. Two-photon polymerization

Microfabrication Process: Microstructures were fabricated using a
commercial two-photon polymerization (2PP) system (PPGT2, Nano-
scribe GmbH, Germany). A 780 nm femtosecond pulsed laser and a 63x/
1.4 plan-apochromat objective (Zeiss, Germany) were employed for
laser exposure. The power was fixed at 15 mW and writing speed 3000
um/s. Borosilicate coverslips were secured and scanned with laser

A monomer
O quencher

radical

e
A

Fig. 1. Different methods used to lower the resolution of 2PP printed microstructures. Methods based on modifying the setup to minimize the voxel size comprise the
combination of STED with direct laser writing and the reduction of the femtosecond laser wavelength. Post-processing methods are based on pyrolysis at 900 °C to
carbonize the sample to let it shrink isotropically, and etching through O, plasma to ablate the exposed surfaces. Adding free-radical quenchers to the photoresist

formulation allows confining the effect on radical diffusion.
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radiation, controlled by galvanometric mirrors. After polymerization,
samples were cleaned in isopropanol for 24 h and dried with nitrogen.
Design and Parameters: Structural designs were created in Blender
and imported into Describe (Nanoscribe GmbH, Germany). For nano-
mechanical characterization and spectroscopy experiments, 40x40x5
pm® cubic structures were designed with a 0.1 ym hatching and slicing
distance to minimize surface roughness. For the calibration of the
plasma etching, 50x2x2 um?> lines were patterned on the substrate.

2.3. Oz plasma treatment

The samples were exposed to O, plasma in two systems from Diener
Electronics ATTO system (Germany), with an available power of 200 W
and an Os flux of 400 sccm. The power was kept at 100 W and the gas
flux at 50 sccm unless otherwise stated.

The etching calibration was performed by repeatedly exposing the
line patterns to Oy plasma at different conditions and determining the
changes in thickness via atomic force microscopy (AFM) after every step.
AFM measurements were conducted with in tapping mode (amplitude
modulation), using a scanning force microscope from Nanotec Elec-
tronica together with Nanosensors PPP-FMR probes. The obtained im-
ages were processed and analyzed using WSxM software.

2.4. Nanomechanical characterization

The Young’s modulus maps were generated by bimodal AFM. A
commercial AFM platform and software (Cypher S, Oxford Instruments,
USA) was used in these experiments. The bimodal-AFM was operated in
air in the amplitude modulation (first mode) and frequency modulation
(second mode) configuration.[33] Mechanical excitation was used to
excite the vibration of the cantilever. The experiments were performed
with standard cantilevers (PPP-FM, NanoAndMore, Germany). Typical
values of the resonant frequencies, force constants and quality factors in
air were, f; ~ 68 kHz; k; ~ 2.25 N/m and Q; ~ 185, f5 ~ 437 kHz; ky ~
92 N/m and Qy ~ 505. Typical values of the free amplitudes Ay and set-
point Ag, amplitudes were, Ag; ~ 115 nm, Agp1~(0.7-0.9)Ag1, Ag2 ~ 0.5
nm. The images were recorded at 2.44 Hz with 512x512 pixels.

2.5. Compositional characterization

Raman spectra were acquired by using a Horiba LabRAM HR Evo-
lution spectrometer (Jobin Yvon Technology), at an excitation wave-
length of 532 nm (50mW nominal laser power). The scattered radiation
was collected in backscattering geometry through a 100x objective
(Olympus BX41 microscope), dispersed using a 600 grooves/mm holo-
graphic grating, and recorded by a CCD detector (256x1024 pixels). The
spectral resolution obtained in this configuration was better than 2
cm L. A typical spectrum was obtained in the 600 to 3400 cm™! range,
within 30-50 s of acquisition time and 2-3 accumulations. Spectra were
recalibrated with the emission lines of a Ne lamp. The excitation laser
power and acquisition times were optimized in order to prevent alter-
ation of the samples.

2.6. Contact angle measurement

PETA was spin coated on glass substrates with 3000 rpm for 1 min
and cured under a UV lamp of 405 nm wavelength for 10 min. After the
plasma trearment, the WCA were measured using the sessile drop
method with the OCA-20 system (DataPhysics Instruments GmbH,
Germany).

2.7. Scanning Electron microscope imaging
The surface morphology of the samples was investigated using

Scanning Electron Microscopy (SEM). Images were acquired on a Nova
NanoSEM 230 microscope (FEI, Hillsboro, OR, USA). The imaging was
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performed under high vacuum conditions with an acceleration voltage
of 2.5 kV and a consistent magnification of 12 000x.

3. Results and discussion
3.1. Etching behavior

O, plasma treatment is widely employed both to refine 2PP-fabri-
cated microstructures or to remove printed features (see Supporting
Information 1 for examples). To systematically evaluate its etching ef-
fects, we focus on the relationship between plasma processing parame-
ters and their influence on Pentaerythritol triacrylate (PETA) structures.
PETA, an acrylate-based monomer, is one of the most common resins
utilized in 2PP. With this aim, straight lines were fabricated on a bo-
rosilicate substrate and their thickness was measured by AFM.

The samples were exposed to O, plasma with varying conditions
(power and exposure time) and their thickness was measured after every
step (see Supporting Information 2). Fig. 2 shows an etching behavior
that can be adjusted to a parabolic curve. While low power (<20 W)
provides accurate control and precise etching with tens of nanometers of
accuracy, high power is more effective for the more rapid removal of
material.

3.2. Induced surface roughness and evolution of nanomechanical
properties

O, plasma can compromise surface properties of laser written
structures, which critically impact needed features for good perfor-
mance: specific stiffness for tissue engineering or soft microrobotics,
minimal roughness for printed microlenses, etc. To assess the extent of
such modifications during O, plasma treatment, solid cubes were
fabricated, exposed to Oy plasma for different times and their surface
properties were inspected via bimodal AFM measurements (Fig. 3a).

This constitutes a well-established advanced nanomechanical char-
acterization technique where two modes of oscillation of the cantilever
are simultaneously excited.[33] It combines the sensitivity of the first
resonance mode, used for topography, with a higher harmonic mode,
that enhances the resolution for nanomechanical mapping of the sample.
[34,35] Details about this measurement mode are given in Supporting
Information 3. Young’s modulus of the sample is given by analyzing the
phase shift, amplitude and frequency changes resulting from tip-sample
interactions. Topographic and Young’s modulus images obtained on the
surface of the printed solid cubes, exposed to O, plasma at increasing
times, are shown in Fig. 3b.

Notice that the samples are printed with 100 nm slicing and hatching

2.5

2.0+

1.51

1.0+

Etching (um)

0.51

0.0

'0.5 T T T T T T T
0 5 10 15 20 25 30

time (min)

Fig. 2. Etched thickness of PETA by exposure to O, plasma, with different
working powers and O, flux fixed at 100 sscm.
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Fig. 3. Nanomechanical characterization. (a) Illustration of the followed steps for a nanomechanical characterization by bimodal AFM. (b) Obtained topographic
(top) and Young’s modulus (bottom) images for surfaces of microstructures grown by 2PP, exposed to O, plasma for increasing times.

parameters to minimize initial surface roughness, which leads to a
moderate initial roughness of 10 nm (Fig. 3b). Subsequent topographic
images show an increase in surface roughness at prolonged exposure
times, with the exception of a flattening effect occurring at initial stages.
Quantitative data, extracted with the software WSxM and shown in
Figs. 4a and 4b, clearly reflect this result. The distribution of heights is
gathered in a histogram, where the as-cast samples show a double-peak
distribution with a wide dispersion of values. After 10 min of exposure to
O, plasma, the roughness considerably decreases, as the peak shifts to
lower values and displays the lowest dispersion. Surface roughness,
quantified by Root Mean Square (RMS), is calculated for the images
showing a Gaussian distribution of the topographic events and shows a
non-linear increase with exposure time (Fig. 4b). As Fig. 4c illustrates,
exposing the material to plasma stiffens the surface microstructure.
Prolonged plasma etching increased the average Young’s modulus from
an initial 0.5 GPa to 4.2 GPa. This final stiffness is consistent with
literature values for acrylate 2PP printed structures, acknowledging the
typical variability associated with different writing parameters [36-38].

These results can be explained by several factors. Generally speaking,
the O, plasma processes on polymeric materials boost -OH group for-
mation, which can form hydrogen bonds with neighboring chains,
increasing intermolecular interactions. The formation of -OH and other
oxygen-containing groups can accompany etching, removing unsatu-
rated bonds or oxidation, which can cause densification of the near-
surface layer—polymer chains may become shorter, more oxidized,
and form a denser, more glassy-like regions. All these reactions yield
uneven material removal, causing surface roughness.

In 2PP printed polymers, the outcoming material constitutes a
mixture of the intended polymer along with unreacted liquid monomer.
During printing in the studied photoresist, PETA, the three acrylate
groups (-CH=CHy) undergo a chain reaction that creates covalent bonds

between monomer units. Polymers are stronger materials than individ-
ual monomers because their long, repeating chains create a greater
number of intermolecular forces.

The increase of local temperature in plasma exposure quite likely
promotes heat induced crosslinking reactions, producing a harder ma-
terial. The unreacted monomer is therefore more prone to be etched
upon exposure to Oy plasma, which gives rise to an anisotropic etching
behavior.

However, shorter exposure times reduce the surface roughness down
to 0.26-nm RMS, making this treatment an easily applicable solution to
reduce unwanted nanoscale roughness inherent to 2PP. This might
happen because during fabrication, the microstructure surface receives a
smaller dose yielding higher content of unreacted monomer on the
structure surface. For small hatching and slicing parameters, where the
laser paths overlap, the inner parts of the structure are irradiated
repeatedly, while the surface is irradiated only once. This makes the
outer material more susceptible to Oy plasma and yields a flattening of
the surface until the less crosslinked layers are etched away. This effect
is explained in detail in Supporting Information 4.

The increase in the surface’s Young’s modulus reported in Fig. 4c is
also consistent with the selective etching of unreacted monomer.
Nevertheless, Raman spectroscopy is used for complete chemical char-
acterization to fully explain these physical changes.

Based on this outcome, we conclude that induced roughness and
stiffness changes on the surface need to be evaluated when the micro-
structure fabrication process incorporates an O, plasma etching step.

3.3. Chemical modifications

Due to its power to reveal chemical changes, crosslinking density,
and structural modifications, Raman spectroscopy has been extensively
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Fig. 4. Quantitative analysis. (a) Quantitative roughness analysis of the
surface of the PETA solid cubes exposed to O, plasma. Evolution with exposure
time of (b) surface roughness and (c) Young’s modulus of the surface, extracted
from nanomechanical maps with bimodal AFM.

used to study the polymerization kinetics during 2PP fabrication and
shed light on the composition of microstructures grown by this tech-
nique. [39-42] These studies have evidenced the strong impact of the
processing parameters, [43,44] the employed photoinitiator [45,46] or
post-processing treatments [23] on the composition resulting from dif-
ferences in the degree of consumption (DoC) within the material
comprising the microstructures.

The DoC represents the fraction of monomers that have polymerized,
directly influencing the mechanical and chemical properties of the
fabricated structure. A higher DoC indicates increased crosslinking,
leading to enhanced stiffness and stability, while an incomplete con-
version may result in residual monomers affecting durability and
biocompatibility. In acrylate-based photoresists, the DoC is estimated by

Materials & Design 261 (2026) 115357

examining the integrated intensities ratio of the bands corresponding to
the C=C bond, located at ~ 1640 cm’l, and the C=0 bond, located at ~
1730 em™L. Such ratio should decrease as a result of consumption of the
monomer, ie. as a result of polymerization. [22] Reference Raman
spectra showing differences between the monomer and a typical as
printed sample in the region of the mentioned peaks are included in
Supporting Information 5. The DoC of the studied samples was calcu-
lated using the following expression, reported many times in the
literature:

DoC = {1 - (272?253” x 100 (1)

where Ac—c, Ac—o, Ac:c and Ac:o represent the integrated in-
tensities of the corresponding C=C and C=0 Raman bands in the 2PP
structures and the non-polymerized resin, respectively.

Nanomechanical characterization indicates that the surface of the
polymeric microstructures changes composition after extended expo-
sure to Oy plasma. It is reasonable to think that this stiffening is caused
by superficial material carbonization. To assess whether a carbon layer
is formed on the surface, solid cubes were printed and heated to 450 °C
to induce carbonization. The Raman spectrum of this carbonized sam-
ple, which serves as reference sample, was compared to that of an as
printed microstructure (Fig. S43a). The spectrum shows the intense
characteristic D and G Raman bands associated with disordered and
graphitic carbon structures [47].

The D band, appearing at around 1350 cm™, is linked to disorder-
induced vibrations in sp? carbon systems and originates from the
breathing modes of aromatic rings, requiring structural disorder to be
Raman-active. The G band, found near 1580 cm ™, corresponds to the in-
plane stretching vibrations of sp? carbon atoms in graphitic structures
and is characteristic of well-ordered graphitic domains. The intensity
ratio of the D and G bands, Ip/Ig, used to estimate the degree of disorder
and graphitization in carbonized materials, [48] shows a high degree of
disorder as a consequence of the heating treatment. In this sense, if the
samples exposed to O plasma presented a superficial carbon layer, we
would detect it in the corresponding Raman spectra, by identification of
at least a minor contribution in the D-G bands region.

Therefore, Raman measurements were conducted on the samples
subjected to increasing O, plasma exposure times, whose nano-
mechanical characterization had suggested a change in their surface
composition (Figs. 3 and 4). Results in Fig. 5 show the most relevant
cases (higher RMS values, Fig. 4b) and indicate the absence of graphitic
or disordered carbon after 10 and 40 min of O plasma exposure, as no
trace of the D or G peaks are detected in the 1300-1600 cm ™! region.

However, a slight but unequivocal decrease of the signal-to-noise
ratio is appreciated in the case of the longest exposed microstructure
(40 min), which could be ascribed to the increase of the sample surface
roughness (see Fig. 4b) and consequent dispersion of the light. In
addition, a very subtle decrease of the C=0 peak relative intensity for
this same sample might be indicative of small changes in the DoC, as a
result of increased polymer to monomer ratio during plasma exposure.

Raman spectroscopy measurements typically cover a depth of few
micrometers, thus averaging over the sample volume in these micro-
structures. While a thin carbon layer on the surface should still be
observable due to the inherently strong intensity of its corresponding
peaks, [49] small changes in other bonding features of the superficial
structure, such as the integrated intensities ratio of the C=C and C=0
peaks for the different samples, can be challenging to detect. Based on
the characterization results, we propose that local changes to the ma-
terial’s surface—such as the selective etching of unreacted monomers or
the formation of strong covalent bonds via dehydration reactions of
hydroxyl groups—significantly stiffen the material surface, excluding
the formation of a carbon layer during the process.

Given the observed signs of a probable subtle change in the DoC for a
long plasma exposure time, we considered the effect of temperature.
Prolonged O, plasma treatments induce heating of the chamber and
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Fig. 5. Raman spectra in microstructures exposed to O, plasma for
different times. (a) Comparison of the Raman spectrum of an as printed
microstructure with those of two subjected to O, plasma for 10 and 40 min,
respectively. (b) Zoom on the C=C and C=0 peaks region for the three spectra
of (a), normalized in such zone.

exposed sample. In order to assess the effect of temperature, an in-depth
characterization of samples exposed to 20 min plasma treatments under
controlled temperature (35, 50 and 60 °C) was conducted, and the re-
sults compared to those regarding an as printed microstructure and a
sample solely subjected to temperature (heated on hot-plate for 20 min
at 60 °C).

To control the temperature, the chamber was pre-heated at the
desired temperatures before the samples were introduced in the cham-
ber and irradiated for intermediate times, with the aim of maintaining a
constant temperature during the treatment, while causing a measurable
effect. Fig. 6a shows the Raman spectra acquired on the as printed
reference, the temperature-subjected sample, and the temperature-
controlled plasma exposed samples.

All the treated samples present the same overall features as the as
printed microstructure, confirming that also in those cases no superficial
carbonization was produced. With the aim of better addressing the dif-
ferences in the DoC, the five Raman spectra were normalized in the
region displaying the peaks corresponding to the C=C and C=0 bonds
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Fig. 6. Raman spectra acquired on samples treated with O, plasma at
controlled temperature conditions. (a) Raman spectra acquired for an as
printed microstructures as well as various printed samples subjected to different
treatments: temperature only (20 min, 60 °C), and 20 min of O, plasma etching
at 35°, 50 °C and 60 °C. (b) Zoom on the region displaying the peaks corre-
sponding to the C=C and C=0 bonds for all the spectra of (a), normalized in
such zone for better clarity.

(1550-1800 cm ™), as displayed in Fig. 6b. A remarkable change in the
integrated intensities ratio of the latter peaks is already observed with
the naked eye for the two samples subjected to plasma and to the highest
temperatures, i.e. 50 and 60 °C. In fact, the normalized intensity of the
C=C band of the most exposed sample (plasma and 60 °C) even becomes
lower than that of its C=0 band, unlike what is observed for the rest of
samples.

For the estimation of the DoC, a band profile analysis was firstly
performed on the Raman spectra of Fig. 6b. The obtained integrated
intensities of the C=C and C=0 bands were applied to Equation 1,
together with those corresponding to the Raman spectrum of the refer-
ence monomer (Fig. S4). Notice that as part of a more extensive analysis
of the C=C and C=0 bands, we propose a simpler method for calculating
the degree of crosslinking (DoC) than the one commonly used by most
researchers, based on the sole analysis of the C=0 band’s position and
width (see Supporting Information 6).

Calculated DoC values (Table 1) confirm that, while the O, plasma
treatment at 35 °C results in no changes in the polymer to monomer

Table 1

Degree of consumption estimated from the profile analysis performed on the
Raman spectra corresponding to an as printed sample and different temperature
and/or plasma treated samples.

Type of sample Temperature during treatment DoC (%)

As printed, not treated - 50 % + 8
Printed, plasma-treated 35°C 50 % + 8
Printed, plasma-treated 50 °C 63% + 8
Printed, plasma-treated 60 °C 75% + 5
Printed, heated on hot-plate 60 °C 46 % + 9




J.M. Elorrieta et al.

ratio, plasma exposure at higher temperatures yields an overall increase
in the DoC: from 50 % to 63 % and 75 % for the 50 °C and 60 °C
treatments, respectively. Moreover, the fact that the sample subjected to
60 °C on hot-plate (and not exposed to plasma) also presents no
considerable change in DoC, indicates that, as previously reported, [22]
temperature alone does not yield compositional changes before the
monomer evaporation temperature is reached. All in all, these Raman
outcomes suggest that the induced compositional changes are more
significant when plasma and temperature effects are combined, and that
such changes correspond indeed to a greater polymerization (or polymer
to monomer ratio). This is in good agreement with the previously
observed surface hardening as a function of Oy plasma exposure dura-
tion, considering the simultaneously induced sample heating, which
becomes more severe at longer treatment times.

3.4. Surface wettability

Control over the wettability of 3D printed microstructures is crucial
in determining their interaction with their environment, as it can
compromise their functionality [17,18,20,50].

O, plasma exposure introduces polar hydroxyl ~OH groups on the
surface of printed acrylate polymers, making the surface more hydro-
philic and reducing the water contact angle (WCA). To complete the
study, the impact of increasing exposure times on WCA has been studied,
showing a rapid decrease, from a slightly hydrophilic behavior of PETA,
changing from 67° to 10° in only two minutes of exposure. The results
are shown in Supporting Information 7.

4. Conclusion

Post-processing strategies constitute one of the simplest ways to beat
the limitations of commercially available 3D laser writing systems that
rely on two-photon polymerization. Amongst the possibilities to achieve
smaller printed features, etching through O2 plasma exposure yields an
isotropic thinning of the structure, with less effects on the as-cast
structure physical and chemical features as compared to pyrolysis. In
this work, changes in the surface properties and chemical composition
have been assessed. Nanomechanical characterization of the structures
exposed to Oy plasma shows a remarkable stiffening effect on micro-
structure surfaces along with an increase in the surface.

roughness. Raman spectroscopy displays no surface carbonization
fingerprints and no significant changes in the Degree of Consumption.
These results are interpreted as very local changes occurring at the
material surface in the DoC, which promote further crosslinking and
selective etching of the non-reacted monomer that causes mechanical
stiffening.

This effect can be further extended to the sample volume when local
temperature increases, even below the monomer evaporation tempera-
ture. Raman spectroscopy results show that reactive O, plasma can lead
to local heating capable of resulting in higher degrees of consumption.
Other relevant effects such as changes in wettability have additionally
been evaluated and have to be considered when plasma exposure is
chosen as a post-processing method. These effects have been schemati-
cally summarized in Section 8 of Supporting Information.

Overall, this study sheds light on the physical and chemical modifi-
cations produced by O, plasma exposure on 3D polymeric microstruc-
tures, which despite being the simplest way to refine the feature size, the
small variations induced need to be evaluated depending on the pursued
application.
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