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Microscale 3D Printed Pillars and Porous Polymeric
Structures: Manufacturability and Micromechanics

Aikaterini Isaakidou,* Mahya Ganjian, Vahid Moosabeiki, Marius Alexander Leeflang,
Mahdiyeh Nouri Goushki, Pouyan Esmailzadeh Boukany, Maria Watroba,
Alexander Groetsch, Jakob Schwiedrzik, Mohammad Javad Mirzaali, lulian Apachitei,

Lidy Elena Fratila-Apachitei,* and Amir Abbas Zadpoor

Two-photon polymerization (2PP) is an additive manufacturing technology
capable of producing polymeric 3D nano- to mesoscale structures with design
flexibility and sub-micron resolution. This study investigates the influence of 2PP
printing parameters on the morphology and mechanical properties of solid
and porous microstructures fabricated from three commercial resins: IP-Q, IP-S,
and IP-polydimethylsiloxane (IP-PDMS). To evaluate micromechanical behavior,
micropillar compression tests are conducted using IP-Q, which has not been
extensively characterized. Porous structures retained 80-85% of the stiffness
of solids for IP-Q and IP-S, and 50% for IP-PDMS. Fourier transform infrared
spectroscopy showed degrees of conversion of 38% for IP-Q and 61% for
IP-S and IP-PDMS. The optimal printing parameters for IP-Q micropillars
were a laser power of 50 mW, slicing distance (s) of 1.2 pm, and hatching
distance (h) of 1 pm. These settings correspond to a peak laser intensity of
1.58 x 10~ "' W cm?, a focal spot diameter (dxy) of 3.17 pm, a Rayleigh length
(zR) of 10.13 pm, and a voxel overlap (8) of 0.6. These conditions yielded a
Young’s modulus of 3.7 GPa and yield strength of 75.21 MPa. Overall, the
findings emphasize the challenges of parameter optimization when introducing
porosity and comparing materials. The results provide a systematic framework
for tailoring 2PP processing to guide biomedical microdevice design.

3D micro- and nanoscale structures.!'! The
working principle of 2PP is based on
the nonlinear absorption of two photons,
allowing for the deposition of near-infrared
femtosecond laser energy into a volume of
a photosensitive material.”) The quadratic
relationship of two-photon absorption with
light intensity provides high precision
and resolution by enabling precise control
of the crosslinking photoreaction, ensuring
that polymerization only occurs within the
localized focal region (i.e., voxel).?! This
fine control over the fabrication process
is particularly advantageous for creating
3D microstructures with a high level of
detail, which is essential for tissue engi-
neering applications and drug delivery sys-
tems.”) A wide range of materials can be
used in the two-photon fabrication, includ-
ing polyacrylic resins, hydrogels, epoxides,
and inorganic/organic polymers.**!

The selection of suitable materials for
biomedical applications (Figure 1C) is
broadened by the increased availability of
diverse 2PP materials and their character-
istics. The biocompatibility of such materi-

1. Introduction

Two-photon polymerization (2PP) has emerged as a cutting-edge
technology with the compelling advantage of producing complex

als is a critical factor, necessitating investigations into the
interactions between the materials, living tissues!® and cells.”!
Additionally, the mechanical properties and printing resolution
are crucial factors in determining their suitability for specific
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Figure 1. A) A schematic representation of the printing conditions (i.e., slicing and hatching distance, laser power, and scanning speed) that govern the
2PP printing process. B) Human body anatomy with details on organs that can benefit from porous medical devices in various scales and materials.
C) The versatility of the 2PP method allows for printing across different scales and materials for biomedical applications.

applications.® Studies on the Young’s modulus, E, of various
commercially available photoresists often consider the printing
conditions (Figure 1A), such as hatching and slicing distance,
laser power (LP), and scanning speed, as these influence
crosslinking.®"") The Young’s moduli of polyacrylic resins,
epoxides, and inorganic/organic polymers are generally reported
to be in the GPa range, while those of hydrogels tend to be in the
kPa range."? Optimizing the printing conditions is essential to
ensure mechanical stability and versatility across various materi-
als, shapes, and scales (Figure 1B). For example, recent advances
in continuous scanning have even enabled high-resolution fab-
rication across five orders of magnitude. This approach extends
the applicability of 2PP into the mesoregime, allowing for the
fabrication of centimeter-scale objects with microscale or even
nanoscale decorations.”!

In this study, we focus on the printing and mechanical char-
acterization of solid and porous microstructures inspired by a
recently developed cochlear implant design.'* The structures
were fabricated using three photocurable resins: acrylate-based
IP-Q, IP-S, and the hybrid polydimethylsiloxane- and acrylate-
based IP-PDMS resin (Nanoscribe GmbH & Co. KG, Karlsruhe,
Germany). These resins were selected to represent a broad range
of mechanical properties, with IP-Q and IP-S exhibiting elastic
moduli of 3.17" and 4.6 GPa,™ respectively, and IP-PDMS,
a compliant elastomer with a much lower elastic modulus of
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17.8 MPa.l'l This range of mechanical properties makes the
study of the selected resins relevant for diverse biomedical appli-
cations, from load-bearing permanent structures to soft, compli-
ant microsystems.

We aim to provide insights into material selection, optimiza-
tion of 2PP printing settings, and mechanical properties of the
printed 3D microstructures. These structures could be relevant
for applications in microfluidics,'”'® drug delivery,'*?% and tis-
sue engineering.”"*? For example, in drug delivery applications,
porosity is a crucial factor to consider, as it affects drug loading,
release kinetics, and bioavailability. Encapsulation of drugs
within porous matrices can enhance stability, solubility, and dis-
solution rates, while allowing precise control over drug release.
This approach improves cellular uptake and therapeutic efficacy,
and minimizes side effects.”*** The present study does not
focus on the fabrication of ready-to-use biomedical devices,
but rather systematically generates knowledge on how 2PP proc-
essing parameters influence the manufacturability, geometry,
and micromechanical response of selected commercial resins.
This exploration provides a foundation for future device-specific
evaluations.

Using all three previously mentioned photoresists, we devel-
oped printing methods to manufacture microstructures that
were either solid or exhibited confined microporosity. We then
characterized the morphology, chemistry, and mechanics of the
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resulting solid and porous microarchitectures. To our knowl-
edge, no systematic investigation has been conducted on how
2PP printing parameters affect the shape fidelity, chemistry,
and mechanical properties of the IP-Q material. Therefore,
we performed further mechanical characterization of IP-Q
micropillars printed with varying parameters through compres-
sion testing. A key aspect of the current study is the use of
microcompression to assess the mechanical properties of IP-Q
material. In contrast to our previous study,'* where mechanical
characterization of IP-Q structures required enlarging the corre-
sponding structures to perform mechanical testing and to
combine them with finite element analysis (FEA) models for val-
idation, the current method enabled direct assessment of the
material properties of IP-Q. Mechanical properties from such
printed solid structures are important input parameters for con-
stitutive models. Thus, our results provide valuable new data for
researchers working with the 2PP resins included in this study
that can be used for microfluidics, cell scaffold applications, and
drug delivery systems.

2. Experimental Section

2.1. 2PP Printing of Microscale Structures Using IP-Q, IP-S,
and IP-PDMS

Computer-aided design (CAD) models of solid and porous
microscale structures, based on recently developed cochlear
implant models!"* with dimensions 86 x 86 x 343 ym™> and a
tip diameter of 50 pm, were created using SolidWorks (Dassault
Systémes SE, Vélizy-Villacoublay, France) and nTopology 3.35
(nTopology Inc., New York, NY, USA), respectively. Using
Nanoscribe’s Describe software, the designs were used to create
the printing job file for the direct laser writing system (Photonic
Professional GT, Nanoscribe GmbH, Eggenstein-Leopoldshafen,
Germany) operating with a pulsed femtosecond laser (wave-
length =780 nm, pulse duration = 100 fs, with a repetition rate
of 80 MHz, Galvo writing mode). For printing with the IP-Q
resin, a droplet of resin was applied to a silicon substrate
and then exposed to the laser beam using a 10x objective
(NA = 0.3). For IP-S and IP-PDMS, a droplet of resin was applied
to ITO-coated substrates and then exposed to the laser beam
using a 25x objective (NA = 0.8). Different printing conditions
were explored to identify optimal parameters for repeatable and
stable prints of solid and porous models for each resin type
(Table 1). For each resin and condition (solid and porous), three
representative microstructures were fabricated and characterized
(n=3). All structures were fabricated in a vertical orientation,

Table 1. Printing parameters for microstructures made with IP-Q, IP-S,
and IP-PDMS. The best settings for printing porous and solid
microstructures are given in bold (LP: laser power, v: scanning speed,
h: hatching distance, s: slicing distance).

www.aem-journal.com

aligned with the laser axis. The slicing distance (s) and hatching
distance (h) were set to 0.2 ym for IP-Q and IP-S and 0.4 pm
for IP-PDMS. The scanning speed (v) was set at 150 mms™"
for IP-Q and IP-S and 100 mm s~! for IP-PDMS. LP was varied
to investigate its effect, ranging from 20 to 40 mW in 10 mW
increments for IP-Q and IP-S, and from 35 to 50 mW in
7.5 mW increments for IP-PDMS. For the IP-Q structures, fol-
lowing exposure, the development process involved immersion
of the prints for 25 min in propylene glycol monomethyl ether
acetate (PGMEA, Sigma-Aldrich, Darmstadt, Germany), a 5 min
rinse in isopropyl alcohol (IPA, Sigma-Aldrich, Darmstadt,
Germany), and drying with an air gun. For the IP-S structures,
the development process involved immersing the prints in
PGMEA for 20 min, followed by 30 s in methoxy-nonafluorobutane
(Novec 7100, Sigma-Aldrich, Darmstadt, Germany), and then
drying with an air gun. In the case of the IP-PDMS structures,
the development involved immersing the prints in IPA for
5 min, followed by drying with an air gun.

2.2. 2PP Printing of Micropillars Using IP-Q

Micropillars with a diameter of D=50pum and a height of
H=100pm were designed using SolidWorks (Dassault
Systemes SE, Vélizy-Villacoublay, France). The scanning speed
(v) was set to 100 mm s~'. Two groups were investigated: In the
first group, the slicing distance (s) was fixed at 5 ym while the
hatching distance (h) was varied from 0.4 to 3.4 pm in 0.6 pm
steps; in the second group, the hatching distance was fixed at
1 pm while the slicing distance was varied from 1.2 to 7.5 pm
in 1.26 pm increments. The LP was varied between 20 and
60 mW in 10 mW increments for both groups (Table 2). For each
of the above mentioned conditions, one representative micropil-
lar was fabricated and characterized (n=1). Preparation for
printing and development of the printed micropillars was
performed according to the experimental procedure for IP-Q
described in Section 2.1 of Experimental Section.

2.3. Morphological Characterization of Microscale Structures
and Micropillars

Structural characterization of the printed samples was done by
scanning electron microscopy (SEM) (FEI Helios G4 CX dual-
beam workstation, Hillsborough, OR, USA). Before SEM imag-
ing, the samples were gold sputtered (gold layer thickness
~5nm) using a sputter coater (JFC-1300, JEOL, Akishima,
Japan). The influence of this gold layer on the mechanical
behavior of the samples is negligible.*® Focused ion beam SEM
(FIB-SEM) (FEI, Helios Nano Lab 650, Hillsborough, OR, USA)

Table 2. Printing parameters for the micropillars made with IP-Q (LP: laser
power, v: scanning speed, h: hatching distance, s: slicing distance).

Printing parameter IP-Q
LP [mW] v [mms™] h [um] s [pm] LP [mW] 20, 30, 40, 50, 60
IP-Q 20, 30, 40 150 0.2 0.2 o [mms] 100
IP-S 20, 30, 40 150 0.2 0.2 h [um] 0.4,1.0, 1.6, 2.2, 2.8, 3.4
IP-PDMS 35, 42.5, 50 100 0.4 0.4 s [um] 1.2,25,3.7,50,6.2,75

Adv. Eng. Mater. 2025, e202500977 €202500977 (3 of 16)

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

85017 SUOLILLIOD BAIRER1D 9|eal|dde ay) Aq peusenob ae sapilie YO ‘8sN JO Sajn. 10} Akeig1]8UIIUO /8|1 UO (SUONIPUOI-pUR-SWBIW0D A3 1M Alelq Ul uoy/:sdny) suonipuoD pue swis | 8yl 89S *[520zZ/0T/.0] uo Arigiqauliuo AB|IM ‘Hied AIseAIUN BoIUYS L Aq /26005202 Wepe/Z00T OT/I0p/wod A8 | 1m Aelq 1 jeul|uo peoueApe//:sdny woJj pepeojumod ‘0 ‘8792/2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

was used to examine the pore morphology and calculate the appar-
ent porosity and relative density of the 3D porous microstructures.
To image the pores longitudinal cross-sections of the samples
were prepared by FIB (current: 0.17 nA, voltage: 30kV).

2.4. Chemical Characterization of IP-Q, IP-S, and IP-PDMS

The elemental composition of IP-Q, IP-S, and IP-PDMS resins
was quantified using X-ray photoelectron spectroscopy (XPS)
(Thermo Fisher K-Alpha instrument, Rockford, IL, USA). Each
sample was scanned four times, with an energy step of 0.4 eV,
utilizing an Al Ka source gun with a spot size of 400 pum™2. To
identify the functional groups in the different photoresists before
and after polymerization and to assess the degree of conversion
(DC), Fourier transform infrared spectroscopy (FTIR) was used
(Nicolet FTIR spectrometer 6700, Thermo Fisher Scientific in
Waltham, MA, USA). The spectra acquisition spanned the range
of 4000-463 cm™". The DC was determined by measuring the
change in the absorbance peak height of the bonds most relevant

to the polymerization of the resins, according to,”*”’
A
DC = (1 - X;) x 100% 1)

where Ap is the absorbance of the sample after polymerization
(printed structure) and Ag is the absorbance of the unpolymerized
resin.

2.5. Compression of Microscale Structures and Micropillars

The IP-Q and IP-S microstructures were compressed using an
exsitu indenter setup developed at Empa (Thun, Switzerland)
and based on commercial hardware for actuation, sensing,
and electronics (Alemnis AG, Thun, Switzerland). These experi-
ments were conducted at ambient temperature and humidity,
using a flat punch diamond tip (diameter =150 pm, 60° cone
angle) (Synton MDP, Nidau, Switzerland). The microstructures
were compressed uniaxially using a quasistatic displacement-
controlled loading protocol at a displacement rate of 50 nm s~
and up to 10% of engineering strain. The stiffness of the micro-
structures was extracted from the best linear fit of the loading
segment of the load-displacement curves.

For the IP-PDMS microstructures, compression was con-
ducted using a Piuma nanoindenter (Opticsll Life B.V.,
Amsterdam, The Netherlands), which featured a sphere-shaped
tip with a radius of 48 pm (able to cover the tip of the structures)
and a measured and calibrated stiffness of 3.89Nm™
Compression was repeated nine times in a grid pattern to ensure
complete coverage of the specimen’s tip (d=>50pm), with a
5 um displacement for each step. This test was conducted for
four printed samples. According to the manufacturer’s instruc-
tions!*®! the samples were submerged in demineralized water
throughout the test to avoid adhesion of the probe and the
sample. An indentation-controlled procedure was followed for
these measurements, with a maximum indentation depth of
5000 nm, a displacement rate of 500nm s, and a retraction
speed of 5000 nm s~ . The force-displacement curves were ana-
lyzed, and the data was extracted from the best linear fit of the
loading part of the curves.
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The IP-Q micropillars were tested by applying the same tip
specifications and ambient conditions as the IP-Q and IP-S
microstructures. They were compressed uniaxially using a
quasistatic displacement-controlled loading protocol at a dis-
placement rate of 50nms~" and up to 36.5% of engineering
strain. The engineering strain (¢) was calculated based on the
recorded displacement data and the initial height of each micro-
pillar, determined by high-resolution SEM imaging. The engi-
neering stress was then calculated by dividing the recorded
load data by the top surface area of the structures. The yield stress
(6,) was determined using the 0.29% offset criterion. The elastic
modulus (E) was extracted from the loading segment of the
stress-strain curves before the yield point using linear regression.

2.6. Statistical Analysis

To investigate whether there is a significant difference in the
stiffness between the solid and porous counterparts of the micro-
structures fabricated by IP-Q, IP-S, and IP-PDMS, we conducted
unpaired t-tests (p < 0.05). We assessed the normality of the data
using the Shapiro-Wilk test (p < 0.05), which is appropriate for
the small sample size in our study. The results of these normality
tests for the stiffness values are presented in (Figure S1,
Supporting Information). We applied one-way ANOVA analysis
(Table S2, Supporting Information) and the Tukey’s multiple
comparisons test (Table S3, Supporting Information) to assess
the cross-material comparison amongst our groups. The data
was analyzed using Prism 10 (GraphPad Software Inc., San
Diego, CA, United States).

3. Results

3.1. Morphological Characterization of Microscale Structures

A parametric study was performed to determine suitable printing
parameters for a repeatable fabrication of the microscale
structures from each resin (Figure 2). Porous structures from
IP-PDMS printed with h=s5s=0.4pm, v=150mms~ "', and
LP =35 or 50 mW exhibited defects on both their tip and main
body. Random resin protrusions were observed on their tip, and
dents on their main trunk revealed their inner porous structure
(Figure 2C). IP-PDMS structures printed with LP =42.5 mW
exhibited improved overall quality with fewer manufacturing
imperfections (Figure 2C). Examination through FIB milling
of the porous structures revealed well-formed internal pores
(Figure 2D). The parametric study on the microstructures made
by IP-Q and IP-S did not reveal outer morphological differences
in different printing settings. Although the exact sizes of the
pores could not be accurately quantified from the FIB/SEM
images, the parametric study indicated the window of printing
conditions (see also Table 1) that can be used for each type of
resin to generate stable and reproducible solid and porous micro-
scale structures.

3.2. Morphological Characterization of Micropillars

Since the process—structure—mechanics relationship for the 2PP
printed IP-Q material had not been previously studied, a more

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 2. Tilt-view (52°) SEM images of 2PP printed porous and solid microstructures with varying laser powers (LP = 20-50 m\W) made from A) IP-Q
(left), B) IP-S (middle), and C) IP-PDMS (right) resin (scale bar =100 pm). The dashed lines enclose the highest-quality prints. D) The FIB milling of
porous microstructures fabricated using the mentioned resins demonstrates the embedding of pores (scale bar =10 um).

detailed parametric study was conducted, and the results were
used to understand the mechanical properties of the printed
samples. Therefore, a first series of IP-Q micropillars were
fabricated by varying the LP and slicing distance while keep-
ing the hatching distance (h=1pm) and scanning speed
(0=100mms~") constant (Figure 3). When using a LP of

Adv. Eng. Mater. 2025, e202500977 €202500977 (5 of 16)

LP =20 mW and a slicing distance of s="7.5 pm, no micropillars
formed on the substrate (Figure 3), indicating that the processing
parameters were unsuitable for initiating photopolymerization.
As the slicing distance decreased, micropillars began to form.
Lower slicing distances resulted in micropillars with dimensions
closer to the designed specifications (D =50 pm, H = 100 pm);

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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s=1.2 ym §=2.5pum §=3.7um 5§=5.0 um $=6.2 um §=7.5um

20 mW

LP =

30 mW

LP =

40 mW
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Figure 3. Top and tilt-view (52°) SEM images of 2PP-printed IP-Q micropillars fabricated with varying slicing distance (s =1.2-7.5 pm) and laser power
(LP = 40-120%) for constant hatching distance (h=1pm) and scanning speed (v =100 mms™") (scale bar =20 um). The dashed lines enclose the
highest-quality prints.
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Figure 4. A) Effects of laser power (LP) and slicing distance (s) on the diameter (D) and height (H) of micropillars fabricated using IP-Q and B) effects of
LP and hatching distance (h) on D and H of the micropillars fabricated using IP-Q.

however, they did not reach the target dimensions for D
(Figure 4A). Generally, with LP >30mW, micropillars can
be printed even with larger slicing distances, although their
dimensions deviate from the designed values (Figure 4A). For
LP > 40 mW and for s < 2.4 pm the diameter of the pillars devi-
ated by 22%-32% (Table S6, Supporting Information) from the
designed one (D = 39.2 pm). The largest diameter achieved was
at LP =60 mW and for s=1.2 pm. At the largest diameter set-
tings, the pillar’s height was measured to be ~5% larger than
the designed one, thus 104.6 pm. A second batch of IP-Q micro-
pillars was fabricated to investigate the effect of varying LP and
hatching distance, while maintaining a constant slicing distance
(s=5 pm) and scanning speed (v =100mms~") (Figure 5). LP
values of LP =20 mW did not result in the fabrication of stable
micropillars. By increasing the LP to 30 mW, micropillars were
formed for low hatching distances (h=0.4 and 1.0 pm).
Increasing the hatching distance (h=2.2-3.4pm) decreased
the chance of polymerization, making the fabricated micropillars
unstable enough to stand vertically on the substrate, which
led to bending (Figure 5). When LP >40mW, micropillars
formed for all chosen hatching distances (Figure 5). Similarly
to the investigation on the slicing distance, smaller hatching
distances resulted in dimensions closer to the designed ones.
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For LP > 40 mW and h < 1.6 pm, the diameter of the pillars devi-
ated by 18%—43% (Table S6, Supporting Information) from the
designed one. The largest diameter achieved was at LP = 60 mW
and h=0.4 pm (D =41.1 pm), and at those settings, the height
of the micropillar was H =109 pm, 9% larger than designed.
Generally, the higher the LP and the smaller the slicing and
hatching distance values, the closer the dimensions were to
the designed values (Figure 4B). However, for s=5pm and
h = 2.8 pm, both the pillar diameter and height increased until
LP =50 mW, but for LP = 60 mW, there is a drop in the resulting
D and H values (purple arrows on Figure 4B).

3.3. Chemical Characterization of IP-Q, IP-S, and IP-PDMS

A survey scan was performed to identify elements other than C, O,
and N in all the resins (Figure 6A). The IP-S and IP-Q samples
are similar, and their XPS survey graphs overlap. The IP-PDMS
survey scan clearly shows the presence of Si and confirms the
presence of the monomer Si(CH;),0. The spectrum shows a
peak centered around 284.47 eV for IP-S (Figure 6B). For IP-Q,
the spectrum is centered around 284.10 eV (Figure 6C), corre-
sponding to the C1s bond. For IP-PDMS, the C1s bond is found

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 5. Top and tilt-view (52°) SEM images of 2PP-printed IP-Q micropillars fabricated with varying hatching distance (h = 0.4—3.4 um) and laser power
(LP = 40-120%) for constant slicing distance (s=5um) and scanning speed (v=100mms~') (scale bar =20 um). The dashed lines enclose the
highest-quality prints.
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Figure 6. A) XPS survey spectra for IP-S, IP-Q, and IP-PDMS Nanoscribe resins. High energy resolution XPS spectrum of Cls region on B) IP-S, C) IP-Q,
and D) IP-PDMS samples. The FTIR spectra of the E) IP-S resin (dashed line) and the cured version (solid line), F) IP-Q resin (solid line) and the cured
version (dashed line), and G) IP-PDMS resin (solid line) and the cured version (dashed line).
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Table 3. The binding energy and atomic percentage of the Cls, O1s, Si2p, and N1s regions for the IP-S, IP-Q, and IP-PDMS Nanoscribe resins.

IP-Q IP-PDMS

Atomic percentage [%)] Binding energy [eV] Atomic percentage [%)]

Bond type IP-S
Binding energy [eV] Atomic percentage [%)] Binding energy [eV]

Cls 284.47 71.93 284.10
Cls A (C—C) 284.07 39.18 283.69
Cls B (C—0) 285.06 9.39 284.51
Cls C (O—C=0) 286.02 13.48 285.78
Cls D (C=0) 288.46 9.66 288.22
O1s 532.15 21.25 531.87
Ols A 531.20 10.26 531.04
Ol1s B 532.77 11.40 532.58
Si2p 101.43 1.43 101.22
Si2p3 A 101.24 1.01 100.96
Si2p1 A 101.97 0 101.69
N 1s 399.34 5.40 394.56
N1s A 399.20 5.62 398.94

75.26 284.05 57.42
34.89 283.48 25.10
18.18 284.07 16.38
11.15 285.69 2.77
8.06 288.13 1.55
19.29 531.56 22.89
11.00 530.99 17.54
8.24 532.29 2.20
4.45 101.42 19.33
2.01 100.72 17.09
2.01 101.42 17.10
1.00 399.23 0.37
4.47 398.66 0.28

at 284.05 eV (Figure 6D). A peak deconvolution for each of the
resins confirms the presence of C—C (Cl1s A), C—O (Cls B),
O—C=0 (C1s C), and C=0 (C1s D) groups. The corresponding
binding energies are listed in Table 3. Due to polymerization, the
resins’ FTIR spectra indicated the depleted bonds’ positions.
For IP-S, the depletion of the characteristic bands associated
with the C=C group was found at 814, 941, 1406, and 1637 cm ™"
(Table S7-S8, Supporting Information). The corresponding
values for C=0 and C—O were at 1699 and 1150/1240 cm™".
According to Equation (1), the DC, based on the decrease in
height at 1637cm " was ~61% (Table S9, Supporting
Information). The depletion of the C=C groups at 1525, 1597,
and 1639 cm™" and the C=0 group at 1700 cm™", corroborate
the polymerization of the IP-Q resin, with an approximate
DC of 38% based on the peak height change at 1639 cm ™'
(Table S7-S9, Supporting Information). The polymerization of
IP-PDMS can be confirmed by the decrease of the intensity of
different functional groups at 790, 1257, and 1729 cm ™', related
to the Si—CH; group, at 1009 and 1062 cm™?, related to the
C=0 group, at 1187 cm™" because of the C—O group, and at
1405 cm ™" related to the C=C group, that yield an approximate
DC=61% at that wavenumber (Table S7-S9, Supporting
Information).

3.4. Mechanical Characterization of Microscale Structures
and Micropillars

The stiffness values of the solid and porous structures, made
from IP-Q and IP-S resins, were within the same range:
32.97+0.16kNm ' and 33.77 + 0.28 kN m™" for the solid ver-
sions and 27.91 +0.06 kN m™" and 26.98 +-0.19kN m™" for the
porous versions, respectively (Figure 7A). The porous structures
exhibited ~85% (IP-Q) and 80% (IP-S) of the stiffness of their
solid counterparts. The solid IP-PDMS structures had a stiffness
of 11.840.1Nm ', and the porous ones had a stiffness of
5.80 + 0.4 Nm™'. Thus, they had a stiffness ~50% smaller than
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that of their solid counterparts (Figure 7B). The difference in the
stiffness of solid and porous structures made for each resin type
was statistically significant (Table S1, Supporting Information).
Cross-material comparison with ANOVA (Table S2, Supporting
Information) and the post-hoc Tukey’s test (Table S3, Supporting
Information) allow for a deeper assessment of cross-material
comparison. Within each material, significant differences were
found between solid and porous structures, confirming the
expected reduction in stiffness with the introduction of porosity
(IP-Q: p = 0.0008; IP-S: p < 0.0001; IP-PDMS: p < 0.0001). When
comparing across materials, both solid and porous IP-Q and IP-S
exhibited comparable stiffness values, with no statistically signif-
icant differences detected. By contrast, [IP-PDMS structures were
consistently and significantly less stiff than both IP-Q and IP-S,
regardless of whether solid or porous architectures were com-
pared (p < 0.0001). These findings indicate that, while porosity
reduces stiffness within each resin system, the cross-material
comparison confirms the hierarchy of mechanical performance
with IP-Q and IP-S behaving similarly and IP-PDMS being sig-
nificantly more compliant.

The elastic modulus E was calculated for the solid structures
based on Equation (2)

E=kxL/A 2)

where k is the measured stiffness of the solid structure, L is the
length of the cylindrical tip of the microstructure, and A is
the surface area of the cylindrical tip (Table S4, Supporting
Information). The calculated elastic moduli were 2.04 GPa for
IP-Q, 2.03 GPa for IP-S, and 870 MPa for IP-PDMS.

The mechanical properties of the IP-Q micropillars, E, and oy
displayed a distinct dependence on the 2PP printing parameters.
For LP = 20 and 30 mW, the micropillars were either not printed
or lacked stability, preventing mechanical characterization
(Figure 3 and 5). In general, E and o, increased with larger
LP values but decreased with increasing h and s values. The range
of Young’s moduli achieved was E=1.31-3.7 GPa, while the

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 7. The box plots for the stiffness values of solid and porous microstructures printed with A) IP-Q and IP-S and B) IP-PDMS. Relationships between
laser power (LP), slicing distance (s), hatching distance (h), and the resultant mechanical properties, E modulus, and yield stress o, of micropillars
fabricated using IP-Q. C) E (* highest value achieved) and D) o, for h=1pm, s=1.2-7.5pum and LP=30-60 mW, E) E, and F) 6, for s=5um,

h=0.4-3.4pum, and LP =30-60 mW.

yield strength ranged o, = 24.77-81.75 MPa. The best mechani-
cal properties were achieved for LP=50mW, h=1pm,
and s=12pm and were E=3.7GPa and o¢,=7521MPa
(Figure 7C,D). Interestingly, the highest E and o, values were
not associated with the largest achieved dimensions, D and H.
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For LP = 60 mW, E decreased to 3.2 GPa, but the yield strength
value (o, =75.05 MPa) remained similar to the value obtained
at LP =50 mW (Figure 7C,D). For LP =50 mW, h=1pm, and
s=7.5pum, the resulting micropillars exhibited E=2.4 GPa
and ¢,=57.3MPa. Increasing the LP to 60mW (keeping
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h=1pm and s=7.5pum) resulted in a slight reduction to
E=12.36 GPa, which is almost comparable to the previous value
(Figure 7C). The yield strength, however, decreased by nearly
20%, dropping to o, = 47.5 MPa (Figure 7D). This indicates that
while the E remains relatively unaffected by the increase in LP,
the o,is adversely impacted, highlighting a trade-off between
these mechanical properties at higher LP settings. For varying
h distances, the mechanical properties of the micropillars fol-
lowed the general rule of increasing values with increasing LP
values (Figure 7E,F).

4. Discussion

We aimed to understand the effects of the different parameters
of the 2PP printing method on the shape fidelity and mechanical
properties of microscale solid and porous structures fabricated
from various resins. Therefore, we printed solid and porous
microscale structures using the commercial materials IP-Q,
IP-S, and IP-PDMS and characterized them morphologically,
chemically, and mechanically. This comprehensive study, the
most detailed yet available in the literature, enables a better
understanding of the process—structure (morphology and chem-
istry)-mechanics relationships relevant to 2PP technology, espe-
cially considering that IP-Q has not been extensively investigated.

4.1. Stiffness Retention in Porous Microscale Structures

The stiffness and calculated elastic moduli of the solid and
porous structures in this study were evaluated and compared
with available literature data. The solid structures made from
IP-Q and IP-S resins exhibited calculated elastic moduli of
2.04 and 2.03 GPa, respectively. These values are lower than
the reported elastic moduli for these resins (3.17 GPal'!! for
IP-Q and 4.6 GPal"®! for IP-S). For IP-PDMS, the calculated elas-
tic modulus of 870 MPa is significantly higher than the 17.8 MPa
value reported in the literature.!'® These discrepancies can be
attributed to differences in the printing parameters, the scale
of the tested structures, and the mechanical testing method
applied.

In terms of stiffness, the solid IP-Q and IP-S structures
demonstrated comparable values, consistent with their similar
elastic moduli, and the porous structures retained 80%-85%
of the stiffness of the solid ones. For IP-PDMS, the porous struc-
tures retained only half the stiffness of the solid counterparts,
highlighting the material’s inherently compliant character.
The results show that the mechanical properties of 2PP-
fabricated solid microstructures differ from bulk material
properties reported in the literature, emphasizing the critical
influence of microfabrication parameters, sample design, and
testing methods on the evaluation of mechanical performance.
This is in accordance with the literature on woodpile structures
that have exhibited mechanical response similar to foams and
lattices and thus have proven to be able to modulate the elastic
performance by tuning the density of the structure.?”)

The SEM/FIB images of the cross-section morphology of the
porous microstructures made of the three materials revealed
well-defined pores in all the samples (Figure 2). However,
accurately evaluating the pore size of the microstructures was
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challenging. The SEM/FIB imaging proved unreliable for
measuring the pore size, as the ablation process can often intro-
duce artifacts and deformations in the cross-section.*® X-ray
micro-CT was also explored but deemed unsuitable because
the printing resolution of the structures approached the imaging
resolution of the available devices.

Therefore, to estimate the porosity range of the printed
microstructures, we applied the Gibson-Ashby model,*"! using
the stiffness values obtained from the micromechanical tests.
According to this model, a power—law relationship exists between
the relative density of a porous structure and its mechanical
properties

k*/ksolid =Cx (p*//)solid)n 3)

where k* and k4 represent the stiffness of the porous and solid
structures, respectively, p* and pgy;q are their corresponding
densities, C is the Gibson—Ashby constant, and n is a material-
specific exponent.

For this analysis, we assumed C = 1 and n = 1 and 2. Using
these assumptions, we calculated the range of the relative density
(p* /psonia) and porosity (@) for the three investigated microstruc-
tures (Table 4). Based on these calculations, the porosity values of
the samples were estimated to be between 8.5% (n=1) to 15.5%
(n=2) for IP-Q, between 15.5 (n = 1) to 20% (n = 2) for IP-S and
between 31.5% (n=1) and 51% (n=2) for IP-PDMS.

The Gibson—Ashby model results deviate significantly from
the designed porosity of 26% for all structures (Table S5,
Supporting Information). For IP-Q and IP-S, the estimated
porosity values are lower than the design, which can be attributed
to partial pore closure and reduced pore connectivity during the
2PP fabrication process. Several factors may explain these dis-
crepancies. First, the DC in 2PP resins is typically incomplete,
as also observed in this study, leading to local variations in cross-
link density and densification of the polymer network, which
effectively reduces the available pore volume. Second, voxel
size, overlap, and local laser intensity influence the exposure
dose,?*>* while increased overlap can counterbalance insuffi-
cient conversion, excessive exposure may cause material accu-
mulation that narrows or even closes the designed pores.
Third, postprocessing steps introduce additional variation, as
capillary forces during solvent evaporation and the release of
internal stresses can promote shrinkage or deformation of thin

Table 4. Calculated relative density (p*/psoiiq) for IP-Q, IP-S, and IP-PDMS
samples based on the Gibson—-Ashby model. The minimum and maximum
relative density and porosity (¢) for two values of the material-specific
exponent (n=1, n=2). are presented for each case. Average porosity
(@) in percentage for the different n values and the designed porosity
((/)theoretical) .

Material  Exponent n  Min p* /poid  Max p*/psoia @ (%] @iheoretical [%]

IP-Q 1 0.84 0.85 15.5 26
2 0.91 0.92 8.5

IP-S 1 0.79 0.81 20
2 0.89 0.90 10.5

IP-PDMS 1 0.45 0.53 51
2 0.67 0.73 315
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features.*® In contrast, the higher porosity values estimated for
IP-PDMS suggest that its printed pore size and connectivity were
closer to the design, as also supported by SEM/FIB imaging.
When comparing the three resins, it becomes evident that print-
ing the same porous design requires very different compromises
in processing. This comparison highlights how delicate and
resin-specific the optimization of printing parameters must be
in order to balance polymerization kinetics, voxel geometry,
and development effects to achieve reliable porosity across differ-
ent materials.

To validate theoretical models like Gibson-Ashby, future
studies could incorporate FEA simulations to model the defor-
mation and mechanical properties of the porous structures more
effectively. Submicron X-ray imaging, potentially combined with
in situ mechanical testing and digital image correlation techni-
ques, could provide accurate, high-resolution validation of both
porous structures, and FEA models. Moreover, this study did not
investigate orientation-dependent effects, as all structures were
printed vertically. Since build angle can influence voxel arrange-
ment, polymerization efficiency, and material anisotropy, it is
expected to affect both geometry and mechanical properties.
Printing orientation therefore represents an unexplored param-
eter that should be systematically studied in future work, partic-
ularly for porous architectures and large aspect ratio structures.

A key novelty of this study lies in the direct comparison
of stiffness retention across three different materials—IP-Q,
IP-S, and IP-PDMS—{fabricated into similar porous designs.
By employing the same geometric design and fabrication pro-
cess, this approach reveals how each resin responds to the intro-
duction of porosity. Such a comparative analysis is not reported
in the literature and provides unique insights into material-
specific behaviors, such as stiffness retention and porosity influ-
ence, under identical experimental conditions. Recent work has
demonstrated that 2PP-fabricated microstructured arrays can
guide neuronal outgrowth by tailoring mechanical stiffness
and topographical cues.?® These findings further support the
potential of finely tuned 2PP architectures across scales and
materials in the tissue engineering field.

4.2. The Influence of the Printing Parameters on the
Morphology and Mechanical Properties of the IP-Q Micropillars

Our investigation into the impact of the 2PP printing parameters
on micropillar fabrication revealed the effects of various printing
parameters (e.g., LP, h, s) on their morphology and their mechan-
ical properties. Higher LP generally resulted in a larger diameter
and larger micropillar height, confirming that greater energy
input leads to sufficient polymerization and more robust struc-
tures.***%78 The printing parameters h and s exhibited an
inverse relationship with the apparent geometry. Increased h
and s reduced both the diameter and the height of the pillars.
This can be explained by the fact that reduced exposure of the
material to the laser results in less crosslinking and sparse struc-
tures. Increasing the LP generally had a positive effect in reduc-
ing the impact of the slicing and hatching distances on the
diameter, height, and mechanical properties of the fabricated
micropillars.’®! The desired micropillar geometry, however,
was not achieved with any of the tested parameter combinations,
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highlighting the need for design adjustments. On average, the
lateral dimension (diameter) should be increased by ~30%,
while the axial dimension (height) should be reduced by about
10% to achieve the target geometry under most tested conditions.
The decrease in both diameter and height for h=2.8 um and
s=5um despite the large LP =60 mW shows that there is a
boundary to the extent the LP can positively contribute to a better
geometry. That is because excessive LP can cause a saturation in
the polymerization of the material and induce burning. The mor-
phological trends were to a large extend similar to the results of
the mechanical properties of the micropillars. In most cases,
both the elastic modulus and the yield strength of the micropil-
lars increased with an increasing LP and for small h and s values.
The reduction in mechanical performance observed at 60 mW
can be attributed to overexposure effects in 2PP. At such high
intensities, the polymerization process no longer scales linearly
with energy input, as photoinitiator saturation and radical recom-
bination limit effective crosslinking, while local heating at the
focal region can introduce residual stresses or even partial
degradation of the polymer matrix. Similar dose-saturation
and thermal degradation phenomena have been reported in non-
linear photopolymerization systems.?”***% These mechanisms
explain why the elastic modulus increased up to 50 mW but pla-
teaued or decreased at higher powers, suggesting that an optimal
LP window exists for IP-Q. The best mechanical properties
(E= 3.7 GPa, 6,=75.21 MPa) were, however, not achieved for
LP=60mW but for LP=50mW and the smallest slicing
distance (s = 1.2 pm). The calculation of the DC = 37% for those
conditions confirmed an efficient exposure of the material to the
LP. Unlike prior work,'” where the E values of the 2PP-printed
IP-Q samples were assessed by using indentation testing, we
employed uniaxial micropillar compression to evaluate the
mechanical properties. The E values measured in our study are
notably larger and this can be attributed to the hatching and slic-
ing parameters that are much smaller than the values explored
before and can lead to higher structural density. Another aspect
that can explain the differences in the measured values is the
presence of surface imperfections and heterogeneities, which
can affect the indentation results. In contrast, the micropillar
compression approach provides an evaluation of the bulk
mechanical properties. Moreover, the DC value obtained for
IP-Q in this study is also smaller than the already reported one.
The reported values were between 55% and 80%. However,
the spectra were obtained with Raman spectroscopy, and the
DC calculation was performed by inspecting the changes in
the area below the relevant peak, while we obtained the data with
FTIR spectroscopy and calculated the value by looking at differ-
ences in the peak height.

4.3. Influence of Physical Exposure Parameters on
Polymerization, Mechanics and Suitability for Biomedical
Applications

To better interpret the structure—property relationships, we fur-
ther calculated the physical exposure parameters associated
with the 2PP process following frameworks proposed in recent
literature on nonlinear photopolymerization systems.*!*? These
include intensity (I), fluence per pulse (F;), exposure dose (D),
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number of pulses per voxel, voxel overlap (), focal spot geometry
(lateral diameter, d,,, Rayleigh length, zp) derived from the
system’s optical configuration parameters (4, NA, f, 7), and
the chosen printing parameters (LP, v, h, s) (Table S10-S12,
Supporting Information).

For the fabricated microstructures, the voxel lateral diameter
and Rayleigh length spanned ~3.17 and 10.13 pm for IP-Q,
~1.19 and 1.42 pm for IP-S and IP-PDMS, with voxel overlaps
(6) being 0.92, 0.72, and 0.48, respectively. These values show
that tighter focusing and a voxel overlap of ~50% were sufficient
to achieve stable structures with IP-PDMS. For IP-S that exhibits
the same focal geometry as IP-PDMS but with larger voxel over-
lap, and for IP-Q that exhibits the largest focal geometry and the
largest overlap, we also observe the most significant retention in
the mechanical properties compared to IP-PDMS.

We also evaluated the physical exposure parameters for the
micropillars fabricated with IP-Q under varying hatching and
slicing distances. In both cases (constant h or s), increasing LP
resulted in systematically higher fluence and dose. Interestingly,
when slicing was fixed and hatching varied, the voxel overlap
even reached negative values (indicating no voxel overlap), and
aligned well with the less dense structures observed (Figure 5).

The relationship between mechanical performance and the
peak intensity calculated for the printing of microstructures
across all three IP resins revealed a consistent sublinear scaling
of both Young’s modulus (E) and yield strength (5, across all
tested micropillars made from IP-Q (Figure S2, Supporting
Information). The power-law fitting yielded exponents (f) rang-
ing from 0.08 to 1.41, significantly below the quadratic behavior
expected for ideal two-photon absorption. These results corrobo-
rate previous observations that reported saturation-like devia-
tions from ideal quadratic two-photon behavior in different
photopolymer systems.!*>**!

The calculated exposure intensities in this study,
6.33 x 107'°-1.12 x 1072 W cm™?, appear to be in the range
but slightly lower than those reported in the literature for
initiator-free systems (0.58-1.55 x 10~ "> W cm™?).**) Moreover,
the influence of reflective silicon substrates was not considered
in the selection of printing parameters. However, periodic inter-
ference and standing wave effects may locally affect the exposure,
the crosslinking, and explain the ridge-like structures on all 2PP
printed structures (Figure 2, 3, and 5).1*"

In addition to optical exposure parameters, thermal effects
during printing and post-curing have also been shown to influ-
ence geometry and mechanical performance of 2PP structures.
Specifically, thermal control during printing can improve the res-
olution of lattice structures,**! while thermal postcuring has
been reported to increase the DC and enhance the mechanical
properties of 2PP printed structures.*®) In the present study,
thermal effects could not be investigated with our in-house sys-
tem, and we focused exclusively on as-printed samples. Future
work should therefore explore thermal management strategies,
both during fabrication and in postprocessing, to further harness
the process—structure—property regime of IP resins.

Another crucial aspect of these resins is their suitability for
biomedical application. The IP resins investigated here (IP-Q,
IP-S, and IP-PDMS) are crosslinked thermosets, which are
inherently resistant to hydrolysis and therefore not expected to
degrade under physiological humidity and temperature (=37 °C).
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According to the manufacturer thermal softening occurs only
above ~55°C, outside the range relevant for implantation.
These considerations were among the reasons for selecting these
resins; however, systematic studies of long-term degradation and
stability in biologically relevant environments remain necessary.
Previous reports, however, have demonstrated favorable cyto-
compatibility for IP resins used in 2PP,***=% supporting
their potential for biomedical applications. Nevertheless, future
studies should perform in-depth evaluations of the biological
response on the specific porous and solid architectures presented
in this study to confirm their suitability for biomedical
translation.

5. Conclusion

This study demonstrates how 2PP printing parameters
govern the morphology and mechanical properties of microscale
solid and porous structures fabricated from IP-Q, IP-S, and
IP-PDMS resins. For all resins, a set of printing conditions
was identified that enabled reproducible structures with morpho-
logical integrity. The differences in the optimum printing condi-
tions were attributed to variations in the polymerization behavior
of the resins. IP-Q and IP-S required smaller hatching and slic-
ing distances, along with lower LP, to achieve reliable printing of
the structures. In contrast, IP-PDMS needed higher LP and
larger hatching distance for effective polymerization and struc-
tural integrity.

Mechanical characterization further revealed material-
dependent differences. The porous microstructures made from
IP-Q and IP-S resins retained 85% of the stiffness of their solid
versions, while the IP-PDMS porous microstructures retained
only 50% of the stiffness of their solid counterparts, likely due
to the inherently more compliant nature of the IP-PDMS material.

For IP-Q micropillars, reducing slicing and hatching distances
improved dimensional fidelity, while increasing LP up to 50 mW
enhanced mechanical properties. However, excessive exposure
introduced geometrical aberrations and reduced yield strength,
underscoring the trade-off between accuracy and mechanical
performance.

Overall, this work establishes a systematic framework
for understanding how 2PP processing parameters affect the
manufacturability, geometry, and micromechanical behavior of
commercial resins. These insights provide a foundation for
future studies, where device-specific mechanical performance
requirements, such as those of cochlear implants, can be
directlyaddressed.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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