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ABSTRACT: Polymer-derived ceramics (PDCs) are promising L §

candidates for fabricating three-dimensional (3D) micro/ S P
nanodevices. However, their advancement has been constrained Q
by a persistent challenge in that precursor simplicity, high- /
fidelity shaping of complex 3D architectures, and superior
mechanical properties in the final ceramic are incompatible. To
overcome this, an extremely simple photosensitive preceramic /N S —
resin comprising only polycarbosilane and a photoinitiator is — \Prebaking/ \ s }

/il Prebaking and TPP
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proposed to fabricate high-precision 3D PDC microstructures | "% A ;/\ ...... \\ /(
with intricate geometries and exceptional mechanical perform- \ ~ 7 \/ /li\o/s\\
ance. A process involving prebaking and two-photon polymer- . /s'"\(="" v =
ization forms stable 3D preceramic polymer networks, which =~ ™ g S ’

after pyrolysis yield defect-free amorphous SiOC ceramics

exhibiting high shape fidelity and low linear shrinkage (28% at 1000 °C). The ceramics show temperature-dependent
mechanical properties, with micropillar compressive strength reaching 6.41 GPa (1000 °C) and 7.55 GPa (1200 °C).
Leveraging these properties, lightweight high-strength mechanical metamaterials with 20% relative density are fabricated,
achieving a compressive strength of 0.54 GPa and a failure strain exceeding 10%. Functional microneedle arrays are also
produced, highlighting their potential for biomedical applications. This work establishes a reliable and straightforward route
from an extremely simple precursor to high-performance PDC micro/nano devices, showcasing promising prospects for
applications in advanced microsystems and lightweight metamaterials.
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Three-dimensional (3D) micro/nano devices are evolving polymerization-based manufacturing processes.">”'® Among
toward functional integration and structural complexity.'™* available techniques, two-photon polymerization (TPP) stands
Ceramic materials, owing to their excellent mechanical
strength and chemical stability, are ideal candidates for
constructing high-performance 3D micro/nanodevices, the
realization of which relies on advanced manufacturing
technologies.”™” Concurrently, polymer-derived ceramics

out for its exceptional resolution and free-form 3D shaping
capability, making it an ideal tool for fabricating high-precision
ceramic micro/nanostructures, with successful applications

already demonstrated in mechanical metamaterials, photonic

(PDCs) technology has emerged as a powerful approach for crystals, and related fields."”'”~>* Therefore, the combination
synthesizing and shaping ceramics.'’”"* Ceramic precursors

possess a unique molecular designability. Through chemical Received: February 13, 2026

modification with photocurable groups such as acrylates or Revised:  June 19, 2026

vinyl groups, they enable the precise shaping of complex 3D Accepted:  June 22, 2026

architectures at the polymer stage, which are subsequently
converted into final ceramic components via heat treatment.
This characteristic makes them especially suitable for photo-
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Figure 1. General process for fabricating PDC microstructures and TPP mechanism of photosensitive preceramic resin. (a) The process of
fabricating PDC microstructures through prebaking, TPP, and pyrolysis. Scale bars, 10 gm. (b) Molecular structural changes during
prebaking and TPP. (c) FTIR spectra of the original, prebaked, and cured samples. (d) SEM images of the printed 3D preceramic polymer

array. Scale bar, 20 pm.

of TPP and PDC technology provides a new and powerful
pathway for producing 3D micro/nano ceramic devices.
Although significant advances have been made in fabricating
3D micro/nano devices via TPP-PDC technology, its develop-
ment continues to face a persistent challenge, namely,
achieving synergy among precursor simplicity, high shape
fidelity during pyrolysis, and exceptional mechanical properties
in the final ceramic within a single material system.*’”*°
Existing studies have typically managed to balance only one or
two aspects. Earlier work focuses primarily on demonstrating
the feasibility of PDCs for micro/nano 3D fabrication and
exploring suitable fundamental material systems. For example,
Pham et al. and Park et al. introduce external phases such as
SiO, particles or organometallic additives to mitigate
deformation and preserve morphology, yet overall printing
accuracy and 3D fidelity remain limited.”>** More recent
research has shifted toward performance enhancement,
yielding several breakthroughs, including the realization of
ultrahigh plasticity or strength at micro/nano scales, reduction
of linear shrinkage to around 30%, and preparation of ceramics
suitable for high-temperature applications.”*™*® While these
contributions have pushed PDC technology forward in 3D
micro/nano fabrication, the triple goals of simple precursors,
high 3D shape fidelity, and ultrahigh mechanical performance
have not been simultaneously attained. In particular, a minimal
material system is desirable to reduce production costs,

maximize ceramic yield, minimize material loss, and control
shrinkage. Therefore, developing a novel precursor system that
combines a single-component formulation, high 3D shape
fidelity, and extraordinary mechanical properties has become
the key to breaking the current bottleneck of TPP-PDC
technology and unlocking its broad application potential.
Here, we propose a fabrication method for PDC micro-
structures based on an extremely simple photosensitive
preceramic resin. This resin consists solely of polycarbosilane
and a photoinitiator, offering excellent stability while
significantly reducing preparation complexity and cost.
Through a two-step cross-linking process involving prebaking
followed by two-photon polymerization, the network density
within the preceramic polymer is enhanced, enabling the
successful construction of stable 3D microstructures. Sub-
sequent pyrolysis converts these structures into homogeneous
amorphous SiOC ceramics that are free of defects and exhibit
high shape fidelity and low linear shrinkage of only 28% after
pyrolysis at 1000 °C. The minimum feature size of the ceramic
microstructure can reach 200 nm. Moreover, the material
displays temperature-dependent mechanical behavior. Micro-
pillars pyrolyzed at 1000 °C achieve a strength of 6.41 GPa and
a failure strain of 30%, while those pyrolyzed at 1200 °C
demonstrate increased compressive strength up to 7.55 GPa.
To demonstrate practical utility, we fabricate various nano-
lattice structures and characterize their mechanical perform-
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ance. The shell-based architecture, with a relative density of
20%, exhibits a compressive strength as high as 0.54 GPa and a
failure strain exceeding 10%. We also produce functional
microneedle arrays, highlighting their potential for biomedical
applications. Overall, this work not only establishes a reliable
pathway for fabricating high-performance PDC microdevices
but also offers a general and accessible solution that addresses
the trade-offs among precursor simplicity, shape fidelity, and
mechanical robustness. This consequently broadens the
application prospects of polymer-derived ceramics in fields
such as damage-tolerant lightweight metamaterials, biomedical
microdevices, and microelectromechanical systems (MEMS).

B RESULTS AND DISCUSSION

Photosensitive Preceramic Resin and its TPP Mechanism

Figure la illustrates the basic process for the fabrication of
PDC microstructures. First, a preceramic resin that can be
stored and used over an extended period under ambient
conditions (20 °C) is prepared via a straightforward synthetic
step [Figure la(i)]. Subsequently, 3D preceramic polymer
microstructures are fabricated via TPP-based 3D printing, as
exemplified by the double-layer fullerene-like structure shown
in Figure la(ii). After pyrolysis at 1000 °C in an inert gas
atmosphere, preceramic polymer is converted to SiOC
ceramic. Figure la(iii) shows the final double-layer fullerene
ceramic microstructure, which exhibits high structural fidelity
and is free of defects.

The simplicity and reliability of precursor development are
key to the widespread application of TPP-PDC technology. To
achieve this, we develop an extremely simple preceramic resin
system, and the entire preparation process is also very
straightforward. Specifically, a commercially available liquid
polycarbosilane is directly used as the single ceramic precursor
without any chemical modification. The molecule of
polycarbosilane contains vinyl groups (Figure S1, Supporting
Information), which provide the basic reactive moieties
required for TPP printing. The material requires no additional
cross-linkers to assist curing or solvents to dissolve the
precursor. Only the photoinitiator ethyl methyl ketone (EMK)
is introduced to generate free radicals, accompanied by a small
amount of xylene to dissolve the photoinitiator. Subsequently,
the mixture is treated ultrasonically in a 40 °C water bath for
20 min to achieve uniform mixing, yielding a photosensitive
preceramic resin. As shown in Figure 1a(i), the obtained resin
is transparent and clear, which can be stored at ambient
conditions for long-term use. Even after over one year of
storage, it maintains excellent fluidity and transparency, and
can still be processed normally in TPP printing (Figure S2,
Supporting Information).

If the prepared photosensitive resin is used directly for TPP
printing, the resin exhibits insufficient polymerization degree.
We observe that the resin demonstrates high fluidity, and the
printed structures are both incomplete and unstable. The
polymerized structures tend to disappear during or shortly
after fabrication, even when the laser power is increased to
overexposure (Figure S3, Supporting Information). We
speculate that the polymerization process relies solely on the
vinyl functional groups, whose limited photocuring activity
results in an insufficient cross-linked network density and
consequently leads to structural instability in the polymerized
material. To enhance the printing performance of the resin, a
prebaking step at 90 °C in air for 10 min is implemented prior

to the printing process. The prebaking process enhances the
spatial network density and viscosity of the precursor through
precross-linking, thereby improving the structural stability of
the preceramic polymer formed (Figure 1b). To determine the
prebaking conditions, we conduct systematic experiments.
When the prebaking cross-linking degree is insufficient, the
resin viscosity is low, leading to poorly formed structures prone
to collapse and incomplete polymerization during laser direct
writing. Conversely, excessive prebaking can cause local
precipitation of particles in the resin, affecting the printing
process, or lead to overcross-linking, making it difficult to
remove unpolymerized parts during development, resulting in
nondesigned residual structures. Therefore, we finally
determine the optimal prebaking conditions to be heating at
90 °C in air for 10 min. Under these conditions, the viscosity
of the preceramic polymer gradually increases (Figure S4,
Supporting Information). Subsequently, prebaking forms an
appropriate precross-linked network, providing a stable
foundation for subsequent high-precision printing.

To investigate the reaction mechanisms during prebaking
and photopolymerization, the Fourier Transform Infrared
(FTIR) spectra of the original resin, the prebaked resin, and
the cured preceramic polymer are systematically tested (Figure
1c). The peaks at 1400 cm™!, 1605 cm™!, and 3055 cm™! result
from the characteristic absorption of the C=C group.””~>'
The absorption band at 2102 cm™ can be attributed to Si—
H.>> The C=0 stretching vibration observed at 1725 cm™'
likely originates from the photoinitiator. The band at 961 cm™
is due to Si—OH, while the vibration at 1035 cm™" is caused by
Si—0—Si.”**>** In the original resin, the appearance of Si—
OH and Si—O-Si bonds is observed, which is due to the
susceptibility of Si—H bonds to hydrolysis and oxidation in
air.”>”* When the sample is heated in air, the absorption peaks
for Si—H and Si—OH decrease, while the Si—O—Si absorption
peak increase. This indicates that the prebaking process
promotes the oxidation of Si—H and the condensation of Si—
OH, generating a Si—O—Si network structure and achieving
preliminary cross-linking of the precursor. After photocuring,
the vinyl groups at 305S, 1400, and 1605 cm ™" are observed to
be significantly weakened, confirming the successful comple-
tion of the photopolymerization reaction. Therefore, the two-
step curing mechanism of the preceramic resin is as follows.
First, the resin is prebaked in air, where Si—H undergoes
thermal oxidation with oxygen, forming a Si—O—Si network
structure to achieve precuring, thereby increasing the resin
viscosity to improve the stability of structures during
subsequent processing. Then, femtosecond laser irradiation
completes the final photocuring via vinyl group cross-linking
(Figure 1b). The synergistic effect of thermal cross-linking and
two-photon curing achieves a precursor network with high
cross-linking density and structural stability, providing the
foundation for reliable printing. Multiple microstructures are
successfully printed, validating the robustness of the fabrication
process (Figure 1d).

3D Defect-Free SiOC Ceramic Microstructures and
Elemental Composition Analysis

To vyield the final SiOC ceramic, the printed 3D preceramic
polymer is pyrolyzed at 1000 °C in an argon atmosphere. The
pyrolysis process is shown in Figure S5, Supporting
Information. To evaluate the processability of the developed
preceramic resin and the forming quality of the resulting 3D
SiOC ceramic microstructures, we systematically compare the
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Figure 2. Fabricated 3D SiOC ceramic microstructures and elemental composition analysis. (a-b) The design, printed preceramic polymer
structures, and the corresponding pyrolyzed SiOC ceramics 3D microstructures, including (a) Octet truss and (b) Schwarz P. Scale bars, 10
pm. (c) 3D SiOC microstructures with minimum feature sizes of approximately 600 and 200 nm. Scale bars, 2 gm. (d-e) EDS element maps
and spectra of (d) the printed preceramic polymer structures and (e) the corresponding pyrolyzed SiOC ceramics 3D microstructures. Scale

bars, 10 gm.

morphologies of various 3D structures in their preceramic
polymer state and after pyrolysis. Figure 2a and b show the
printed preceramic polymer structures and the corresponding
pyrolyzed SiOC ceramics, which include octet truss and
Schwarz P structures. SEM observations reveal that the
pyrolyzed 3D structures exhibit almost no noticeable defects,
isotropic shrinkage, and low shrinkage rate (28%). Quantita-
tive dimensional analysis demonstrates that the dimensions of
the printed and pyrolyzed structures maintain excellent
consistency in both lateral and vertical directions (Figure S6
and Table S1, Supporting Information). More structures are
shown in Figure S7, Supporting Information. Furthermore, we
demonstrate microstructures with feature sizes as small as 600
and 200 nm, confirming their suitability for nanodevice
applications (Figure 2c). These results clearly demonstrate
that the resin developed in this work possesses excellent
capability for shaping complex and high-precision 3D PDC
microstructures, while also showing low shrinkage and good
shape retention during pyrolysis. This relatively low shrinkage
rate is primarily attributed to the molecular architecture of the
precursor polymer itself and the highly dense cross-linked
network formed through the two-step cross-linking process. To
confirm this, the ceramic yields of the original, prebaked, and
cured precursors are measured by thermogravimetric analysis
(TGA). The residual ceramic yields at 1000 °C are 49.32%,
57.01%, and 64.50%, respectively (Figure S8, Supporting
Information). These quantitative data clearly demonstrate that
both prebaking and subsequent curing effectively enhance the
cross-linking degree of the preceramic polymer, leading to a

significantly increased ceramic yield compared with that of the
pristine precursor. Furthermore, we compare our ceramic
yields with those reported in the literature for SiOC ceramics.
Our yields exceed the majority of previously reported values
(Table S2, Supporting Information).'*'#>>*=

It is worth noting that, in addition to the lattice structure
with a relative density of 20% demonstrated here, our method
is also applicable to lattice structures with higher relative
densities or larger feature thicknesses. This is because during
pyrolysis, gas diffusion and internal stress are influenced by
feature size, but they can be effectively managed by adjusting
process parameters such as the ramp rate. To support this, we
perform an internal analysis on structures with larger feature
thicknesses, as shown in Figure S9, Supporting Information. A
solid square structure is fabricated. After pyrolysis, the interior
of the structure is sectioned using focused ion beam (FIB)
technique, and the resulting images reveal no defects inside the
structure. Energy Dispersive X-ray Spectroscopy (EDS)
analysis is performed on both the preceramic polymer
microstructures (Figure 2d) and the pyrolyzed SiOC ceramics
(Figure 2e). The results demonstrate that all elements are
homogeneously distributed across the structure. Further
quantitative elemental analysis indicates that before pyrolysis,
the atomic percentages of Si, O, and C are 30.5%, 12.7%, and
56.8%, respectively (Figure 2d). After pyrolysis, the corre-
sponding values change to 25.8%, 47.1%, and 27.1% (Figure
2e). Although the preceramic polymer is pyrolyzed in an inert
atmosphere, the O content remains relatively high. This could
be attributed to trace residual oxygen inside the tube furnace,
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Figure 3. Linear shrinkage rates and mechanical properties of the SiOC microstructures with different pyrolysis temperatures. (a) The SEM
images and linear shrinkage rates of the gyroid SiOC microstructures with different pyrolysis temperatures. Scale bars, 2 gm. (b) In situ SEM
compression of the SiOC micropillars with a diameter of about § pm at different pyrolysis temperatures. Scale bars, S ym. (c) Compressive
stress—strain curves of the SiOC micropillars with a diameter of about S pm at different pyrolysis temperatures. (d) Comparison of
compressive strength of micropillars with different diameters and pyrolysis temperatures.

whose influence is more pronounced in micro/nanoscale
structures compared with macroscopic samples.”” Simulta-
neously, a substantial fraction of the carbon is released as
gaseous small molecules during pyrolysis, resulting in the
observed decrease in its proportion.

Temperature-Dependent Structural Properties

To study the influence of pyrolysis temperature on the
morphology, triply periodic minimal surface (gyroid) struc-
tures are printed and subjected to annealing in an argon
atmosphere within the temperature range of 800 to 1200 °C.
After pyrolysis at different temperatures, the samples exhibit a
well-defined morphology with clear outlines and no observable
crystallization grains. The linear shrinkage rate slightly
increases with rising temperature, approximately 25%, 28%,
and 32% at 800 °C, 1000 °C, and 1200 °C, respectively
(Figure 3a). Notably, after pyrolysis at 1200 °C, the
microstructure becomes markedly smoother and shows a
tendency to melt at the contact region between the structure
base and the sapphire substrate (Figure S10, Supporting
Information). At a pyrolysis temperature of 1300 °C, the
structures almost completely collapsed. This is because, when
heated to 1200—1400 °C, SiOC undergoes phase separation,
forming SiO,-rich regions and the SiC phase."*** In addition,
residual oxygen in the furnace atmosphere inevitably diffuses
into the structure during heat treatment, generating an
additional SiO, phase. EDS analysis of the microstructure
pyrolyzed at 1200 °C supports this, showing a significant
increase in oxygen content (Figure S11, Supporting
Information). When the temperature reaches 1200 °C, it
exceeds the glass transition temperature of SiO,, causing it to
transition from a rigid glassy state to a viscous flow state.*®*

For micro- and nanosized 3D structures, this softening effect is
greatly amplified. Their high specific surface area and small
curvature radii make surface-tension-driven viscous flow much
more severe than that in bulk materials. This leads to rounding
of sharp features and ultimately to complete collapse of the
structures at higher temperatures, causing irreversible struc-
tural failure before crystallization. Similar phenomena have
been reported in previous studies.”* >’

To evaluate the mechanical properties of the SiOC ceramics
with different pyrolysis temperature, in situ compression tests
are performed on micropillars with a diameter of about 5 ym.
Figure 3b presents SEM images capturing the compression
process of the micropillars, showing ductile deformation
behavior, and the failure process is essentially consistent in
all cases, with fracture originating from the base. The stress—
strain curves show that these micropillars possess exceptional
strength, with a failure strain reaching up to 30% (Figure 3c).
Furthermore, with increasing pyrolysis temperature, their
compressive strength progressively rises from 4.45 to 7.55
GPa, and the elastic modulus gradually increases from 31.5 to
45.5 GPa (Figure S12, Supporting Information). This indicates
that higher pyrolysis temperatures lead to an increased degree
of ceramization, a denser microstructure, and a gradual
enhancement in mechanical properties. The mechanical
properties of micropillars at smaller dimensions are also
measured (Figure 3d and Figure S13, Supporting Informa-
tion). The results demonstrate that they similarly exhibit
consistent deformation behavior and high strength, which can
be attributed to the defect-free nature of the fabricated
structures (Figure S14, Supporting Information). Figure S15
summarizes a comparison of the mechanical properties of
micropillars made of different materials reported to
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Figure 4. Mechanical properties of SiOC lattices. (a) SEM images before and after compressive failure. Scale bars, 10 gm. (b) Compressive
stress—strain curves of the different lattice types. (c) Comparison of compressive strength and failure strain among different lattice types. (d)
Comparison of compressive strength and failure strain between our SiOC lattices and other lattice structures reported in the literature for

different materials and types.

date.”?%?%*%317% The specific data are provided in Table S3,
Supporting Information. The SiOC micropillars prepared by
our method exhibits exceptional strength and toughness,
offering broad application prospects.

Mechanical Properties Evaluation and Application of 3D
SiOC Microarchitectures

To assess the application potential of this work in the field of
lightweight, high-strength materials, two types of lattice
structures, including beam-based metamaterials (face-centered
cubic (FCC) truss structure and Octet) and shell-based
metamaterials (Diamond, Gyroid, and Schwarz P), are
designed with the same relative density of 20%. All structures
are pyrolyzed at 1000 °C under the argon atmosphere, and
their deformation and failure under uniaxial compression are
observed (Figure 4a). To obtain reliable and reproducible
mechanical data, the structures here are printed directly onto
the sapphire substrate, without an additional base layer added
at the bottom of the structures as shown in Figure 2. Figure 4b
presents the stress—strain curves of these lattice structures, all
of which exhibit a good linear relationship and exceptionally
high strength, reaching up to 0.54 GPa. Figure 4c provides a
detailed comparison of the compressive strength and failure
strain of these lattice architectures. The corresponding elastic
modulus is shown in Figure S16, Supporting Information. The
compressive strength of shell-based mechanical metamaterials

is significantly higher than that of beam-based ones. This can
be attributed to the smooth and continuous curved-surface
geometry of shell-based structures, which effectively reduces
stress concentration and thereby imparts superior mechanical
performance. In contrast, the damage in beam-based structures
tends to concentrate more intensely during compression,
which readily leads to catastrophic fracture. Although the
fracture stresses differ, the failure strains remain relatively
consistent, falling within the range of 10%—15%.

Figure 4d summarizes the compressive strength and failure
strain of other structures reported in the literature for different
materials and types.”"*®**7373061=67 T4 enable a more
comprehensive comparison of mechanical properties, the
density of the ceramic pyrolyzed at 1000 °C is measured.
The mass of the samples is determined using a balance, and the
volume is measured by the water displacement method, which
involves immersing the sample in a graduated cylinder filled
with water and recording the volume change. The density of
the sample is calculated to be 2.02 g cm™. Figure S17
summarizes a comparison of compressive strength versus
density and elastic modulus versus density between the SiOC
ceramic lattices fabricated in this work and other reported
lattice structures. The specific data are provided in Table S4,
Supporting Information. Owing to their defect-free nature
(Figure S18, Supporting Information), excellent mechanical
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properties, and size effect, the SiOC lattice structures
fabricated by our method exhibit exceptionally high strength
and enhanced toughness compared with macroscopic-scale
lattice architectures. These mechanical properties are com-
parable to those of the state-of-the-art nanolattice structures
produced via TPP reported to date.

Benefiting from its robust mechanical properties and good
biocompatibility, SiOC is an ideal material for constructing
functional microneedle arrays.””*** Microneedle technology
primarily enables painless, minimally invasive intervention by
penetrating the stratum corneum, holding significant applica-
tion prospects in transdermal drug delivery and point-of-care
diagnostics.”’~"* To demonstrate the capability of our
approach for precision microneedle fabrication, we successfully
produced SiOC ceramic microneedle arrays. As shown in
Figure 5a, coated microneedles can release drugs transdermally
via surface loading. The hollow microneedles in Figure Sb
possess dual functions of extracting interstitial fluid and
releasing drugs and can also be used for biomarker monitoring
or controlled-release therapy with their fine needle tips. Our
method offers high design freedom, enabling the fabrication of
complex 3D microneedle geometries (such as gradient needle
bodies and multilevel hollow channels) according to specific
application requirements and environmental conditions.

To evaluate the biocompatibility of the SiOC microneedle, a
cell viability test is performed. HeLa cells are seeded on a glass
substrate featuring a fabricated microneedle array and cultured
for 36 h (experimental group). As shown in Figure S19, the
bright green fluorescence signal indicates that HeLa cells grow
and proliferate normally around the microneedle array. A
control group was established by culturing HeLa cells on a
sapphire substrate without the microneedle array. The
fluorescence intensity shows no significant difference between
the experimental and control groups, demonstrating that the
microneedle array has a negligible impact on HeLa cell viability
(Figure S19, Supporting Information). Simultaneously, the
penetration capability of the microneedle array was evaluated
by pressing it into a polydimethylsiloxane (PDMS) film. It is
observed that the microneedles successfully penetrate the
PDMS film without fracture (Figure S20, Supporting
Information). These tests demonstrate that the fabricated
SiOC microneedle arrays hold great potential for biomedical
applications.

B CONCLUSION

This work establishes a reliable and efficient manufacturing
pathway to fabricate high-performance ceramic microdevices
from a single preceramic resin. The photosensitive preceramic
resin consists solely of polycarbosilane and a photoinitiator,
which not only reduces production costs but also significantly
enhances ceramic yield, thereby facilitating the minimization of
pyrolysis shrinkage. A prebaking-assisted network-densification
strategy is introduced for the resin, enabling the construction
of robust and stably supported 3D preceramic polymer
architectures via TPP printing. Through a pyrolysis process,
various 3D SiOC microstructures with high shape fidelity and
mechanical robustness are successfully obtained. The micro-
pillars pyrolyzed at 1000 °C exhibit a compressive strength of
6.41 GPa and a failure strain of 30%, while those pyrolyzed at
the higher temperature of 1200 °C achieve a compressive
strength of 7.55 GPa. The fabricated SiOC nanolattices show a
high compressive strength of 0.54 GPa and a high failure strain
exceeding 10%, comparable to state-of-the-art TPP-printed
ceramic nanolattices reported to date. To highlight the
potential biomedical applications of our method, two types
of functional microneedle arrays are fabricated, and their
biocompatibility and penetration capability are demonstrated.
The proposed method integrates simple material processing,
good precursor storage stability, high 3D shaping capability,
and excellent mechanical properties of the final ceramic.
Importantly, it offers a versatile platform readily adoptable by
researchers across diverse fields, from micromechanics to
biomedicine and from MEMS to extreme-environment
materials. By overcoming the conventional challenges of
precursor complexity, shrinkage, and compromised mechanical
performance, this work establishes a solid foundation for
exploring silicon-based ceramics in extreme environments,
lightweight structural components, and biomedical micro-
devices. Future research could further explore fine-tuning
precursor chemistry and incorporate various elements to
construct more functional ceramic devices, promoting the
broader application of polymer-derived ceramics in high-
performance 3D micro/nano devices.
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B EXPERIMENTAL SECTION

Material Preparation

The precursor used in this study is a commercial liquid
polycarbosilane (SLE-LPCS, Suzhou Cerafil Ltd., China). 1 wt %
photoinitiator ethyl methyl ketone (EMK) was added, together with
xylene as solvent at three times the mass of EMK. Afterward, the
mixture is treated ultrasonically in a 40 °C water bath for 20 min to
obtain the photosensitive preceramic resin (LPCS-EMK). The entire
process does not require additional solvent to maintain good fluidity.

Fabrication Process

Prebaking. In the experiment, the resin was first drop-cast onto a
sapphire substrate (200 ym) and prebaked on a hot plate at 90 °C in
air for 10 min. A thin glass slide (170 gm) was then placed on top,
with a 120 um-thick Kapton tape spacer defining the gap.

TPP Printing. The femtosecond laser source is a mode-locked Ti:
sapphire ultrafast oscillator (Chameleon Vision-S, Coherent) with a
central wavelength of 800 nm. The pulse width is 75 fs, and the
repetition rate is 80 MHz. The laser is tightly focused using a 60X oil
objective with high numerical aperture (NA = 1.35) in order to realize
high resolution. The laser focus is steered by a pair of galvo-mirrors
for 2D scanning, while the step between two layers is realized by a
linear nanopositioning. Point-by-point scanning paths are generated
from homemade slicing software. The slicing distance for all
structures is 160 nm, and the hatching distance is 210 nm. All
preceramic polymer microstructures are printed with a laser power of
15 mW. The exposure time for the micropillars is set to 2000 s to
prevent insufficient mechanical strength, which could otherwise lead
to tilting and adversely affect the subsequent compression tests. For
the other structures, an exposure time of 1000 us is applied to
improve printing efficiency. Finally, the samples are immersed in
xylene for 10 min for development to remove uncured resin, followed
by cleaning with ethanol for 2 min to obtain the predesigned 3D
structures.

Pyrolysis. Pyrolysis is performed in a high-temperature tube
furnace, GSL-1700X (Hefei Kejing Material Technology Co., Ltd.).
During the process, the heating rate is 1.5 °C min™'. Holding times of
120 and 60 min are set when the temperature reaches 150 and 400
°C, respectively. Then, the temperature was increased to the target
temperature (800 °C, 1000 °C, and 1200 °C), held for 1 h, and
subsequently cooled to room temperature inside the furnace. The
entire pyrolysis process is conducted in an inert argon atmosphere.

Characterization

SEM. SEM images are taken using a secondary electron scanning
electron microscope (Zeiss EVO18, Germany) at an accelerating
voltage of 10 keV. Before testing, all samples are coated with ~10 nm
gold.

EDS. EDS analysis was performed using a Schottky field emission
scanning electron microscope (Gemini-SEM 360, Germany)
equipped with a Bruker XFlash6160 detector at an accelerating
voltage of 10 keV.

Rheology Test. The viscosity changes of the preceramic polymer
over time during isothermal treatment at 90 °C is measured using a
rotational rheometer (TA Discovery HR-2, USA). The gap distance
between the parallel plate fixtures used for the measurement is 700
um. The measurement is performed at a constant shear rate of 10 s™".

TGA. TGA is performed using a thermogravimetric analyzer
(NETZSCH TG 309 Supreme, Germany) at a heating rate of 20 °C
min~" to 1000 °C under an N, atmosphere.

FTIR Spectroscopy. FTIR spectra are collected using an FTIR
spectrometer Nicolet 8700 (Thermo Scientific, USA) in the range of
400 to 4000 cm™".

In Situ Compression Testing. Compression tests are performed
inside the Gemini-SEM 360 using a NanoFlip nanoindenter (load
range, 0 to S0 mN) with a flat-punch diamond tip of 10 ym for
micropillars and 100 gm diameter for lattice structures. All tests are
conducted at a displacement rate of 50 nm/s and load-displacement
curves are recorded.
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