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Current glass additive manufacturing relies on
high-temperature processing to achieve optical transparency
accompanied by significant structural shrinkage. These factors
significantly restrict the micro-optical applications of three-
dimensional (3D) glass microstructures in microsystems. Here,
a low-temperature, low-shrinkage 3D printing strategy for
transparent nanoporous glass microstructures is presented
using a molecular cross-linker-free resin containing methacrylic
acid-functionalized nanoparticles (MAA-NPs). The MAA-NPs
serve dual roles as photopolymerizable units and silica
precursors, enabling the creation of 3D microarchitectures

with a 78 wt % solid loading through two-photon polymerization. In stark contrast to conventional particle-loaded composites,
uniform nanoparticle dispersion eliminates wavelength-scale pores in the microstructure after sintering at 650 °C, achieving
97% visible-light transmittance. Most importantly, the combination of MAA cross-linking, which enables small interparticle
spacing, and low-temperature sintering results in nanoporous glass 3D microarchitectures with low linear shrinkage (~5%),
thereby enabling high-fidelity fabrication of complex micro-optics. Crucially, our strategy enables direct in situ integration of
glass microlenses on optical fibers at low temperatures, achieving high alignment precision without assembly steps. This
strategy exhibits potential across multiple domains, including micro-optics, photonics, biomedical devices, and integrated

optics.

two-photon polymerization, 3D transparent glass microstructure, low shrinkage, low-temperature sintering,

optical fiber integrated microdevices

Glasses, such as fused silica glass, nanoporous glass, and
multicomponent glass, possess exceptional properties, includ-
ing outstanding optical transparency and environmental
robustness, making them indispensable in contemporary
scientific and industrial fields."™ Shaping these glasses into
desired geometries, especially three-dimensional (3D) struc-
tures with precisely defined micro/nanoscale features, can
significantly propel the development of advanced applications,
such as micro-optics,”* photonics,” microelectromechanical
systems,” and microfluidics.*” Notably, 3D glass micro-
structures hold great promise in micro-optical applications, as
they can replace original polymer components to achieve
enhanced stability and performance. Especially, the integration
of glass micro-optics into microsystems can extend their
service lifetime and broaden their application scope to harsh
operational environments.'~'* Current state-of-the-art glass
manufacturing methodologies rely on additive manufacturing
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to fabricate silica-based hybrid structures, which are sub-
sequently converted into transparent glass through thermal
processing."> >’ However, the reliance on high-temperature
treatments (>1100 °C) imposes significant constraints on the
direct integration of glass microcomponents into micro-
systems, as most substrates cannot withstand such high
temperatures. Thus, current glass additive manufacturing
methods have limited integration compatibility, which hinders
the expansion of application fields.
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Figure 1. Low-temperature and low-shrinkage fabrication of transparent nanoporous silica glass microstructures. (a—c) Schematic
illustration of the state evolution of NPs during TPP and low-temperature sintering. Scale bars: 10 gm. (d) FTIR spectra of the samples
before and after printing in the range of 1550—1900 cm™'. The C=C elongation at 1636 cm™" exhibits a decrease as expected from
polymerization. (e) SEM and optical microscopy images of the nanoporous glass micropattern “SiO,”, demonstrating no deformation and
excellent optical transparency. Scale bars, 10 gm. (f) Plot of the shrinkage rate against the processing temperature of the 3D-printed

transparent glass in our work, together with the data of other reported 3D-printed transparent glasses for comparison.

15—34,36,37

Low-temperature or nonthermal processing methods can
significantly popularize the application of glass 3D printing in
microsystems. To this end, particle-free silica-based resins,
such as polyhedral oligomeric silsesquioxane (POSS)**™*° and
sol—gel materials,””** polydimethylsiloxane (PDMS),* and
hydrogen silsesquioxane (HSQ),”*** have been proposed to
reduce the high temperatures required for particle sintering.
Despite the promising potential of these materials, critical
temperature limitations persist in the most widely used
particle-loaded nanocomposites, which typically reveal poor
transparency and mechanical strength after thermal treatments
below 700 °C.>°~** It inhibits more cost-effective and widely
used material systems from achieving technological break-
throughs in advanced glass applications. Moreover, due to the
high organic content, existing silica-based materials generally
have low loading capacities (<60 wt %), which exacerbates
structural shrinkage (>20%).'%***%*%37 Such significant
shrinkage compromises the shape fidelity and positional
accuracy of 3D printed microstructures, leading to nonuniform
mechanical or optical properties.”* " The combination of
appropriate processing temperatures and deformation-free
geometries is expected to further expand the application fields
of transparent glass. Therefore, it is highly desirable and
challenging to develop a strategy that can simultaneously
achieve high transparency and low shrinkage in 3D printed
glass structures through low-temperature processing.

Achieving this goal requires a resin system with a high
packing density of small-sized nanoparticles (NPs), where the
small nanoparticle size facilitates low-temperature sintering”"**
and the high particle loading minimizes shrinkage. Recently,
monomer-functionalized NPs with photoresponsive properties
have garnered significant attention. These functional groups
enable copolymerization with acrylic-based polymers to
enhance mechanical performance, demonstrating promising
applications in dental materials*’ and 3D printing."* Crucially,
in the absence of polymers, monomer-functionalized NPs can
serve as individual photopolgfmerizable units for photo-
polymerization-based printing,**° yielding polymerized archi-
tectures with high nanoparticle packing density. Therefore, this
material system offers a viable pathway toward maximizing
nanoparticle loading capacity while enabling low-temperature,
minimal-shrinkage fabrication of transparent glass. Here, we
present a strategy for low-temperature, low-shrinkage 3D
printing of transparent nanoporous glass microstructures using
a resin doped with methacrylic acid-functionalized silica
nanoparticles (MAA-NPs) to address the above challenge.
Our resin is a molecular cross-linker-free resin, which can
achieve photopolymerization through methacrylic acid (MAA)
functional groups on the surface of NPs, reaching a solid
content of 78 wt %. Owing to this unique feature,
microstructures fabricated through two-photon polymerization
(TPP) exhibit uniform and densely packed nanoparticle
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Figure 2. Chemical and physical characterizations of low-temperature sintered nanoporous silica glass. (a) FTIR spectra of the gases released
from the printed samples as the temperature increased from room temperature to 1000 °C. Almost all organic compounds decomposed at
650 °C. (b) FTIR spectra of the printed samples after heat treatment at different temperatures. (c) Comparison of Raman spectra of printed,
650 °C sintered, and commercial fused silica glass. The Raman spectrum of the 650 °C sintered sample is similar to that of the commercial
reference, indicating successful conversion to a silica network. (d) Comparison of XPS spectra of printed, 650 °C sintered, and commercial
fused silica glass. The carbon peak is completely removed in the 650 °C sintered sample, confirming the elimination of organic residues. (e)
Bright-field TEM images of the 400 and 650 °C sintered glass, confirming a uniformly distributed nanoporous internal characteristic. Scale
bars, 20 nm. (f) Measured compressive stress—strain curves of printed and 650 °C sintered micropillars. The 650 °C sintered micropillar
exhibits enhanced mechanical strength compared to the printed sample. Scale bars: 2 ym.

arrangements. This ultimately enables the 650 °C sintered
structures to demonstrate 97% visible-light transmittance with
a linear shrinkage as low as 5%. The strategy achieves the
successful fabrication of high-fidelity complex 3D micro-
architectures and functional micro-optics. Furthermore, glass
microlenses are integrated on the end of optical fibers in situ
without assembly steps, demonstrating the application
potential of our strategy in microsystems. Overall, our strategy
paves an alternative route for low-temperature 3D glass
manufacturing and unveils significant application prospects in
integrated optics microdevices.

RESULTS AND DISCUSSION

Resin Formulation and Printing Mechanism. As
illustrated in Figure la, our resin solely consists of MAA-
NPs, a photoinitiator, and a solvent, rendered as a transparent
yellow solution. The size distribution of the MAA-NPs is
narrow, ranging from 13 to 32 nm with an average diameter of
approximately 21 nm (Figure S1, Supporting Information).
The MAA functional groups, which are chemically attached to
the silica NPs, enhance the dispersibility of NPs in the
solvent.'®*> This effectively minimizes light scattering during
femtosecond laser irradiation, thereby achieving submicrom-
eter printing resolution (Figure S2, Supporting Information).
Critically, MAA-NPs serve dual roles as photopolymerizable

units and silica precursors. With MAA groups, adjacent NPs
are directly cross-linked through radical-initiated polymer-
ization upon two-photon excitation”” (Figure 1b). This
reaction is confirmed by the Fourier-transform infrared
(FTIR) spectra of the samples before and after printing,
where a noticeable decrease in the peak around 1636 cm™!
indicates the consumption of C=C bonds during photo-
polymerization (Figure 1d). The intrinsic cross-linking
capability of MAA-NPs eliminates the need for additional
photo-cross-linkers, ***°
78 wt % in our resin (Figure S3, Supporting Information). Due
to the absence of photo-cross-linkers, our resin has a simpler
composition compared to existing photocurable silica nano-
composites (Table S1, Supporting Information), which makes
it low-cost and easily formulated. 4,4’-Bis(diethylamino)-
benzophenone is used as a photoinitiator in the resin to
achieve TPP printing. With the replacement of the photo-
initiator with phenylbis(2,4,6-trimethylbenzoyl)phosphine
oxide, the resin can undergo UV curing at 365 nm, allowing
for rapid preparation of macroscopic structures (Figure S4,
Supporting Information).

During TPP printing, free radicals generated via two-photon
absorption initiate localized MAA polymerization that cross-
links NPPs into dense clusters along the focused laser path.*>*°
This process fabricates 3D microstructures with uniform NP

which increases the solid content to
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dispersion and small interparticle spacing, which are essential
for ensuring transparency and reducing sintering-induced
shrinkage. The printed structure is then developed in ethanol
to remove non-cross-linked NPs. Despite the absence of cross-
linkers, our strategy still creates mechanically stable micro-
structures even without supercritical drying. Figure 1b
exemplifies a high-quality 3D truss microstructure with 2 pm
wide beams, showing no deformation. Moreover, single-arm
and four-arm cantilever beams shown in Figure SS remain fully
intact without damage.

Low-Temperature Postprocessing. A moderate sinter-
ing temperature of only 650 °C in an air atmosphere is
employed in our strategy (Figure S6, Supporting Information).
During this process, the polymer chains connecting the NPs
are first decomposed, followed by the formation of silicon—
oxygen networks between NPs through sintering (Figure 1c).
Thermogravimetry-Fourier transform infrared spectroscopy
(TG-FTIR)-coupled analysis shows three decomposition
stages during heating to 650 °C, with a 22% cumulative
mass loss and peaks at 96, 393, and 580 °C (Figures 2a and S3,
Supporting Information). The first stage primarily involves the
evaporation of trace amounts of residual solvents and
physically entrapped water.”® During the second stage, the
observed mass decrement is attributed to thermal degradation
of cross-linked and uncross-linked MAA groups, releasing
carbon dioxide (CO,), carbon monoxide (CO), propene
(C;Hy), isobutylene (C,Hy), and a mixture of acid/carbonyl
functionalities.”” As the decomposition progresses into the
third stage, the primary thermal degradation products shift
toward CO, and CO, indicating the exhaustive oxidation of
residual carbonaceous impurities. Beyond 650 °C, the FTIR
spectra exhibit no notable alterations, suggesting the cessation
of further decomposition and the presence of solely inorganic
constituents. Notably, thermogravimetric analysis (TGA)
shows a subtle yet persistent mass loss above 650 °C.
Considering the absence of carbonaceous impurities, this
change is attributed to the dehydroxylation of the material at
elevated temperatures.’® To demonstrate this, the FTIR
spectra of the material sintered at different temperatures are
collected (Figure 2b). The complete elimination of organic
components at 650 °C is evidenced by the absence of peaks at
1640, 1727, and 2960 cm™}, corresponding to the stretching
vibrations of C=C, C=0, and C—H, respectively.”’ The
broad band centered around 3000—3800 cm™' remains,
indicating the presence of physically adsorbed water and
residual hydroxyl groups.’*> Reheating the 650 °C sintered
sample, the TGA result reveals a 0.7% mass loss at
approximately 100 °C, corresponding to water evaporation,
followed by a slight mass decrease with increasing temper-
atures, indicating a continuous dehydroxylation process’
(Figure S7, Supporting Information). Lastly, the FTIR
spectrum shows two main peaks at 812 and 1112 cm™,
corresponding to the symmetric and asymmetric stretching
vibrations of the Si—O—Si bonds, respectively.”"*

The dispersion of NPs has been demonstrated to play a
crucial role in high-temperature sintering of high-quality, crack-
free glass,””>* and similarly, it is vital to the properties of low-
temperature sintered glass. The uneven distribution of NPs in
conventional nanocomposites leads to the formation of large
inorganic vacancies under low-temperature (600 °C) con-
ditions.””*" In addition, commonly used NPs have large sizes
(>40 nm), which inherently limits the sintering driving force
and leaves most particles unsintered.""** This results in a

lower strength of the sintered structure and further exacerbates
the formation of large-sized pores. The resulting large and
unevenly sized pores cause light scattering, which is the
fundamental reason for the low transparency of low-temper-
ature thermally processed nanocomposites. In our strategy,
uniform NP distribution achieved through MAA cross-linking
avoids possible inorganic vacancies in printed structures, thus
eliminating wavelength-scale pores after low-temperature
sintering. The enhanced surface energy of 21 nm NPs
facilitates viscous flow of amorphous silica NPs at 650 °C,
enabling the formation of sintering necks between adjacent
particles,*"** which further reduces the pore size (Figure 1c).
Therefore, uniformly distributed NPs combined with their
small size reduce the obstruction of transmitted light by the
overall structure. To experimentally prove this, we compare
our material with unfunctionalized particle-loaded nano-
composites sintered under identical conditions (Note S1 and
Figure S8, Supporting Information). Unfunctionalized particles
present poor NP dispersion, resulting in a heterogeneous pore
distribution and size. Consequently, the final structure shows
low transmittance, regardless of the NP size. By contrast, direct
MAA cross-linking in our material ensures optimal NP
homogeneity, yielding smoother surfaces and cross sections
with better transparency upon sintering at 650 °C. Further
high-resolution scanning electron microscopy (SEM) imaging
of the internal structure of low-temperature sintered glass
reveals that in conventional nanocomposites, most particles
remain unsintered with uneven distribution, whereas our
material exhibits distinct interparticle sintering and uniformly
distributed pores (Figure S9, Supporting Information). The
sintered micropattern exhibits high optical transmittance under
visible light (Figure le). More examples are presented in
Figure S10, Supporting Information, where the letters “USTC”
are clearly observed even when obscured.

Adhesion between the structure’s base and glass substrate
induces strain mismatch during heat treatment due to
differential shrinkage. The substrate-bound region undergoes
constrained shrinkage, whereas the unconstrained upper part
shows a greater contraction. The shrinkage gradient causes
structural deformation that compromises geometric integrity
(Figure S1la, Supporting Information). Although additional
sacrificial support or base printing can mitigate distortion, it is
not conducive to efficient manufacturing. The fundamental
solution to sintering-induced shrinkage deformation lies in
minimizing the shrinkage. With small interparticle spacing and
restricted particle displacement under low-temperature sinter-
ing conditions, our strategy successfully achieves the
fabrication of 3D nanoporous glass microstructures with an
ultralow shrinkage (Figure 1c). The linear shrinkage rate (SR)
is calculated using the formula:

L/
SR = (1 - —) X 100%
L (1)

where L represents the postprinting dimension and L’
represents the postsintering dimension (Figure S11b, Support-
ing Information). Ultimately, the 3D architecture demonstrates
only ~5% linear shrinkage during the entire heating process
(Table S2, Supporting Information), which makes strain
mismatch negligible without additional steps. The macroscopic
sample also exhibits a linear shrinkage rate as low as 4.94%
(Figure S12, Supporting Information). Additionally, the
shrinkage rate for the as-printed material in comparison to
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the printing design is approximately 1.34% (Table S2,
Supporting Information). To increase the reliability of
shrinkage assessment, we measure the linear shrinkage rate
of a 20 um diameter sphere,”® which can better represent
actual optical elements. The shrinkage is measured to be
4.96%, which is basically consistent with the shrinkage
assessment of the 3D microstructure (Figure S13, Supporting
Information). To emphasize the pivotal role of the cross-
linker-free material system in minimizing shrinkage, we
incorporate varying concentrations of pentaerythritol triacry-
late (PETA) into the resin. The results show a positive
correlation between the shrinkage rate and PETA content,
demonstrating that the densely packed initial arrangement of
NPs effectively minimizes dimensional reduction (Figure S14,
Supporting Information). Compared with conventional high-
shrinkage systems, minimal shrinkage reduces deformation and
eliminates the need for sacrificial support, thereby improving
shape fidelity and manufacturing efficiency.

To be more intuitive, our strategy is compared with other
reported strategies in terms of processing temperature and
shrinkage rate (Figure 1f and Table S3, Supporting
Information). For NP-loaded resins, achieving transparency
of the silica structure typically requires temperatures exceeding
1000 °C, often approaching 1300 °C. The sole exception is the
one-photon microstereolithography (OuSL) technology,'®
which employs the similarity—interchangeability theory to
create a nanocomposite ink with exceptionally uniform NP
dispersion. Although not detailed in their work, this material
shows transparency after 600 °C pyrolysis, which corroborates
our hypothesis that small, uniformly dispersed NPs enable low-
temperature transparency. However, its shrinkage rate is high
due to the presence of a large amount of organic components,
which increases interparticle spacing. Conversely, NP-free
resins require lower processing temperatures but reveal higher
shrinkage rates. Hydrogen silsesquioxane (HSQ), while
capable of directly printing nearly carbon-free silica and
indistinguishable from silica %lass after annealing at 900 °C
with 6.1% linear shrinkage,”* is impractical for efficient
manufacturing due to its 1 yum s™' printing speed. Our strategy
offers an excellent balance between transparency, processing
temperature, and shrinkage rate. Moreover, it is worth noting
that our material can achieve transparent structures over a
broad temperature range (650—1050 °C). At the same
temperature, the shrinkage rate of our material is generally
minimal, even when it is fully sintered at 1050 °C.

Material Characterization. A series of material character-
izations is conducted to verify the chemical composition and
physical characteristics of the low-temperature sintered nano-
porous glass. Raman spectroscopy measurements are per-
formed to characterize the material’s structural properties
(Figure 2c). As a reference, the spectrum of a commercial
fused silica glass slice (JGS-2 grade, SiO, >99.9999%) is
provided. Comparative analysis shows that all organic spectral
features are completely eliminated, thereby confirming the
results obtained from FTIR spectroscopy. The sintered
nanoporous glass exhibits a Raman spectrum similar to that
of the commercial reference. The @, and w; bands correspond
to the bending vibration of the Si(O,,), tetrahedrons’ Si—O—
Si bridges, and the w, bands are ascribed to the stretching
motion of the Si—O bonds. The D, and D, lines correspond to
the symmetric stretching of silicon—oxygen ring molecules.”**
The differences in the intensity are explained by the inherent
structural disparities in silica-membered rings.”” The emer-

gence of an additional peak at 982 cm™' and a distinct band

within the 3000—3800 cm™" region indicates the presence of
Si—OH within the structure,®® which can be eliminated after
sintering at 1050 °C (Figure S1S, Supporting Information).

The elemental composition is measured by the X-ray
photoelectron spectroscopy (XPS) analysis (0—1200 eV,
Figure 2d). As expected, the 650 °C sintered structure is
mainly composed of silicon and oxygen (Si: 34.83%, O:
63.12%, C: 2.05%; Table S4, Supporting Information), which
aligns with the elemental composition of commercially
available fused silica glass (Si: 34.54%, O: 63.65%, C: 1.80%;
Table S4, Supporting Information). The minor carbon content
is attributed to adventitious carbon contamination during
testing, which is usually employed for XPS calibration. In the
fine spectroscopy results, the peaks of the sintered glass match
very well with commercial specimens (532.6 eV for O 1s peak,
103.4 eV for Si 2p peak, and 25.3 eV for O 2s peak), which
indicates their identical chemical state and structural
composition (Figure S16, Supporting Information).

TEM is used to record internal structure evolution
intuitively (Figure 2e). The tested TEM samples are sliced
from 400 and 650 °C sintered glass microstructures via focused
ion beam cutting. Bright-field TEM imaging at 400 °C shows
densely packed discrete NPs, indicating that NP sintering did
not occur at this temperature. In contrast, at 650 °C, the
formation of sintering necks between particles confirms that
sintering has taken place. This phenomenon strongly confirms
the feasibility of sintering at 650 °C. The final sintered
structure exhibits a uniformly distributed nanoporous internal
characteristic. To further quantitatively assess pore character-
istics, N, adsorption—desorption measurement is performed
on the sintered macroscopic structure. Barrett—Joyner—
Halenda (BJH) analysis of the desorption branch exhibits an
average pore size of 6.65 nm (Figure S17, Supporting
Information), aligning with TEM observations. The homoge-
neous nanoscale porosity accounts for the retained optical
transparency despite low-temperature processing.”’ The
density of the sintered nanoporous glass, which is measured
to be 1.24 g cm™, is lower than that of fused silica glass (2.20 g
cm™) due to its porous nature (Note S2, Figure S18, and
Table SS, Supporting Information). Further heating induces
progressive structural shrinkage, and the shrinkage rate sharply
increases above 1000 °C due to the collapse of nanopores
(Figure S19, Supporting Information). After sintering at 1050
°C, the structure becomes completely dense (Figure S20,
Supporting Information). Despite its inherent porosity, the
nanoporous glass exhibits robust mechanical properties. In situ
compression testing of a 650 °C sintered micropillar displays
elastic—plastic deformation with a compressive strength
exceeding 2 GPa (Figure 2f). This value is lower than the
value after complete sintering at 1050 °C (Figure S21,
Supporting Information) due to the presence of nanopores
but still surpasses the strength of most state-of-the-art
polymers.”” Figure 2f also highlights a significant enhancement
in the mechanical properties of the sintered silica compared to
the printed microstructure, which provides additional evidence
of sintering between NPs. The Young’s modulus, thermal
expansion, and laser damage threshold of the nanoporous glass
are discussed in Note S3 and Figures S22, S23, Supporting
Information. Additionally, an energy-dispersive spectroscopy
test demonstrates the homogeneous distributions of Si and O
elements (Figure S24, Supporting Information). Selected-area
electron diffraction (SAED) pattern and X-ray diffraction
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Figure 3. High-fidelity 3D nanoporous glass microstructures. (a—d) SEM images of various complex 3D glass microstructures, including (a)
unit shifted octahedron, (b) gyroid structure with a triply periodic minimal surface, (c) 3 X 3 X 3 octet microlattice, and (d) 3 X 3 X 3
octahedron microlattice. All microstructures show high uniformity and fidelity. Scale bars, 10 ym. (e, f) SEM images of 2D glass
microstructures, including (e) honeycomb structure and (f) grid structure with a rod width of 600 nm. The enlarged SEM images show no
edge delamination and curling. The grid structure exhibits a blue structural coloration under transmitted light illumination. Scale bars, 10
and S pm for enlarged SEM images. (g) Measured shrinkage rates of the fabricated glass microstructures.

(XRD) results collectively verify the amorphous phase of the
sintered glass (Figure S25, Supporting Information).
High-Fidelity 3D Nanoporous Glass Microstructures.
To demonstrate the robustness of our strategy, a series of
complex 3D nanoporous glass microstructures with high
fidelity and precision are fabricated. All structures undergo
identical low-temperature heat treatment. Notably, a unit
shifted octahedron, a gyroid structure with a triply periodic
minimal surface, a 3 X 3 X 3 octet microlattice,and a3 X 3 X 3
octahedron microlattice are successfully fabricated (Figure 3a—
d). These examples highlight the exceptional manufacturing
capability of our strategy and its potential for the creation of
mechanical metamaterials. The minimal shrinkage ensures
negligible strain mismatch even without sacrificial support and
promotes the successful fabrication of crack-free silica
microstructures with high uniformity and fidelity. Two-
dimensional (2D) honeycomb and grid structures are further

printed directly on substrates, with lateral dimensions of 100
pum X 100 ym and a height of 3 ym (Figure 3ef). Such thin
architectures are highly susceptible to edge delamination and
curling due to substrate-induced strain gradients, which pose
significant challenges for resins with high shrinkage rates.
However, our strategy eliminates these defects, preserving the
structural integrity after sintering. Owing to the high-resolution
TPP fabrication, the grid structure with submicron feature size
(rod width: 600 nm) exhibits blue structural coloration under
transmitted light illumination (Figures 3f and $26, Supporting
Information).

To measure the shrinkage rates of these microstructures, the
microstructures before sintering are characterized, as shown in
Figure S27, Supporting Information. The results show that all
microstructures have low shrinkage rates (Figure 3g). The
longitudinal dimensions of the 2D microstructures show
significant measurement errors due to the randomness of the
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Figure 4. 3D glass micro-optics. (a) Optical transmission comparison between the 650 °C sintered nanoporous glass and commercial fused
silica glass. The inset shows the 200 gm thick unpolished block used for measurement. Scale bar, 2 mm. (b) AFM measurements of the
printed and 650 °C sintered microblocks, demonstrating low surface roughness. Scale bars, 1 pm. (c) Fabricated glass convex and concave
microlens. Scale bars, 10 um. (d) Characterization of the glass hexagonal microlens array, including (i) optical image, (ii) focused light spot,
(iii) normalized light density distribution, and (iv) imaging of the letter “S”. Scale bars, 20 gm. (e) Characterization of the ultracompact

initial plane selection for TPP printing; therefore, only the
changes in lateral dimensions are recorded. Compared with 3D
geometries, 2D planar structures are more easily constrained
by the substrate due to their smaller longitudinal dimensions,
resulting in a smaller shrinkage rate. Overall, we achieve a
method of printing distortion-free transparent 3D nanoporous
glass microstructures without the need for additional supports
or bases, which is particularly challenging for processes with
high shrinkage. Our strategy is expected to facilitate the
development and widespread application of mechanical
metamaterials with lightweight and high-strength properties.”’

Glass Micro-Optics. To investigate the optical properties
of low-temperature sintered nanoporous glass, we measure the
ultraviolet—visible—near-infrared (UV—Vis—NIR) transmis-
sion spectrum of a 200 ym thick unpolished block fabricated
through UV curing and 650 °C sintering (Figure 4a).
Commercial silica glass with the same thickness is used as a
reference. Due to the presence of nanopores, nanoporous glass
has a lower refractive index compared to commercial fused
silica glass, which means that nanoporous glass has lower
interfacial reflection losses®"®* (Note S4, Note SS, and Figure
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S28, Supporting Information). Meanwhile, the subwavelength
scale of these nanopores minimizes light scattering (Note SS,
Supporting Information). As a result, the fabricated nano-
porous glass has good optical visible light transmittance (97%),
which is in sharp contrast to opaque conventional low-
temperature sintered nanocomposites. While nanoporosity
reduces ultraviolet transmittance relative to commercial fused
silica glass, no distinct absorption cutoff edge is observed. The
thickness has a greater impact on the transmittance of
nanoporous glass; however, for structures not exceeding 1
mm, the transmittance remains at a relatively high value
(Figure S29, Supporting Information). Atomic force micros-
copy (AFM) measurements on a sintered microblock show an
arithmetic mean line roughness (Ra) of 5.5 nm, representing
an improvement compared to the as-printed part (Figure 4b).
Despite being slightly higher than reported values for high-
temperature annealed nanocomposites, the roughness meets
the requirement of glass micro-optics. Further annealing at
1050 °C reduces Ra to 2.6 nm (Figure S30, Supporting
Information), enabling the direct fabrication of optical-grade
freeform lenses. Figure 4c displays the side profiles of the
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Figure 5. Optical fiber integration with glass microlens. (a) Schematic illustration of the no assembly, integrated manufacturing process for
fabricating an all-glass “lens-on-fiber” device. (b) Optical image of the integrated device. Scale bar, 50 gm. (c) Silica microword “GLASS”
printed on the end face of an optical fiber, showing no deformation. Scale bar: 50 ym. (d) Fabricated “lens-on-fiber” device, showing
minimal deviation of the lens after sintering. Scale bar, 50 ym. (¢) FWHM of the focused spot, obtained by coupling a 550 nm laser into the
fiber and focusing it through the glass lens. The focused spot exhibits slight differences in both the X and Y directions, demonstrating good
alignment. (f) Schematic diagram of the glass microendoscopy imaging system. Scale bar: 20 gm. (g) Imaging of the letters “U”, “S”, “T”,

and “C”. Scale bars, 20 um.

fabricated convex and concave lenses, with the latter partially
fabricated for ease of observation. We characterize the
broadband focusing performance of the convex lens by
collecting cross sections of optical intensity along the optical
axis plane at various wavelengths. The measured axial focal
positions remain nearly identical for wavelengths of 470, 550,
and 620 nm, confirming the low chromatic aberration of the
microlens (Figure S31, Supporting Information). Moreover,
our microlenses offer significant cost advantages over current
3D-printed glass microlenses, mainly due to reduced material
costs and lower energy consumption. The unique low-
shrinkage characteristic enables our microlenses to maintain
structural integrity during sintering without requiring sacrificial
bases, thus reducing design complexity and processing time.
To further demonstrate the capability of our low-temper-
ature sintering strategy for fabricating micro-optics, we
fabricate a variety of such microdevices. A microlens array
(MLA) consisting of multiple individual microlenses arranged
in a certain order enables advanced functionalities such as
wavefront detection® and beam homogenization.64 To
maximize the light collection efficiency of an MLA, a high fill
factor is a crucial requirement.65 By using our strategy, a
hexagonal MLA with a 90.69% theoretical maximum fill factor
can be printed directly on a fused silica substrate [Figure
4d(i)]. Benefiting from ~5% linear shrinkage, the postsintered
MLA maintains a high fill factor (81.85%), which enhances

light utilization efficiency (Note S6 and Figure $32, Supporting
Information). The uniform light intensity distribution [Figure
distortion-free imaging of the letter “S” [Figure 4d(iv)]
confirm good optical performance, which matches that of
microlenses fabricated via traditional manufacturing techni-
ques.’® Line-focusing cylindrical lenses are similarly demon-
strated (Figure S34 in the Supporting Information). We
further fabricated an ultracompact glass doublet lens and
exhibited the imaging results of Paramecia and Drosophila
(Figure 4e). Such a complex microlens is difficult to fabricate
using traditional methods, such as subtractive top-down
approaches.”® Additional microlens is fabricated using the
organic—inorganic hybrid photoresist SZ2080 for comparative
imaging evaluation. Both systems demonstrate comparable
imaging performance (Figure S35 in the Supporting
Information).

Our strategy enables the fabrication of distortion-free binary
diffractive optical elements. As proof, a glass Fresnel zone plate
(FZP) comprising 10 concentric rings is constructed (Figure
41(i)). Notably, the narrowest ring width in the FZP reaches
650 nm (Figure S36, Supporting Information). Under
illumination at a wavelength of 550 nm, the FZP produces a
round focal spot through optical diffraction, with 0.76 um full
width at half-maximum (FWHM), indicating good focusing
performance. Excellent imaging characteristics are also
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obtained, as observed in Figure 4f(ii). The thermal and
chemical resistance of the nanoporous glass device is further
demonstrated by evaluating the focusing feature after thermal
and chemical treatment. By subjecting to S cycles of 600 °C
annealing, the FWHM of optical intensity profiles remains
almost unchanged (Figure 4f(iii)). After the FZP was soaked
in various representative chemical reagents for 1 h, negligible
changes in the focusing feature were observed (Figure S37,
Supporting Information). The good thermal and chemical
resistances of low-temperature sintered glass promote the wide
applications of optics in extreme thermal and corrosive
environments.

Glass “Lens-on-Fiber” Microdevices. Based on the
proposed strategy, we integrate micro-optics onto optical
fiber end facets to demonstrate the potential application
prospects of our strategy in microsystem integration. Optical
fiber-integrated microdevices, which integrate 3D micro-optics
with optical fibers, hold promising applications in beam
shaping,'’ laser manufacturing,'* and endoscopic imaging.'>"*
Currently, microdevices on optical fibers are primarily made of
organic polymers, which suffer from limited thermal stability
and low laser damage thresholds. Glass materials are expected
to overcome these problems, especially with their good
biocompatibility, which makes them promising for biomedical
applications.””°* However, conventional glass fabrication
methods face challenges due to high-temperature processing
constraints””*® and structural misalignment caused by
excessive shrinkage. The real solution to this challenge lies in
developing an ink that can be used “as-printed” and does not
require sintering; however, such research is still in its early
stage.”>** Currently, thermal-processing-based techniques
remain the mainstream methods for glass manufacturing.
Here, our low-temperature, low-shrinkage 3D printing strategy
enables direct integration of glass micro-optics onto optical
fibers (without cladding polymer) with high alignment
precision. As a proof of concept, we fabricate an all-glass
“lens-on-fiber” device by directly printing a microlens onto a
fiber end facet without assembly steps (Figure Sa). After
sintering in air at 650 °C, both the lens and the fiber maintain
optical transparency (Figure Sb). Figure Sc displays the SEM
image of the silica microword “GLASS” printed on the end face
of an optical fiber, demonstrating that the structure experiences
minimal deformation during sintering. Low shrinkage mini-
mizes the deviation of the lens after sintering, ensuring efficient
light coupling (Figure Sd). To demonstrate this, a 550 nm
laser is coupled into the fiber and focused by the glass lens
upon emerging from the end. The FWHM of the focused spot
exhibits slight differences in the X and Y directions,
demonstrating precise lens-fiber alignment (Figure Se).
Additional integrated glass microstructures are shown in
Figure S38, Supporting Information. We further develop a
glass microendoscopy system by integrating an 80 um
diameter microlens onto a fiber bundle. This system projects
the images of objects onto the fiber bundles’ distal end,
transmitting them to the proximal end for capture via a 50X
objective and charge-coupled device (CCD) camera (Figure
5f). Consequently, the letters “U”, “S”, “T”, and “C” are imaged
(Figure Sg). This approach holds promise for integrating more
complex glass optical systems onto optical fibers and provides a
scalable platform for multifunctional optical fiber systems in
biomedical imaging and industrial laser applications.

CONCLUSIONS

To obtain transparent glass, particle-based glass 3D printing
typically requires high-temperature sintering for full densifica-
tion, causing significant structural shrinkage. In this work, a
low-temperature, low-shrinkage 3D printing strategy is
developed to fabricate transparent nanoporous glass micro-
structures using particle-loaded resins. The crucial innovation
of our strategy lies in the MAA-NPs-loaded resin, which, unlike
conventional nanocomposites, does not require cross-linkers.
Through MAA cross-linking, small NPs are densely and
uniformly arranged in the printed structures. This innovation
led to two major advances. First, we experimentally confirm
that NP sintering initiates at 650 °C, leveraging the small
particle size (21 nm). Unlike conventional nanocomposites
that form large, unevenly distributed pores after low-temper-
ature processing,””>" our approach, benefiting from the initial
densely packed NP arrangement, yields nanoporous glass with
small (6.65 nm), uniformly distributed pores after low-
temperature sintering. This nanostructure significantly reduces
light scattering, thereby achieving high transparency in the
sintered structures. This advancement challenges the long-held
notion that particle-based nanocomposites require ultrahigh
temperatures to produce transparent glass, positioning our
particle-loaded system within the emerging paradigm of low-
temperature glass fabrication. Second, due to the restricted
particle displacement during low-temperature sintering and the
initial dense particle packing, our printed 3D microstructures
exhibit a uniform shrinkage rate of ~5%, much lower than
most reported glass 3D printing technologies.”””>** C
sequently, unlike existing methods that require sacrificial bases
to preserve structural integrity, our strategy achieves high
shape fidelity in 3D glass microarchitectures without additional
processing steps. Building on these dual advancements, we
successfully fabricated glass “lens-on-fiber” microdevices with
high alignment precision through direct in situ integration,
eliminating the assembly steps. The nanoporous glass
produced by our strategy also holds potential for applications
such as photofunctionalization,””*" antireflective coatings,”"**
and drug delivery systems.”” Overall, this work highlights an
attractive combination of low thermal processing temperature,
high transmittance, and minimal shrinkage for 3D glass
manufacturing, offering broad application prospects ranging
from micro-optics, photonics, and biomedical microdevices to
integrated microsystems.

EXPERIMENTAL SECTION

Materials. A solution of propylene glycol monomethyl ether
containing homogeneously dispersed methacrylic acid-functionalized
silica nanoparticles (MAA-NPs, SiO, content ~40 wt %) was
purchased as a catalog product from Shanghai Jiute Nanomaterial
Technology Co., Ltd. 4,4'-Bis (diethylamino) benzophenone (EMK,
>99%) was purchased from Aladdin. Phenylbis (2,4,6-trimethylben-
zoyl) phosphine oxide (XBPO, 98%) and pentaerythritol triacrylate
(PETA, 96%) were purchased from Macklin. Ethanol (>99.5%),
ethylene glycol (>99.5%), methanol (>99.5%), isopropanol
(>99.7%), 1-propanol (>99.5%), hydrochloric acid (36.0—38.0%),
and sodium hydroxide (>96.0%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Fused silica glass slides (25 mm X 25 mm
X 0.2 mm) were purchased from Donghai Jinpute Optoelectronics
Technology Co., Ltd.

Resin Preparation. The resin only consists of MAA-NPs, a
photoinitiator, and a small amount of solvent. First, S g of
functionalized silica NP solution is heated to 65 °C for 20 h in an
oven to evaporate 2.3 g of the solvent. Then, for the TPP printing
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precursor, 40 mg of EMK (acting as a photoinitiator) is directly mixed
with the solution, followed by ultrasonic treatment until the resulting
solution becomes completely transparent. For the UV printing
precursor, 20 mg of XBPO is used as the photoinitiator, and the
remaining steps are the same.

Fabrication of 3D Microstructures. The resin is printed by a
homemade TPP printing system. The femtosecond laser source is a
mode-locked Ti: sapphire ultrafast oscillator (Chameleon Vision-S,
Coherent Crop, central wavelength: 800 nm, pulse width: 75 fs,
repetition rate: 80 MHz). The laser is tightly focused by a 60X oil-
immersion objective with high numerical aperture (NA = 1.35) in
order to realize high resolution. The laser focus is steered by a pair of
galvomirrors for 2D scanning, while the step between layers is realized
by linear nanopositioning. Before printing, 20 uL of the resin is
dropped onto a fused silica glass slide (thickness: 200 ym) and baked
on a hot plate at 100 °C for 90 s to remove as much excess solvent as
possible. Point-by-point scanning paths are generated from the home-
built slicing software according to the designed 3D models, in which
the slicing distance and hatching distance are all set to 100—300 nm.
The laser power and scanning speed are set to 10—30 mW and 50—
400 pm s~', respectively. After printing, the sample is immersed in
ethanol for 30 min to remove the uncured part. The sample is then
dried under ambient conditions without additional operations. The
heat treatment processes for all samples are conducted in a muflle
furnace (KSL-1500X, HF-kejing, China) in air. During the process,
the temperature is increased to the target temperature at a ramping-up
rate of 1 °C min™". The dwelling times are, respectively, set as 120,
180, and 600 min when the temperature reaches 200, 400, and 650
°C, respectively. After that, the samples are gradually cooled to room
temperature at a ramping-down rate of 2 °C min™".

Fabrication of 3D Microstructures on Fiber. First, a
homemade support tube is used to hold the optical fiber in a vertical
orientation and maintain a gap between the fiber end facet and the
cover glass of £120 um. Before being held, the cladding polymer on
the optical fiber is removed. Next, 20 uL of resin is dropped on the
glass substrate to wrap the fiber tip and baked at 100 °C for 90 s to
evaporate the solvent in the resin. Then, the fiber is suspended with
the tip facing downward toward the focal plane of the processing
system. The position of the fiber is adjusted according to a magnified
CCD image under transmitted light illumination. After that, the
designed microstructure is directly printed on the fiber end facet by
TPP. After polymerization, the sample is developed in ethanol for 30
min until all the uncured part is removed. Finally, the fiber is
transferred to a muffle furnace for sintering, resulting in glass “lens-on-
fiber” microdevices.

Morphological Characterization. SEM images are taken with a
secondary-electron scanning electron microscope (EVO18, ZEISS)
operating at an acceleration voltage of 10 keV after depositing ~10
nm gold. TEM images of the MAA-NPs are obtained by a high-
resolution transmission electron microscope (HT7700 Exalens,
HITACHI) operating at an acceleration voltage of 200 kV. TEM
characterizations of sintered glass are done with a field emission
transmission electron microscope (JEM-2100F, JEOL) operating at
an acceleration voltage of 200 kV. The tested TEM samples are sliced
from sintered silica glass microstructures via focused ion beam (FIB,
FEI Helios NanoLab650, Thermo Fisher Scientific) cutting. The
surface roughness is measured using an AFM system (Dimension
Icon, Bruker).

Chemical and Compositional Characterization. To facilitate
experimental procedures, some tests are conducted using UV-cured
macroscopic samples. The impact of different printing methods on the
final material’'s properties is explained in Note S7, Supporting
Information. TG-FTIR is performed by a combination of a
thermogravimetric analyzer (TGA-8000, PerkinElmer) and a Fourier
transform infrared spectrometer (Frontier, PerkinElmer). TGA is
performed with the temperature gradually increased to a maximum
temperature of 1000 °C at a rate of 10 °C min™". FTIR analyses of
sintered samples are conducted by a Fourier transform infrared
spectrometer (Thermo Nicolet iS5, Thermo Fisher Scientific). Raman
spectra are acquired from a Raman spectrometer (LabRam HR
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Evolution, HORIBA Scientific) under 532 nm excitation. XRD
analyses are performed on a theta—theta rotating anode X-ray
diffractometer (TTR-IIL, Rigaku). The tested samples used above are
macroscopic and were obtained through UV curing. XPS data are
analyzed using an in situ X-ray photoelectron spectrometer
(ESCALAB 250Xi, Thermo Fisher Scientific).

Mechanical and Physical Characterization. In situ compres-
sion tests are conducted by a KLA NanoFlip Nanoindenter with a
diamond flat punch tip with a diameter of 10 gm in a ZEISS Gemini
SEM 360. The compression tests are performed at a displacement rate
of 10 nm s~ for all micropillars. The force signals are acquired
through a pressure transducer. The pore size distribution is measured
with the use of an N, adsorption—desorption apparatus (Micro-
meritics ASAP 2460) at —196 °C. The tested sample is obtained
through UV curing and sintering, followed by degassing under
vacuum at 120 °C for 6 h before the analysis. The pore size
distribution is calculated by Barrett—Joyner—Halenda (BJH)
equations, over the acquired adsorption data points. The density of
the obtained nanoporous silica glass is calculated by measuring the
mass and volume of a thin-film sample (Note S2, Supporting
Information).

Optical Characterization. The optical microscopy images are
obtained using an inverted microscope (DMI 3000B, Leica). Optical
transmission is characterized using a UV—Vis—NIR spectrometer
(SolidSpec-3700i, Shimadzu). The tested sample is obtained through
UV curing and sintering to match the thickness of commercial silica
glass used as a reference. Refractive indices are measured using
ellipsometry on UV-cured and sintered macroscopic films. The
focusing characteristics of the microlenses are measured by the
microscope. The 2D images of focused light spots are captured using
a CCD camera.
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