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ABSTRACT: Four-dimensional (4D) printing enables simple
structures to undergo programmed and controlled morpho-
logical reconfiguration for fabricating more complex three-
dimensional (3D) architectures, which has recently garnered
considerable research interest. However, 4D printing of glass,
particularly for glass microstructures, faces fundamental
challenges due to the limited deformability of glass and the
lack of reliable deformation mechanisms. Here, a capillary-force-
assisted assembly approach is presented to realize the 4D
printing of glass microstructures with programmable morphing
capabilities. The precursor microstructures fabricated by two-
photon polymerization are reconfigured into complex 3D microassemblies under postprinting capillary force, ultimately
yielding transparent glass microstructures upon thermal sintering. Compared with conventional 3D printing approaches, our
4D printing approach enables the fabrication of geometrically sophisticated glass microstructures, particularly development-
resistant geometries such as hollow microarchitectures, which are previously unattainable through additive manufacturing
techniques. Furthermore, the fabricated glass-based chiroptical metamaterials demonstrate giant chiroptical responses and
enhanced environmental stability when compared to conventional polymeric counterparts. Fully enclosed hollow
microarchitectures successfully encapsulate a diversity of inorganic particles. This work provides a scalable platform for
advanced glass microfabrication and allows for the 4D printing of functional inorganic devices.
KEYWORDS: 4D printing, capillary-force-assisted assembly, glass microstructures, two-photon polymerization, chiroptical metamaterials,
hollow microstructures

Four-dimensional (4D) printing is a transformative
additive manufacturing technology that leverages
structural configurations with deformable properties,

enabling programmed and controlled morphological reconfigu-
ration of printed architectures1,2 through temperature,3−5

humidity,6−8 light,9−11 cell contractile force,12 or mechanical
force.13,14 The technology provides a simple and efficient
approach to construct complex three-dimensional (3D)
architectures from simple geometries by leveraging program-
mable material behavior.15 Compared to conventional 3D
printing, 4D printing offers access to more delicate and
hierarchical structures, such as curved thin-walled,14 large-
span,16 and hollow structures,17 which present fabrication
challenges for conventional direct 3D printing techniques. A
wide range of materials have been successfully adapted for 4D
printing, including organic materials such as hydrogel,12,18,19

shape memory polymer,20 and hard and brittle inorganic
materials like ceramics.21−35 Therefore, 4D printing offers
unprecedented opportunities for the fabrication of 3D
structures with diverse functional materials.

Silica glass, renowned for its exceptional optical trans-
parency, mechanical robustness, thermal stability, and chemical
inertness, remains indispensable in advanced industrial and
scientific applications.36−38 3D complex glass structures with
micro/nano features can be achieved by integrating organic−
inorganic silica precursor 3D printing with subsequent thermal
treatment,39−41 which have demonstrated significant potential
in micro-optics,42,43 photonics,44,45 micromechanics,46 and
microfluidics.47 However, 4D printing of glass remains
underexplored. To address this research gap, insights can be
drawn from well-established ceramic 4D printing strategies,
which primarily rely on anisotropic shrinkage21−26 or external
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mechanical actuation.27−35 These approaches induce con-
trolled deformation of 3D-printed structures either after
printing or during thermal treatment, which typically
necessitate silica precursors with sufficient deformability.
Although increasing the organic content improves precursor
deformability, this compositional modification significantly
reduces solid loading, leading to sintering-induced excessive
shrinkage and geometric distortion. Moreover, these deforma-
tion mechanisms cannot be readily extended to the micro/
nanoscale due to the incompatible force-structure relationship
and inherent operational challenges at microscopic dimensions.
In anisotropic-shrinkage-driven methods, the mismatch
between driving forces and structural rigidity exists, while

external mechanical actuation fails to achieve the precision
required for microscale manipulation. Additionally, the
transition to microscale dimensions amplifies the impact of
minor fabrication errors, thereby severely compromising
deformation accuracy. Achieving high-quality 4D printing of
glass structures at these finer scales remains a critical challenge,
as it demands a fundamentally different driving force capable of
precise deformation without compromising microstructural
integrity.
At the microscale, current 4D printing is confined to

stimulus-responsive organic materials.11,18,48,49 The incorpo-
ration of inorganic components can severely compromise their
deformability, which makes them unsuitable for 4D printing of

Figure 1. General process for 4D printing of silica glass microstructures. (a) Schematic illustration of fabricating glass microassembly
through TPP, capillary-force-assisted assembly, and heat treatment. (b) Schematic illustration of force analysis during capillary-force-
assisted assembly of printed microplates. (c) Stress−strain curves of printed micropillars with different laser processing power. Scale bar: 5
μm. (d) SEM images of the assembled and sintered six-petal thin-walled microstructure. Scale bars: 10 μm. (e) XPS of the printed samples,
sintered glass, and commercial fused silica glass. (f) Bright-field TEM images and a selected area diffraction pattern of the sintered glass.
Scale bars: (i) 1 μm, (ii) 20 nm, and (iii) 5 nm−1.
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inorganic materials. To drive structural deformation at the
micro/nanoscale, capillary-force-induced self-assembly techni-
ques have attracted significant research interest.50,51 Capillary
force arises from liquid meniscus formation at the solid−liquid
interface during liquid evaporation and spontaneously emerges
without requiring external energy input. This force is on the
order of millinewtons, which is apt for inducing deformation in
microstructures.52−55 Under capillary action, complex 3D
microarchitectures can be precisely assembled from microunits
(e.g., micropillars, microplates), with their assembly morphol-
ogy being flexibly adjustable by altering the dimensions,
geometries, and spatial arrangements of the microunits.56−58

For instance, 3D hierarchical structures59−61 and micro-
channels62 can be assembled by laser-printed micropillars
and microplates. Besides, chiral microstructures can be formed
through asymmetrical capillary force induced by micropillars
with asymmetric cross sections or initial bending an-
gles.57,63−67 These assembled microstructures hold significant
application prospects in particle trapping,59−61 chiral sens-
ing,63−67 cell cluster culture,68 and microfluidics.62,69 There-
fore, capillary force is anticipated to be an ideal mechanism for
driving silica precursor deformation and enabling the 4D
printing of glass microstructures. However, existing capillary-
force-driven assembly has been predominantly limited to
organic or low-inorganic-content materials, leaving a significant
gap in achieving high-inorganic-content structures essential for
functional glass devices.
Here, we present a 4D printing approach for fabricating

high-quality glass microstructures through capillary-force-
assisted assembly of two-photon polymerization (TPP)-printed
organic−inorganic hybrid silica precursors, followed by
thermal conversion to fused silica glass. Our approach
establishes a comprehensive “material-force-structure” relation-
ship for TPP-based 4D printing of inorganic−organic hybrid
material, specifically addressing the challenge of matching
capillary forces with the mechanical properties of high-
inorganic-content precursors. Through systematic optimization
of material composition and printing parameters, we achieve
precise control over precursor deformability while maintaining
sufficient inorganic content to minimize sintering distortion.
Furthermore, we identify and characterize a sintering-induced
“welding” effect that transitions interfacial bonding from weak
physical adhesion to robust covalent fusion, ensuring
permanent structural stability. Based on this approach, we
fabricate diverse glass microassemblies with submicron feature
resolution, including hierarchical microstructures, chiral
metamaterials, long microchannels, and hollow microarchitec-
tures. The 4D-printed chiroptical metamaterials exhibit giant
chiroptical responses and enhanced environmental stability.
Particularly noteworthy are the fully enclosed hollow micro-
structures, which overcome the inherent limitation of conven-
tional 3D printing, namely, the inability to develop inaccessible
internal regions, and are successfully utilized to encapsulate
inorganic particles (yttrium, lanthanum, and zirconium
oxides). We also fabricate semienclosed microchannels that
show potential applications in microfluidics. These results
collectively demonstrate that the proposed approach success-
fully applies the 4D printing concept to the fabrication of high-
performance inorganic microstructures, suggesting its potential
for advancing glass microfabrication.

RESULTS AND DISCUSSION
4D Printing of Silica Glass Microstructures. Figure 1a

illustrates the process for 4D printing of glass microstructures
based on capillary-force-assisted assembly. First, a glass
precursor composed of silica nanoparticles (NPs) and polymer
matrix is printed using TPP according to the designed shape,
as exemplified by the six-petal thin-walled microstructure
shown in Figure 1a. The sample is then immersed in ethanol
for development and dries naturally in air after 0.5 h. As the
liquid evaporates, a meniscus forms between the microunits
when the liquid surface reaches the top of the microstructure,
which leads to the generation of capillary force. When the petal
bends under the capillary force, an elastic restoring force is
generated. If the capillary force exceeds the elastic restoring
force, the petals will continue to bend until they are assembled.
Once the liquid has completely evaporated, the six petals
adhere together to form a 3D microassembly. Finally, the
assembly undergoes debinding and sintering to be converted
into a transparent silica glass microstructure.
A critical challenge in microscale 4D printing of glass

materials lies in matching the driving force (capillary force in
this work) with the mechanical properties of the precursor. To
address this, a photopolymerizable resin is formulated with an
optimized composition of moderate organic cross-linkers and
high-loading inorganic silica NPs. The resin is solely composed
of methacrylic acid-functionalized silica nanoparticles (MAA-
NPs), a photo-cross-linker (poly(ethylene glycol) diacrylate,
PEGDA), and a photoinitiator (4,4′-bis(diethylamino)-
benzophenone, EMK). The methacrylic acid (MAA) func-
tional groups, which are chemically attached to the silica NPs,
enhance the dispersibility of NPs in the resin,44,46 thereby
effectively minimizing light scattering caused by agglomeration
during femtosecond laser irradiation. Additionally, the NPs
have an average diameter of 21 nm, further contributing to the
submicron printing resolution (Figures S1 and S2, Supporting
Information). The resin ultimately appears as a clean,
transparent, light-yellow solution (Figure S1, Supporting
Information). Notably, MAA groups can undergo radical
polymerization to achieve the printing of 3D microstructures
without the need for additional cross-linkers (Figure S3,
Supporting Information). However, in this case, the printed
microstructures show limited deformability, as the rigid
inorganic particles are tightly packed and occupy most of the
space. As demonstrated by in situ compression test, the printed
micropillar has a low fracture strain of 12% and a high Young’s
modulus of 3.58 GPa (Figure S4, Supporting Information). To
address this issue, PEGDA is incorporated to enhance the
deformability of the polymerized structure. With 15 wt %
PEGDA, the printed micropillar exhibits significantly improved
mechanical properties. At a laser processing power of 22 mW,
the fracture strain reaches 32%, representing a 2.67-fold
increase compared to the condition without PEGDA, while the
compressive strength remains comparable. The Young’s
modulus of 1.2 GPa falls within the range typically inducible
to deformation by capillary force57,59 (Figures 1c and S4,
Supporting Information). Meanwhile, the silica content within
the resin reaches 65 wt % (Figure S5, Supporting Information),
which is higher than previously reported 3D-printed glass
microstructures (Table S1, Supporting Information) and
advantageous for reducing structural shrinkage during
sintering. Although further increasing PEGDA content can
enhance deformation performance, it reduces silica content
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and compromises structural strength, making the assembly
unstable under capillary force (Figure S6, Supporting
Information). In the final printed microstructure, the NPs
and PEGDA are mutually cross-linked, as illustrated in Figure
1a. The printed six-petal thin-walled microstructure exhibits
excellent structural integrity and fidelity (Figure S7, Supporting
Information).
The assembly of the microunits is governed by the

competition between capillary force (Fc) during solvent
evaporation and elastic restoring force (Fe) of microunits.
The assembly morphology is maintained when the adhesive
force (Fa) generated by contact between microunits can
counteract the elastic restoring force (Figures 1b and S8 and
Movie S1, Supporting Information). As shown in Figure 1d,
the six micropetals gather toward the center and form adhesion
at the top. The magnitudes of capillary force and elastic
restoring force are intrinsically determined by structural
parameters and the Young’s modulus of the material. Young’s
modulus exhibits tunability through laser processing power,70

as higher power enhances cross-linking density, thereby
elevating the stiffness of printed structures (Figure 1c). Taking
microplate units as an example, by varying geometric
dimensions (e.g., the height and thickness of microplates,
and the distance between microplates), three distinct assembly

states are achieved, including nonassembly, line-contact
assembly, and face-contact assembly (Figures S9 and S10,
Supporting Information). The laser processing power can be
adjusted to regulate the geometric thresholds (the height-to-
distance ratio) for successful assembly, as shown in Figure S9,
Supporting Information. Low power facilitates assembly by
reducing the Young’s modulus and elastic restoring force, but
excessively low power may cause the collapse of microunits
due to insufficient strength to counteract capillary force.
Detailed discussions can be found in Note S1, Supporting
Information. Additionally, it is worth noting that the
microstructure reaches the yield stage between 10% and 16%
strain, which indicates that the microstructure undergoes
plastic deformation (Figure 1c). The mechanical behavior is
attributed to the addition of PEGDA, as this phenomenon is
not observed in the material without PEGDA (Figure S4,
Supporting Information). Specifically, for nanocomposites with
PEGDA added, cavitation induced by filler−matrix interfacial
delamination leads to nonrecoverable structural deformation.71

This plastic behavior gives the microstructure a strain retention
rate of 78%, enabling the microstructure to maintain its
deformed shape even in the absence of adhesive force (Figure
S11, Supporting Information). It should be noted that the
plastic deformation only occurs at the high strain stage. In

Figure 2. Sintering-induced “welding” effect. (a) Schematic illustration and SEM images of microunits transitioning from weak bonding to
strong bonding. Scale bars, 2 μm. (b) SEM images of microassembly sintered at different temperatures demonstrating that welding degree
increases with rising sintering temperature. Scale bars, 2 μm. (c) Quantitative changes in welding degree based on the FWHM of gray level
profiles across welded interfaces. (d) SEM image and EDS mapping of the FIB-sectioned microassembly validating the welding integrity.
Scale bars, 2 μm. (e) Demonstration of point and face welding configurations. Scale bars, 2 μm for the left and 5 μm for the right.
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scenarios involving small strains, elastic deformation remains
the dominant form, and the microunits will return to their
original upright configuration if assembly is not possible.
Moreover, microstructures with identical dimensions exhibit
consistent assembly behavior (Figure S12a, Supporting
Information), which is attributed to the outstanding stability
of MAA-NPs. This is clearly evidenced by the observed
stability during the printing process (Movie S2, Supporting
Information) and the uniformly distributed silicon elements in
the printed structures (Figure S12b,c, Supporting Informa-
tion).
To be converted into transparent silica glass, the micro-

assembly is subjected to debinding and sintering processes in
air (Figure 1a). The debinding process decomposes all organic
matter at around 600 °C, which is demonstrated by the
thermogravimetric analysis (TGA) (Figure S5, Supporting
Information). The sintering process is conducted at a higher
temperature to fuse the NPs and promote the densification of
the structure. Additional vacuum degreasing steps can be
performed before debinding to produce pyrolytic carbon/silica
composites to ensure the structural integrity of larger
structures during heat treatment46 (Figure S13, Supporting
Information). Owing to the high solid content, the micro-
assembly exhibits a low linear shrinkage, which ensures good
structural quality (Figure 1d). The final obtained glass six-petal
microassembly has a maximum lateral dimension of 30 × 30
μm and a minimum feature size (wall thickness) of only 800
nm. X-ray photoelectron spectroscopy (XPS) is employed to
characterize the composition of the sintered glass. In the full
XPS analysis, the elemental composition of the sintered glass
aligns with that of commercial fused silica glass (JGS-2 grade,
SiO2 ≥99.9999%), which is mainly composed of silicon and
oxygen (Figure 1e and Table S2, Supporting Information). 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 S14, Supporting Information). The
transmission electron microscopy (TEM) image demonstrates
the dense nature of the sintered silica glass microstructures,
exhibiting an absence of discernible pores or cracks [Figure
1f(i) and (ii)]. The selected area diffraction pattern confirms
the amorphous characteristics of the sintered glass [Figure
1f(iii)]. The sintered microstructure exhibits excellent surface
quality, with an arithmetic mean line roughness (Ra) of only 2
nm measured by atomic force microscopy (AFM) (Figure S15,
Supporting Information). The ultraviolet−visible−near-infra-
red transmission spectrum shows that the sintered silica glass
exhibits exceptional optical transmission properties, achieving
over 90% across the entire spectrum (300−1000 nm) without
any visible absorption peaks (Figure S16, Supporting
Information).

Sintering-Induced Welding Effect. The shape retention
force after assembly is adhesive force, which mainly involves
van der Waals force in our case. van der Waals force is
significantly effective at the microscopic level and is propor-
tional to the contact area. Given the rough surface of the
printed microstructure (Figure S17, Supporting Information),
the contact area is sufficiently large, which results in a
substantial van der Waals force. This force ensures adequate
adhesive strength, enabling our assembled structure to
maintain its shape perfectly without rebounding during the
heating process (Figure S18, Supporting Information). When

the debinding process occurs, the microassembly undergoes
stress relaxation to form a permanent shape and is
subsequently sintered to produce dense silica glass.
The final sintering process not only promotes particle fusion

to achieve structural densification but also enhances structural
stability beyond the initial assembly configuration. As depicted
in Figure 2a, the microunits initially adhere together to form a
“metastable” state, where the assembled morphology can be
disrupted under specific conditions, such as liquid environ-
ments. During heat treatment, the strong sintering forces,
driven by the high surface energy of the small-sized NPs,
enable fusion bonding between particles at temperatures
exceeding 600 °C. This facilitates a transition from weak
intermolecular adhesion to strong silicon−oxygen covalent
bonding between microunits, resulting in a more robust
connection. This phenomenon, where sintering further induces
interfacial fusion bonding between microunits to enhance
structural integrity and form a unified entity, is defined as
“welding” effect. Figure 2b demonstrates the temperature-
dependent evolution of the welding degree (w) between
microunits, which is defined as

w
g g

g
T T x

T

20

20

= = =

= (1)

where gT=20 and gT=x represent the interfacial gap widths at
sintering temperatures of 20 °C and x °C, respectively. These
gap widths are determined through grayscale analysis of SEM
images, with values corresponding to the full width at half-
maximum (FWHM) of gray level profiles across welded
interfaces (Figures 2b and S19, Supporting Information).
Obviously, w increases progressively with rising sintering
temperature, ultimately reaching its maximum value at
temperatures above 1050 °C (Figure 2c). To further validate
the welding integrity, focused ion beam (FIB) cross-sectioning
analysis is conducted on microassemblies sintered at 1050 °C,
showing no detectable porosity or interfacial fractures at the
welded junctions. EDS elemental mapping demonstrates
exceptional compositional uniformity across the welding
interface (Figures 2d and S20, Supporting Information).
Notably, the welding strategy exhibits multiple connection
modes besides line joints, with successful implementation of
both point and face welding configurations (Figure 2e).
Leveraging the “welding” effects, the resultant microassemblies
exhibit enhanced structural stability compared to presintered
assemblies, maintaining architectural integrity even under
prolonged liquid immersion conditions (Figure S21 and
Movie S3, Supporting Information). Furthermore, the
deformed and welded glass microassemblies are mechanically
robust. In situ compression tests conducted on assemblies with
three welding configurations demonstrate excellent compres-
sive resistance (Figure S22, Supporting Information). Micro-
plate assemblies exhibit greater resistance to compressive force
compared to micropillar assemblies, which can be attributed to
their larger unit size. Face-welded assemblies undergo buckling
deformation prior to fracture, thereby enhancing their fracture
strain, whereas line-welded structures fracture directly at the
base upon reaching their compressive limit. These findings
demonstrate the capability of the proposed approach for
programming the mechanical properties of the microstructures.

4D-Printed Glass Microassemblies. To demonstrate the
robustness of our approach, a variety of 3D glass micro-
assemblies are fabricated. Initial demonstrations focus on three
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basic microunit configurations, including micropillar assem-
blies with tunable numbers and aspect ratios (Figures 3a and
S23, Supporting Information), microplate assemblies with
tunable numbers and shape (Figure 3b), and microhelix
assemblies (Figure 3c). These examples demonstrate the
potential of our approach in the fabrication of glass
lightguide,72 cell scaffolds,68 and microfluidic channels.62

Building on these, glass chiral microstructures can be produced
through asymmetrical capillary force63 or directional induction
method57,65 (Note S2, Supporting Information). In the first
method, microplates with anisotropic rectangular cross section

are uniformly distributed along a circular path, with their major
axes deviating from the local tangent by a predefined angle β,
as shown in Figure S24, Supporting Information. Capillary
forces and elastic restoring forces differ significantly between
the major and minor axes due to geometric asymmetry, which
eventually leads to the creation of spiral assemblies [Figures
3d(i),(ii), and S26a,b, Supporting Information]. Alternatively,
the second method introduces out-of-plane tilting angle (α) to
induce directional assembly (Figure S25, Supporting Informa-
tion), forming radially expanding 3D chiral geometries
[Figures 3d(iii) and S26c, Supporting Information].

Figure 3. 4D-printed glass microassemblies. (a) Micropillar assemblies with (i) 3 pillars and (ii) 8 pillars. Scale bars, 5 μm for the left and 10
μm for the right. (b) Microplate assemblies with (i) 4 rectangular plates and (ii) 2 trapezoidal plates. Scale bars, 10 μm. (c) Microhelix
assemblies with (i) single helices and (ii) double helices. Scale bars, 10 μm. (d) Chiral microassemblies with (i) 9 rectangular plates, (ii) 9
triangle plates, and (iii) 15 tilted plates. Scale bars, 10 μm. (e) Base-supported microassemblies with (i) elliptical base, (ii) hemispherical
base and (iii) complex framework base. Scale bars, 10 μm. (f) Micropillar assemblies with radial pattern. Scale bars, 20 μm. (g) Microplate
assemblies with spiral pattern. Scale bars, 20 μm.
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It should be noted that the aforementioned structures lack a
sacrificial substrate, thus changes in the shape of the assembled
structures can be observed during the sintering process. To
illustrate this more clearly, we measure the dimensional
changes (including the height and width) of a two-microplate
assembled structure (arch-shaped) at different sintering
temperatures (Figure S27, Supporting Information). Due to
the constraint from the substrate, the width at the bottom of
the structure (X-direction) remains largely unchanged. In
contrast, the height (Z-direction), being unrestricted, under-
goes significant changes. Consequently, the overall structure
transform from a tall arch to a shallow arch. This issue can be
mitigated by incorporating a sacrificial base, thereby achieving
higher fidelity in the assembled structures at the expense of
base deformation. Our approach can be applied to fabricate a
variety of base-supported microassemblies (Figure 3e). For

instance, an elliptical base with alternating vertical and
outwardly inclined microplates yields ship-like sintered
structures, where inclined microunits fail to assemble under
insufficient capillary forces [Figure 3e(i)]. Nonplanar base
assembly is demonstrated via 4-micropillar assembly supported
by a hemispherical base [Figure 3e(ii)]. Complex framework
base is also presented, in which the segmented microplates
above are well assembled and welded [Figure 3e(iii)].
Moreover, the spatial position of microassemblies can be
easily controlled which leads to diverse ordered patterns, as
shown in Figure 3f,g. Overall, these results collectively
underscore the adaptability of our approach in the fabrication
of complex glass microstructures.

Glass Chiral Microassemblies with Chiroptical Re-
sponses. Chiral architectures are ubiquitous in natural
systems, exemplified by helical plant tendrils, DNA double

Figure 4. Chiroptical helical dichroism (HD) on glass chiroptical metamaterials. (a) Schematic illustration of the OAM beams irradiating
upright onto the chiral microassemblies. (b) Electromagnetic simulations of the 9-micropillar chiral assemblies. Scale bars: 10 μm. (c−e)
HD spectra for three distinct glass chiral microassemblies, including (c) 9-micropillar assemblies, (d) 6-microplate assemblies, and (e) 9-
microplate assemblies. (f) Schematic illustration of high temperature and HCl treatment for glass chiral microstructures. (g) HD spectra for
9-micropillar chiral assemblies after high temperature and HCl treatment.
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helices, and drug molecules. Recent studies have demonstrated
that artificially constructed 3D chiral microstructures hold
critical significance in investigating chiral light-matter inter-
actions.73,74 Their 3D configuration greatly enhances chirop-
tical responses, thereby unlocking transformative potential for
applications in chiroptical sensing75 and chiral molecules
detection.76 Capillary-force-assisted assembly offers a cost-
efficient and scalable approach for creating chiral micro-
structures;63−67 however, current implementations predom-
inantly employ organic or organic−inorganic hybrid materials
that show limited stability under thermal or liquid
conditions.77 Silica glass addresses these limitations through
its thermal stability, chemical durability, and biocompatibility,
which makes it an ideal choice for chiral microstructure
construction. Moreover, due to the welding effect, the silica

chiral microassemblies fabricated by our approach exhibit
exceptional stability even in liquid environments, which further
expands the range of applicable environments.
Optical vortices carrying orbital angular momentum (OAM)

provide an effective way to detect optical chirality in
microscopic objects.63,76 The reflectance difference of chiral
microstructures under incident vortex beams with opposite
OAM modes can be observed, which is defined as helical
dichroism (HD). As illustrated in Figure 4a, HD measurement
is conducted by vertically illuminating the chiral micro-
assemblies with vortex beams of different topological charges.
Detailed procedures and the measurement setup can be found
in the Experimental Section and Figure S28, Supporting
Information. Electromagnetic field simulations for vortex
beams with topological charge l = ±10 show chirality-

Figure 5. 4D-printed hollow glass microstructures. (a) Schematic illustration of fabricating hollow glass microstructures through the open-
assembly process. Scale bars: 5 μm. (b) External and internal SEM images of fabricated hollow glass microstructures. Scale bars: 5 μm. (c)
Hollow glass microstructures with varying apex angle φ of the base triangle. Scale bars: 5 μm. (d) The smallest hollow pentahedron. Scale
bars: 10 μm for the left and 2 μm for the right. (e) Multilayer hollow structures. Scale bars: 10 μm. (f) The “encapsulation” process for metal
oxide particles. Scale bars: 5 μm. (g) EDS mapping of encapsulated yttrium, lanthanum, and zirconium oxides. Scale bars: 5 μm.
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dependent electric field distributions, confirming chiroptical
responses (Figure 4b). We measure the HD spectra of three
distinct chiral microassemblies, including 9-micropillar assem-
blies, 6-microplate assemblies, and 9-microplate assemblies
(Figures 4c,d and S29, Supporting Information). The 9-
micropillar assemblies are fabricated via the aforementioned
directional induction method, while the 6- and 9-microplate
assemblies are produced using asymmetric capillary force-
based approach (Note S2 and Figure S30, Supporting
Information). Among these, the 9-microplate assemblies
exhibit inhibited central convergence when compared to the
9-microplate assembly in Figure 3d(i) due to the increased β.
Instead, it forms support preferentially within the midregion
rather than the upper region, resulting in a centrally voided
architecture (Figure S31, Supporting Information). Exper-
imental HD spectra of these silica chiral microassemblies all
exhibit giant chiroptical HD signals and near-mirror symmetry
between opposite chiral structures, verifying fabrication
reliability (Figure 4c,d). Minor symmetry deviations arise
from nonuniform beam energy distribution and imperfect
structural mirror symmetry. HD peak positions vary with
microstructure size, and larger structures require higher
topological charges for peak responses. Microplate chiral
assembly exhibits higher HD response compared to micropillar
chiral assembly. Notably, the HD spectra of the 9-microplate
assemblies show zero low-l chiroptical signals, which originates
from the central void geometric characteristics. Using our
approach, it is expected to create more diverse chiral
microstructures with giant chiroptical responses.
Furthermore, to demonstrate the stability of the glass chiral

microassembly, it is subjected to a high-temperature environ-
ment at 1000 °C for 1 h and immersed in hydrochloric acid
(HCl) for 10 h (Figure 4f). The HD spectra of 9-micropillar
chiral assemblies after treatment almost overlap, which
demonstrates that the chiral microassemblies have not been
damaged (Figure 4g). These examples demonstrate the
potential of our approach to generate glass chiral metamaterials
with giant chiroptical responses and robust stability, which
have broad application prospects in chiroptical sensing and
biomolecular detection.

Hollow Glass Microstructures for Inorganic Particle
Encapsulation. Hollow glass microstructures exhibit excellent
application prospects in fields such as light manipulation, solar
modules,78 and thermal insulation.79 To our best knowledge,
there is currently no method capable of directly fabricating
hollow microstructures using conventional photopolymeriza-
tion-based additive manufacturing techniques. This is because
the printed structures require a development step to remove
unpolymerized parts, and the central hollow region, which the
developer cannot access, cannot be effectively removed,
ultimately resulting in the formation of a solid structure. Our
4D printing solution overcomes this challenge through the
open-assembly process. As shown in Figure 5a, the initial
printed microstructure consists of three triangular microplates
arranged in a triangular configuration and a base. Due to their
open state, the unpolymerized materials in the central region
are easily dissolved in the developer. Capillary forces then drive
structural closure into a tetrahedral configuration. Minor gaps
caused by fabrication tolerances are eliminated by welding
during sintering, producing fully enclosed hollow glass
microstructures. FIB cross-section analysis confirms complete
edge welding and the absence of internal residues (Figure 5b).
Hollow microstructure dimensions can be precisely controlled

by adjusting structural parameters, such as base dimensions
and microplate height (Figure S32, Supporting Information),
the apex angle φ of the base triangle (Figure 5c), and the
number of microplates (Figure S33, Supporting Information).
Our approach successfully achieves a smallest hollow
pentahedron with 2.96 μm base edge length, 3.66 μm height,
and 10.69 μm3 volume (Figure 5d), while maintaining
excellent uniformity (Figure S34, Supporting Information). A
multilayer hollow microstructure is further demonstrated,
confirming the flexibility of our approach (Figure 5e).
These hollow glass microassemblies enable novel applica-

tions in the micronanomanufacturing field, such as inorganic
particle encapsulation. As a proof of concept, we successfully
encapsulate yttrium, lanthanum, and zirconium oxides into
hollow glass microstructures. During the process, metal oxide
particles are mixed with the developer and settled into the
open structure under gravity. Subsequent assembly and
sintering weld the structure, completing the “encapsulation”
process (Figure 5f and Movie S4, Supporting Information).
FIB-sectioned samples with EDS mapping confirm successful
encapsulation (Figures 5g and S35, Supporting Information).
Besides the demonstrated encapsulation of yttrium, lanthanum,
and zirconium oxides, the 4D printing approach can be readily
extended to a broad library of functional metal and alloy
particles. These encapsulated microstructures are expected to
serve as protective shells for fluorescent80 and cytotoxic
particles,81,82 showing promising potential in optical sensing
and biomedical applications. Moreover, our approach facili-
tates the fabrication of semienclosed microfluidic channels
(Figure S36 and Movie S5, Supporting Information).
Compared to conventional TPP-printed microchannels requir-
ing prolonged development times (limited solvent access
through narrow openings), the open-assembly approach
enables rapid removal of unpolymerized resin, which
significantly reduces development time (Figure S37, Support-
ing Information).

CONCLUSION
In this work, we present a capillary-based 4D printing approach
to induce the programmable and precise deformation of glass
precursors, which are subsequently converted into fused silica
glass microstructures. Through tailored mechanics of TPP-
printed precursors and postprint capillary-driven assembly, the
approach enables fabrication of intricate 3D glass micro-
architectures with submicron resolution that previously pose
significant fabrication challenges. This work establishes a
foundational pathway for micro/nanoscale glass 4D printing by
elucidating key mechanisms that govern the transformation
from printed precursors to stable functional devices, such as
capillary-force-driven reconfiguration and sintering-induced
welding. The fully enclosed hollow microarchitectures
exemplify fabrication capabilities beyond the reach of conven-
tional TPP, while the chiroptical metamaterials showcase giant
optical responses and superior environmental robustness
compared to polymeric counterparts. It should be noted that
due to the inherent hardness and brittleness of inorganic
materials, direct room-temperature deformation of glass
remains highly challenging. Therefore, the shape morphing in
this work is achieved in the polymer-inorganic precursor state,
which is consistent with most current 4D printing strategies for
inorganic materials. This decoupling of the shaping step from
the material finalization step provides a viable pathway to
circumvent the inherent limitations of 4D printing hard and
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brittle inorganic materials. Overall, this work not only
establishes a scalable platform for high-precision glass micro-
fabrication but also deepens the understanding of material-
structure−property relationships in inorganic 4D printing,
which is expected to be applied to a broader class of functional
microsystems.

EXPERIMENTAL SECTION
Materials and Resin Preparation. A solution of propylene

glycol monomethyl ether containing homogeneously dispersed MAA-
functionalized colloidal silica NPs (SiO2 content ∼40 wt %) is
purchased from Shanghai Jiute Nanomaterial Technology Co., Ltd.
Poly(ethylene glycol) diacrylate (PEGDA, average molecular weight
∼700, containing 100−300 ppm BHT stabilizer) and Phenylbis
(2,4,6-trimethylbenzoyl) phosphine oxide (XBPO, 98%) are pur-
chased from Macklin. 4,4′-Bis(diethylamino)benzophenone (EMK,
≥99%) is purchased from Aladdin. Ethanol (≥99.5%) is purchased
from Sinopharm Chemical Reagent Co., Ltd. Sapphire wafer (20 × 20
× 0.2 mm) is purchased from Donghai County Liusha Optoelectronic
Technology Co., Ltd. Yttrium, lanthanum, and zirconium oxides are
purchased from Nangong Jiannuo Trading Co., Ltd.

For silica-based resin preparation, 0.5 g of PEGDA and 7 g of
colloidal silica solution are mixed together by vortex oscillation for 30
s, followed by ultrasonic concussion until bubbles disappear. Then,
the mixture is kept in an oven at 110 °C for 7 h to totally evaporate
the solvent. At last, 40 mg of EMK is added to the mixture. The
mixture is sonicated until the resulting solution becomes totally
transparent. For bulk samples, 20 mg of XBPO is added to cure the
samples using an ultraviolet light source.

TPP Printing, Capillary-Force-Assisted Assembly, and Heat
Treatment Processes. The femtosecond laser source is a mode-
locked Ti:sapphire ultrafast oscillator (Chameleon Vision-S, Coher-
ent) 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
60× 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 linear nanopositioning. In the experiment, the silica nanocomposite
is placed in the interlayer between the substrate (sapphire wafer, 200
μm) and the thin glass slide (170 μm). The interlayer is separated by
Kapton tape with a thickness of 120 μm. Point-by-point scanning
paths are generated from homemade slicing software. The laser power
and scanning speed are set to 22 mW and 200 μm s−1, respectively.
Finally, the processed sample is immersed in a developing solution
(ethanol) for 30 min to remove the uncured precursor.

The developed sample is placed in air at the ambient temperature
or on a hot plate at 100 °C for rapid evaporation. The microunits are
assembled into a variety of 3D microarchitectures induced by capillary
force generated by the evaporation of the liquid remaining between
neighboring microunits.

Heat treatment is divided into debinding and sintering, which are
performed in a muffle furnace (HF-kejing KSL-1500X, China) in air.
The heating procedure: (i) 1 °C min−1, from room temperature to
200 °C, keep for 2 h; (ii) 1 °C min−1, from 200 to 400 °C, keep for 3
h; (iii) 1 °C min−1, from 400 to 600 °C, keep for 2 h; (iv) 1 °C min−1,
from 600 to 1050 °C, keep for 30 min; (v) 3 °C min−1, from 1050 °C
to room temperature. Additional vacuum degreasing steps can be
performed before debinding to produce pyrolytic carbon/silica
composites to ensure the structural integrity of larger structures
during heat treatment. The process is undertaken in a tube furnace
(HF-kejing OTF-1200X, China) in a vacuum with a pressure of −0.1
MPa. The heating procedure: (i) 1 °C min−1, from room temperature
to 300 °C, keep for 2 h; (ii) 1 °C min−1, from 300 to 550 °C, keep for
3 h; (iii) 3 °C min−1, from 550 °C to room temperature. Illustrated
heating procedures are plotted in Figure S12, Supporting Information.

Measurement and Simulations of Helical Dichroism. The
optical vortices are generated by a spatial light modulator (SLM, Pluto
NIR-II, Holoeye Photonics). This liquid-crystal SLM working on a
reflective mode featured 1920 × 1080 resolution, 8 μm pixel pitch, on

which programmable computer-generated holograms (CGHs) with
256 gray levels can be encoded to generate optical vortices with
different topological charges (Figure S24, Supporting Information). In
order to separate the unwanted zero-order beams from the optical
vortices, superposition of a blazed grating is performed. The
monochromic light source is the same as that in the fabrication
system, with a wavelength of 800 nm and a laser power of 0.5 mW is
used for characterization. After aligning the center of the optical
vortex to the chiral microstructure, the reflected intensity profiles are
captured by a charge-coupled device (CCD) camera (WV-BP334,
Panasonic). The collected data is analyzed using numerical
computation software. HD is calculated using the following formula:

I I
I I

HD 2 100%l l

l l(max) (max)
= ×

+
×+

+ (2)

where I+l and I−l represent reflected intensities under +l and −l vortex
illumination, respectively. Meanwhile, the terms I+l(max) or I−l(max)
denote the maximum reflection intensity obtained as the topological
charge l varies, effectively normalizing the differential signal.

The reflection numerical simulation is carried out using finite
difference software based on the time domain (Lumerical FDTD
Solutions). In the simulation, the FDTD script function is used to
establish the chiral structure model, which is consistent with the
actual processing structure. Perfectly matched layer boundaries are
applied for the X, Y, and Z directions, and the minimum mesh step is
set to be 100 nm.

Characterization. The SEM images are collected with a
secondary-electron scanning electron microscopy (EVO18, ZEISS)
operated at an accelerating voltage of 10 kV after depositing ∼10 nm
gold. TEM images of the NPs are obtained by high-resolution
transmission electron microscopy (HT7700 Exalens, HITACHI) at
an operating acceleration voltage of 200 kV. TEM characterizations of
sintered glass are done with a field emission transmission electron
microscope (JEM-2100F, JEOL) at an operating 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. Optical microscopy
images are obtained using an inverted microscope (DMI 3000B,
Leica). TGA data is collected using an STA 8000-HpQ 20QIC at a
heating rate of 10 to 1200 °C under air atmosphere. The tested
sample is obtained through UV curing. FTIR spectra are obtained
using a Fourier transform infrared spectrometer (Thermo Nicolet iS5,
Thermo Fisher Scientific). X-ray photoelectron spectra (XPS) are
analyzed using an in situ X-ray photoelectron spectrometer
(ESCALAB 250Xi, Thermo Fisher Scientific). The surface roughness
is measured using an AFM (Dimension Icon, Bruker). Optical
transmission is characterized using an UV−vis−NIR spectrometer
(SolidSpec-3700i, Shimadzu). The tested sample is obtained through
UV curing and sintering to meet the testing requirements for sample
area. The EDS analysis spectroscopy images are obtained on a
Schottky field emission scanning electron microscope (Gemini SEM
500, ZEISS). The in situ compression tests of the micropillar are
conducted by KLA NanoFlip Nanoindenter with a diamond flat
punch tip with a diameter of 10 μm inside a ZEISS Gemini SEM 360.
The compression tests are performed at a displacement rate of 10 nm
s−1. The force signal is acquired through a pressure transducer.
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contents of PEGDA; design and SEM image of printed
six-petal thin-walled microstructure; dimensional param-
eters of microplates assembly; varieties of assembly
states with tunable microplate structural parameters and
laser power; SEM images of microplate assembly with 22
mW laser power; plastic behavior of the printed
microstructures; stability assessment of nanoparticles;
heating procedure for postprocessing; fine XPS spectra
of elemental lines of sintered glass compared to
commercial fused silica glass; surface roughness
measurements of the sintered glass; ultraviolet−
visible−near-infrared transmission spectrum of a sin-
tered silica glass monolith with a thickness of 200 μm;
AFM measurements on the printed microstructure;
optical images of microplate assemblies during heating
process; grayscale analysis of SEM images of microplate
assemblies with different sintering temperatures; FIB
cross-sectioning analysis on assemblies sintered at 1050
°C; comparison of stability in liquid between presintered
assemblies and welded assemblies; mechanical behavior
of the glass assemblies; micropillar assemblies with
tunable numbers; chiral microassemblies based on
asymmetrical capillary force method; chiral micro-
assemblies based on directional induction method;
design schematic diagram of three chiral microassem-
blies; dimensional changes of microplate assembly
structures at different sintering temperatures; exper-
imental apparatus utilized for the tailorable VD experi-
ment; measured reflection intensity on left-handed and
right-handed chiral microstructures illuminated by
optical vortices with different topological charges; design
schematic diagram of three chiral microassemblies for
HD measurement; 9-microplate assembly with increased
β; hollow microstructure dimensions controlled by base
dimensions and microplate heights; hollow micro-
structure dimensions controlled by the number of
microplates; FIB cross-sectioning analysis on hollow
pentahedron; FIB-sectioned samples with EDS mapping
confirming successful encapsulation of yttrium, lantha-
num, and zirconium oxides; micro-4D-printed glass
microchannel; comparison of development time be-
tween conventional direct TPP printing and our
strategy; the comparison of silica content; the elemental
composition analyzed from the XPS results of printed,
sintered, and commercial samples (PDF)
Assembly of microplates (MP4)
Printing process (MP4)
Comparison of stability in liquid between presintered
assemblies and welded assemblies (MP4)
Encapsulation of metal oxide particles (MP4)
Liquid flowing in glass microchannels (MP4)
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