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Fig.l Technology and application of femtosecond laser 3D printing inorganic materials
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Fig.2 The basic principles of femtosecond laser 3D printing. (a) Single-photon and two-photon absorption processes; (b) Schematic diagram of single-

photon and two-photon polymerization**!
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Fig.3 Femtosecond laser 3D printing based on organic polymer-inorganic precursor blends. (a) Illustration of the hybrid organic semiconductor
photosensitive resin and its application in multiphoton lithography; (b) Fluorescence microscopy of endothelial cells cultured on bioactive and
inert composite structures™®”’; (c) SEM and fluorescence images of photoluminescent CdS quantum dot structures fabricated via multiphoton
polymerization!*”’; (d) SEM image showcasing tetrahedral ZnO crystals®™; (¢) Fluorescent emission of Eu**-doped ZrO, down-conversion spheres
under 405 nm excitation®; (f) Schematic of the preparation process for transparent metallic photopolymer resins™; (g) Illustration of 3D
microstructure synthesis in fused silica glass™™; (h) Ceramic composite freeform sculptures composed of silica and zirconia®®; (i) SEM images of

micro-lenses and gratings in fused silica glass post-heat treatment at 600 °C*"
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Fig.4 Femtosecond laser 3D printing utilizing organic polymer-inorganic nanoparticle composites. (a) Illustration of the Direct Laser Writing (DLW)

process for fabricating 3D fused silica microcomponents from silica nanocomposites; (b) Microscopic visualization of a fused silica microlens

array®”); (c) Diagram depicting the fabrication of 3D silica nanostructures; (d) SEM image showing amorphous glass microneedle arrays processed

at 1100 °C; (e) SEM image of a miniature ring-shaped optical resonator'®; (f) Schematic of a magnetic Fe;O, nanoparticle-based microturbine

fabricated through two-photon polymerization®; (g) Fluorescence and SEM images of RGB quantum dot structures formed via two-photon

polymerization'®”; (h) Combined schematic and SEM images of printed line structures embedded with carbon nanotubes'™
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P 5 SETICHLRTIRARY CEMROE 3D 9TEN. (a) YCITEMEIR G B LR BIRL, AL, LRI RE =R B (b) ZLL AL SEM KT, (o) Rt
ZNEh 4 IR A SR R (d) AFRIBOEEE R T LS5 SEM KU (e) 3D 1TH Pt 46351 ZnO £5497; () 3D FTEN A5 2Lik S e
SRR AT () 3D FTENAM AR /R B BL SEM &M

Fig.5 Femtosecond laser 3D printing using inorganic precursors. (a) Diagram illustrating the laser-induced reduction of metal structures, highlighting the

nucleation, growth, and aggregation phases; (b) SEM image of an isolated silver pillar structure””; (c) Schematic depicting the
photopolymerization and laser-induced reduction of gold within a conductive photopolymer matrix; (d) SEM images of line structures fabricated
under varying laser repetition rates'’”; (¢) ZnO nanostructures deposited on the surface of 3D-printed platinum lines!™; (f) Visualization of focal

spot dimensions during the 3D printing of hydrogen silsesquioxane structures; (g) SEM image of a Fresnel lens fabricated from hydrogen

silsesquioxane using 3D printing!™
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6 T ICHLANKBUR Y CEMEOE 3D FTED. (a) Y651 K5 SR MEAS AL R 4 K B0 20 20 7R B K5 (b) B MRS 7 1§44+ SEM &) () PEB 371
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AT (LH) 546F RH) 9OKIZEETENES] SEM K7

Fig.6 Femtosecond laser 3D printing based on inorganic nanoparticles. (a) Schematic diagram of nanoparticle assembly induced by photo-triggered

polarity changes; (b) SEM image of a metamaterial cubic microstructure””®; (c) Illustration of the PEB printing mechanism””; (d) SEM image of a

silver double-helix fabricated via photopolymerization and photo-reduction™); (e) Schematic of the 3D Pin printing mechanism; (f) SEM image of

an Eiffel Tower model; (g) SEM images of CdSe/ZnS quantum dot left-handed (LH) and right-handed (RH) nano-helix arrays!™
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Fig.7 Applications of femtosecond laser 3D-printed inorganic micro/nanostructures in optical microdevices. (a) Schematic diagram of a micro-resonator

fabricated using femtosecond laser; (b) 3D-printed micro-resonator cavity of lithium niobate®”); (c) 3D-printed optical micro-ring resonator made

of molten SiO, glass™; (d) 3D-printed micro-lens fabricated from polydimethylsiloxane®”; (¢) 3D-printed array of micro-lenses made of SiO,

lass®™; (f) 3D-printed photonic crystal made from TiO, woodpile structure®™; (g) 3D-printed photonic crystal made from ZrO, woodpile
g P p Ty! P

structure; (h) 3D-printed photonic crystal made from ZrO, woodpile structure with support®*
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Fig.8 Applications of femtosecond laser 3D-printed inorganic micro/nanostructures in MEMS sensing. (a) Polymer microbeam probe integrated at the

85].

end-face of an optical fiber, fabricated via 3D printing for precision sensing applications™®'; (b) MEMS temperature and humidity sensor fabricated

using ionic liquid-doped photopolymer through 3D printing, offering enhanced environmental sensitivity™; (c) Micro-propeller flow rate sensor

designed for optical fibers, 3D-printed to enable accurate fluid dynamics measurements™”; (d) Castle-shaped Fabry-Pérot interferometer (FPI)

microcavity optical fiber humidity sensor produced via 3D printing, offering high accuracy in humidity detection®; (¢) Metamaterial cantilever

optical fiber end-face micro-force probe fabricated by 3D printing for detecting minute forces with high resolution®®”; (f) Optical fiber refractive

index sensor incorporating a 3D helical grating cone structure, enabling precise liquid refractive index measurements®”; (g) Optical fiber acoustic

wave sensor with a 3D-printed micro-spring support and thin-film design, optimized for enhanced acoustic signal detection"!
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Fig.9 Applications of femtosecond laser 3D-printed inorganic micro/nanostructures in life sciences. (a) Diagram illustrating the role of 3D-printed

components in the manipulation of humanoid robots for biomedical application

s%; (b) Schematic showing the fabrication of micro-robots using a

combination of two-photon polymerization and sintering, enabling robust and functional designs; (c) Pure nickel helical micro-robot fabricated via

3D printing, utilizing magnetic actuation for precise control in biomedical environments; (d) Illustration of magnetic-driven micro-robots

performing controlled swimming within a microfluidic chip containing flowing liquids, demonstrating potential in targeted delivery

applications'®); (e) Model and sintering process of porous ceramic scaffolds fabricated by 3D printing, designed for high-temperature applications

and potential use in tissue engineering'®”!
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L Printing Specific . .
Printing category . . Resolution Advantages Disadvantages References
composition materials
. Wide range of inorganic
Organic high Organic pol degrade final
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polymer-  Semiconductors, ~ =25nm; pt'b'l't 'thg ) . gt lp yf Y h'g h thermal [50, 53-54,
. . . . ., compatibility with organic  structural performance, hi erma
Organic- inorganic metals, oxides =100 nm (SiO,) P Y & P . . & . 55-56]
. . components, enhanced effect, relatively high shrinkage
inorganic precursor . . .
. processing, high resolution
composite i . .
) o Organic Diverse selection of . . .
material printing . . . . High thermal effect, requires additional
polymer-  Semiconductors, inorganic nanoparticles, no . L .
. . ] =75nm o design optimization, relatively low [64, 69]
inorganic metals, oxides phase separation, improved .
R . . surface roughness of nanoparticles
nanoparticles mechanical properties
Metals, oxides, Can be stored stably, no . .
. . . . Specific precursors may have reaction
Inorganic ceramics, =26 nm; three-dimensional oL . .
. . . o limitations, relatively low printing  [71, 73-74]
) i precursor sintered =180 nm (Ag) shrinkage, high printing ) )
Pure inorganic . efficiency for certain types
. . compounds efficiency
material printing . X )
. . Wide range of material Relatively low surface roughness of
Inorganic  Semiconductors, o . . . .
=38 nm applications, no phase  nanoparticles, difficult to align and higher[76, 78-79]

nanoparticles metals, oxides

separation, high resolution cost
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LIAO Changrui, FANG Haorui, ZHU Dezhi, HE Zhiming, CHEN Wentao, WANG Yiping’
(College of Physics and Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, China)
Abstract:
Significance Femtosecond laser 3D printing has emerged as a revolutionary technology in micro-nano

manufacturing, enabling the fabrication of complex 3D structures with sub-diffraction-limit resolution. Inorganic
materials, known for their excellent mechanical properties, thermal stability, and chemical resistance, are widely
used in optical devices, MEMS sensors, and biomedical applications. However, traditional manufacturing
methods for inorganic micro-nano structures face limitations, such as complex processing, low precision, and high
costs, which restrict their potential in high-performance device fabrication. The advent of femtosecond laser 3D
printing provides a promising solution to overcome these challenges, offering exceptional spatial resolution and
material versatility. This survey systematically reviews recent progress in the techniques and applications of
femtosecond laser 3D printing for inorganic materials, focusing on organic-inorganic hybrid and pure inorganic
systems. The study also explores the challenges and future directions, emphasizing the potential of this technology

in advancing micro-nano fabrication.

Progress  Femtosecond laser 3D printing leverages nonlinear optical effects of two-photon absorption to
achieve high-resolution fabrication of complex three-dimensional structures, making it a versatile tool for
inorganic material processing. This technology has been employed in two primary approaches: organic-inorganic
hybrid systems and pure inorganic material systems. Organic-inorganic hybrid systems combine the flexibility of

polymer matrices with the superior properties of inorganic components by incorporating precursors or
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nanoparticles into light-sensitive resins. The process involves two-photon polymerization for precise structuring,
followed by high-temperature sintering to enhance material performance, although challenges such as achieving
uniformity and minimizing shrinkage remain. Pure inorganic material systems, on the other hand, bypass organic
components entirely by using direct laser-induced reactions, such as photochemical reduction or decomposition,
to fabricate high-purity structures with enhanced thermal and chemical stability. These techniques have facilitated
advancements in various applications, including the production of optical microdevices like microlenses and
photonic crystals, MEMS sensors with integrated 3D microstructures for force and environmental sensing, and
life sciences applications such as biocompatible scaffolds and micro-robots for minimally invasive procedures.
The ongoing development of femtosecond laser 3D printing is characterized by increasing standardization,
compatibility with diverse materials and processes, scalability for industrial applications, and modularity in

manufacturing, paving the way for significant technological breakthroughs.

Conclusions and Prospects Femtosecond laser 3D printing represents a transformative advance in the
fabrication of inorganic micro-nano structures. Despite its potential, several challenges remain, including low
processing efficiency, material restrictions, and issues with thermal stability and shrinkage during post-processing.
Future developments should focus on enhancing processing throughput through techniques such as parallel laser
writing and digital light modulation. Additionally, innovations in material chemistry, including the development
of low-shrinkage precursors and advanced hybrid systems, are essential for broader applicability. The integration
of artificial intelligence and machine learning for process optimization holds promise for automated, intelligent
manufacturing. These advancements are expected to unlock new applications in photonics, MEMS, and
biomedical engineering, driving the evolution of femtosecond laser 3D printing into a cornerstone technology for
next-generation micro-nano manufacturing.
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life sciences
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