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Abstract: Two-photon polymerization (TPP) technology is a crucial technology in the field of micro and nano manufacturing, 
enabling high precision and high resolution 3D structure manufacturing. This review provides an in-depth analysis of the 
development and application of TPP technologies, highlighting their transformative impact across multiple sectors. Firstly, it 
summarizes the research background of TPP technology and its importance in micro and nano manufacturing. It then explores 
key application areas of TPP technologies, including microphotonics and optoelectronics, biomedical engineering, 
micromechanical systems (MEMS), and nanotechnology. The review also discusses the latest technological breakthroughs such 
as material innovation, equipment and system optimization, and process innovation driving the application of TPP technologies. 
Furthermore, it delves into the advantages of TPP technology with particular emphasis on accuracy, resolution, design flexibility 
as well as challenges related to cost, speed, and material constraints. Finally, the discussion section predicts future trends in TPP 
research exploring potential new applications while emphasizing long-term impacts on the field of micro- and nano-
manufacturing. 
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1. Introduction 
In the realm of micro and nano-scale manufacturing, two-

photon polymerization (TPP) has emerged as a pivotal 
technology, propelling scientific research and industrial 
applications forward with its unique 3D printing capabilities 
and ultra-high precision. TPP leverages nonlinear optical 
processes to induce localized polymerization of materials, 
enabling the precise construction of intricate three-
dimensional structures at the micron or even nanoscale. The 
advancement of this technology has significantly broadened 
the scope of micro and nano manufacturing and opened up 
new horizons for the design and fabrication of innovative 
micro and nano devices. 

2. The Importance of Two-photon 
Polymerization Technology 

As the functional and performance requirements of micro 
and nano structures continue to evolve, traditional 
manufacturing techniques have struggled to keep pace with 
the growing complexity of design demands. TPP addresses 
this challenge by employing a two-photon absorption process 
to achieve localized polymerization of photosensitive 
materials, effectively "drawing" fine structures in three-
dimensional space. The technology has demonstrated 
considerable potential across various sectors, including 
microphotonics, optoelectronics, biomedical engineering, 
microelectromechanical systems (MEMS), and 
nanotechnology. For instance, Tlili et al. explored the impact 
of mechanical constraints on tissue remodeling using a 
microfluidic platform[1] , while Issa et al. presented a method 
for assembling nanoparticles onto one-dimensional, two-
dimensional, and three-dimensional polymer micro-nano 

structures [2].  
TPP has also demonstrated significant advantages in the 

fabrication of micro-optical and optoelectronic devices. Wang 
et al. reported substantial fluorescence enhancement from 
CdSe/ZnS quantum dots using an environmental tip-
enhanced two-photon fluorescence technique [3]. 
Furthermore, Ma et al. developed a multifunctional organic 
fluorescent probe with aggregation-induced emission 
characteristics for rapid tumor monitoring, two-photon 
imaging, and image-guided comprehensive therapy [4]. These 
studies underscore the broad application of TPP technologies 
in the biomedical field. 

The aim of this paper is to review the application rate of 
TPP Ji-9 in micrograin production and to analyze the 
technological advancements and innovations it has 
introduced across various domains. By delving into material 
innovation, equipment, and the optimization of the system 
process, this paper aims to illustrate how TPP technology 
fosters progress in micro and nano fabrication and to chart its 
prospective development trajectory. Such an analysis holds 
profound significance for facilitating academic discourse, 
guiding industry practices, and encouraging innovative 
control. 

3. The Key Application Areas of Two-
photon Polymerization Technology 

3.1. Microoptical and Optoelectronic Devices 
The application of two-photon polymerization technology 

in the fabrication of micro-optical and optoelectronic devices 
has achieved unprecedented design freedom and accuracy. 
Using TPP technology, the researchers were able to create 
devices such as microlenses, optical waveguides and optical 
switches with complex geometries. For example, xiong et al. 
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used TPP technology to build a simple miniaturized two-
photon polymerization system by introducing metacurface 
elements, which realized efficient multi-focus parallel 
processing and high uniformity[5]. In addition, TPP 
technology has also promoted the development of new 
optoelectronic devices, and Bingcong Jian combined TPP 
technology with 4D printing, providing new possibilities for 
the production of corresponding structures with micro/nano 
level accuracy[6]. 

3.2. Biomedical Engineering 
In the biomedical field, the application of TPP technology 

has extended to tissue engineering, drug delivery, and the 
development of micro-nano robots. Ma et al. demonstrated a 
multifunctional organic fluorescence probe with aggregation-
induced emission properties that shows great potential for 
ultra-rapid tumor monitoring and image-guided 
photodynamic therapy[7]. In addition, TPP technology also 
shows its unique advantages in the manufacturing of 
biological scaffolds, which can customize the microstructure 
of scaffolds according to the needs of cell growth, thus 
promoting the adhesion, growth and differentiation of cells 
[8]. 

3.3. Micromechanical System 
Micromechanical systems (MEMS) are another important 

application area of TPP technology. With TPP technology, 
micropumps, microvalves and other microfluidic devices 
with high precision and complex geometry can be 
manufactured. These devices have a wide range of 
applications in biomedical diagnostics, chemical analysis and 
microreactors. For example, Farzad Forouzandeh et al. used 
TPP technology to manufacture a new type of microreservoir, 
which realized the precise adjustment of drug release rate and 
mode in the drug delivery system by means of the controller 
structure and size[9]. 

3.4. Nanotechnology 
In the field of nanotechnology, the application of TPP 

technology facilitates the precise manufacturing of nanowires, 
nanoparticles and other nanostructures. These structures have 
important applications in the fields of electronics, 
optoelectronics and biosensing. ZHe et al. used TPP 
technology to manufacture nanowires with specific functions, 
realize the precise and orderly assembly of inorganic 
nanowires, and drive the ordering of nanowires, which 
provided the basis for the application of photoelectric 
performance improvement[10]. 

4. The Driving Effect of Technological 
Breakthroughs on Applications 

4.1. Material Innovation 
Advances in materials science have provided new 

dimensions for the application of two-photon polymerization 
technology. The development of new photosensitizers and 
resins with higher two-photon absorption cross sections and 
more optimized polymerization kinetics makes the 
manufacturing process more efficient, while improving the 
mechanical properties and thermal stability of the structure 
[11]. These material innovations provide a solid foundation 
for the functionality and reliability of micro and nano devices. 

4.2. Equipment and System Optimization 
With the continuous progress of laser technology and 

optical scanning system, the accuracy and speed of two-
photon polymerization equipment have been significantly 
improved. The use of high-power femtosecond lasers, 
combined with advanced optical design, enables the 
fabrication of three-dimensional structures with higher 
resolution [12]. In addition, the development of multi-photon 
polymerization technology allows for deeper 
photopolymerization in larger volumes, further broadening 
the manufacturing possibilities [13]. 

4.3. Process Innovation 
Process innovation plays a crucial role in the development 

of two-photon polymerization technology. By precisely 
controlling the intensity, shape, and scanning path of the laser 
beam, the researchers were able to achieve more complex 
three-dimensional structural designs, such as suspended 
structures and internal porous structures. In addition, the 
development of multi-material printing technology has made 
it possible to integrate multiple materials with different 
physical and chemical properties in the same structure, paving 
the way for the manufacture of micro and nano devices with 
complex functions [14]. 

5. Advantages and Problems 

5.1. Technological Advantage 
Two-photon polymerization (TPP) technology has 

significant technical advantages in the field of micro and nano 
manufacturing, and these advantages have made it favored in 
many application fields. 

5.2. Accuracy and Resolution 
TPP technology enables sub-micron manufacturing 

accuracy, which is critical for manufacturing highly accurate 
micro-optical components and biomedical devices. Such high 
resolution makes TPP technology have incomparable 
advantages in the design and manufacturing of micro and 
nano scale. For example, RAO X-X et al. discussed 
femtosecond laser polymerization in depth and introduced the 
application of optical field modulation technology, 
transforming a single focus into a multi-focus array, surface 
light field or bulk light field to achieve rapid exposure of 
specific structures[15]. 

5.3. Design Flexibility 
TPP technology provides a high degree of design freedom, 

allowing the manufacture of three-dimensional structures 
with complex geometrics. This flexibility allows TPP 
technology to meet diverse needs from basic research to 
industrial applications, demonstrating the potential of 
femtosecond lasers in building micro-nano machines with 
multi-modal capabilities [16]. 

5.4. Versatility 
TPP technology can be compatible with a wide range of 

materials, including polymers, metals and ceramics, which 
opens up the possibility of manufacturing micro-nano 
structures with different physical and chemical properties. 
This versatility provides a broad scope for the development 
of novel micro and nano devices and systems [17]. 
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6. Discussion and Future Outlook 
Two-photon polymerization (TPP) technology has a strong 

development momentum in the field of micro and nano 
manufacturing, and its future research direction and 
application prospects are broad. This paper will forecast the 
development trend of current research and explore the long-
term impact of technological advances in TPP on the field of 
micro and nano manufacturing. 

6.1. Multi-material Printing 
TPP technology is moving towards multi-material printing, 

which will allow the integration of multiple materials in the 
same structure to create composite micro and nano devices 
with adjustable mechanical properties, conductive functions, 
optical properties and biocompatibility [18]. 

6.2. Biomedical Applications 
The application of TPP technology in the biomedical field 

will continue to deepen, especially in tissue engineering, drug 
delivery, and the development of micro-nano robots. For 
example, Wdowiak E et al. through a phase-assisted multi-
material two-photon polymerization program, can extend the 
refractive index range, which can be applied to the fabrication 
of high-precision micro and nano devices in the biomedical 
field[19]. Future research will likely focus on improving 
biocompatibility and functionality, as well as developing 
novel biodegradable materials. 

6.3. Smart Material Integration 
The integration of smart materials such as shape memory 

polymers and self-healing materials into micro-nano 
structures manufactured by TPP may become a hot spot for 
future research. This will provide new opportunities for the 
development of micro and nano devices with adaptive and 
self-healing capabilities [20]. 

6.4. Optoelectronics 
The application of TPP technology in optoelectronics may 

extend to the development of photonic integrated circuits and 
optical communication devices, leveraging its high-precision 
manufacturing capabilities to realize more complex photonic 
devices. 

6.5. Energy Storage and Conversion 
The application of TPP technology in energy storage and 

conversion devices, such as micro batteries and solar cells, is 
likely to receive attention for its ability to fabricate micro and 
nano structures with optimized geometry and surface 
structure. 

6.6. The Long-term Impact of Technological 
Progress on Micro and Nano 
Manufacturing 

6.6.1. Manufacturing Accuracy and Efficiency 
The continuous advancement of TPP technology will 

improve manufacturing accuracy and efficiency, allowing the 
field of micro and nano manufacturing to produce more 
complex and finer devices to meet a wider range of 
application needs. 

6.6.2. Personalized Manufacturing 
With the development of TPP technology, personalized 

manufacturing will become possible, especially in the 
medical field, where personalized medical devices and 

treatment programs can be customized according to the 
specific needs of patients. 

7. Conclusion 
The application and technological breakthrough of two-

photon polymerization technology in the field of micro and 
nano manufacturing have shown its great potential. This 
paper reviews the key applications of TPP technology in 
micro-optics, optoelectronic devices, biomedical engineering, 
micromechanical systems, and nanotechnology, and analyzes 
the role of material innovation, equipment and system 
optimization, and process innovation in promoting these 
applications. 

The TPP technology provides high precision and design 
flexibility in the fabrication of micro-optical and 
optoelectronic devices, and promotes the development of 
novel micro-nano photonic devices. In the field of 
biomedicine, the application of TPP technology has extended 
to tissue engineering, drug delivery, and the development of 
micro-nano robots, providing new solutions for disease 
treatment and diagnosis. In addition, the application of TPP 
technology in micromechanical systems and nanotechnology 
has also shown its unique advantages. 

Material innovation, equipment and system optimization, 
and process innovation are key factors driving the 
technological development of TPP. The development of new 
light-sensitive materials has improved the efficiency of 
manufacturing processes and the mechanical properties of 
structures, while advanced lasers and scanning systems have 
increased manufacturing accuracy and speed. Process 
innovations, such as multi-photon polymerization and multi-
material printing, offer the possibility of fabricating more 
complex micro-nano structures. 

This review highlights the application prospects and 
challenges of TPP technology in micro and nano 
manufacturing. Through in-depth analysis of the advantages 
and challenges of TPP technology, this paper provides 
guidance for future research directions and applications, and 
provides a reference for technological progress and 
innovation in the field of micro and nano manufacturing. 
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