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1. Overview of High-performance Textiles

1.1. Definition and Background of High-performance Textiles
High-performance textiles refer to specialised materials that exhibit superior properties compared to traditional textiles and are capable of withstanding extreme environments. The focus lies in integrating functionality, durability, and comfort to meet the modern market’s demand for multifunctional textiles. With continuous advancements in science and technology, the applications of high-performance textiles have rapidly expanded across various fields, becoming a significant driving force in the development of material science and textile technology. 

In recent years, the global demand for high-performance textiles has been growing at a compound annual growth rate of approximately 8%, highlighting their extensive application potential in aerospace, medicine, protective equipment, and sportswear, among other sectors. A typical example of high-performance textile materials is aramid fibres, such as Kevlar and Nomex. These materials are widely used in bulletproof vests, protective clothing, and aerospace applications due to their exceptional high strength, high modulus, and heat resistance. For instance, Kevlar, with a strength five times greater than steel, has become the material of choice in many international equipment standards. Similarly, in high-temperature applications, Nomex fibres, with an operational capability of up to 370°C significantly higher than that of conventional polyester fibres - are employed in firefighter uniforms and industrial insulation materials. 

From a functional perspective, one critical characteristic of high-performance textiles is their biocompatibility and specialised functionalities in the medical and healthcare sectors. For example, polylactic acid (PLA) textiles, as a type of biodegradable material, are not only utilised in the environmental protection industry but also find applications in surgical sutures and tissue engineering scaffolds. Textiles made from PLA materials demonstrate excellent biodegradability and mechanical stability in tissue repair, enhancing patient recovery outcomes while reducing the need for secondary surgeries.

[bookmark: _Hlk214988422]In the military and protective sectors, high-performance textiles often employ composite technologies to address the challenges of extreme environments. For instance, hybrid materials based on carbon fibre and glass fibre, due to their low density and high strength structure, have been successfully applied in the construction of blast-resistant blankets and impact-resistant equipment. In a study conducted by the U.S. Defense Advanced Research Projects Agency (DARPA), researchers developed an intelligent fibre capable of integrating sensors and communication modules within its nanoscale structure. This fibre not only exhibits high toughness but also enables real-time transmission of environmental data, facilitating upgrades to soldier protective gear. Such innovative technologies have revolutionised the performance of modern military textiles.

The sports and outdoor sectors also provide extensive opportunities for the development of high-performance textiles. Take Gore-Tex membrane technology as an example: this technology combines waterproofing with breathability, fundamentally transforming the design philosophy of outdoor apparel. Through its microporous structure, this material effectively blocks water droplets from penetrating while allowing sweat vapour to escape freely, thereby enhancing the comfort of athletes. These high-performance textile materials provide athletes with enhanced safety and comfort during extreme sports such as polar expeditions and ski mountaineering. 

However, designing and achieving superior performance in high-performance textiles still faces multiple challenges, including cost, sustainability, and technological integration. The manufacturing process of many high-performance textiles involves significant energy consumption and chemical reagents, posing potential environmental impacts that cannot be ignored. Meanwhile, market demand for recyclable and regenerated textile materials continues to rise. For instance, recycled polyester (PET) materials made from discarded PET bottles are becoming a popular choice among many brands. Some textile companies and research institutions are also exploring the incorporation of bio-based materials into the development of high-performance fibres to reduce reliance on traditional petrochemical resources and move towards a more low carbon and environmentally friendly direction.

The development of high-performance textiles represents the integration of modern material science and technological innovation. It not only meets the market’s expectations for multifunctionality but also provides solutions for coping with extreme environments, enhancing safety, and improving comfort. With the continuous emergence of new technologies and materials, future high-performance textiles are expected to play a critical role in more fields, becoming an indispensable technological pillar in human life.

1.2. Core Features of High-performance Textiles
1.2.1. High Tensile Strength and High Modulus
The high tensile strength and high modulus of materials typically determine their ability to withstand significant external forces. For example, high-performance fibres such as aramid fibres (Kevlar) and carbon fibres. Their tensile strength can exceed that of steel by more than eight times, and its modulus is also exceptionally outstanding, making it a critical material in the aerospace and defense industries. Furthermore, the high modulus effectively minimises structural deformation, enhancing the stability of precision instruments.

1.2.2. Heat Resistance, Flame Retardancy, and Chemical Resistance
Heat resistance and flame retardancy are crucial for materials used in extreme environments. For instance, PI (polyimide) materials developed by NASA, which can maintain structural stability at temperatures as high as 400°C, have been widely applied in spacecraft protective layers. Meanwhile, high chemical resistance makes such materials highly valuable in fields like chemical engineering and medical applications. For example, fluorinated polymer materials can resist corrosion from various highly aggressive chemicals, making them suitable for chemical containers or biomedical applications.

1.2.3. Multifunctionality (Waterproofing, UV Resistance, Antibacterial, Self-Cleaning, etc.)
Modern materials not only possess superior fundamental properties but also achieve diversified applications through functional modifications. For example, textiles coated with waterproof and UV-resistant finishes are highly popular in outdoor sports. Some new nano-composite materials are also endowed with antibacterial and self-cleaning properties, which not only reduce bacterial growth but also automatically remove surface dust when exposed to rainwater, proving highly effective for building facades and public facilities.

1.2.4. Adaptability to Extreme Environments
Exceptional adaptability enables high-performance materials to serve as solutions in extreme conditions. For instance, superconducting materials cooled by liquid helium can maintain strong conductivity even under ultra-low temperatures, supporting cutting-edge technologies like particle accelerators. Additionally, specialised fire-resistant materials play a critical role in high-risk fire zones. Aluminosilicate fibre materials are widely used in the enclosures of large-scale equipment on oil platforms. Their exceptional thermal shock resistance has proven invaluable in numerous extreme incidents.

1.3. Common Functions of High-performance Textiles and Their Impact on Human Life
1.3.1. Sports and Everyday Textiles
In modern life, high-performance textiles play a significant role in the fields of sports and everyday wear. They not only improve wearing comfort with low friction, quick-drying, and UV protection features but also meet diverse functional demands. Studies have shown that breathable textile materials with specialised fibre structures can effectively reduce friction between the skin and clothing during physical activities. For instance, certain high-performance sportswear brands utilise polytetrafluoroethylene (PTFE) fibre materials to create low-friction surfaces, thereby minimising skin irritation caused by prolonged exercise. Additionally, quick-drying technology has become a key application of high-performance textiles. Garments equipped with this technology often employ multilayer textile structures that can absorb sweat and evaporate it rapidly, keeping the wearer dry. For example, Coolmax fibre technology performs exceptionally well in hot and humid climates. Furthermore, high-performance textiles incorporate UV protection treatments by adding nanoparticles of titanium dioxide (TiO₂) or zinc oxide (ZnO) to create a barrier against ultraviolet rays, making them particularly suitable as part of outdoor sports gear. This type of textile can effectively reduce the risk of skin cancer caused by UV exposure, further demonstrating its value in combining functionality with user-centric design. 

1.3.2. Medical and Healthcare
Applications in antibacterial, antiviral, and wearable health monitoring devices to address pandemic and health management needs. In the field of healthcare, the development of high-performance textiles holds significant social value, effectively addressing the multifaceted demands of the pandemic and personal health management. On one hand, antibacterial and antiviral textiles have become a focal point of research. For example, textile fibres infused with silver ions (Ag⁺) or copper ions (Cu⁺) exhibit exceptional antibacterial properties, capable of eliminating pathogens on fabric surfaces within a short period. Such products have been widely applied in medical uniforms, surgical masks, and hospital bed linens, contributing to the reduction of cross-infections in healthcare settings. Furthermore, wearable health monitoring devices, as emerging tools for health management, have expanded their application boundaries through integration with high-performance textiles. Advances in textile electronics have enabled flexible sensors to be seamlessly embedded into textile materials, thereby facilitating the monitoring of heart rate, blood pressure, and respiratory rate. 

1.3.3. Engineering and Construction
Enhancing the stability and durability of structural materials, such as those used in bridge cables or fire-resistant materials. High-performance textiles also demonstrate significant technological advantages in the field of engineering and construction, with their core application focusing on improving the stability and durability of structural materials. For example, high-strength textile fibres used in bridge cables, such as polyethylene terephthalate (PET) and aramid fibres, are favoured for their high tensile strength and low deformation characteristics gradually becoming the mainstream choice for cable materials. In the maintenance of bridge, aramid fibres can be used for reinforcement, thereby extending the bridge’s lifespan and enhancing its safety. Meanwhile, fire-resistant textiles, as a crucial component of construction materials, play an indispensable role in public safety. These materials typically achieve enhanced stability in high-temperature environments through the addition of flame retardants such as aluminum hydroxide (Al(OH)₃) or magnesium oxide (MgO). The application of fire resistant textiles has successfully reduced property losses and the risk of casualties in most building fires. Furthermore, textile-based composite materials are gradually becoming an ideal alternative for exterior wall decoration in high-rise buildings. Their lightweight nature and excellent seismic performance provide innovative solutions for urban architecture.

2.	Technical Foundations of High-performance Textiles

2.1. Types and Characteristics of High-performance Fibres
2.1.1. High-Strength, High-Modulus Fibres
· Strength > 17.6 cN/dtex, Modulus > 440 cN/dtex. 
· Examples: Aromatic polyamide fibres (e.g., Kevlar), ultra-high molecular weight polyethylene fibres, carbon fibres, etc. 

2.1.2. Heat-Resistant and Chemically Resistant Fibres
· Characteristics: Capable of long-term operation under high temperatures (≥180°C) or in extreme chemical environments.
· Examples: silicon carbide fibres (SiC) and ultra-high-temperature ceramic fibres. 
· Application: Used in firefighter protective clothing, aerospace thermal insulation materials, and chemical industry protective equipment. 

2.1.3 Inorganic Fibres
· Characteristics:  
· Made from natural inorganic materials (e.g., glass, silicon carbide), offering high-temperature resistance and chemical stability.
· Applied in smart sensing devices and medical textiles.

2.2. Applications and Functionalisation Techniques of Nanomaterials
· Ultraviolet (UV) protection technology: Utilising nano zinc oxide (ZnO) and titanium dioxide (TiO₂) to produce textiles with permanent UV protection functionality.
· Waterproof technology: Employing silicon nanoparticles to reduce the surface energy of fabrics, forming superhydrophobic structures to achieve waterproof and anti-fouling properties.
· Antibacterial technology: Nano-silver and its composites (e.g., Ag-ZnO) achieve antibacterial effects by disrupting cell membranes or generating reactive oxygen species.



3.	Application Areas of High-performance Textiles

3.1. Sports Equipment and Smart Wearable Devices
· Sports wquipment: Utilising nanofibres to achieve breathability, antibacterial properties, lightweight design, and low friction performance, thereby enhancing athletic performance and comfort.
· Smart wearable devices: Integrating conductive fibres and sensing materials for health data monitoring and telemedicine applications.

3.2. Engineering and Construction Applications
· High strength and heat resistant fibres can be used in building structures, fireproof materials, and seismic equipment. 

3.3. Medical, Health, and Epidemic Prevention Needs
· Medical dressings: Combining conductive materials (e.g., carbon nanotubes) to embed sensing and antibacterial functions into textiles. 
· Epidemic prevention applications: Antiviral textiles have played a crucial role in meeting the demand for masks and protective clothing during pandemics, effectively preventing the transmission of virus.

4.	Practical Applications

4.1. Technological Advancements in High Strength Carbon Fibres
Toray Industries in Japan has made significant contributions to the development of high-performance materials of carbon fibres. This series of carbon fibres exhibits exceptionally high strength, enabling multifunctional and multi-scenario applications, thereby redefining the technological advantages of traditional materials. During the research and development process, the technical team meticulously adjusted the fibre stretching process to ensure optimal molecular alignment and conducted tests under extreme conditions to demonstrate its outstanding structural stability and fracture toughness.

In practical applications, carbon fibres are widely used in critical aerospace components, effectively reducing aircraft weight and improving fuel efficiency. They are also employed in high end sports equipment such as tennis rackets and bicycle frames. Providing durability and maneuverability, it is favoured by top athletes. Furthermore, the material’s exceptional performance in fields such as bridge structures and wind turbine blades within the context of future smart city development suggests even greater social and economic value.

Toray’s development of carbon fibre not only pushes the boundaries of material performance but also embodies the aesthetics of science and craftsmanship. It reveals the limitless possibilities of high-strength carbon fibre materials in lightweight, environmentally friendly, and multifunctional applications, laying a cornerstone for global competition in material technology.

4.2. Antibacterial and UV-Resistant Applications of Nanomaterials
The antibacterial and UV-resistant applications of nanomaterials have achieved significant breakthroughs through the integration of electrospinning and nanoparticle technologies. Electrospinning technology enables the creation of fibres with high specific surface area and porous structures, enhancing antibacterial and UV-resistant functionalities. When nanoparticles such as zinc oxide (ZnO) or titanium dioxide (TiO₂) are combined with electrospun fibres, the material surface can exhibit photocatalytic effects and physical barrier properties.

In antibacterial applications, reactive oxygen species released by nanoparticles cause oxidative damage to bacterial cell membranes, rendering bacteria unable to survive. This makes nanofibres an efficient “antibacterial barrier”, particularly suitable for medical devices and daily-use products, reducing the risk of cross-infection. The highly porous structure of the fibres also ensures comfort and practicality.

Moreover, nanomaterials demonstrate outstanding performance in UV shielding. The high absorption capacity and excellent scattering properties of nanoparticles in the ultraviolet spectrum effectively protect the underlying fibre structures, overcoming the drawbacks of traditional UV-resistant materials, such as heaviness and lack of breathability. This makes them widely applicable in outdoor apparel and construction materials. The integration of electrospinning and nanoparticle technology is not merely a theoretical exploration but also drives the practical application of materials science and engineering. In the future, with advancements in technology, these nanomaterials possessing antibacterial and UV-resistant properties are expected to play a significant role in more fields, contributing to human health and environmental well-being.

5.	Industry Challenges

5.1. Cost Control
At present, the manufacturing costs of high-performance materials remain prohibitively high, which has become one of the primary bottlenecks limiting the widespread application of nanomaterials. For instance, in the production of carbon nanotubes and graphene, the high-level process requirements and expensive equipment result in unit costs several times higher than those of traditional materials. Furthermore, the complexity of composite material processes also increases labour and energy consumption costs during production. This necessitates further breakthroughs in material research and production technologies within the industry, such as improving production efficiency through the development of large-scale self-assembly techniques and low-cost catalysts.

5.2. Environmental Friendliness
The environmental impact of nanomaterials remains a key concern within the industry. Although the applications of nanotechnology are becoming increasingly widespread, its potential threats to ecosystems and toxicity issues have not yet been fully assessed. Certain nanoparticles may bind with heavy metals upon entering water bodies, further affecting the survival of aquatic organisms. Particularly in the recycling of electronic waste, the non-degradable nature of nanomaterials may exacerbate soil and water pollution problems. 

Additionally, recyclability issues have garnered widespread attention. For example, many composite materials produced based on nanotechnology exhibit high structural stability, which simultaneously increases the difficulty of recycling and decomposition. Therefore, how to ensure that the environmental impact of nanomaterials is minimised throughout their lifecycle has become one of the key challenges affecting the sustainable development of the industry.

6.	Future Trends

6.1. Artificial Intelligence
With the integration of artificial intelligence (AI) and the Internet of Things (IoT), the combination of nanomaterials and intelligent technologies is emerging as a major trend for future development. For instance, some organisations are currently developing wearable health monitoring devices using nanofibres. These devices can continuously measure users’ physiological indicators, such as heart rate, blood pressure, and sweat levels, and transmit the data to the cloud via wireless technology. Additionally, some researches are exploring the incorporation of embedded nanosensors into textiles to produce multifunctional fabrics capable of automatically regulating temperature and humidity and such smart textiles are expected to find applications in healthcare, sports technology, and military fields, thereby opening a new chapter for the textile industry.

6.2. Green Production
As global attention to environmental issues continues to rise, the greening of production processes has become a core trend in material development. In the field of nanotechnology, researchers are striving to develop more sustainable manufacturing methods. For example, some teams have begun synthesising nanofibres using renewable biological resources, such as natural cellulose. This initiative not only reduces the cost of raw materials but also significantly improves the degradability of the materials. Furthermore, the concept of a circular economy is being introduced into the nanomaterials sector, aiming to alleviate environmental pressures through material recycling technologies and biodegradability research. 
 
7.	Market Demand

High-performance textiles have emerged as one of the fastest-growing and most significant branches in the textile industry in recent years. Driven by technological advancements and market demands, these textiles are not only widely applied in fields such as industry, defense, healthcare, and environmental protection but also directly influence human daily life. As an indispensable core component of modern textile industries, high-performance textiles demonstrate their strategic importance as an emerging industry through market growth, technological breakthroughs, and extensive applications across multiple domains. Furthermore, with the increasing global demand for high-performance, low-carbon, and environmentally friendly materials, countries around the world are intensifying their investments in technology and funding in this field.

7.1. Global Market Overview  
Recently, high-performance textiles represent one of the fastest-growing and strategically significant segments within the global textile industry. This is primarily due to continuous technological advancements and the diversification of application domains, most notably in defense, healthcare, and automotive sectors. 

7.2. Types of Textiles and Application Scenarios
High-performance textiles can be categorised by function and application into protective and military materials, medical textiles, automotive textiles, eco-friendly low-carbon materials, and professional apparel textiles, each demonstrating steady growth in both market share and demand.

7.2.1. Protective and Military Materials
Protective and military textiles account for approximately 22% of the global market, primarily applied in the manufacture of bulletproof vests, stab-resistant clothing, and high-performance helmets. With the increasing emphasis on national security and rising defense expenditures worldwide, demand in this sector continues to expand.

7.2.2. Medical Textiles
Medical textiles represent about 18% of the market, encompassing applications such as artificial blood vessels, surgical sutures, and high-performance implants. Driven by global population aging and the expansion of healthcare demands, textile technologies with antibacterial and infection-prevention functions have become a core market driver.

7.2.3. Automotive Textiles
Automotive textiles hold a 15% market share, with applications including airbags and high-performance seating upholstery. The rapid development of electric vehicles has significantly increased demand for lightweight and high-performance materials. Furthermore, rising requirements for comfort and durability in vehicle interiors have stimulated continued innovation in this segment.

7.2.4. Eco-Friendly and Low-Carbon Materials
Eco-friendly and low-carbon materials account for approximately 20% of the market, with key applications in biodegradable packaging and green building materials. Under the impetus of global carbon reduction policies, biodegradable fibres and recycled material technologies have become focal areas.

7.2.5. Professional Apparel Textiles
Professional apparel textiles constitute the largest market segment at 25%, primarily used in the production of flame-retardant clothing, corrosion-resistant workwear, and other high-performance garments. Industries such as chemicals and energy demonstrate increasing reliance on these products, while advancements in textile technologies have further expanded their multifunctionality.

7.3. Core Technological Innovations
7.3.1. Rapid Advancement of Low-Carbon and Eco-Friendly Technologies
With increasingly stringent global requirements for carbon neutrality, the low-carbon transformation of the textile industry has become a central priority. Innovative technologies such as biodegradable materials, recycled fibres, and water-saving or waterless dyeing techniques effectively reduce the environmental burden of textile production. 

7.3.2. Upgrading of Smart Textile Applications
The development of smart textiles is increasingly integrated with conductive fibres and embedded electronic technologies, enabling applications in health monitoring, wearable devices, and military protective gear. By incorporating sensors and data transmission functions, these products provide real-time physiological or environmental data. For instance, intelligent protective clothing can monitor toxic gases in real time, thereby safeguarding industrial personnel.

7.3.3. Rising Demand for Lightweight and Durable Materials
High-performance fibres such as carbon fibres and aramid fibres, closely linked to the aerospace and automotive industries, are in strong demand due to their lightweight and high-strength properties. In the production of aircraft and electric vehicles, these materials demonstrate significant advantages in enhancing performance and reducing energy consumption.

7.3.4. Technological Breakthroughs in Multifunctional Textiles
Modern industry and consumers increasingly demand textiles with diverse performance attributes. Multifunctional textiles that combine water resistance, UV protection, flame retardancy, and stain resistance have emerged as a major market focus. For example, industrial protective clothing not only requires flame-retardant properties but must also provide durability and comfort.

7.3.5. Application of Innovative Manufacturing Processes
To meet the expanding demand for high-performance textiles, countries are intensifying investments in equipment and process innovation. Advanced nonwoven textile technologies, combined with surface treatment techniques, have been widely applied to enhance functionality and durability. At the same time, progress in hydrophobic treatment technologies has further improved the stain resistance and self-cleaning capabilities of textile products.

7.4. Policy Support and Market Outlook
Government policies have played a crucial role in driving the development of the high-performance textiles market. For instance, China has strongly encouraged the application of new materials in defense, healthcare, and environmental protection, providing both financial incentives and technological support. Similarly, the European market has been shaped by a dual impetus: regulatory frameworks emphasising eco-friendly technologies and the growing consumer preference for sustainable textile products. Within the context of global competition, the Asia-Pacific region is expected to emerge as a central hub for high-performance textiles, leveraging its market scale, industrial foundation, and manufacturing capacity to strengthen its position as a global supplier.

8. Conclusion

High-performance textiles and their associated technologies are advancing at an astonishing pace, demonstrating extensive application value and immense market potential. Innovations in this field are not limited to enhancing material properties but also encompass functional design, the integration of intelligent technologies, and the optimisation of manufacturing processes. Specifically, the development of high-performance textiles aims for superior physical properties such as higher strength, abrasion resistance, and elasticity, while also achieving exceptional performance in extreme environments, such as resistance to high temperatures, extreme cold, or ultraviolet radiation. These attributes render such products indispensable in various fields, including aerospace, military, healthcare, and sports.

On the other hand, technological breakthroughs are driving high-performance textiles toward intelligence and multifunctionality. For instance, the application of embedded electronics and sensor technologies enables textiles to perform real-time data collection and dynamic feedback, with applications in health monitoring, athletic performance tracking, and environmental change detection. This trend toward intelligent textiles undoubtedly injects new vitality into the traditional textile industry and further broadens the boundaries of market applications.

However, a significant challenge in future development lies in balancing high product performance with environmental sustainability. Traditional manufacturing processes for high-performance materials may involve high energy consumption or pollutant emissions, while modern consumers are increasingly demanding sustainable products. Therefore, advancing the development of eco-friendly materials, improving production efficiency, and reducing resource waste have become critical priorities. Simultaneously, the application of the circular economy concept in the textile sector is receiving increasing attention. This implies that the entire lifecycle, including post-use recycling and reuse, must be considered starting from product design. 

Finally, the integration of intelligence and sustainability represents a critical direction for the future of the textile industry. This requires technological innovation, policy support, and collaborative efforts across the entire industrial chain. Through extensive interdisciplinary collaboration and resource integration, high-performance textiles are expected to achieve a win-win scenario of environmental friendliness and long-term development while meeting functional demands.


Learning Activities

(1) Material Analysis and Comparison Task
· Students select three types of high‑performance fibres (e.g., aramid, carbon fibre, PLA, Silicon Carbide). For each fibre, they analyse:
· key properties (strength, heat resistance, modulus, biodegradability)
· typical applications (aerospace, medical, sports, construction）
· advantages and limitations
· Students then present a summary explaining which fibre is most suitable for extreme‑environment applications.
(2) Design a Smart or Eco‑Friendly Textile Prototype
· In groups, students design a conceptual prototype of either:
(a) a smart textile integrating sensors (e.g., wearable heart‑rate monitor), or
(b) an eco‑friendly high‑performance textile using biodegradable or recycled materials (e.g., PLA‑based medical sutures or recycled PET outdoor gear).
· They must include:
· the materials chosen and their properties
· functional features (e.g., UV protection, antibacterial action, waterproofing)
· target users and application scenario
· sustainability considerations
· Groups present their prototype concept using sketches or diagrams.

Assessment

(1) Explain how high-performance textiles differ from traditional textiles. 
(2) Describe the role of aramid fibres (e.g., Kevlar, Nomex) in high-performance textile applications. 
(3) Explain the importance of heat resistance and flame retardancy in high-performance materials and give two examples of relevant fibre types. 
(4) Discuss how nanomaterials enhance textile functionalities such as UV protection, waterproofing, and antibacterial performance. 
(5) Evaluate the significance of high tensile strength and high modulus in aerospace and defence applications. 
(6) Describe two major applications of high-performance textiles in the medical and healthcare sector. 
(7) Explain how electrospinning combined with nanoparticles contributes to antibacterial and UV-resistant textile functions. 
(8) Identify and discuss two major industry challenges faced in the development of high-performance textiles. 
(9) Analyse how smart textiles integrate sensors and electronic components to support health monitoring and military use. 
(10) Summarise the key future trends driving innovation in high-performance textiles, including AI integration and green production.


