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1. Definition of Smart Textiles

Smart textiles are an advanced technology that deeply integrates electronic technology into textile materials. The core objective is to create fabric forms that combine functionality and innovation, surpassing the traditional limitations of textiles, which primarily serve as coverings and decorations. These new materials are not merely extensions of physical structures but are the result of a profound integration of technology and human needs. They can perceive subtle changes in the surrounding environment with high sensitivity, such as temperature fluctuations, humidity changes, light intensity, and even physiological parameters of the human body, including pulse, heartbeat, and blood oxygen levels. Furthermore, they can provide precise feedback promptly after sensing these changes. This real-time responsiveness not only enhances comfort but also offers wearers a higher level of interaction and convenience.

For instance, when a runner engaged in high-intensity outdoor activities wears a sports jacket made of smart textiles, the jacket’s internal sensors can quickly detect environmental changes, such as a sudden drop in temperature or unexpected rain. Embedded micro-heating wires are then automatically activated within a second, providing immediate warmth to the wearer. Simultaneously, if the wearer’s heart rate becomes excessively high or their muscles tense up, the jacket’s integrated compression structures automatically apply slight pressure to help improve circulatory system efficiency, thereby alleviating fatigue caused by exercise. These actions require no manual operation by the user; all functions are executed through highly precise sensing technology and data analysis. It is as if the “clothing is thinking”, intuitively providing the support and care the wearer needs. 

The application domains of smart textiles are not limited to sports and leisure but have profoundly influenced various industries such as healthcare, military, and fashion design. For instance, in the field of healthcare, a bedsheet or pajamas integrated with smart textile technology can monitor a patient’s vital signs in real-time, ranging from respiratory rate to blood pressure fluctuations, and transmit the data to medical personnel’s terminal devices. A paralysed patient might benefit from an electric mattress equipped with a pressure-sensing system. When a specific area of the body remains under constant pressure for an extended period, the micro air cushions within the mattress adjust their angles as needed to prevent the formation of pressure ulcers. Such technological applications not only alleviate the suffering of patients but also reduce the demand for caregiving manpower.

In the military domain, smart textiles similarly demonstrate their revolutionary potential. A combat uniform designed specifically for soldiers may be equipped with multifunctional sensors and power systems. When a soldier is located in a high-risk enemy zone, the clothing can detect and alert the presence of chemical toxins, biological threats, or even identify concealed targets through thermal imaging. Simultaneously, its embedded power chips can charge the soldier’s communication devices, significantly enhancing individual combat capabilities.

As for the fashion industry, smart textiles provide designers with entirely new avenues for creative expression. An evening gown with superior fibre-optic structures can change its colour or patterns through electronic signals under different lighting conditions, becoming a truly “dynamic fashion” piece that captivates every observer.

For developers of smart textiles, the challenges in the research and development process are exceptionally demanding, ranging from the fundamental chemical properties of material selection to the seamless integration of electronic components with textile structures. Every detail needs to be precise to the micron level. For instance, how to ensure that conductive threads maintain the flexibility of the fibre substrate during washing while allowing electronic components to function stably; how to seamlessly embed micro-power sources less than one millimeter thick into fabrics without causing wearers to feel a sense of foreignness or pressure from weight. Overcoming these technical bottlenecks is a crucial cornerstone for unlocking the broad market applications of smart textiles.

The emergence of smart textiles has profoundly transformed traditional perceptions of textiles, turning fabrics from merely a part of clothing into “intelligent terminals” - carriers that can “listen” and “express”. With the continuous integration of artificial intelligence (AI), the Internet of Things (IoT), and flexible display technologies, the potential scope of smart textiles is bound to expand further. It is foreseeable that in the near future, we may all own such smart garments, akin to a second layer of skin, naturally integrating into our lives, sensing our needs, and leading us toward a more promising era of intelligent living.

2. Classification of Smart Textiles

Smart textiles, as a product of the fusion between modern technology and the traditional textile industry, are gradually transforming our lifestyles and industrial ecosystems. Based on functional and technological distinctions, smart textiles can be categorised into three main types: passive, active, and ultra-smart textiles. Their applications span multiple fields, including healthcare, sports, defense, and fashion.

2.1. Passive Smart Textiles: Innovative Applications Relying on the Intrinsic Properties of Materials 
Passive smart textiles primarily leverage the inherent physical or chemical properties of natural or synthetic materials to autonomously respond to environmental stimuli. For instance, temperature-regulating textiles have gained a certain level of popularity in the market. A passive smart textile made from graphene material can automatically regulate the wearer’s body temperature by absorbing or releasing heat. This technology is particularly suitable for applications in extreme heat or cold environments. In outdoor sports or specialised work settings, such textiles offer significant practical value. 

Another typical example is textiles with antibacterial properties. These textiles often utilise coatings of silver ions or copper ions, harnessing the natural antibacterial characteristics of metal ions to achieve sustained antimicrobial effects. Such textiles are widely applied in the medical field in the production of surgical gowns, medical bed linens, and adhesive bandages, significantly reducing the risk of pathogen transmission. 

Although the technology behind passive smart textiles is relatively straightforward, their low energy consumption, low cost, and the durability of the materials themselves make them occupy an important position in the market, particularly advantageous for large-scale promotion. 

2.2. Active Smart Textiles: Realisation of Environmental Sensing and Regulation
Compared to passive smart textiles, active smart textiles possess higher technological capabilities, enabling them to sense environmental changes and actively make corresponding adjustments. The implementation of this technology typically relies on the integration of sensors, circuits, and other electronic components. A smart garment can incorporate pressure and temperature sensors to continuously monitor the wearer's skin temperature and sweat secretion. Based on the collected data, the garment can adjust its internal ventilation and moisture-wicking properties. Such product is particularly suitable for athletes and individuals engaged in high-intensity labour, helping them maintain optimal comfort during prolonged activities.

Moreover, the application of active smart textiles in the field of medical health monitoring holds significant potential. For example, smart electrocardiogram monitoring textile uses sensors embedded in the fabric to collect real-time physiological data such as heart rate and blood pressure. The information is then transmitted to a medical data platform for doctors to analyse. In practical applications, such textiles can serve as portable monitoring devices for cardiovascular patients, reducing reliance on traditional medical equipment.

However, the widespread adoption of active smart textiles faces dual challenges of technology and cost. In particular, how to integrate electronic components without compromising the softness and comfort of textiles remains a key focus of research for scientists.

2.3. Ultra-Smart Textiles: The Future Driven by AI and IoT
Ultra-smart textiles combine artificial intelligence (AI) and Internet of Things (IoT) technologies, enabling not only environmental sensing but also data processing, self-learning, and decision-making capabilities. The development trajectory of this field positions smart textiles as more than just passive tools for wearers. Instead, they have become highly interactive intelligent devices. 

For example, self-adjusting athletic shoes utilise ultra-smart intelligent textile technology. These shoes are equipped with microprocessors and automated pressure adjustment mechanisms, allowing them to adjust the tightness of the laces in real-time based on the wearer's foot shape and movement state. Additionally, through a mobile app, users can monitor relevant data and remotely control the shoes. This technology not only enhances the athletic experience but also has the potential to provide long-term support for personalised fitness training. 

Moreover, ultra-smart intelligent textiles hold significant value in military applications. For instance, an intelligent combat uniform capable of collecting environmental data, monitoring soldiers’ physiological conditions, and sharing operational information. The IoT network embedded in this combat uniform enables soldiers to communicate with command centers in real-time and automatically adjusts the strength of protective layers to respond to sudden environmental threats. 

The global smart textiles market is projected to grow at an annual rate exceeding 20% and reach $13 billion by 2030. Among these, ultra-smart products, due to their advanced data interaction capabilities and scalability, are expected to be one of the primary drivers of growth. 

3. Application of Smart Textiles

The applications of smart textiles are extremely diverse, encompassing wearable devices, medical health monitoring, sports technology and fitness, military and industrial safety, as well as fashion design and interactive art. The demand for smart textiles varies across different fields, with each application scenario embodying a high pursuit of detail and precision. This drives the design of smart textiles to exhibit characteristics of diversification and specialisation.

In the field of wearable devices, smart textiles seamlessly integrate a soft tactile feel with embedded electronic technologies, creating an innovative experience that combines technology and comfort. For instance, a smart jacket equipped with tactile sensing functionality can utilise touch modules embedded in the fabric, allowing users to control music playback or answer phone calls on their smartphones simply by swiping the cuff. Such scenarios not only enhance convenience but also infuse everyday life with a heightened sense of technological sophistication.

In the domain of medical health monitoring, smart textiles serve as a reliable assistant in addressing health risks. A meticulously designed smart undergarment, for example, may continuously monitor the user’s heart rate, blood oxygen levels, and respiratory frequency, transmitting real-time data to a mobile application via an integrated chip. In this context, doctors or family members can remotely track the patient's health status, enabling the early detection of potential health issues even without the patient’s awareness, thereby securing valuable time for timely medical intervention.

In the realm of sports technology and fitness, smart textiles similarly demonstrate their specialised value. Imagine a marathon runner wearing a running shirt embedded with pressure-sensing devices. When the runner’s posture becomes unstable due to muscle fatigue, sensors within the textile can detect subtle bodily reactions and provide vibration alerts to prompt the user to adjust their posture. This meticulous technological support not only reduces the risk of sports injuries but also enhances overall performance. Further enhances athletes' overall performance. 

Military and industrial safety are equally significant. Smart textiles can integrate environmental sensors into the equipment of rescue personnel or soldiers, enabling real-time detection of external threats such as abnormal temperatures or increased concentrations of toxic gases. These sensors can promptly trigger alarms to safeguard lives. Through these detailed depictions, it is evident that smart textiles have transcended the traditional definition of materials, becoming a high-tech medium that combines practicality and safety. 

The application of smart textiles in fashion design and interactive art creatively bridges the gap between technology and humanity. In a dazzling fashion show, models wear gowns embedded with LED (light-emitting diode) optical fibres, displaying colour changes and pattern flows in sync with the rhythm of the music, transforming the garments into dynamic works of art. This innovative expression, which merges technology with aesthetics, elevates fashion to an entirely new level. 

Through its diverse functionalities and applications, smart textiles continuously push the boundaries of traditional textiles, serving as a crucial medium that connects human needs with technological advancements. 

4. Market Size Forecast for Smart Textiles

The global smart textiles market size is projected to grow significantly from USD 3 billion in 2020 to over USD 20 billion by 2030. This dramatic surge reflects the rapid rise and vast development potential of this sector. 

4.1. Technological Advancements Driving Market Growth  
The rapid expansion of the smart textiles market is primarily attributed to continuous technological advancements. The increasing maturity of sensing layer technologies, such as embedded sensors and microelectronic components, has enabled smart textiles to achieve real-time monitoring of environmental conditions, including temperature, humidity, and pressure. Furthermore, breakthroughs in data transmission technologies have significantly enhanced the seamless interconnectivity between smart devices and textiles. The integration of artificial intelligence and big data analytics has further empowered smart textiles, enabling personalised functionality optimisation and the expansion of application scenarios. These technological advancements collectively establish a stable and efficient industrial foundation, providing the core impetus for the rapid growth of the market.

4.2. Diversified Extension of Application Scenarios
The application scenarios of smart textiles are rapidly expanding beyond the initial domain of wearable devices, permeating diverse fields such as healthcare, military defense, sports and fitness, and home living. For instance, in the healthcare sector, smart textiles can be utilised for monitoring vital signs, such as heart rate and respiratory rate, thereby facilitating remote medical care and long-term health management. In the military sector, smart textile materials can possess functionalities such as colour-changing and invisibility, offering strategic advantages. For enhancing soldiers’ protective capabilities and environmental adaptability. The expansion of these application domains not only boosts the market demand for smart textiles but also further consolidates the foundation for sustained market growth.

4.3. Changes in Consumer Demand and Market Strategies
The global pursuit of high-performance, multifunctional products by consumers has been increasing year by year, and smart textiles align perfectly with this trend. Consumers expect smart textiles to not only meet basic usage needs but also provide additional value-added experiences, such as data monitoring and personalised services. Consequently, many companies are increasing their investments in research and development, launching products with higher cost-effectiveness and diversified functionalities. Furthermore, with intensified market competition and the rise of cross-industry collaboration models, major companies are actively exploring different market strategies, such as brand alliances and customised product solutions, to uncover new market opportunities and further enhance market penetration rates. 

With continuous technological breakthroughs, deeper development of application scenarios, and the ongoing upgrading of consumer demands, the smart textiles market is poised for even more vigorous growth. Over the next decade, the exponential growth of market size is not merely a possibility but an inevitable outcome dictated by the industry’s development trajectory.

5.	Technological Foundations of Smart Textiles

5.1. Sensing and Transmission Technology
As one of the core pillars of smart textiles, sensing and transmission technology focuses not only on simple data collection and transmission but also places greater emphasis on the stability, accuracy, and efficiency of the technology. In practical application scenarios, such as smart sportswear, when a runner dons a piece of sportswear equipped with high-precision sensors and begins the morning run. The sensing system embedded in the clothing can monitor physiological parameters such as heart rate, respiratory rate, skin temperature, and muscle tension in real-time. These sensors are ingeniously integrated into the textile structure, ensuring that the comfort of the clothing remains uncompromised while maintaining stable data acquisition even during high-speed activities by runners. 

Once the sensors collect these data, they are transmitted at millisecond-level speed to the runner’s smart watch via Bluetooth Low Energy (BLE) technology or directly linked to a cloud-based data platform through Wi-Fi. Additionally, the incorporation of Near Field Communication (NFC) technology allows runners to synchronise data instantly by simply tapping their smartphones. Imagine this scenario: after completing a run, the runner sits down to rest and only needs to bring their smartphone close to a designated area on the chest of the sportswear to synchronise all data. This process is not only swift but also eliminates the cumbersome steps associated with traditional wired data connections. Behind such efficient sensing and transmission technologies lies the culmination of extensive research by engineers into the seamless integration of smart textile structures and electronic technologies.



5.2. Energy Technology
Energy technology serves as the “silent provider” in smart textiles, enabling the continuous operation of smart functionalities without relying on bulky batteries or external devices. Consider a winter morning, where a hiking enthusiast is traversing snow-covered mountains wearing a smart heated jacket. The jacket’s internal triboelectric structures generate minute amounts of electric current as the enthusiast moves. This current is immediately stored in built-in micro energy storage systems to power the heating elements within the jacket. Simultaneously, this technology is sensitive enough to capture energy even from subtle arm swings. Regardless of the user’s range of motion, smart clothing can provide stable power supply. 

Moreover, the application of piezoelectric technology offers an additional energy source for smart textiles. For instance, when a fitness enthusiast trains on a treadmill, the piezoelectric fibres embedded in their clothing generate charges continuously under the pressure of their steps. These charges are then integrated into the internal circuitry of the clothing, providing uninterrupted power for components such as sensors and Bluetooth modules. Simultaneously, the incorporation of certain thermoelectric materials allows textiles to harvest energy from the user’s body heat. At night, when an outdoor enthusiast sleeps in a smart sleeping bag inside a tent, the thermoelectric modules within the sleeping bag begin to convert the heat emitted by the body into electrical energy. This not only achieves energy recycling but also ensures the uninterrupted operation of devices. 

5.3. Smart Material Technology
Smart material technology is the core of smart textiles, endowing them with multifunctional capabilities and intelligent performance that surpass ordinary fabrics. During a post-rain running event, a runner wearing a waterproof smart sports jacket equipped with conductive fibres experiences immediate environmental sensing when raindrops fall on the garment’s surface. The conductive fibres promptly trigger the internal heating system to warm up quickly, helping the runner maintain thermal comfort. Additionally, these conductive fibres can simultaneously capture bioelectric signals, such as real-time electrocardiogram (ECG) waveforms, thereby opening up more possibilities for medical monitoring applications. 

Furthermore, the integration of shape-memory materials makes smart textiles even more versatile and adaptive. These materials can undergo shape changes in response to external stimuli (such as temperature, electric fields, or light) and return to their original form. For instance, in a smart yoga outfit, shape-memory materials can provide appropriate support or compression based on the user’s range of motion during stretching exercises, thereby reducing the risk of muscle fatigue or injury. When the user is at rest, the material reverts to its original state, offering a relaxed and comfortable wearing experience. 

The integration of optical colour-changing fibres with smart material technology represents a cutting-edge area of research in recent years. These fibres can change colour according to different lighting conditions or environmental temperatures, thereby enhancing the visual interactivity of textiles. For example, during outdoor cycling, the outer layer fibres of a smart jacket can transition from light to dark shades as sunlight intensity increases, helping users shield themselves from strong light. Simultaneously, this type of technology has garnered significant attention in the fashion industry, enabling wearers to easily alter the colour of their clothing based on mood or occasion, thereby meeting personalised needs.

Smart textile technology is progressively maturing, with its integration of sensing and transmission, energy conversion, and multi-dimensional collaboration of intelligent materials revolutionizing the application landscape of wearable devices. It not only fulfills basic functional requirements but also demonstrates immense potential in terms of humanisation and intelligence.

Prior to 2015, smart textiles were in the stage of technological exploration, with the core driving force being the development of conductive materials, particularly the application research of silver-coated fibres and metallic microparticle fibres. The silver-coated fibres exhibit excellent conductivity and antibacterial properties, effectively enhancing the stability of smart textiles and enabling reliable operation in complex environments such as high humidity and high friction conditions. This technological breakthrough has gradually endowed smart textiles with practical value, transitioning them from laboratory concepts to real-world applications. The development of heart rate monitoring garments stands out as one of the highlights of this phase. 

During the period from 2017 to 2018, smart textile technologies experienced critical breakthroughs, with the core advancements being the widespread application of flexible sensors and the refinement of fabric-embedded LED and sensor technologies. The development of electronic materials has enabled sensors to be seamlessly integrated into fabrics, allowing them to bend freely with human movements without compromising performance. This advancement has further enhanced the comfort and flexibility of wearable devices. These technological breakthroughs have significantly expanded the applicability of smart textiles in both everyday life and professional domains.

Other breakthroughs of conductive fibres and durable textile materials enabling embedded components to withstand the mechanical motions and detergents involved in washing processes, achieving truly washable smart textiles. For instance, medical electrocardiogram (ECG) garments can not only be worn for extended periods to accurately record ECG data but also be easily cleaned and maintained, greatly improving the convenience and reliability of daily medical monitoring. In terms of specific applications, pressure-sensing mats are widely used in the fields of healthcare and health management. These mats can accurately measure the distribution of pressure on the human body, providing effective solutions for the prevention of pressure ulcers and the evaluation of sleep quality. 

Additionally, some sports brands have begun adopting these technologies to design smart apparel capable of tracking athletic performance. For example, sensor-embedded garments can record motion postures and muscle activity data in real time, offering scientific training analysis for professional athletes. The continuous evolution of these technologies has facilitated the rapid adoption and application of smart textiles in areas such as healthcare, sports, and smart home environments.

It is anticipated that between 2023 and 2025, smart textiles integrate neural network simulation and deep learning models to further enhance their data processing intelligence. Neural network simulation and deep learning are core pillars of the artificial intelligence field, operating on principles that mimic the interaction of neurons in the human brain, thereby endowing systems with efficient learning and analytical capabilities. 

In the context of smart textile applications, these technologies are highly likely to become the next technological breakthrough, enabling textiles not only to collect data but also to advance to active judgment and response. For instance, in the field of healthcare, sensors embedded in smart textiles can monitor physiological parameters such as heart rate and blood pressure in real time. When combined with deep learning models, the system can identify abnormal patterns based on historical data and real-time monitoring results, proactively triggering alerts. For example, heart rate detection systems based on deep learning technology can achieve an accuracy rate of over 95%, significantly surpassing traditional algorithms. This implies that when smart textiles detect abnormal heart rates, they can alert users more quickly and accurately, and even notify family members or medical personnel, thereby gaining valuable time for emergency interventions. 

Moreover, in the domains of sports and fitness, smart textiles, when integrated with artificial intelligence technologies, will provide more precise exercise recommendations. For instance, athletes wearing smart textiles during high-intensity training can have their muscle electrical activity and force conditions recorded by sensors. These data are analysed through deep learning models to extract muscle usage patterns from past training sessions. When the system detects excessive muscle load, it can provide real-time recommendations for rest or adjustments in exercise intensity to reduce the risk of sports injuries. With the continued advancement of neural network simulations and deep learning technologies, smart textiles are expected to create more groundbreaking applications in health management, sports training, and other fields, securing a significant position in the global wearable device market.

Since 2020, with the rapid development of AI and IoT technologies, smart textiles have gradually achieved seamless integration with cloud platforms, becoming a paradigm of deep integration between modern technology and daily life. The market growth of IoT devices has been remarkable, with the number of connected devices projected to reach 75 billion by 2025. This trend offers abundant possibilities for the application of smart textiles. Smart textiles not only collect physiological data from wearers but also upload the data to the cloud in real time, where it is analysed and processed using artificial intelligence to provide personalised solutions and efficient data management. These data also serve as critical references for medical professionals and related practitioners in diagnostics and research. 

Another notable example is e-skin, an electronic skin equipped with highly sensitive pressure and temperature sensors. It not only enables daily physiological monitoring for wearers but also plays a critical role in medical research. E-skin can simulate the properties of real skin and assist in the development of more precise prosthetic technologies. Furthermore, this technology has been introduced into the field of rehabilitation training, particularly in aiding stroke patients to regain tactile perception in their limbs. By transmitting data to the cloud and integrating AI algorithms for analysis, it can formulate specific rehabilitation plans tailored to individual users, significantly enhancing the efficiency and effectiveness of medical interventions. 

The integration of AI and IoT technologies has accelerated the innovative applications of smart textiles, with transformative impacts already emerging in health monitoring, medical research, and other specialised fields. As technology continues to advance, smart textiles are expected to become a crucial medium for the deep integration of next-generation technology and daily life, paving the way for a more precise and intelligent future lifestyle.

6.	Key Application Scenarios of Smart Textiles

6.1 Healthcare and Health Monitoring 
The functionality of smart textiles in medical and health monitoring extends beyond simple physiological data recording tools; they represent an integrated and seamless intelligent solution. Smart textiles, equipped with built-in sensors, enable real-time data capture and transmission. Compared to traditional intermittent detection methods, they provide a more systematic reflection of patients’ physiological changes. Their capabilities also include support for telemedicine, which is particularly crucial in special circumstances such as pandemics. For instance, a medical trial demonstrated the use of smart textiles for remote post-operative rehabilitation management. Patients could transmit real-time data such as heart rate and blood oxygen levels to medical institutions, allowing healthcare professionals to provide personalised recovery recommendations based on the data, thereby significantly reducing readmission rates.

Additionally, smart textiles have shown outstanding performance in tracking rehabilitation data. Centered on biosensing technology, this category of products can track features such as muscle activity and range of motion, making them applicable for physical therapy or recovery from sports injuries

6.2. Sports and Fitness  
In the field of sports and fitness, smart textiles are revolutionizing the way people exercise. By embedding sensors, these textiles can monitor muscle activity, fatigue levels, and gait patterns of athletes. Such data can help enhance exercise efficiency and prevent injuries caused by improper posture or overtraining. Wearable devices utilising smart textile technology can improve the accuracy of exercise data collection, achieving real-time monitoring precision of over 87%, demonstrating their potential in professional fitness applications. Moreover, this technology allows users to gain a clearer understanding of their physical state during exercise, enabling the formulation of scientifically informed workout plans. 

With the continued advancement of artificial intelligence, big data analytics, and material science, the applications of smart textiles in sports and fitness are expected to become more diverse and precise. For instance, future smart sportswear may feature real-time biofeedback functions, integrating virtual coaching technologies for one-on-one guidance. Additionally, real-time data-sharing capabilities will enable better coordination in team sports among team members, thereby improving training outcomes and athletic performance.

6.3. Military and Security Applications  
Military smart sensing garments can detect the concentration of external chemical substances, while smart camouflage uniforms can automatically adjust their colours in different environments to provide effective concealment. The application is not only monitoring soldiers’ vital signs such as heart rate and body temperature in real time but also integrating chemical sensors into textile structures to detect toxic gas concentrations and other hazardous substances, thereby activating early warning systems when necessary. 

In extreme environments, smart textiles worn by soldiers can offer real-time positioning through built-in navigation systems, ensuring the accuracy and efficiency of tactical operations. Furthermore, such technologies can be combined with artificial intelligence to analyse real-time data from each soldier, assisting commanders in swiftly understanding battlefield conditions and making strategic adjustments.

Another typical application is smart camouflage uniforms, the uniforms utilise special thermosensitive materials and optical modules to detect changes in ambient light and temperature, automatically adjusting the colour and texture of the textiles to blend with different terrain. Research indicates that this type of smart camouflage enhances soldiers’ concealment, making them difficult to detect even under thermal imaging equipment, thereby further improving battlefield survivability and operational effectiveness.

In summary, smart textiles for military and security purposes not only enhance soldiers’ combat performance but also significantly improve safety and stealth capabilities. With the continued development of new energy materials and miniaturised electronic technologies, their application prospects will become broader and deeper, establishing them as a critical pillar of modern military technology.

7.	Technical Challenges and Future Development Trends  

7.1. Key Technical Challenges 
· Insufficient durability and stability
· The development of smart textiles faces numerous technical bottlenecks. Durability and stability issues are particularly prominent. Taking a smart sportswear equipped with physiological monitoring functions as an example, its embedded sensing modules must endure various harsh conditions during daily use, including repeated wearing and removal, bending, stretching, and high-speed water flow in washing machines. During this process, the sensing materials are prone to issues such as poor contact, performance degradation, or even complete failure. 
· As smart textiles integrate electronic components with flexible fibres, their multi-layered structure makes them more susceptible to overall functional impairment due to minor physical damage. This lack of durability not only limits the market acceptance of the product but also poses a direct challenge to the practical needs of consumers. 
· The sensitivity of smart textiles to environmental conditions results in poor long-term stability, making them unsuitable for scenarios involving high humidity, extreme temperature fluctuations, or frequent use. Therefore, how to ensure the stable performance of smart textiles during practical applications through the development of novel materials and the optimization of structural design has become a critical focus of current research efforts.
· Energy issues
· When a piece of smart textile needs to operate for extended periods to achieve real-time monitoring of physiological data such as heart rate and blood oxygen levels, its energy supply becomes a crucial factor. However, most smart textiles today still heavily rely on external battery power, which not only complicates the overall structural design but also increases the inconvenience of wearing. For instance, if a runner engaging in long-distance training has to carry a heavy battery module to power the smart sportswear, it could potentially affect their athletic performance and even pose additional safety risks. Furthermore, the charging frequency and lifespan limitations of external batteries further restrict the usability of the products. As a result, energy self-sufficiency has become one of the core challenges urgently needing resolution in the field of smart textiles. 
· Currently, scientists are striving to develop technologies capable of harnessing human kinetic energy, thermal energy, and other sources for self-powered generation, with the aim of providing a continuous energy supply for smart textiles. For instance, one technology under investigation involves piezoelectric fibres, which can convert mechanical energy into electrical energy through user movements such as walking or running. However, these technologies remain in the exploratory stage, and the gap between their energy generation efficiency and practical application still needs to be narrowed.
· Cybersecurity and privacy risks
· As the application scope of smart textiles continues to expand, certain latent cybersecurity and privacy risks have gradually emerged. Specifically, smart textiles often transmit collected user physiological data to the cloud for storage or analysis via wireless connections. However, during this process, if data encryption technologies are inadequate, the data may be subject to unauthorised theft and malicious use. For example, in certain medical application scenarios, if a patient’s heart rate monitoring data is intercepted by hackers, it could pose a direct threat to the patient's personal privacy and potentially compromise the accuracy of medical decisions. Furthermore, smart textiles may become a new entry point for hacker attacks, as vulnerabilities in their internal systems could allow intruders to access additional personal information. 
· As smart textile technologies become more widespread and deeply integrated into applications, ensuring the security of personal data during transmission, storage, and analysis at various stages remains a critical challenge. Gradually becoming the focus of industry attention. To this end, relevant technical personnel need to further enhance the complexity of data encryption algorithms and prioritise the integration of cybersecurity protocols when designing smart textile products. Additionally, regulatory frameworks and legal guidance will play a crucial role in future developments, thereby laying a solid foundation for the widespread application of smart textiles.

7.2. Future Development Trends  
· Lightweight and flexibility: With continuous breakthroughs in smart textile technology, the demand for lightweight and flexible designs has become increasingly prominent. Integrating nanotechnology into conductive fibres can significantly reduce sensor weight and enhance flexibility. For instance, current smart sportswear on the market has begun adopting ultra-fine conductive fibres, making the embedded electronic components almost imperceptible to the wearer and greatly improving wearing comfort. 
· Energy self-sufficiency and low power consumption: Energy insufficiency is one of the critical challenges faced by wearable devices. Significant breakthroughs in energy self-sufficiency are anticipated for future smart textiles. For example, self-powering fabric that utilises piezoelectric and thermoelectric technologies to convert mechanical energy and thermal energy generated by human motion into electrical energy, directly powering the embedded electronic components. Such technologies not only reduce reliance on traditional external batteries but also significantly extend usage time. 
· Sustainable design: Sustainable design is one of the key trends in contemporary industrial design. Smart textiles are no exception. Fully biodegradable fibre that achieves an entirely eco-friendly lifecycle from production to disposal. Additionally, the Swedish fashion brand H&M has launched a series of garments with smart functionalities and has pledged to use 100% recyclable and renewable materials to reduce environmental impact. These concrete practices not only demonstrate the feasibility of sustainable design but also herald the large-scale application of smart textiles in the future, with environmental protection and sustainability at their core, creating new opportunities for the integration of smart technology and environmental awareness.

8.	Future Prospects  
With the gradual maturation and deepened application of core technologies such as artificial intelligence (AI), the Internet of Things (IoT), and self-powered systems, smart textiles are expected to continue advancing their technological iterations and application upgrades, permeating all aspects of daily life in the coming decades. Leveraging the powerful computational capabilities of AI, smart textiles will achieve higher levels of data analysis, enabling not only data monitoring but also personalised analysis and recommendations based on users’ health conditions. The development of IoT will allow smart textiles to form an ecological synergy with other smart devices, facilitating comprehensive data sharing and multi-scenario applications. Breakthroughs in self-powered technologies will address the energy supply bottleneck of smart textiles, enabling them to operate in long-duration, low-power scenarios, thereby enhancing their convenience and versatility. 



Learning Activities

(1) Smart Textile Function Analysis Task
· Students select one type of smart textile (passive, active, or ultra‑smart) and create a short explanation describing:
· how it works
· what technology it uses
· one real-world application.
· They then share and compare examples in small groups.
(2) Design a Smart Textile Concept
In pairs, students design a simple smart textile product (e.g., smart jacket, smart sportswear, medical band). They briefly outline:
· the sensors or smart materials included,
· how the product collects or uses data, and
· which problem it solves.

Assessment

(1) Explain how smart textiles differ from traditional textiles in terms of structure and functionality.
(2) Give two examples of how smart textiles are applied in the healthcare sector, and describe the benefits they provide.
(3) Compare and contrast passive, active, and ultra-smart textiles in terms of technological complexity and functional capabilities.
(4) Explain how energy harvesting technologies such as piezoelectric and thermoelectric materials contribute to the development of self-powered smart textiles.
(5) Smart textiles face technical challenges in durability and stability. Describe two major problems related to these challenges and propose potential solutions.
(6) Discuss the role of AI and deep learning in enhancing the intelligence of future smart textiles, providing at least one application scenario.
(7) Describe how smart textiles can improve sports performance and injury prevention, including the types of sensors involved and the feedback they provide.
(8) Explain the significance of IoT integration in smart textiles, especially regarding real-time data transmission and cloud-based analysis.
(9) In military applications, what functions can smart camouflage uniforms perform, and what technologies enable these functions?
(10) The global smart textiles market is expected to grow rapidly. Identify two major factors driving this growth and explain why they are influential.
