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Abstract
Smart wearable electronic devices capable of information exchanging (such as human-machine interfaces) have 
developed into key carriers for the interconnection, intercommunication, and interaction between humans and 
machines. Multimodal electronic textiles that incorporate multifunctional sensors into daily clothing are an 
emerging technology to realize smart wearable electronics. This has greatly advanced human-machine interface 
technology by bridging the gap between wearing comfort and traditional wearable electronic devices, which will 
facilitate the rapid development and wide application of natural human-machine interfaces. In this article, we 
provide a comprehensive summary of the latest research progress on multimodal electronic textiles for intelligent 
human-machine interfaces. Firstly, we introduce the most representative electronic textile manufacturing 
strategies in terms of functional fiber preparation and multimodal textile forming. Then, we explore the 
multifunctional sensing capability of multimodal electronic textiles and emphasize their advanced applications in 
intelligent human-machine interfaces. Finally, we present new insights on the future research directions and the 
challenges faced in practical applications of multimodal electronic textiles.
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INTRODUCTION
Driven by the Fourth Industrial Revolution represented by intelligent technology, the fields of artificial 
intelligence, the Internet of Things (IoT), big data, and 5G information technology have ushered in a stage 
of vigorous development[1-3]. The intelligent interconnection between humans and machines is the 
foundation and key to the progress of today’s era[4-7]. Therefore, the human-machine interface, as an 
information exchange interface between humans and machines, has become a technology that is now in 
urgent need of development and is expected to provide a new interactive experience[8-12]. Wearable 
electronic devices have been proven to be a very effective way to realize the human-machine interface, i.e., 
the important medium for connecting people to intelligent machines and the key carrier for interconnecting 
people and everything, which have become a research hotspot in academia and industry[13-18]. Wearable 
electronic devices that emphasize close human-machine interaction and collaboration have emerged in 
large numbers to help people achieve the ultimate goal of combining human intelligence with machine 
intelligence[19-21]. However, they are often limited by issues such as uncomfortable wearing, inconvenience of 
portability, and poor skin fitting, which leaves a clear boundary in the practical use of human-machine 
interfaces. The emergence of smart textiles that integrate electronic devices into textiles can effectively solve 
the shortcomings of other wearable electronic devices. By virtue of the soft, comfortable, and wearable 
humanized features of textiles, smart electronic textiles can provide humans with a more convenient and 
natural human-machine interface[22-24].

Therefore, electronic textiles used for human-machine interfaces have developed rapidly, with the 
continuous maturity of textile, electronic, information, physics, materials, and other technologies. Many 
researchers have reported integrating fibers with sensing functions into textiles to provide sensing and 
interaction capabilities for humans and machines[25-28]. Other studies have focused on the use of electronic 
textiles to digitally analyze the physiological information and motion information of the human body[29-32]. 
Functional sensors can be placed on various parts of the body assisted by electronic textiles to realize 
distributed, multi-channel, and multi-parameter sensing. This method of embodying the vital information 
of the human body in the form of data paves the way for the digital connection between humans and 
machines and the application of human-machine interfaces.

In recent years, many research achievements on electronic textiles have been reported, and there are also 
reviews summarizing the research progress of electronic textiles. Some focus on the structural design of 
textile devices, the textile preparation process, and application in artificial intelligence[33-35], while others 
emphasize smart textiles for personalized medical care, including wearable point-of-care systems, 
healthcare, and sustainability[36-38]. However, to our knowledge, the review of electronic textiles with 
multimodal sensing functions and human-machine interface applications has rarely been reported. With 
the progress of science and technology and the improvement of living standards, the single functional 
electronic textile cannot meet people’s needs for complicated human-machine interactions. Multimodal 
sensing capabilities and human-machine interface applications are the main areas of interest at this stage. 
This urgently requires electronic textiles to develop towards multifunctionality, intelligence, and 
informatization, which poses considerable challenges in terms of materials selection, structural design, 
multifunctional integration, and textile manufacturing[22,39]. Currently, multimodal electronic textiles are still 
an area that has not been fully studied. More and more researchers are centering on the research of 
multimodal electronic textiles that can simultaneously detect multiple stimulation information to better 
realize the connection and interaction between humans and machines[40-42]. The motivation of this review is 
not only to emphasize the research results of multimodal electronic textiles in recent years but also to 
promote the development of smart electronic textiles in the field of human-machine interfaces and 
contribute to building an era of intelligent interconnection.
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In this review, we logically present the progress of multimodal electronic textiles and summarize their 
applications in human-machine interfaces, as shown in Figure 1. We first introduce functional fiber 
fabrication techniques and electronic textile forming strategies. Then, the multimodal electronic textiles 
with multifunctional sensing capabilities in physical signals, physiological signals, chemical signals, and 
hybrid signals are summarized. Next, the applications of multimodal electronic textiles in intelligent 
human-machine interfaces are discussed, including healthcare monitoring, motion recognition, gesture 
interaction, VR and AR control, and smart home. In the end, we point out the key challenges and future 
development trends of multimodal electronic textiles in human-machine interface research.

FUNCTIONAL FIBER FABRICATION AND ELECTRONIC TEXTILE FORMING
With the rapid development of smart textiles, increasing fabric manufacturing technologies are used in 
electronic textiles. According to the required function, the appropriate sensing material, micro-nano 
processing, and fiber manufacturing technology are selected to prepare the functional fibers. Subsequently, 
multifunctional fibers are integrated into textiles through various textile processing technologies to form 
multimodal electronic textiles. In this section, we discuss the common functional fiber fabrication 
techniques and electronic textile-forming methods in detail.

Fiber fabrication
Fiber is the basic component unit of textiles, so the preparation of functional fiber is the basis for building 
multimodal electronic textiles. In recent years, various manufacturing technologies, such as coating[58], 
injecting[59], twisting[60], spinning[61], thermal drawing [62], and coaxial extrusion[63], have been used in the 
development of fiber. These technologies can combine one or more functional materials to continuously 
produce multifunctional fibers, as shown in Figure 2.

Coating
The coating is a universal, convenient, and effective fiber manufacturing technology which can transfer 
functional materials to fiber or yarn substrate[64]. The most common coating methods include spraying[65], 
dipping[66], electrochemical coating[67], and more. Chen et al. used the common textile material polyamide 
(PA) yarn as the substrate and coated silver on its surface as the conductive electrode[68]. The silver-coated 
PA yarn was coated with silicone rubber to obtain PA composite yarn with negative friction, as shown in 
Figure 2A. Park et al. also used coating silicone rubber as a negative friction material to design a 
triboelectric nanogenerator (TENG), which generates electric energy by continuous contact and separation 
between human skin and silicone rubber[69]. In addition, Liu et al. prepared a pressure-sensing fabric based 
on MXene coating, using cotton fabric as a substrate[70].

Injecting
Injecting is the simplest functional fiber manufacturing technology, which is usually used to inject 
conductive liquid materials (such as liquid metal[51], conductive ink[71], conductive ionic liquid[72], etc.) into 
hollow polymer tubes to form functional fibers. Liquid metal (such as gallium, EGaIn, Galinstan, etc.) is 
widely used in liquid electrodes due to its low Young’s modulus, high conductivity, and non-toxicity. As the 
good fluidity of liquid metals, Wang et al. continuously pumped them into homogeneous ultra-fine polymer 
hollow fibers to propose a large-scale textile-based TENG[73], as shown in Figure 2B. The liquid metal/
polymer core/shell fiber structure served as the basic unit of a textile-based TENG for energy harvesting, 
sensing, and home control. Based on Galinstan, a eutectic alloy consisting of gallium, indium, and tin, Yang 
et al. proposed a TENG with a super-stretchable and structural design[44].
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Figure 1. Schematic diagram of multimodal electronic textiles for intelligent human-machine interfaces, including fiber fabrication, textile 
forming, multimodal sensing, and application for human-machine interfaces. Image for “Coating”: Reproduced with permission[43]. 
Copyright 2022, Elsevier. Image for “Injecting”: Reproduced with permission[44]. Copyright 2018, American Chemical Society. Image for 
“Twisting”: Reproduced with permission[45]. Copyright 2020, Elsevier. Image for “Spinning”: Reproduced with permission[46]. Copyright 
2021, Elsevier. Image for “Thermal drawing”: Reproduced with permission[47]. Copyright 2018, Wiley-VCH. Image for “Coaxial 
extrusion”: Reproduced with permission[48]. Copyright 2020, Elsevier. Image for “Weaving”: Reproduced with permission[49]. Copyright 
2021, American Chemical Society. Image for “Knitting”: Reproduced with permission[50]. Copyright 2017, American Chemical Society. 
Image for “Sewing”: Reproduced with permission[51]. Copyright 2022, The Author(s), published by Springer Nature. Image for “Non-
woven”: Reproduced with permission[52]. Copyright 2020, The Author(s), published by AAAS. Image for “Healthcare monitoring”: 
Reproduced with permission[53]. Copyright 2022, Elsevier. Image for “Motion recognition”: Reproduced with permission[54]. Copyright 
2022, Wiley-VCH. Image for “Gesture interaction”: Reproduced with permission[55]. Copyright 2022, Wiley-VCH. Image for “VR and AR 
control”: Reproduced with permission[56]. Copyright 2020, The Author(s), published by Springer Nature. Image for “Smart home”: 
Reproduced with permission[57]. Copyright 2020, The Author(s), published by Springer Nature.

Twisting
Twisting is a process of winding raw silk into yarn, which is a necessary means to make fiber strips into 
yarn. The loose filaments can be rotated into yarns in a twisting device, enhancing their flexibility, stretch 
resistance, and mechanical durability[74,75]. Twisting can also realize the manufacturing of a core yarn, in 
which conductive fibers are leveraged as core electrodes and other fibers are wrapped around by twisting. In 
the study of Yang et al., the short sheath fiber was tightly wrapped on the conductive fiber by twisting, 
forming a core spun yarn[76], as shown in Figure 2C. A triboelectric material was then used to coat the core 
yarn to design a conductive composite fiber with customizable functions. In the study of He et al., one 
stainless steel fiber and several polyester fibers were integrated by a multi-twist process for producing the 
conductive sensing yarn[77]. Also, using the twisting process, Tang et al. prepared highly stretchable carbon 
nanotube (CNT)/thermoplastic polyurethane (TPU) composite nanofiber yarns, which can be further 
processed for flexible strain sensors[78].
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Figure 2. Functional fiber manufacturing technology. (A) Coating technique. Process flow for preparing core-shell functional yarn by 
coating functional materials. Reproduced with permission[68]. Copyright 2019, Elsevier; (B) injecting technique. The fabrication process 
of the liquid-metal/polymer core/shell fibers by injecting technique. Reproduced with permission[73]. Copyright 2020, Elsevier; (C) 
twisting technique. The fabrication method of conductive polymer fibers by twisting technique. Reproduced with permission[76]. 
Copyright 2021, American Chemical Society; (D) spinning technique. The fabrication method of single-electrode triboelectric yarn by 
spinning technique. Reproduced with permission[83]. Copyright 2020, American Chemical Society; (E) thermal drawing technique. 
Process flow of thermally drawn high conductive fibers with controlled elasticity. Reproduced with permission[91]. Copyright 2022, 
Wiley-VCH; (F) coaxial extrusion technique. Preparation of stretchable conductive core/shell fibers by coaxial extrusion technique. 
Reproduced with permission[94]. Copyright 2022, Elsevier.

Spinning
Spinning manufacturing processes, such as conjugated spinning[79], melt spinning[80], and wet spinning[81], 
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can realize continuous manufacturing of functional fibers and large-scale industrial production. Conjugated 
spinning is to apply a high voltage of opposite polarity to two spinnerets, and the nanofibers ejected from 
the two spinnerets are attracted and wound together to obtain continuous yarn[82]. As shown in Figure 2D, 
Ma et al. reported a triboelectric yarn with helical hybridized nano-micro core-shell fiber bundles, which 
was fabricated by a continuous conjugated spinning technology[83]. Polyvinylidene fluoride (PVDF) and 
polyacrylonitrile (PAN) hybrid nanofibers were uniformly wound on the conductive yarn at a certain angle 
to form a tightly wrapped core-shell structure. Melt spinning is a yarn preparation method that uses a 
polymer melt as raw material to spin through a melt spinning machine[84]. Wang et al. developed an 
activated carbon fiber by using melt spinning technology, presenting a good application prospect in the field 
of flexible electronics[85]. Wet spinning is to dissolve the polymer in a solvent, and then the solution is 
ejected from the spinneret and solidified into fiber in the coagulation bath[86]. Using wet spinning 
technology, Wu et al. prepared a highly stretchable and conductive CNTs/MXene-TPU hybrid fiber 
electrode with a porous structure[61]. TPU molecular chain was the main skeleton, while CNTs and MXene 
form conductive networks, which could be further applied to flexible strain sensors.

Thermal drawing
Thermal drawing is another way that can be available for the industrial production of fibers, which is to 
draw preforms into miniaturized fibers[87-90]. During the drawing process, fibers of different sizes can be 
achieved by setting different parameters. In the study of Marion et al., the preform made of two 
thermoplastic elastomers was thermally drawn into fibers, and the conductive copper wire was fed into the 
hollow channel of the preform[91]. Subsequently, the elastomer fiber was twisted to produce helical metal 
electrodes embedded in a stretchable yarn, as shown in Figure 2E. Zhang et al. proposed thermoelectric 
micro/nanowires by thermally drawing inorganic thermoelectric materials in a flexible fiber-like 
substrate[92]. The thermoelectric fibers were highly flexible, ultralong, and mechanically stable and could 
meet the requirements of large-scale preparation. Thermal drawing technology has been regarded as a 
platform for the industrialized manufacturing of fiber electronic devices. By combining metals, insulators, 
and semiconductors all in one fiber, fibers with optical, electrical, acoustic, and optoelectronic functions can 
be easily produced.

Coaxial extrusion
Coaxial extrusion is also a common fiber manufacturing technology. Typical coaxial extrusion technology is 
that conductive materials and insulating materials are extruded at the same time to form core electrodes and 
triboelectric layers, respectively, after drying[93]. In the study of Wu, the liquid melts and silicone rubber 
were respectively injected into the central channel and the outer channel of a coaxial needle[94]. 
Subsequently, by coaxial extrusion, stretchable conductive core/shell fibers were prepared for strain sensing 
and self-powered smart textiles, as shown in Figure 2F. 3D printing technology is an emerging technology 
in recent years, which is also another form of coaxial extension[95]. Chen et al. have prepared stretchable 
elastic fibers with a coaxial core-sheath structure by a 3D printing method, which consisted of a conductive 
core and an insulative sheath[63].

Textile forming
The functional fibers produced by continuous production have good machine manufacturing properties 
and can be made into multimodal electronic textiles by various textile processing technologies (including 
weaving[49], knitting[96], sewing[97], non-woven[98], etc.). Owing to its salient merits of mechanical deformation 
and adaptability, the textile can be integrated into ordinary clothing to achieve multimodal sensing.
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Weaving
Weaving is a textile processing technology in which warp and weft are vertically crossed to form a textile. 
Weaving technology has been widely used, with the intersection of warp and weft often designed as a 
sensing unit[99,100]. Based on the shuttle-flying weaving technique, Gong et al. weaved polylactic acid fibers 
into a reconfigurable green electronic textile, as shown in Figure 3A. Due to the excellent mechanical 
properties of polylactic acid fiber, the designed textile is applicable for large-scale production and possesses 
good washability[101]. In the study of Zeng, through scalable industrial textile weaving routes, fabricated 
metal fabric presented satisfactory mechanical strength, breathability, and waterproofness[102]. Moreover, 
Choi et al. fabricated a smart textile system by weaving processes, including wireless power transmission, 
touch sensing, photodetection, environmental/biosignal monitoring, and energy storage. The system design 
and integration strategies based on the weaving process lay a foundation for large-scale smart home and IoT 
applications[103].

Knitting
Knitting is the process of intertwining yarns to form a textile, which mainly includes weft knitting and warp 
knitting. As the structure of knitted textiles can be easily stretched in different directions, it is regarded as a 
very effective manufacturing method for strain-sensing textiles[104]. Yang et al. developed a graphene textile 
strain sensor with a weft-knitted textile substrate, possessing high sensitivity and wide-range tensile 
response[105]. As shown in Figure 3B, Dong et al. reported a facile and all-yarn-based knitting power textile 
that enabled both biomechanical energy harvesting and simultaneous energy storing[50]. With the 
weft-knitting technique, the textile had the characteristics of the high elasticity, flexibility, and stretchability 
and was qualified with adaptability in complex mechanical deformation. Moreover, Uzun et al. coated 
cellulose yarns with MXene to produce highly conductive and electroactive yarns[106]. By using an industrial 
knitting machine, the yarns were knitted into textiles, providing a new method for the preparation of 
flexible and wearable capacitive pressure sensors.

Sewing
Sewing is the simplest way to integrate functional fibers into textiles and provides great flexibility for textile 
structure and function design. Functional fibers can be designed to various structural patterns and placed 
on any position of the textile by sewing[107]. As shown in Figure 3C, Lin et al. developed electronic textile 
systems with near-field wireless power and communication capabilities, which are realized by the digital 
embroidery of liquid metal fibers onto clothing[51]. The compatibility of liquid metal fibers with the digital 
embroidery process allowed the design of radio-frequency patterns on clothing by utilizing established 
computer-controlled textile manufacturing. By sewing a sensing yarn into the designer pattern on the 
garments, He et al. integrated electronic textile-based triboelectric sensors with versatile commercial 
garments[77]. With this scalable method of sewing, any commercial clothes can be easily converted into 
intelligent wearable systems.

Non-woven
Non-woven is a technique that makes textiles by winding discontinuous staple fibers or filaments in a 
random manner. Electrospinning is the most representative technology in the non-woven process[52,108]. As 
shown in Figure 3D, electrospinning was adopted to manufacture nanofiber non-wovens, realizing an 
all-fiber synergistic electronic textile[109]. Through a self-assembly technology based on wet heterostructured 
electrified jets, Zhang et al. developed versatile electrospinning micropyramid arrays. Self-assembly far-field 
electrospinning apparatus was used for the design of the electrospinning pyramid array structure, which was 
a new electrospinning method[110]. A ferroelectric-enhanced triboelectric textile and the directional 
moisture-wicking fabric were made by electrospinning non-woven. This new type of electrospinning 
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Figure 3. Electronic textile forming strategies. (A) Weaving technology. The process of manufacturing electronic textiles through the 
shuttle-flying weaving technique. Reproduced with permission[101]. Copyright 2022, American Chemical Society; (B) knitting technology. 
The fabrication process of the all-yarn-based knitting power textile by knitting technology. Reproduced with permission[50]. Copyright 
2017, American Chemical Society; (C) sewing technology. Schematic diagram of digitally-embroidered liquid metal electronic textiles 
designed by sewing technology for wearable wireless systems. Reproduced with permission[51]. Copyright 2022, The Author(s), 
published by Springer Nature; (D) non-woven technology. The fabrication process of the all-fiber tribe-ferroelectric synergistic 
electronics by non-woven technology. Reproduced with permission[109]. Copyright 2019, The Author(s), published by Springer Nature.

non-woven presented broad application prospects in fast-drying clothes, cooling textiles, and wireless 
motion monitoring insoles[111].
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MULTIMODAL SENSING
Functional fibers with stimulus-response capabilities are prepared through advanced fiber fabrication 
techniques, and then multiple functional fibers are integrated into electronic textiles using textile-forming 
methods to achieve multimodal sensing functions. Electronic textiles manufactured by textile-forming 
methods have a vertical cross structure, a loop structure, and a non-woven fabric structure, which can 
improve the sensing performance of the device. In addition, electronic textiles have the advantages of 
softness and large areas, facilitating the integration of multiple sensing mechanisms to achieve multimodal 
sensing. In this section, we focus on the multimodal sensing capabilities of electronic textiles, including 
physical, physiological, chemical, and hybrid signals.

At present, researchers have investigated multiple ways of converting stimuli information into electrical 
signals, and Figure 4 depicts six types of common sensing mechanisms. The capacitance sensing mechanism 
is the use of the capacitance variations of dielectric materials between conductive electrodes to characterize 
stimulus information[112-114]. Piezoresistive sensing mechanism refers to the change in the resistance of the 
device under external mechanical stimuli[115-117]. The piezoelectric sensing mechanism relies on polarization 
phenomena inside the material to represent stimulus information in the form of electricity generation[118-120]. 
The triboelectric sensing mechanism uses contact electrification and electrostatic induction coupling effects 
to convert mechanical stimuli into electrical output[34,121,122]. The electrochemical sensing mechanism is a 
method to convert chemical stimuli signals into electrical signals via chemical reactions[123-125]. 
Electromagnetism is a sensing mechanism that converts magnetic signals into electrical signals[126-128].

Physical signal sensing
Sensors based on electronic textiles have been widely used to detect various physical signals. Physical signals 
are converted into detectable electrical signals through various methods, including the triboelectric 
effect[129], the piezoelectric effect[130], the thermal resistance effect[131], etc., to detect physical signals, such as 
pressure[132-134], strain[135,136], temperature[137], humidity[138-140], and more. Nowadays, the detection of electronic 
textiles with a single signal can no longer meet the needs of accurate monitoring and advanced applications. 
Therefore, people began to study multimodal electronic textiles that can simultaneously detect two or more 
physical signals.

Multimodal electronic textiles for physical signals can be divided into two categories. One is to detect 
different manifestations of the same type of signals (such as pressure and strain[141,142]), and the other is to 
detect different types of signals (such as temperature and strain[143]). According to the designed device 
structure and sensing mechanism, it is very significant to utilize different methods to measure the same 
physical signal. For example, we can choose methods such as triboelectric, piezoelectric, capacitive, and 
piezoresistive effects to measure pressure and strain signals. We can also choose thermal resistance and 
piezoresistance effect methods to measure temperature and strain signals. Triboelectric and piezoelectric 
effects have the advantage of fast response time based on the acquisition and analysis of the output transient 
voltage signal for dynamic information detection. For capacitance, piezoresistive and thermal resistance 
effects have the advantage of high sensitivity and wide response range based on the acquisition and analysis 
of continuous capacitance or resistance signals for static information detection.

TENG not only can convert mechanical signals into electrical signals when triboelectric fiber materials 
contact and separate but also has the characteristics of being self-powered, which is a good choice for 
mechanical sensors[63,144]. As shown in Figure 5A, the pressure-strain multimodal electronic fabric combined 
with the triboelectric nanogenerator is presented[68]. Cotton yarn and PA composite yarn are used as positive 
and negative triboelectric materials, respectively, wherein PA yarn coated with high-conductivity silver is 
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Figure 4. Schematic illustrating the six types of common multimodal sensing mechanisms: capacitance; piezoresistivity; piezoelectricity; 
triboelectricity; electrochemistry; and electromagnetism.

used as a conductive electrode, which is coated with silicone rubber to obtain composite yarn. The two 
materials are compiled together in a special structure that is a double-faced interlocking structure. Figure 5A 
shows the power generation mechanism of the textile sensor with a double-faced interlocking structure 
under pressure and stretch. When pressure or stress is applied to the fabric, PA and cotton yarns come into 
contact and separate from each other, which will result in charge movement, thus enabling multimodal 
sensing functions. On this basis, the fabric has good performance as a pressure and strain sensor. Figure 5B 
shows a temperature-strain multimodal sensing textile, which is made by supersonic spraying reduced 
graphene oxide (rGO) and silver nanowires (AgNWs) on wearable fabrics[143]. As a thermal fabric, the low 
junction resistance produced by supersonic cold spraying coating makes rGO/AgNW fabric have high 
conductivity, which enables it to measure temperature in real-time accurately. As a strain fabric, the rGO/
AgNW fabric can be used for wearable or body-attachable electronic devices.

The detection of multimodal signals can be divided into two cases. One case is that the same fiber/textile 
can detect two signals, respectively, as shown in Figure 5C[145]. The fiber is obtained by integrating Kevlar 
nanofiber with MXene nanosheet (KM) through wet spinning. And the conductive fiber can be packaged in 
two dielectric elastomers with a sandwich structure to make a sensitive piezoresistive sensor, which can be 
used for Morse code recognition. In addition, MXene has the characteristics of negative thermal coefficient 
behavior, which can be sewn on gloves and other textiles with alarm devices to prevent scalding and other 
risks. The other case is to use different signal-sensing fibers and weaves them into textiles to achieve 
simultaneous detection of the two signals, as shown in Figure 5D[146]. Temperature sensing is achieved with 
the help of CNTs and ionic liquid temperature-sensitive materials, while pressure sensing is achieved by 
detecting the capacitance at the yarn crossing point. The temperature-pressure sensor array is a layered 
sensing textile, which is obtained by integrating temperature and pressure sensing yarns. The two layers of 
textiles are used for temperature sensing and pressure sensing, respectively. The position accuracy of the 
temperature pressure signal sensed by the sensor array is 1 mm2, which shows that it has a good resolution.
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Figure 5. Physical signal sensing textile. (A) Schematic diagram of the working principle of double-faced interlocking structure TENG 
under pressure and stretch. Reproduced with permission[68]. Copyright 2020, Elsevier; (B) wearable rGO/AgNW textile as a thermal 
sensor and a strain sensor. Reproduced with permission[143]. Copyright 2022, American Chemical Society; (C) schematic diagram of 
pressure and temperature sensing of textile sensor manufactured by K1M1 fiber. Reproduced with permission[145]. Copyright 2021, 
American Chemical Society; (D) schematic diagram of a temperature-pressure electronic textile sensor and its temperature and 
pressure sensing performance. Reproduced with permission[146]. Copyright 2019, Wiley-VCH.

All of the above are dual-mode sensing textiles, while three-mode sensing textiles can adapt to more 
complex environments and achieve better sensing effects. To realize temperature-humidity-strain sensing 
textiles, a resistive sensor and capacitive sensors can be integrated[147]. Carbon particles are coated on nylon/
spandex textiles as a strain-sensing layer. The original intermediate textile is sewn by conductive textiles, 
which can be further made into a capacitive pressure sensor. By combining a resistive sensor and a 
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capacitive sensor, a hybrid sensor with a special sandwich structure is made, and a multimodal electronic 
textile with a humidity-temperature-strain sensor is realized.

Physiological signal sensing
Electronic textiles based on sensors have been widely used in the biomedical field. They have the same 
permeability and comfort as conventional clothing and can directly make contact with the skin for a long 
time without causing discomfort. The biosensor based on electronic textiles can continuously detect the 
signal of the human body. It can detect the pulse[148,149], heart rate[150,151], respiration[152], and other signals of 
people by making textile sensors into clothing and other daily textiles to achieve disease diagnosis, 
healthcare[153,154], and other functions. In disease diagnosis and medical care, multimodal signal detection can 
monitor human body status more comprehensively and accurately. Therefore, increasing multimodal 
sensing textiles for pulse, respiration, and other signals have been developed.

Sleep time accounts for approximately 1/3 of the daily time. Good sleep is of great significance to human 
health, but sleep apnea syndrome (SAS) seriously threatens human health. SAS can be effectively 
monitored[155] by detecting the respiratory-pulse signal[156] or respiratory-heart rate signal[157,158] during sleep. 
There are two directions for monitoring the SAS of electronic textiles. The one is to make sheets into 
electronic textiles, which enables the conversion of pressure to electrical signals through the triboelectric 
sensing mechanism based on silicone rubber and polyester, as shown in Figure 6A[45]. Sixty-one independent 
sensing units are integrated into the single-layer textile, and 60 small sensing units are evenly distributed on 
the textile to detect the posture of people during sleep. A larger sensing unit is located below the chest area 
to detect physiological signals. The system then transmits these signals to the computer to monitor the 
respiratory signals and pulse signals. The figure shows that when SAS occurs, the respiratory signal will 
change significantly, which can be combined with the heart rate signal to accurately diagnose SAS. The 
second is to integrate the sensor into the clothing, as shown in Figure 6B[96], and combine two triboelectric 
all-textile sensor arrays (TATSA) to the chest and wrist of the clothing to continuously collect and monitor 
the pulse signal and respiratory signal in real-time. The respiratory signal can directly display whether the 
patient has SAS. In addition, the analysis of pulse transmission time (PTT) based on this can determine 
which SAS the patient has so as to provide targeted treatment for the patient. In addition to SAS, electronic 
textiles can also diagnose other diseases, such as cardiovascular diseases diagnosed by pulse wave[159], 
COVID-19 diagnosed by respiratory activity[160], etc.

In addition to disease diagnosis, they can contact the human body for long-term signal monitoring due to 
the good compatibility between electronic textiles and the human body, which can play a good role in 
healthcare. As shown in Figure 6C[161], installing perfluorooctyltriethoxysilane modified TiO2 nanoparticles 
incorporated textile conductor (PTCCS) on the human chest can upload the detected electrocardiogram 
(ECG) signal through Bluetooth to promote its application in health monitoring. In addition, based on the 
Arduino platform, the platform is connected with two PTCCS textile electrodes of the biceps brachii belly 
and elbow joint. The electromyography signals of the three biceps brachii contraction movements, namely 
fist clenching, elbow lifting, and forearm supine, are obtained by a series of processing. When the 
conductive fabric is used as a strain sensor, a stable resistance signal can be generated according to the 
reorganization of the conductive network. When the conductor is used as a physiological electrical sensor, it 
can effectively monitor ECG and electromyogram (EMG) signals. The combination of ECG and EMG can 
play a good role in monitoring people’s physical condition in sports. It can be seen that this long-term signal 
monitoring has a good application prospect in medical care and sports.
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Figure 6. Physiological signal sensing textile. (A) (i) Schematic diagram of the smart textile with 61 sensing units; (ii) schematic diagram 
of the real-time physiological signal monitoring system. Reproduced with permission[45]. Copyright 2020, Elsevier; (B) (i) schematic 
diagram of two TATSA combined on clothes to detect pulse and respiratory signals; (ii) photo and data map of pulse and respiratory 
signals measured by TATSA during sleep; (iii) respiratory and pulse signals of a healthy participant. Reproduced with permission[96]. 
Copyright 2020, The Authors, published by AAAS; (C) (i) schematic diagram of sensors used to detect ECG and EMG; (ii) real-time 
ECG signal displaying on the phone; (iii) detection of electromyography with bioelectrode. Reproduced with permission[161]. Copyright 
2022, Elsevier.

In a word, textile sensors can monitor some physiological signals of people without affecting people’s 
normal life and play a good role in disease diagnosis and healthcare. In order to adapt to the complex 
situation in life, the robustness of textile sensors will be another focus of research. In addition, the 
combination of fabric sensors and the Internet of Things is also one of the main development directions in 
the future.

Chemical signal sensing
Aside from the aforementioned physical signal sensing and physiological signal sensing, the multimodal 
chemical sensing textile is another kind of extensively studied fabric sensor. Such sensors are often used for 
disease diagnosis or personal health monitoring[162-166], emotional status assessment[167], and detecting 
harmful gases from the environment[168]. Sensors in the form of fabric can be conveniently integrated into 
traditional textile products such as clothes[162,163], headbands[165,166], and masks[168], improving comfort and 
biocompatibility. As integrated wearable platforms that can simultaneously collect multiple chemical signals 
from a human body or the environment, these sensors give the basis for comprehensive monitoring and 
judgment. In this section, we classify the textile-based multimodal chemical sensors into three categories 
according to their working principles, namely electrochemical sensing, optochemical sensing, and 
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chemiresistive sensing, as shown below.

Electrochemical sensing is the most studied and widely-applied type of chemical signal sensing textiles. This 
is due to its simplicity, reliability, and direct conversion of analyte concentrations to potential or current 
signals. There are two main types of these multimodal electrochemical sensors, which are standard 
electrochemical sensors and organic electrochemical transistors (OECTs).

Based on the measurement of electrode potential or current, the standard electrochemical sensors collect 
concentration information according to the Nernst relationship between analyte concentration and 
electrochemical potential or current, convert chemical signals into electrical signals, and then submit them 
to the readout circuit for amplification and further processing. If different electrodes capable of measuring 
multiple signals are integrated into the same textile, multimodal chemical sensing can be realized. For 
example, a textile-based bimodal sensing textile was fabricated for in-situ analysis of Na+ and K+ 
concentrations in human sweat simultaneously (as shown in Figure 7A)[162]. The chemical sensing ranges of 
the device covered the typical Na+ and K+ concentrations in human perspiration during the whole course of 
a physical workout, providing an effective indicator for hydration status and a potential diagnostic tool for 
electrolyte imbalance.

Going a step further, a higher-integrated multimodal electrochemical sensing textile with five 
analyte-detecting channels was reported (as shown in Figure 7B)[163]. Coaxial structured sensing fibers and 
their corresponding fiber-based reference electrodes were made by coating different active functional 
materials onto CNT fibers, respectively. By weaving together all the functionalized fibers into an ordinary 
fabric, a conformable and breathable integrated multimodal electrochemical fabric detecting a variety of 
physiological chemicals (namely glucose, Na+, K+, Ca2+, and pH) was developed, which can be used to collect 
synthetic information of component concentrations in human sweat.

Apart from standard-type electrochemical sensors, another alternative realization of electrochemical sensing 
is an OECT-based sensor. OECT is a kind of dual-functional device that simultaneously collects and 
amplifies electrochemical signals, simplifying the subsequent signal processing circuits[169]. When it comes to 
multimodal sensing, a promising textile-based sensor is a bimodal sensing fabric produced by integrating 
two OECT devices on a single fabric cloth for selectively monitoring ions and adrenaline molecules in 
human sweat (as shown in Figure 7C)[167]. Each OECT device featured a metallic gate and a conductive 
fiber-based channel. When an appropriate gate voltage was applied, the Ag-gate participated in the redox 
reaction involving Cl- in the electrolyte, whereas the Pt-gate surface underwent the oxidation reaction of 
adrenaline, which ultimately enabled analyte-concentration-dependent OECT channel currents in both 
devices. Due to the mechanism difference between the two devices, the Ag-gate OECT and Pt-gate OECT 
were sensitive and selective to ions and adrenaline molecules, respectively. This combined OECT sensor 
could be applied to evaluate hydration state and psychological status (by evaluating adrenaline level) in a 
non-invasive way, which is of great application value in personal healthcare management.

Optochemical sensing converts the concentration signals of chemical substances into corresponding optical 
signals, such as chromatic or spectral changes[165,166]. Such sensors often have simple structures and low 
manufacturing costs. Multimodal sensors can be easily fabricated by combining multiple optochemical 
sensing units on one textile substrate. A noteworthy example is a thread/fabric-based microfluidic multi-
sensing band functioning in a method of a colorimetric assay, which could be used to detect pH, Cl- and 
glucose concentrations in sweat[165], as is shown in Figure 7D. After colorimetric treatment, hydrophilic 
threads, working as sweat-transporting channels as well as sweat storage sites, were embroidered into a 
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Figure 7. Chemical signal sensing textiles. (A) Image of highly stretchable and printable textile-based bimodal ion sensors arranged on 
different detection sites. The inserted diagram shows linear relationships between ion concentrations and output voltages. Reproduced 
with permission[162]. Copyright 2016, Wiley-VCH; (B) schematic of a five-channel textile-based multimodal sensor array for sensing 
glucose, Na+, K+, Ca2+, and pH. Reproduced with permission[163]. Copyright 2018, Wiley-VCH; (C) image and schematic of an OECT-
based sweat sensing textile. Reproduced with permission[167]. Copyright 2014, Royal Society of Chemistry; (D) images of a 
thread/fabric-based microfluidic multi-sensing band based on the colorimetric assay. Reproduced with permission[165]. Copyright 2021, 
Royal Society of Chemistry; (E) schematic of the working principles of a SERS technology-assisted thread/fabric-based microfluidic 
sensor. Reproduced with permission[166]. Copyright 2021, Elsevier; (F) image of a tri-modal gas sensing mask based on fiber gas sensors. 
Reproduced with permission[168]. Copyright 2017, Tsinghua University Press and Springer-Verlag GmbH Germany.

hydrophobic textile. Different colorimetric treatment methods endowed the threads with the ability to sense 
different chemicals; namely, the concentrations of chemical analytes were reflected through their color 
changes. Three groups of detection patterns were arranged for the detection of pH, Cl-, and glucose 
concentrations, which could be determined by visual observation of color changes or by analyzing RGB 
values of the sensing sites through a smartphone APP.
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In addition to the colorimetric assay method, a novel optochemical sensing mechanism combining thread/
fabric-based microfluidic device and surface-enhanced Raman scattering (SERS) technology was reported, 
allowing simultaneous detection of glucose and lactate concentrations in human sweat with high 
accuracy[166]. A textile-based microfluidic device was made by embroidering mercerized cotton thread into a 
hydrophobic cotton fabric to build the sensing site, with a viscose thread attached to serve as a microfluidic 
channel. To detect certain biomolecules, SERS tags targeting glucose and lactate were deposited onto two 
as-prepared microfluidic devices (as shown in Figure 7E). After human sweat was absorbed and chemical 
reactions occurred between sweat analytes and SERS tags, the devices were used to measure Raman spectra. 
The concentrations of the analytes were then correlated to the characteristics of the Raman spectra. These 
relationships can be generalized as exponential functions for further analysis.

The textile chemical sensor can also be realized based on the principle that the resistance of the sensor 
changes due to its interaction with chemical substances. An example of multimodal textile chemical sensors 
that operate according to the chemiresistive principle is a face mask integrated with three fiber sensors with 
different sensing functions [Figure 7F][168]. Flexible nylon fiber substrates were wrapped with different types 
of CNT-based functional materials to produce sensing fibers whose resistances were sensitive to certain 
types of chemical concentrations in the air. Combining these sensing fibers into a face mask, three different 
gas signals can be detected and distinguished by monitoring resistance changes, realizing multimodal 
sensing to poisonous gases from the environment.

Hybrid signal sensing
As shown in the previous sections, wearable textile sensors can realize multimodal sensing of physical 
signals, physiological signals, and chemical signals, providing users with a great variety of valuable 
information, including human motions, physiological or health status, and environmental variables. On this 
basis, wearable device designers further organically integrate these signals to provide simultaneous 
monitoring of physical and physiological signals realized on the fabric platform[55,170-173] or multimodal 
acquisition of physical and chemical signals[174,175]. Hybrid signal sensing is enabled by integrating multiple 
types of fabric sensors on a single sensing textile or arranging sensors at different locations on the human 
body. While outputting information in different dimensions, these mixed-signal textile sensors also have the 
advantages of comfort, breathability, and biocompatibility, which are inherent in fabric-based sensors, thus 
enabling broad prospects in future wearable applications.

Physical/physiological-type hybrid sensing textile combining physical signals and physiological signals is 
ideal for the evaluation of overall body conditions in exercise or resting state. For instance, a fabric pressure 
sensor with high sensitivity based on rGO decorated carbonized cellulose fabric (CCF@RGO) was created 
for multimodal detection of bending motion and pulse signals[170]. As shown in Figure 8A, the CCF@RGO 
material was obtained by a high-temperature reduction process. Two stacked layers of this material could be 
sandwiched between Ecoflex layers to form an eco-friendly pressure sensor with high performance. The 
inserted diagrams respectively show that the sensor could be used to detect joint bending angles and 
measure pulse signals. Therefore, by arranging the pressure sensors on different positions of the human 
body, multimodal sensing of physical signals and physiological signals could be realized, thus providing 
comprehensive information of body status during physical movements.

Another noteworthy example is a bimodal fabric sensor that can simultaneously detect physical and 
physiological signals on the same sensor unit (as shown in Figure 8B)[171]. A nylon-coated graphene/
Fe2(MoO4)3/TPU-based micro/nano-porous fiber was manufactured and woven into a fabric. The core 
porous fiber in the fabric was used as a thermal resistance sensor to measure temperature, while the whole 
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Figure 8. Hybrid signal sensing textiles. (A) Schematic of fabric pressure sensors with high sensitivity based on CCF@RGO for pulse 
monitoring and body motion detection. Reproduced with permission[170]. Copyright 2020, Royal Society of Chemistry; (B) schematic of a 
bimodal fabric sensor that simultaneously detects temperature and pulse signals on one sensor unit. Reproduced with permission[171]. 
Copyright 2022, Elsevier; (C) schematic of a sericin-graphene decorated biocompatible sensor for strain and EMG detection. 
Reproduced with permission[55]. Copyright 2022, Wiley-VCH; (D) a skin-tight e-shirt integrating a strain sensor, an ECG sensor, and an 
EMG sensor for multiple signals monitoring. Reproduced with permission[172]. Copyright 2019, American Chemical Society; (E) a design 
concept of a highly integrated multimodal electronic garment and different working principles of the sensors attached. Reproduced with 
permission[173]. Copyright 2019, Wiley-VCH; (F) schematic of a bimodal textile sensor for pressure and gas detection. Reproduced with 
permission[176]. Copyright 2018, Wiley-VCH.

fabric was used as a single electrode TENG to deliver pulse output. The two output variables of the sensor 
were independent and did not interfere with each other, which could be used for bimodal sensing.

The combination of physiological and physical signal sensing can reflect multimodal hybrid information 
that cannot be displayed by only one signal detection. As an example, a multifunctional sensing fabric 
decorated with hydrophilic sericin-graphene ink was applied to simultaneous sensing of strain and EMG 
signals (as shown in Figure 8C)[55]. The textile could function as a strain sensor due to its strain-dependent 
resistance change and as an electrode with low contact resistance for detecting EMG signals. Strain and 
EMG sensors, based on this textile, were arranged on both human fingers and a wristband to identify three 
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types of complex human motions that are impossible to be distinguished by a single strain sensor or EMG 
sensor.

Another example of a physical/physiological hybrid sensing system is a skin-tight electronic shirt 
integrating a strain sensor, an ECG sensor, and an EMG sensor on it. Direct stencil printing was used to 
apply a silver-fluoroelastomer-mixed composite ink onto an electrospun PVDF nanofiber sheet in order to 
form a nanofiber-reinforced elastic conductor[172]. Then the as-prepared elastic conductor was transferred 
onto a shirt using a press process to fabricate a strain sensor, an ECG sensor, and an EMG sensor on 
appropriate sites of the shirt (as shown in Figure 8D). After a wireless transmission module was integrated, 
the e-shirt could be used as a multimodal electronic fabric sensor system for long-term continuous 
monitoring of physiological activities.

To achieve a higher-level integration of sensing textile platforms, integrating multiple signals sensors on one 
garment may reflect a development trend of wearable fabric sensors in the future. For example, Kapoor et 
al. put forward a design concept of integrating multimodal fabric sensing units on one long-sleeved shirt (as 
shown in Figure 8E)[173]. They arranged resistance-type fabric sensors for pulse monitoring or fabric 
electrodes for measuring bioelectrical signals on the chest. They also placed humidity sensors based on 
impedance changes under the armpit to monitor sweat and weaved tactile input sensors based on 
capacitance changes on the inner arm. At the same time, the author proposed that all fabric sensors could be 
realized by fibers based on a continuous extrusion printing process and could be assembled into sensor 
arrays by commercial roll-to-roll weaving process for mass production.

The physical/chemical-type multimodal sensing textile is another aspect of hybrid signal sensing that is 
worth exploring. Many previous studies have already involved this idea. A well-known study is a 
multi-channel fully integrated sweat sensor reported by Gao et al., which can selectively detect sweat 
electrolytes (Na+ and K+) and metabolites (glucose and lactic acid) with a temperature sensor embedded in 
to correct the response of the bio-enzyme sensing unit[174]. In addition, a multi-sensor device, integrating 
strain, ultraviolet light, and NO2 gas sensing, was manufactured to conveniently monitor signals from the 
human body and environment[175]. However, previous efforts are mainly focused on non-textile platforms.

For textile-based sensing, Tang et al. proposed a bimodal sensor that detects pressure and gas concentration 
signals, which could be used to detect and distinguish tactile and olfactory stimuli on a single sensing unit 
(as shown in Figure 8F)[176]. The polyaniline (PANI) fabric was sensitive to the concentration of ammonia in 
the air, while the contact area between the fabric and the interdigital electrode was related to the pressure 
applied to the sensor. This allowed for the realization of the pressure-dependent resistance change. The 
resistance of the dual-mode sensing fabric increased with the increase of ammonia concentration in the 
environment and decreased with the increase of pressure applied. This allowed for the detection and 
distinction of both tactile and olfactory stimuli.

To the best of our knowledge, although hybrid signal sensing textiles have been widely studied, multimodal 
textiles that combine physical and chemical signals, as well as physical, physiological, and chemical signal 
multi-sensing, are rarely reported; therefore, further research is warranted.

APPLICATION IN HUMAN-MACHINE INTERFACE
The development of smart textile manufacturing processes has facilitated the rise of multimodal electronic 
textiles, providing a viable strategy for multimodal sensing of physical, physiological, chemical, and hybrid 
signals. Designed through fiber fabrication and textile forming techniques, multimodal electronic textiles 
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provide a more natural interface for human-machine interaction, which is the key to connecting the human 
physical world and the digital space of machines to better support human life. The electronic textile with 
multimodal sensing function shows its potential application in intelligent human-machine interface and 
plays an important role in the coming intelligent era. In this section, we summarize the exciting applications 
of multimodal electronic textiles in health monitoring, motion recognition, gesture interaction, VR and AR 
control, and smart home.

Healthcare monitoring
A mainstream application of intelligent human-machine interfaces is the healthcare monitoring system. 
With the growing demand of consumers for improving the quality of life, more flexible and comfortable 
healthcare monitoring devices are attracting extensive attention in the consumer electronic market. The 
healthcare monitoring system can be divided into three categories based on its shape: patch[51,177,178], wearable 
device[155,179,180], and clothing[26,181]. Through monitoring various physiological indicators, including ECG, 
pulse, body temperature, and sweat components, and by algorithms on smartphones or cloud computing 
platforms, the health status of users can be comprehensively analyzed.

The patch is a widely used shape by various flexible sensors because it is easy to manufacture and has a 
flexible structure. In the field of healthcare monitoring, patch sensors are often used in physical signal 
sensing (such as stress, temperature, etc.). Film sensors and textile-based patch sensors are two types of 
patch sensors. Traditional film patch sensors are designed on flexible substrates such as PDMS. Zhou et al. 
designed a stress sensor patch[177] based on the magnetoelastic effect to generate electricity through the 
magnetic changes of the material. They attached the patch on the wrist to better fit the artery, and then it 
can measure weak signals such as wrist pulse. This design has better performance and a more flexible design 
but poor air permeability, so it is not suitable for large-area sensing. The textile-based patch sensor has 
better air permeability and wearing comfort. Fang et al. have designed a multi-layer textile-based stress 
sensor patch[178], in which the CNTs-coated cotton fabric substrate and the non-woven fluorescent ethylene 
propylene textile are used as the triboelectric layers, and the outermost layer is encapsulated by PDMS and 
fabric. The textile-based patch can be used to measure wrist pulse signals and send them to mobile phones 
to calculate blood pressure and other physiological information. At the same time, the device has good 
waterproof performance due to the outer PDMS layer, so it can be used by sportsmen such as swimmers 
and divers. Lin et al. designed a liquid metal-based conductive fiber by injecting liquid metal into a hollow 
flexible pipe, and a clothing surface embroidery antenna was designed by using a computer-aided design 
and embroidery machine[51]. This customizable embroidery pattern can transmit data from the temperature 
sensor on the clothing to the smartphones through the NFC function of smartphones or other devices, as 
shown in Figure 9A.

Wearable devices are a relatively mature technology at present, such as wristbands, smart bracelets, and 
smart glasses. With the developed system of wearable devices, sensors can work and transmit signals with 
smartphones or other personal terminals more stably. Wristband healthcare monitoring devices are mostly 
used for pulse monitoring. Convenience and small size are the main advantages of this monitoring device. 
In addition, the wristband can also be compatible with traditional wearable devices such as watches to 
achieve functional integration. Meng et al. developed a fabric-based stress sensor using silver-plated fabric 
as the substrate and conductive yarns wrapped with insulating fibers as triboelectric layers[155]. They 
designed a wrist strap and a headband that can detect and collect people’s pulse signals by wearing these 
devices and connecting them to a smartphone, as shown in Figure 9B. Zhao et al. designed a flexible 
magnetoelastic material by dispersing solid nanomagnets in silica gel and obtained the magnetoelastic fiber 
through an adjustable nozzle[180]. By textile layout designing, the crossed conductive fibers form an induction 
coil and wrap the magnetoelastic fibers in it to make a stress sensor fabric. At the same time, a pulse-sensing 
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Figure 9. Application of multimodal electronic textiles in healthcare monitoring interface. (A) NFC antenna on clothing based on liquid 
metal conductive fiber for clothing surface temperature sensing. Reproduced with permission[51]. Copyright 2022, The Author(s), 
published by Springer Nature; (B) pulse monitoring wrist strap and pulse monitoring application displayed on a smartphone. Reproduced 
with permission[155]. Copyright 2019, Elsevier; (C) the pressure-sensing wrist strap based on magnetoelastic material for telemedicine 
systems and personal healthcare monitoring. Reproduced with permission[180]. Copyright 2021, The Author(s), published by Springer 
Nature; (D) intelligent healthcare monitoring clothing based on laser scribing with sound, pulse, ECG, and joint activity monitoring. 
Reproduced with permission[181]. Copyright 2021, American Chemical Society.

wrist strap and a telemedical system are designed based on this fabric, which can collect and analyze heart 
rate and pulse data, as shown in Figure 9C.

Since Google Glasses came out, intelligent eyewear devices have been attracting increasing attention. As a 
device near the head, eyewear healthcare monitoring devices can monitor more physiological signals. 
Homayounfar et al. sewed conductive silver wire on the surface of the hydrophobic and coated a layer of 
AgCl as an ionic interface to collect ophthalmic signals[179]. At the same time, a pressure sensor is formed by 
pasting silver-plated nylon fabric on both sides of cotton fabric to collect pulse signals. Based on the above 
devices, the bioelectricity pulse monitoring glass is designed to comprehensively monitor the health state of 
users.

Clothing is an indispensable part of daily life and a better form of a healthcare monitoring system. Smart 
clothing, integrated with various sensors and electronic systems, has a more comprehensive monitoring 
range and better-wearing comfort. He et al. coated graphite and lithium cobalt oxide (LCO) slurry on 
copper and aluminum wires, respectively, wrapped the two wires and then encapsulated them with 
polymers to develop fiber lithium-ion batteries[26]. At the same time, they prepared sweat ion monitoring 
fibers by coating Na+ and Ca2+ selective membrane precursors on Ag/AgCl reference electrodes. Then, they 
designed a healthcare monitoring jacket with sensing, display, communication, and energy storage 
functions. It can monitor the ion concentration in the user’s sweat in real-time and display the data on the 
jacket, while the textile-based battery can ensure its all-day work. Wei et al. presented a graphene-based 
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textile based on laser scribing technology[181]. Through graphene oxide (GO) drop-casting, laser-scribing, 
GO removal, and thermal transfer processes, an item of clothing with a multifunctional graphene device has 
been obtained. This clothing contained a strain sensor, actuator, and ECG electrode, allowing the healthcare 
monitoring clothes to monitor pulse, ECG, body motion, and people’s voices, as shown in Figure 9D.

Motion recognition
In the field of exercise healthcare, motion recognition is important to protect athletes from injury. By 
monitoring and analyzing joint activities[54,94,182], body posture[183], and micro movements[184-186] of users, the 
system can analyze their physical conditions in real time and provide a necessary warning. In the field of 
medical health, motion recognition can also be used for first-aid training[187]. Due to the inflexible 
mechanical characteristics of traditional sensors, it can be challenging to miniaturize and lighten motion 
recognition devices; however, textile sensors can effectively solve this problem.

Human activities are mainly carried out through various joints, such as knee activities during running and 
elbow joint activities during fetching; therefore, monitoring the activities of the main joints can help 
recognize most human motions. Wu et al. designed a highly integrated TENG by injecting liquid alloy and 
silicone rubber into a coaxial needle[94]. This liquid alloy/silicone rubber core/shell structure has better 
stability and higher sensitivity. Based on this TENG, they developed wearable devices such as wristbands 
and kneepads to monitor the activities of joints. When joints bend, sensors attached to them detect the 
activity and then translate it to electrical potential, as shown in Figure 10A. In addition, the simple 
manufacture makes it possible for mass production, which makes it possible to put on the consumer 
electronics market. Jiang et al. developed a stretchable, breathable, and stable nanofiber composite based on 
perovskite/poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) and styrene-ethylene-butylene-
styrene (SEBS)[54]. Based on this composite, a textile-based triboelectric nanogenerator was designed through 
screen printing and electrospinning. This TENG has high sensitivity, searchability, and breathability and 
can be used in motion-recognizing devices such as kneepads, insoles, and elbow pads, as shown in 
Figure 10B. These sensors can also be attached to clothes and trousers, collecting joint motion and 
producing electrical signals to monitor joint activities throughout the day. Moreover, Li et al. developed a 
textile-based strain sensor by using sliver-coated yarn and nylon-wrapped spandex for the re-design layout 
of the textile[182]. The sensor provides a wide sensing range, and it can be strained up to 120%. They 
developed a motion-monitoring kneepad based on the sensor to collect activities of the knee during 
walking, running, and other exercises. Notably, it can collect more data than other flexible sensors based on 
its 3D sensing ability. Data collection and processing allow for the analysis of people’s exercise habits and 
the provision of appropriate exercise advice, as shown in Figure 10C.

Human motion is not only related to joint activities but also related to the posture of the human body. The 
body posture determines the initial state and movable range of human motion. Therefore, monitoring 
human body posture and the force of the body surface can better monitor the state of body activity and can 
identify the potential risk of sports injury. Luo et al. used low-cost piezoresistive coating conductive wire to 
create a coaxial fiber by scalable and automated fabrication process[183]. Then, through the machine knitting 
process, they developed the textile-based stress sensors array, in which each pair of fibers are orthogonally 
overlapped to create a stress sensor unit. This sensor array can be used to collect pressure distribution 
information of large areas such as the plantar, back, or abdomen for posture analysis. Moreover, Lan et al. 
provided a stretchable fiber-shaped TENG (FTENG) for a wearable cardiopulmonary resuscitation training 
system[187]. The stretchable FTENG was obtained by coating silicon rubber and AgNWs ink on PU fiber, and 
it performed effectively in energy collecting during the stretch. They developed a wearable cardiopulmonary 
resuscitation training system based on the FTENG, which can monitor gestures during chest compression 
for cardiopulmonary resuscitation and recognize interruptions in chest compression.
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Figure 10. Application of multimodal electronic textiles in motion recognition. (A) Wristbands and insole based on TENG for human 
motion signal detection. Reproduced with permission[94]. Copyright 2022, Elsevier; (B) motion monitoring system consisting of elbow 
pads, knee pads, wristbands, and insoles based on textile-based TENG. Reproduced with permission[54]. Copyright 2022, Wiley-VCH; 
(C) kneepads based on textile-based strain sensors for monitoring signals of knee activities during walking and running. Reproduced 
with permission[182]. Copyright 2020, The Author(s), published by Elsevier; (D) personalized wireless motion detection system for 
detecting human body information. Reproduced with permission[185]. Copyright 2022, Elsevier; (E) smart clothing based on highly 
sensitive strain sensors for body motion monitoring. Reproduced with permission[186]. Copyright 2019, American Chemical Society.

In addition to joint activities and body movements, small movements (such as breathing and vocalization) 
may reveal the overall state of the body. However, these small movements can be difficult to detect and 
require highly sensitive sensors for identification. Yue et al. developed a highly stretchable carbon black/
thermoplastic polyurethane fibrous strain sensor by an efficient coaxial wet-spun approach[184]. This sensor 
has a large strain range, less response time, and ultrahigh sensitivity. Then, the strain sensor fiber was pasted 
on the surface of the neck, cheek, and finger to monitor micro-movements during talking, breathing, and 
head bowing. Signals collected from sensors showed that the strain sensor can recognize inhalation, 
exhalation, and other small-range movements of the head. Moreover, Sharma et al. created a flexible, highly 
sensitive piezoresistive material by depositing PANI-nanospines on hybrid hierarchical nanofibers, which 
were comprised of cellulose, PAN, and MXene[185]. They developed a personalized wireless motion detection 
system based on this fiber sensor, which can continuously monitor micro-motion signals such as breathing, 
talking, and pulse on a mobile platform for the diagnosis of cardiovascular diseases, as shown in Figure 10D. 
Hu et al. designed a highly sensitive strain sensor by a phase-separate-based microfluidic spinning 
method[186]. Based on this fiber sensor, they developed smart clothing for body motion monitoring, as shown 
in Figure 10E. This smart clothing can detect the micro-movement of the whole body, including breathing, 
chewing, swallowing, and talking, and record these signals through the application on a smartphone for 
further analysis.

Gesture interaction
Gesture recognition and interaction could mitigate the communication barriers between signers and non-
signers, who are often unable to communicate through sign language due to its lack of universality as a 
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conversation medium. Therefore, electronic textiles used for the recognition of hand gestures, sign-to-
speech translation, and human-machine gesture collaboration have been broadly explored in recent 
years[88,188-192]. Liu et al. developed fiber-type sensors made of the Ecoflex/CNT composite and integrated 
them with gloves through sewing and printing to make a smart glove[193]. With the help of deep learning and 
control systems, a smart glove can precisely identify gestures with a high accuracy of 98.4%, as shown in 
Figure 11A.

The accurate recognition of gestures lays a solid foundation for gesture interaction and sign language 
communication. To meet the urgent demand for gesture interaction, Veeramuthu et al. proposed 
conductive fibers produced through electrospinning[194]. The conductive fibers are mounted on a 
commercial glove to design a hysteresis-free smart glove that converts biomechanical gestures into electrical 
signals to establish a wearable gesture interaction interface between people (as shown in Figure 11B). 
Furthermore, using a continuous, mass-producible, and low-cost spinning technology, a full-fiber 
auxetic-interlaced yarn sensor is designed by Wu et al.[195]. With the sensor array, an ultrafast full-letter 
sign-language translation glove is developed to translate daily dialogues and complex sentences, which can 
eliminate the communication barriers between signers and non-signers (as shown in Figure 11C). The 
overall accuracy of all letters is 99.8%, and the average recognition time is less than 0.25 s, demonstrating 
excellent potential for practical applications. Also, in sign-to-speech translation, Zhou et al. demonstrated a 
translation system consisting of yarn-based stretchable sensor arrays and a wireless printed circuit 
board[144]. Assisted by machine learning, the wearable sign-to-speech translation system allowed real-time 
translation of signs into spoken words with an accuracy of 98.63%.

In order to achieve intelligent development of machines, human-machine gesture collaboration is another 
focus of researchers in addition to gesture interaction between people. As shown in Figure 11D, Yang et al. 
reported scalable fiber electronics that could be designed as an optoelectronic synergistic smart data glove 
for human-machine interaction[196]. The smart glove could manipulate hands in virtual space and further 
control manipulators in real-life scenarios. Moreover, Zhang et al. designed a textile-based electronic device 
that can control machine hands by human hand gestures[197], showing the significant potential of wearable 
electronic textiles for reliable human-robot interaction.

VR and AR control
The rapid development of VR and AR technologies has paved the way for diverse applications in social 
activities, sports training, leisure and entertainment, games, and other fields[198-202]. Smart textiles represent 
an ideal human-machine interface for VR/AR applications. As shown in Figure 12A, a wearable 
human-machine interface smart textile, driven optically, was developed by Ma et al., which could feel slight 
finger slip and classify the touch manners with the help of machine learning, achieving a recognition 
accuracy as high as 98.1%[203]. When the smart textile was attached to a doll, the virtual doll on the computer 
could express various emotional expressions according to the touch mode perceived by the real doll. To 
realize AI-enabled sign language recognition and VR space bidirectional communication, Wen et al. 
proposed an intelligent system comprising sensing gloves, an AI block, and a VR interaction interface[204]. It 
is worth noting that the intelligent system can recognize new sentences created by recombining new-order 
word elements, with an average accuracy rate of 86.67%. The results of sign language recognition in the real 
world were mapped in virtual space and translated into visual text or voice, showing the potential 
applications of intelligent sign language recognition and communication systems in the future [Figure 12B].

As the standard of living increases, people’s expectations for entertainment services are also increasing. 
Mapping human motion signals into virtual space to enable VR games is currently the key direction for the 



Page 24 of Wei et al. Soft Sci 2023;3:17 https://dx.doi.org/10.20517/ss.2023.0938

Figure 11. Application of multimodal electronic textiles in gesture interaction interface. (A) A smart glove with a fiber sensor for hand 
gesture identification by deep learning networks. Reproduced with permission[193]. Copyright 2022, Elsevier; (B) schematic diagram of 
smart glove framework and working mode for gesture interaction. Reproduced with permission[194]. Copyright 2022, Elsevier; (C) 
sign-language translation glove for a signer communicating with a person. Reproduced with permission[195]. Copyright 2022, The 
Author(s), published by Springer Nature; (D) a smart data glove for human-machine gesture collaboration, including control of a virtual 
hand and control of a robotic hand. Reproduced with permission[196]. Copyright 2021, Wiley-VCH.

development of living entertainment. Zhang et al. proposed a triboelectric smart sock equipped with 
sensing capabilities of monitoring the user’s physical status[56]. The smart sock could provide information 
about the user’s gait, with an accuracy rate of 96.67%. This technology was used to create an immersive 
experience for VR/AR scene, as demonstrated in a VR fitness game with the smart sock as the control 
interface, as seen in Figure 12C. In addition, their research group also reported a glove based on triboelectric 
textile sensors with human motion sensing capabilities[205]. By employing machine learning technology, 
various gesture recognitions with an accuracy of 96.7% were completed in real-time by using a textile glove 
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Figure 12. Application of multimodal electronic textiles in VR and AR control interface. (A) Emotional virtual interaction interface based 
on smart textiles. Reproduced with permission[203]. Copyright 2022, Donghua University, Shanghai, China; (B) intelligent interaction 
system for AI-enabled sign language recognition and VR space bidirectional communication using a triboelectric smart glove. 
Reproduced with permission[204]. Copyright 2021, The Author(s), published by Springer Nature; (C) smart socks for IoT-based gait 
analysis and VR fitness game. Reproduced with permission[56]. Copyright 2020, The Author(s), published by Springer Nature; (D) 
triboelectric textiles for gun shooting and baseball pitching in VR space of Unity. Reproduced with permission[205]. Copyright 2020, The 
Authors, published by WILEY-VCH.

to implement highly accurate virtual VR/AR game controls, including gun shooting and baseball pitching, 
as shown in Figure 12D. Also, for motion control within the game interface, Choi et al. weaved conductive 
fibers into a smart glove to reveal a pressure and gesture-discernible wearable controller for the VR game 
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interface[206].

Smart home
A smart home connects various devices in the home through the Internet of Things technology to provide 
intelligent human-machine interaction[2,207,208]. It not only has the traditional living function but also has 
network communication, information appliances, and equipment automation to offer a full range of 
information interaction functions. Therefore, smart home has extensive research in the field of flexible 
electronic devices[209-211]. In the modern information society, home security is an important part of the smart 
home. He et al. showed a safety warning carpet based on 3D angle-interlock woven structural TENG[212]. 
The TENG textiles are mounted on a coded array, where the sole contacts and separates the textile to 
generate signals for transmission to the programming system. When someone walks by, an outsider will 
trigger the alarm without realizing it, as shown in Figure 13A. Further, in order to maintain home security 
and prevent intrusion by an outsider, Dong et al. developed an identity recognition carpet using 3D braided 
TENG[57]. The recognition system consisted of a carpet for energy harvesting, a multi-channel module for 
data acquisition, and a real-time platform for data analysis that enabled password path setting and real-time 
travel path recording (as shown in Figure 13B).

In addition to being used for home security, smart carpets have also shown application potential for escape 
and rescue. As shown in Figure 13C, a self-powered escape and rescue carpet was demonstrated by Ma et 
al., which could pinpoint the location of survivors and indicate escape routes to assist victims in timely 
search and rescue[213]. Moreover, Niu et al. designed a multifunctional system based on bionic scales knitting 
triboelectric generators, which could realize personal outdoor rescue with wireless signal transmission[214].

Intelligent control of home devices to enrich human life is a hot topic in smart home research. A smart 
home system was reported by Zhang et al., constructed for elderly health protection, intelligent control of 
household appliances, and security management of access control[215]. Chen et al. proposed an automated 
fabrication of a braided electronic cord to realize natural, convenient, and efficient user interfaces[216]. 
Because the braided electronic cord was a miniaturized form, it was suitable to be combined with various 
occasions in life, including a control music player App, emergency call, musical instruments playing, and 
control light (as shown in Figure 13D).

CONCLUSION AND OUTLOOK
Considering its salient merits, such as softness, comfort, wearability, and portability, electronic textiles with 
multimodal sensing functions have shown wider application potential than other wearable electronic 
devices, which are regarded as an important research direction for future human-machine interfaces. The 
electronic textiles reported at present can detect human body information in a full range from small signals 
such as pulse, ECG, and respiratory rate to large deformation signals such as joint bending and limb 
movements. They can also analyze the chemical components in human body fluids[54,155,163]. The durability of 
electronic textiles is crucial to ensure their long-term normal operation in practical applications. Electronic 
textiles are often required to be in contact with the skin and exposed to the external environment; therefore, 
the impact of human sweat, mechanical wear, and environmental factors on durability needs to be 
considered. At present, many electronic textiles with excellent durability have been reported through 
structural design, material selection, and packaging technology. Some of these textiles have a cycle life 
exceeding 10,000 cycles[149,178,217]. In order to promote the development of electronic textiles, we discuss the 
advanced manufacturing technologies in this review in detail. We cover information from the 
manufacturing of functional fibers (including coating, injecting, twisting, spinning, thermal drawing, and 
coaxial extrusion) to the textile forming process (including weaving, knitting, sewing, and non-woven). In 
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Figure 13. Application of multimodal electronic textiles in a smart home. (A) Working diagram of a safety warning carpet signal monitor. 
Reproduced with permission[212]. Copyright 2020, Elsevier; (B) a self-powered identification carpet for entrance protection, intrusion 
warning, and path tracking. Reproduced with permission[57]. Copyright 2020, The Author(s), published by Springer Nature; (C) a 
machine-fabricated flame-retardant triboelectric fabric to help fire escape and rescue in a home. Reproduced with permission[213]. 
Copyright 2020, Wiley-VCH; (D) a braided electronic cord-based interaction system for smart home control. Reproduced with 
permission[216]. Copyright 2022, The Author(s), published by Springer Nature.

addition, the multimodal sensing capabilities of electronic textiles in physical, physiological, chemical, and 
hybrid signals are summarized from the perspective of functional material selection, device structure design, 
and multimodal sensing mechanisms. Finally, the applications of multimodal electronic textiles in 
intelligent human-machine interfaces are highlighted, especially in health monitoring, motion recognition, 
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gesture interaction, VR and AR control, and smart home.

Although great progress has been made in theoretical research and application demonstration of electronic 
textiles in recent years, there are still great challenges in their practical industrial application. The problems 
that need to be solved in the practical application of electronic textiles are listed in the following six aspects: 
materials, manufacture, sensing, circuit, wearability, and intelligence, as shown in Figure 14.

(1) Material: Flexible materials are the basis and core of flexible electronic devices, so the progress of 
electronic fabrics should first focus on the innovation of materials. In order to achieve a balance between 
softness, high sensitivity, and stability, the design and synthesis of new composite-sensitive materials are 
urgently expected to realize multimodal sensing of electronic textiles by modulating the amount of material 
doping and the interface binding state. The composite doping of flexible substrate materials and functional 
materials is currently the main way to achieve multimodal sensing[218]. Representative flexible substrate 
materials include silicone rubber, PDMS, polyurethane elastomer, hydrogel, and more[219,220]. Commonly 
used functional materials include 1D/2D/3D nanomaterials, conductive polymers, ionic liquids, and 
more[221,222]. However, the applicability, adhesion stability, and durability of these flexible substrates and 
functional materials with textile substrates need to be improved.

(2) Manufacture: At present, most functional yarns cannot be mechanically manufactured, which limits the 
large-scale mechanized production and practical application of electronic textiles. In addition, functional 
yarn encapsulation technology has been the focus of the manufacturing process, which is an important 
guarantee for the stability, woven and mechanical properties of electronic textiles. How to realize the 
integration and weaving of multimodal functional yarns and reduce the wear in machine weaving 
manufacturing is also a problem to be considered. The structural design and integration of functional yarns 
in commercial knitting machines is one way to achieve large-scale manufacturing of smart textiles[30,213,223]. 
Functional yarns, such as silver-plated conductive yarns, cotton yarns, PA yarns, PP yarns, and more, are 
typically available for commercial purchase, machine-knittable, and durable. However, when using this 
approach, the resulting strain sensing function is limited, which makes it challenging to integrate 
multimodal sensing. Additionally, the applicable sensing mechanism is single.

(3) Sensing: There is a lack of a fully integrated textile design solution that implements multi-signal sensing 
on a piece of clothing for monitoring more comprehensive information about human movement, 
physiology, health, environment, etc. When electronic textiles are used for human monitoring, 
multi-channel information is often measured at the same time, which poses a great challenge in terms of 
crosstalk-free, accurate decoupling of information and freedom from external interference. As we conclude 
in this review, most multimodal sensing textiles only implement a few stimulus-response functions. Further 
research is needed for the detection of information in the whole human body domain. In addition to 
functional integration, accuracy is a key issue to consider, particularly in human-machine control. This is 
especially important in industrial applications, where there are high risks involved.

(4) Circuit: In terms of circuits, mainstream electronic textiles still have not got rid of the traditional 
electronic circuit boards. Fiber shape sensors still need to be connected with rigid or semi-rigid circuit 
boards to achieve various detection functions. The development of intelligent clothing in the future requires 
the weaving of the circuit system. The connecting wires between devices and circuits have developed from 
traditional wires to high-performance conductive yarns or fibers. The whole clothing is used as a circuit 
board, and various electronic components are arranged on the clothing surface. Further, all kinds of basic 
components, such as resistors, capacitors, diodes, etc., will be fiberized, and then the complete circuit system 
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Figure 14. Potential difficulties and challenges of electronic textiles in the practical application of human-machine interfaces, including 
materials, manufacture, sensing, circuit, wearability, and intelligence.

can be realized only by fiber weaving. In addition, for woven circuits, there is a lack of mechanized 
processing like printed circuit boards, including circuit design, analysis methods and tools, and support for 
automated design and analysis. Placing hard or flexible circuit boards on textiles is currently the main 
method for collecting electronic textile signals, and the collection circuit system for fabric morphology still 
needs further development[28,224]. In recent studies, a non-printed integrated-circuit textile for wireless 
theranostics has been reported, promising to replace the traditional circuit board[225]. However, the stability, 
durability, versatility, and manufacturing process of this method need to be further verified.

(5) Wearability: Electronic textiles need to be in contact with human skin, which puts forward higher 
requirements for wearability. Comfortable, soft, anti-friction, breathable, biodegradable, and biocompatible 
materials are selected to comply with fabric wearability. In addition, smart textiles need to meet special 
mechanical properties, such as the ability to be bent, twisted, pleated, heavily pressed, washed, and more. 
Among these, the washability of textiles is the issue that needs to be focused on. In addition, powering is 
also a limiting factor for the development of electronic textiles, as the ordinary power supply cannot meet 
the wearability needs. In order to solve the two major problems of washing and powering, the self-powered 
sensing system based on waterproof fabric TENG and washable electronic textiles wirelessly powered by 
omniphobic silk-based coils has been reported[79,226]. In addition, fiber rechargeable batteries, fiber 
supercapacitors, fiber solar cells, fiber photovoltaic cells, etc., also provide feasible solutions for electronic 
texts harvesting wireless energy[227-229]. Current research has improved the single property of electronic 
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textiles; however, the balanced development of electronic textiles in wearability, multimode sensing, power 
supply, and other properties is a problem that needs to be solved.

(6) Intelligence: With the progress of artificial intelligence technology, electronic textiles have become an 
ideal platform for human-machine interfaces. This is accelerating the practical applications in fields such as 
smart medicine, interactive system, metaverse, and social services. In the future, we can expect to see even 
more innovative uses of this technology. In the context of IoT and the 5G era, data processing technologies 
are more advanced, such as cloud computing, big data, edge computing, etc. These technologies provide 
convenient conditions for rapid data collection and information processing. The combination of electronic 
textiles and artificial intelligence technology to construct a multimodal intelligent perception system is an 
effective way to achieve intelligence. The current research focuses on the processing and analysis of 
collected information by machine learning algorithms, including convolutional neural networks, artificial 
neural networks, support vector machines, and more[230,231]. However, further research is needed for efficient 
data fusion and decoupling of multimode information, as well as intelligent transmission and feedback of 
information.

Although some problems and challenges have hindered the practical application of electronic textiles in 
human-machine interfaces, their development potential as wearable electronic devices is enormous. With 
the progress of science and technology, we firmly believe that the current challenges faced by electronic 
textiles will be solved soon. To sum up, electronic textiles, as a new generation of wearable electronic 
devices, will play an important role in our current era of intelligent interconnection.

DECLARATIONS
Authors’ contributions
Initiated the reviewing idea and outlined the manuscript structure: Wu J, Shi Q, Wei X
Conducted the literature review and wrote the manuscript draft: Wei X, Liang X, Meng C, Cao S
Involved in the discussion and revised the manuscript: Wu J, Shi Q
All authors have read the manuscript and approved the final version.

Availability of data and materials
Not applicable.

Financial support and sponsorship
This work was supported by the National Key R&D Program of China (2021YFB3600502, 
2022YFB3603403), the National Natural Science Foundation of China (62075040).

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2023.



Page 31 of Wei et al. Soft Sci 2023;3:17 https://dx.doi.org/10.20517/ss.2023.09 38

REFERENCES
Ilderem V. The technology underpinning 5G. Nat Electron 2020;3:5-6.  DOI1.     
Shi Q, Yang Y, Sun Z, Lee C. Progress of advanced devices and internet of things systems as enabling technologies for smart homes 
and health care. ACS Mater Au 2022;2:394-435.  DOI  PubMed  PMC

2.     

Xiao X, Fang Y, Xiao X, Xu J, Chen J. Machine-learning-aided self-powered assistive physical therapy devices. ACS Nano 
2021;15:18633-46.  DOI

3.     

Heng W, Solomon S, Gao W. Flexible electronics and devices as human-machine interfaces for medical robotics. Adv Mater 
2022;34:e2107902.  DOI  PubMed  PMC

4.     

Yu Y, Li J, Solomon SA, et al. All-printed soft human-machine interface for robotic physicochemical sensing. Sci Robot 
2022;7:eabn0495.  DOI  PubMed  PMC

5.     

Wang K, Yap LW, Gong S, Wang R, Wang SJ, Cheng W. Nanowire-based soft wearable human-machine interfaces for future virtual 
and augmented reality applications. Adv Funct Mater 2021;31:2008347.  DOI

6.     

Duan S, Shi Q, Hong J, et al. Water-modulated biomimetic hyper-attribute-gel electronic skin for robotics and skin-attachable 
wearables. ACS Nano ;2023:1355-71.  DOI

7.     

Sun Z, Zhu M, Shan X, Lee C. Augmented tactile-perception and haptic-feedback rings as human-machine interfaces aiming for 
immersive interactions. Nat Commun 2022;13:5224.  DOI  PubMed  PMC

8.     

Alagumalai A, Shou W, Mahian O, et al. Self-powered sensing systems with learning capability. Joule 2022;6:1475-500.  DOI9.     
Yu X, Xie Z, Yu Y, et al. Skin-integrated wireless haptic interfaces for virtual and augmented reality. Nature 2019;575:473-9.  DOI10.     
Yang JC, Mun J, Kwon SY, Park S, Bao Z, Park S. Electronic skin: recent progress and future prospects for skin-attachable devices 
for health monitoring, robotics, and prosthetics. Adv Mater 2019;31:e1904765.  DOI  PubMed

11.     

Yin R, Wang D, Zhao S, Lou Z, Shen G. Wearable sensors-enabled human-machine interaction systems: from design to application. 
Adv Funct Mater 2021;31:2008936.  DOI

12.     

Wei X, Li H, Yue W, et al. A high-accuracy, real-time, intelligent material perception system with a machine-learning-motivated 
pressure-sensitive electronic skin. Matter 2022;5:1481-501.  DOI

13.     

Duan S, Yang H, Hong J, et al. A skin-beyond tactile sensor as interfaces between the prosthetics and biological systems. Nano 
Energy 2022;102:107665.  DOI

14.     

Zhu M, Sun Z, Chen T, Lee C. Low cost exoskeleton manipulator using bidirectional triboelectric sensors enhanced multiple degree 
of freedom sensory system. Nat Commun 2021;12:2692.  DOI  PubMed  PMC

15.     

Guo X, He T, Zhang Z, et al. Artificial intelligence-enabled caregiving walking stick powered by ultra-low-frequency human motion. 
ACS Nano 2021;15:19054-69.  DOI

16.     

Niu H, Li H, Li Y, et al. Cocklebur-inspired “branch-seed-spininess” 3D hierarchical structure bionic electronic skin for intelligent 
perception. Nano Energy 2023;107:108144.  DOI

17.     

Shi Z, Meng L, Shi X, et al. Morphological engineering of sensing materials for flexible pressure sensors and artificial intelligence 
applications. Nanomicro Lett 2022;14:141.  DOI  PubMed  PMC

18.     

Niu H, Li H, Gao S, et al. Perception-to-cognition tactile sensing based on artificial-intelligence-motivated human full-skin bionic 
electronic skin. Adv Mater 2022;34:e2202622.  DOI

19.     

Sim K, Rao Z, Zou Z, et al. Metal oxide semiconductor nanomembrane-based soft unnoticeable multifunctional electronics for 
wearable human-machine interfaces. Sci Adv 2019;5:eaav9653.  DOI  PubMed  PMC

20.     

Niu H, Zhang H, Yue W, et al. Micro-nano processing of active layers in flexible tactile sensors via template methods: a review. 
Small 2021;17:e2100804.  DOI

21.     

Xiong J, Chen J, Lee PS. Functional fibers and fabrics for soft robotics, wearables, and human-robot interface. Adv Mater 
2021;33:e2002640.  DOI  PubMed

22.     

Liu S, Ma K, Yang B, Li H, Tao X. Textile electronics for VR/AR applications. Adv Funct Mater 2021;31:2007254.  DOI23.     
Shi X, Zuo Y, Zhai P, et al. Large-area display textiles integrated with functional systems. Nature 2021;591:240-5.  DOI24.     
Shen S, Yi J, Sun Z, et al. Human machine interface with wearable electronics using biodegradable triboelectric films for calligraphy 
practice and correction. Nanomicro Lett 2022;14:225.  DOI  PubMed  PMC

25.     

He J, Lu C, Jiang H, et al. Scalable production of high-performing woven lithium-ion fibre batteries. Nature 2021;597:57-63.  DOI26.     
Wu R, Liu S, Lin Z, Zhu S, Ma L, Wang ZL. Industrial fabrication of 3D braided stretchable hierarchical interlocked fancy-yarn 
triboelectric nanogenerator for self-powered smart fitness system. Adv Energy Mater 2022;12:2201288.  DOI

27.     

Gaubert V, Vauche G, Weimmerskirch-Aubatin J, et al. Toward autonomous wearable triboelectric systems integrated on textiles. 
iScience 2022;25:105264.  DOI  PubMed  PMC

28.     

Zhang Y, Zhou J, Zhang Y, Zhang D, Yong KT, Xiong J. Elastic fibers/fabrics for wearables and bioelectronics. Adv Sci 
2022;9:e2203808.  DOI  PubMed  PMC

29.     

Xu F, Jin X, Lan C, et al. 3D arch-structured and machine-knitted triboelectric fabrics as self-powered strain sensors of smart textiles. 
Nano Energy 2023;109:108312.  DOI

30.     

Zhi C, Shi S, Zhang S, et al. Bioinspired all-fibrous directional moisture-wicking electronic skins for biomechanical energy 
harvesting and all-range health sensing. Nanomicro Lett 2023;15:60.  DOI  PubMed  PMC

31.     

Wang L, Tian M, Qi X, et al. Customizable textile sensors based on helical core-spun yarns for seamless smart garments. Langmuir 32.     

https://dx.doi.org/10.1038/s41928-019-0363-6
https://dx.doi.org/10.1021/acsmaterialsau.2c00001
http://www.ncbi.nlm.nih.gov/pubmed/36855708
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9928409
https://dx.doi.org/10.1021/acsnano.1c10676
https://dx.doi.org/10.1002/adma.202107902
http://www.ncbi.nlm.nih.gov/pubmed/34897836
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9035141
https://dx.doi.org/10.1126/scirobotics.abn0495
http://www.ncbi.nlm.nih.gov/pubmed/35648844
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9302713
https://dx.doi.org/10.1002/adfm.202008347
https://dx.doi.org/10.1021/acsnano.2c09851
https://dx.doi.org/10.1038/s41467-022-32745-8
http://www.ncbi.nlm.nih.gov/pubmed/36064838
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9445040
https://dx.doi.org/10.1016/j.joule.2022.06.001
https://dx.doi.org/10.1038/s41586-019-1687-0
https://dx.doi.org/10.1002/adma.201904765
http://www.ncbi.nlm.nih.gov/pubmed/31538370
https://dx.doi.org/10.1002/adfm.202008936
https://dx.doi.org/10.1016/j.matt.2022.02.016
https://dx.doi.org/10.1016/j.nanoen.2022.107665
https://dx.doi.org/10.1038/s41467-021-23020-3
http://www.ncbi.nlm.nih.gov/pubmed/33976216
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8113469
https://dx.doi.org/10.1021/acsnano.1c04464
https://dx.doi.org/10.1016/j.nanoen.2022.108144
https://dx.doi.org/10.1007/s40820-022-00874-w
http://www.ncbi.nlm.nih.gov/pubmed/35789444
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9256895
https://dx.doi.org/10.1002/adma.202202622
https://dx.doi.org/10.1126/sciadv.aav9653
http://www.ncbi.nlm.nih.gov/pubmed/31414044
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6677552
https://dx.doi.org/10.1002/smll.202100804
https://dx.doi.org/10.1002/adma.202002640
http://www.ncbi.nlm.nih.gov/pubmed/33025662
https://dx.doi.org/10.1002/adfm.202007254
https://dx.doi.org/10.1038/s41586-021-03295-8
https://dx.doi.org/10.1007/s40820-022-00965-8
http://www.ncbi.nlm.nih.gov/pubmed/36378352
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9666580
https://dx.doi.org/10.1038/s41586-021-03772-0
https://dx.doi.org/10.1002/aenm.202201288
https://dx.doi.org/10.1016/j.isci.2022.105264
http://www.ncbi.nlm.nih.gov/pubmed/36345328
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9636050
https://dx.doi.org/10.1002/advs.202203808
http://www.ncbi.nlm.nih.gov/pubmed/36253094
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9762321
https://dx.doi.org/10.1016/j.nanoen.2023.108312
https://dx.doi.org/10.1007/s40820-023-01028-2
http://www.ncbi.nlm.nih.gov/pubmed/36864316
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9981859


Page 32 of Wei et al. Soft Sci 2023;3:17 https://dx.doi.org/10.20517/ss.2023.0938

2021;37:3122-9.  DOI
Cui X, Wu H, Wang R. Fibrous triboelectric nanogenerators: fabrication, integration, and application. J Mater Chem A 
2022;10:15881-905.  DOI

33.     

Dong K, Peng X, Cheng R, et al. Advances in high-performance autonomous energy and self-powered sensing textiles with novel 3D 
fabric structures. Adv Mater 2022;34:e2109355.  DOI

34.     

Dong K, Peng X, Wang ZL. Fiber/fabric-based piezoelectric and triboelectric nanogenerators for flexible/stretchable and wearable 
electronics and artificial intelligence. Adv Mater 2020;32:e1902549.  DOI

35.     

Libanori A, Chen G, Zhao X, Zhou Y, Chen J. Smart textiles for personalized healthcare. Nat Electron 2022;5:142-56.  DOI36.     
Chen G, Xiao X, Zhao X, Tat T, Bick M, Chen J. Electronic textiles for wearable point-of-care systems. Chem Rev 2022;122:3259-
91.  DOI  PubMed

37.     

Tat T, Chen G, Zhao X, Zhou Y, Xu J, Chen J. Smart textiles for healthcare and sustainability. ACS Nano 2022;16:13301-13.  DOI  
PubMed

38.     

Meena JS, Choi SB, Jung SB, Kim JW. Electronic textiles: new age of wearable technology for healthcare and fitness solutions. 
Mater Today Bio 2023;19:100565.  DOI  PubMed  PMC

39.     

Guo Y, Wei X, Gao S, Yue W, Li Y, Shen G. Recent advances in carbon material-based multifunctional sensors and their 
applications in electronic skin systems. Adv Funct Mater 2021;31:2104288.  DOI

40.     

Lai Y, Lu H, Wu H, et al. Elastic multifunctional liquid-metal fibers for harvesting mechanical and electromagnetic energy and as 
self-powered sensors. Adv Energy Mater 2021;11:2100411.  DOI

41.     

Wang T, Meng J, Zhou X, et al. Reconfigurable neuromorphic memristor network for ultralow-power smart textile electronics. Nat 
Commun 2022;13:7432.  DOI  PubMed  PMC

42.     

Zhang J, Wang Y, Zhou J, et al. Multi-functional STF-based yarn for human protection and wearable systems. Chem Eng J 
2023;453:139869.  DOI

43.     

Yang Y, Sun N, Wen Z, et al. Liquid-metal-based super-stretchable and structure-designable triboelectric nanogenerator for wearable 
electronics. ACS Nano 2018;12:2027-34.  DOI

44.     

Zhou Z, Padgett S, Cai Z, et al. Single-layered ultra-soft washable smart textiles for all-around ballistocardiograph, respiration, and 
posture monitoring during sleep. Biosens Bioelectron 2020;155:112064.  DOI

45.     

Lan L, Jiang C, Yao Y, Ping J, Ying Y. A stretchable and conductive fiber for multifunctional sensing and energy harvesting. Nano 
Energy 2021;84:105954.  DOI

46.     

Qu Y, Nguyen-Dang T, Page AG, et al. Superelastic multimaterial electronic and photonic fibers and devices via thermal drawing. 
Adv Mater 2018;30:e1707251.  DOI

47.     

Tong Y, Feng Z, Kim J, Robertson JL, Jia X, Johnson BN. 3D printed stretchable triboelectric nanogenerator fibers and devices. 
Nano Energy 2020;75:104973.  DOI

48.     

Zhao H, Qi X, Ma Y, et al. Wearable sunlight-triggered bimorph textile actuators. Nano Lett 2021;21:8126-34.  DOI49.     
Dong K, Wang YC, Deng J, et al. A highly stretchable and washable all-yarn-based self-charging knitting power textile composed of 
fiber triboelectric nanogenerators and supercapacitors. ACS Nano 2017;11:9490-9.  DOI

50.     

Lin R, Kim HJ, Achavananthadith S, et al. Digitally-embroidered liquid metal electronic textiles for wearable wireless systems. Nat 
Commun 2022;13:2190.  DOI  PubMed  PMC

51.     

Peng X, Dong K, Ye C, et al. A breathable, biodegradable, antibacterial, and self-powered electronic skin based on all-nanofiber 
triboelectric nanogenerators. Sci Adv 2020;6:eaba9624.  DOI  PubMed  PMC

52.     

Ouyang Z, Li S, Liu J, et al. Bottom-up reconstruction of smart textiles with hierarchical structures to assemble versatile wearable 
devices for multiple signals monitoring. Nano Energy 2022;104:107963.  DOI

53.     

Jiang F, Zhou X, Lv J, et al. Stretchable, breathable, and stable lead-free perovskite/polymer nanofiber composite for hybrid 
triboelectric and piezoelectric energy harvesting. Adv Mater 2022;34:e2200042.  DOI

54.     

Liang X, Zhu M, Li H, et al. Hydrophilic, breathable, and washable graphene decorated textile assisted by silk sericin for integrated 
multimodal smart wearables. Adv Funct Mater 2022;32:2200162.  DOI

55.     

Zhang Z, He T, Zhu M, et al. Deep learning-enabled triboelectric smart socks for IoT-based gait analysis and VR applications. NPJ 
Flex Electron 2020:4.  DOI

56.     

Dong K, Peng X, An J, et al. Shape adaptable and highly resilient 3D braided triboelectric nanogenerators as e-textiles for power and 
sensing. Nat Commun 2020;11:2868.  DOI  PubMed  PMC

57.     

Zhang Q, Li L, Li H, et al. Ultra-endurance coaxial-fiber stretchable sensing systems fully powered by sunlight. Nano Energy 
2019;60:267-74.  DOI

58.     

Jing T, Xu B, Yang Y. Organogel electrode based continuous fiber with large-scale production for stretchable triboelectric 
nanogenerator textiles. Nano Energy 2021;84:105867.  DOI

59.     

Yang E, Xu Z, Chur LK, et al. Nanofibrous smart fabrics from twisted yarns of electrospun piezopolymer. ACS Appl Mater Interf 
2017;9:24220-9.  DOI

60.     

Wu G, Yang Z, Zhang Z, et al. High performance stretchable fibrous supercapacitors and flexible strain sensors based on CNTs/
MXene-TPU hybrid fibers. Electrochim Acta 2021;395:139141.  DOI

61.     

Loke G, Yan W, Khudiyev T, Noel G, Fink Y. Recent progress and perspectives of thermally drawn multimaterial fiber electronics. 
Adv Mater 2020;32:e1904911.  DOI  PubMed

62.     

https://dx.doi.org/10.1021/acs.langmuir.0c03595
https://dx.doi.org/10.1039/d2ta03813g
https://dx.doi.org/10.1002/adma.202109355
https://dx.doi.org/10.1002/adma.201902549
https://dx.doi.org/10.1038/s41928-022-00723-z
https://dx.doi.org/10.1021/acs.chemrev.1c00502
http://www.ncbi.nlm.nih.gov/pubmed/34939791
https://dx.doi.org/10.1021/acsnano.2c06287
http://www.ncbi.nlm.nih.gov/pubmed/35969207
https://dx.doi.org/10.1016/j.mtbio.2023.100565
http://www.ncbi.nlm.nih.gov/pubmed/36816602
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9932217
https://dx.doi.org/10.1002/adfm.202104288
https://dx.doi.org/10.1002/aenm.202100411
https://dx.doi.org/10.1038/s41467-022-35160-1
http://www.ncbi.nlm.nih.gov/pubmed/36460675
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9718838
https://dx.doi.org/10.1016/j.cej.2022.139869
https://dx.doi.org/10.1021/acsnano.8b00147.s012
https://dx.doi.org/10.1016/j.bios.2020.112064
https://dx.doi.org/10.1016/j.nanoen.2021.105954
https://dx.doi.org/10.1002/adma.201707251
https://dx.doi.org/10.1016/j.nanoen.2020.104973
https://dx.doi.org/10.1021/acs.nanolett.1c02578
https://dx.doi.org/10.1021/acsnano.7b05317.s004
https://dx.doi.org/10.1038/s41467-022-29859-4
http://www.ncbi.nlm.nih.gov/pubmed/35449159
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9023486
https://dx.doi.org/10.1126/sciadv.aba9624
http://www.ncbi.nlm.nih.gov/pubmed/32637619
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7319766
https://dx.doi.org/10.1016/j.nanoen.2022.107963
https://dx.doi.org/10.1002/adma.202200042
https://dx.doi.org/10.1002/adfm.202200162
https://dx.doi.org/10.1038/s41528-020-00092-7
https://dx.doi.org/10.1038/s41467-020-16642-6
http://www.ncbi.nlm.nih.gov/pubmed/32513912
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7280288
https://dx.doi.org/10.1016/j.nanoen.2019.03.049
https://dx.doi.org/10.1016/j.nanoen.2021.105867
https://dx.doi.org/10.1021/acsami.7b06032
https://dx.doi.org/10.1016/j.electacta.2021.139141
https://dx.doi.org/10.1002/adma.201904911
http://www.ncbi.nlm.nih.gov/pubmed/31657053


Page 33 of Wei et al. Soft Sci 2023;3:17 https://dx.doi.org/10.20517/ss.2023.09 38

Chen Y, Deng Z, Ouyang R, et al. 3D printed stretchable smart fibers and textiles for self-powered e-skin. Nano Energy 
2021;84:105866.  DOI

63.     

Khan AQ, Yu K, Li J, et al. Spider silk supercontraction-inspired cotton-hydrogel self-adapting textiles. Adv Fiber Mater 
2022;4:1572-83.  DOI

64.     

Gan L, Zeng Z, Lu H, et al. A large-scalable spraying-spinning process for multifunctional electronic yarns. SmartMat 2023:4.  DOI65.     
Mi H, Zhong L, Tang X, et al. Electroluminescent fabric woven by ultrastretchable fibers for arbitrarily controllable pattern display. 
ACS Appl Mater Interf 2021;13:11260-7.  DOI

66.     

Park Y, Park M, Lee J. Reduced graphene oxide-based artificial synapse yarns for wearable textile device applications. Adv Funct 
Mater 2018;28:1804123.  DOI

67.     

Chen C, Chen L, Wu Z, et al. 3D double-faced interlock fabric triboelectric nanogenerator for bio-motion energy harvesting and as 
self-powered stretching and 3D tactile sensors. Mater Today 2020;32:84-93.  DOI

68.     

Park J, Choi AY, Lee CJ, Kim D, Kim YT. Highly stretchable fiber-based single-electrode triboelectric nanogenerator for wearable 
devices. RSC Adv 2017;7:54829-34.  DOI

69.     

Liu R, Li J, Li M, et al. MXene-coated air-permeable pressure-sensing fabric for smart wear. ACS Appl Mater Interf 2020;12:46446-
54.  DOI

70.     

Kim J, Kim W, Jang G, Hyeon DS, Park MH, Hong JP. 1D stretchable block copolymer yarn-based energy harvesters via BaTiO3/
polydimethylsiloxane composite-carbon conductive ink. Adv Energy Mater 2020;10:1903217.  DOI

71.     

Jing T, Xu B, Xin JH, Guan X, Yang Y. Series to parallel structure of electrode fiber: an effective method to remarkably reduce inner 
resistance of triboelectric nanogenerator textiles. J Mater Chem A 2021;9:12331-9.  DOI

72.     

Wang W, Yu A, Liu X, et al. Large-scale fabrication of robust textile triboelectric nanogenerators. Nano Energy 2020;71:104605.  
DOI

73.     

Li L, Wang K, Fan H, et al. Scalable fluid-spinning nanowire-based inorganic semiconductor yarns for electrochromic actuators. 
Mater Horiz 2021;8:1711-21.  DOI

74.     

Gao Y, Li Z, Xu B, et al. Scalable core-spun coating yarn-based triboelectric nanogenerators with hierarchical structure for wearable 
energy harvesting and sensing via continuous manufacturing. Nano Energy 2022;91:106672.  DOI

75.     

Yang Y, Xu B, Gao Y, Li M. Conductive composite fiber with customizable functionalities for energy harvesting and electronic 
textiles. ACS Appl Mater Interf 2021;13:49927-35.  DOI

76.     

He Q, Wu Y, Feng Z, et al. An all-textile triboelectric sensor for wearable teleoperated human-machine interaction. J Mater Chem A 
2019;7:26804-11.  DOI

77.     

Tang J, Wu Y, Ma S, Yan T, Pan Z. Flexible strain sensor based on CNT/TPU composite nanofiber yarn for smart sports bandage. 
Compos B Eng 2022;232:109605.  DOI

78.     

Zhou M, Xu F, Ma L, et al. Continuously fabricated nano/micro aligned fiber based waterproof and breathable fabric triboelectric 
nanogenerators for self-powered sensing systems. Nano Energy 2022;104:107885.  DOI

79.     

Pinto TV, Fernandes DM, Guedes A, et al. Photochromic polypropylene fibers based on UV-responsive silica@phosphomolybdate 
nanoparticles through melt spinning technology. Chem Eng J 2018;350:856-66.  DOI

80.     

Choi W, Kwon Y, Yu W, Kim DW. Graphite fiber electrode by continuous wet-spinning. ACS Appl Energy Mater 2022;5:8963-72.  
DOI

81.     

Zhang D, Yang W, Gong W, et al. Abrasion resistant/waterproof stretchable triboelectric yarns based on fermat spirals. Adv Mater 
2021;33:e2100782.  DOI

82.     

Ma L, Zhou M, Wu R, et al. Continuous and scalable manufacture of hybridized nano-micro triboelectric yarns for energy harvesting 
and signal sensing. ACS Nano 2020;14:4716-26.  DOI

83.     

Probst H, Katzer K, Nocke A, Hickmann R, Zimmermann M, Cherif C. Melt spinning of highly stretchable, electrically conductive 
filament yarns. Polymers 2021;13:590.  DOI  PubMed  PMC

84.     

Wang Q, Ma W, Yin E, et al. Melt spinning of low-cost activated carbon fiber with a tunable pore structure for high-performance 
flexible supercapacitors. ACS Appl Energy Mater 2020;3:9360-8.  DOI

85.     

Cho SY, Yu H, Choi J, et al. Continuous meter-scale synthesis of weavable tunicate cellulose/carbon nanotube fibers for high-
performance wearable sensors. ACS Nano 2019;13:9332-41.  DOI

86.     

Dong C, Leber A, Das Gupta T, et al. High-efficiency super-elastic liquid metal based triboelectric fibers and textiles. Nat Commun 
2020;11:3537.  DOI  PubMed  PMC

87.     

Loke G, Khudiyev T, Wang B, et al. Digital electronics in fibres enable fabric-based machine-learning inference. Nat Commun 
2021;12:3317.  DOI  PubMed  PMC

88.     

Wang Z, Wu T, Wang Z, et al. Designer patterned functional fibers via direct imprinting in thermal drawing. Nat Commun 
2020;11:3842.  DOI  PubMed  PMC

89.     

Yan W, Dong C, Xiang Y, et al. Thermally drawn advanced functional fibers: new frontier of flexible electronics. Mater Today 
2020;35:168-94.  DOI

90.     

Marion JS, Gupta N, Cheung H, Monir K, Anikeeva P, Fink Y. Thermally drawn highly conductive fibers with controlled elasticity. 
Adv Mater 2022;34:e2201081.  DOI  PubMed

91.     

Zhang T, Li K, Zhang J, et al. High-performance, flexible, and ultralong crystalline thermoelectric fibers. Nano Energy 2017;41:35-
42.  DOI

92.     

https://dx.doi.org/10.1016/j.nanoen.2021.105866
https://dx.doi.org/10.1007/s42765-022-00185-0
https://dx.doi.org/10.1002/smm2.1151
https://dx.doi.org/10.1021/acsami.0c19743
https://dx.doi.org/10.1002/adfm.201804123
https://dx.doi.org/10.1016/j.mattod.2019.10.025
https://dx.doi.org/10.1039/c7ra10285b
https://dx.doi.org/10.1021/acsami.0c11715
https://dx.doi.org/10.1002/aenm.201903217
https://dx.doi.org/10.1039/d1ta01309b
https://dx.doi.org/10.1016/j.nanoen.2020.104605
https://dx.doi.org/10.1039/d1mh00135c
https://dx.doi.org/10.1016/j.nanoen.2021.106672
https://dx.doi.org/10.1021/acsami.1c14273
https://dx.doi.org/10.1039/c9ta11652d
https://dx.doi.org/10.1016/j.compositesb.2021.109605
https://dx.doi.org/10.1016/j.nanoen.2022.107885
https://dx.doi.org/10.1016/j.cej.2018.05.155
https://dx.doi.org/10.1021/acsaem.2c01446
https://dx.doi.org/10.1002/adma.202100782
https://dx.doi.org/10.1021/acsnano.0c00524.s001
https://dx.doi.org/10.3390/polym13040590
http://www.ncbi.nlm.nih.gov/pubmed/33669330
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7920307
https://dx.doi.org/10.1021/acsaem.0c01723
https://dx.doi.org/10.1021/acsnano.9b03971.s001
https://dx.doi.org/10.1038/s41467-020-17345-8
http://www.ncbi.nlm.nih.gov/pubmed/32669555
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7363815
https://dx.doi.org/10.1038/s41467-021-23628-5
http://www.ncbi.nlm.nih.gov/pubmed/34083521
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8175338
https://dx.doi.org/10.1038/s41467-020-17674-8
http://www.ncbi.nlm.nih.gov/pubmed/32737320
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7395721
https://dx.doi.org/10.1016/j.mattod.2019.11.006
https://dx.doi.org/10.1002/adma.202201081
http://www.ncbi.nlm.nih.gov/pubmed/35278246
https://dx.doi.org/10.1016/j.nanoen.2017.09.019


Page 34 of Wei et al. Soft Sci 2023;3:17 https://dx.doi.org/10.20517/ss.2023.0938

Zheng L, Zhu M, Wu B, Li Z, Sun S, Wu P. Conductance-stable liquid metal sheath-core microfibers for stretchy smart fabrics and 
self-powered sensing. Sci Adv 2021:7.  DOI  PubMed  PMC

93.     

Wu Y, Dai X, Sun Z, et al. Highly integrated, scalable manufacturing and stretchable conductive core/shell fibers for strain sensing 
and self-powered smart textiles. Nano Energy 2022;98:107240.  DOI

94.     

Ding X, Yu Y, Shang L, Zhao Y. Histidine-triggered go hybrid hydrogels for microfluidic 3D printing. ACS Nano 2022;16:19533-42.  
DOI

95.     

Fan W, He Q, Meng K, et al. Machine-knitted washable sensor array textile for precise epidermal physiological signal monitoring. Sci 
Adv 2020;6:eaay2840.  DOI  PubMed  PMC

96.     

Ye C, Dong S, Ren J, Ling S. Ultrastable and high-performance silk energy harvesting textiles. Nanomicro Lett 2019;12:12.  DOI  
PubMed  PMC

97.     

Zhang X, Yang W, Shao Z, et al. A moisture-wicking passive radiative cooling hierarchical metafabric. ACS Nano 2022;16:2188-97.  
DOI

98.     

Wei Y, Zhang W, Hou C, Zhang Q, Li Y, Wang H. Independent dual-responsive Janus chromic fibers. Sci China Mater 
2021;64:1770-9.  DOI

99.     

Zhong W, Ming X, Jiang H, et al. Full-textile human motion detection systems integrated by facile weaving with hierarchical core-
shell piezoresistive yarns. ACS Appl Mater Interf ;2021:52901-11.  DOI

100.     

Gong W, Guo Y, Yang W, et al. Scalable and reconfigurable green electronic textiles with personalized comfort management. ACS 
Nano 2022;16:12635-44.  DOI

101.     

Zeng S, Pian S, Su M, et al. Hierarchical-morphology metafabric for scalable passive daytime radiative cooling. Science 
2021;373:692-6.  DOI

102.     

Choi HW, Shin DW, Yang J, et al. Smart textile lighting/display system with multifunctional fibre devices for large scale smart home 
and IoT applications. Nat Commun 2022;13:814.  DOI  PubMed  PMC

103.     

Peng Y, Sun F, Xiao C, et al. Hierarchically structured and scalable artificial muscles for smart textiles. ACS Appl Mater Interf 
2021;13:54386-95.  DOI

104.     

Yang Q, Liu N, Yin J, Tian H, Yang Y, Ren TL. Understanding the origin of tensile response in a graphene textile strain sensor with 
negative differential resistance. ACS Nano 2022;16:14230-8.  DOI

105.     

Uzun S, Seyedin S, Stoltzfus AL, et al. Knittable and washable multifunctional MXene-coated cellulose yarns. Adv Funct Mater 
2019;29:1905015.  DOI

106.     

Yu A, Wang W, Li Z, Liu X, Zhang Y, Zhai J. Large-scale smart carpet for self-powered fall detection. Adv Mater Technol 
2020;5:1900978.  DOI

107.     

Peng X, Dong K, Ning C, et al. All-nanofiber self-powered skin-interfaced real-time respiratory monitoring system for obstructive 
sleep apnea-hypopnea syndrome diagnosing. Adv Funct Mater 2021;31:2103559.  DOI

108.     

Yang W, Gong W, Hou C, et al. All-fiber tribo-ferroelectric synergistic electronics with high thermal-moisture stability and 
comfortability. Nat Commun 2019;10:5541.  DOI  PubMed  PMC

109.     

Zhang JH, Li Z, Xu J, et al. Versatile self-assembled electrospun micropyramid arrays for high-performance on-skin devices with 
minimal sensory interference. Nat Commun 2022;13:5839.  DOI  PubMed  PMC

110.     

Gong W, Wang X, Yang W, et al. Wicking-polarization-induced water cluster size effect on triboelectric evaporation textiles. Adv 
Mater 2021;33:e2007352.  DOI

111.     

Guo Y, Li H, Li Y, et al. Wearable hybrid device capable of interactive perception with pressure sensing and visualization. Adv Funct 
Mater 2022;32:2203585.  DOI

112.     

Zhang Y, Yang J, Hou X, et al. Highly stable flexible pressure sensors with a quasi-homogeneous composition and interlinked 
interfaces. Nat Commun 2022;13:1317.  DOI  PubMed  PMC

113.     

Niu H, Gao S, Yue W, Li Y, Zhou W, Liu H. Highly morphology-controllable and highly sensitive capacitive tactile sensor based on 
epidermis-dermis-inspired interlocked asymmetric-nanocone arrays for detection of tiny pressure. Small 2020;16:e1904774.  DOI

114.     

Duan S, Lin Y, Wang Z, et al. Conductive porous MXene for bionic, wearable, and precise gesture motion sensors. Research 
2021;2021:9861467.  DOI  PubMed  PMC

115.     

Shi X, Fan X, Zhu Y, et al. Pushing detectability and sensitivity for subtle force to new limits with shrinkable nanochannel structured 
aerogel. Nat Commun 2022;13:1119.  DOI  PubMed  PMC

116.     

Gou GY, Li XS, Jian JM, et al. Two-stage amplification of an ultrasensitive MXene-based intelligent artificial eardrum. Sci Adv 
2022;8:eabn2156.  DOI  PubMed  PMC

117.     

Jung YH, Hong SK, Wang HS, et al. Flexible piezoelectric acoustic sensors and machine learning for speech processing. Adv Mater 
2020;32:e1904020.  DOI

118.     

Park J, Kang DH, Chae H, et al. Frequency-selective acoustic and haptic smart skin for dual-mode dynamic/static human-machine 
interface. Sci Adv 2022;8:eabj9220.  DOI  PubMed  PMC

119.     

Kim DW, Kim H, Hwang G, et al. Conformably skin-adherent piezoelectric patch with bioinspired hierarchically arrayed 
microsuckers enables physical energy amplification. ACS Energy Lett 2022;7:1820-7.  DOI

120.     

Luo J, Gao W, Wang ZL. The triboelectric nanogenerator as an innovative technology toward intelligent sports. Adv Mater 
2021;33:e2004178.  DOI  PubMed

121.     

Qu X, Liu Z, Tan P, et al. Artificial tactile perception smart finger for material identification based on triboelectric sensing. Sci Adv 122.     

https://dx.doi.org/10.1126/sciadv.abg4041
http://www.ncbi.nlm.nih.gov/pubmed/34049879
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8163087
https://dx.doi.org/10.1016/j.nanoen.2022.107240
https://dx.doi.org/10.1021/acsnano.2c09850
https://dx.doi.org/10.1126/sciadv.aay2840
http://www.ncbi.nlm.nih.gov/pubmed/32201720
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7069695
https://dx.doi.org/10.1007/s40820-019-0348-z
http://www.ncbi.nlm.nih.gov/pubmed/34138051
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7770758
https://dx.doi.org/10.1021/acsnano.1c08227
https://dx.doi.org/10.1007/s40843-020-1563-y
https://dx.doi.org/10.1021/acsami.1c14777
https://dx.doi.org/10.1021/acsnano.2c04252
https://dx.doi.org/10.1360/tb-2021-0717
https://dx.doi.org/10.1038/s41467-022-28459-6
http://www.ncbi.nlm.nih.gov/pubmed/35145096
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8831553
https://dx.doi.org/10.1021/acsami.1c16323
https://dx.doi.org/10.1021/acsnano.2c04348
https://dx.doi.org/10.1002/adfm.201905015
https://dx.doi.org/10.1002/admt.201900978
https://dx.doi.org/10.1002/adfm.202103559
https://dx.doi.org/10.1038/s41467-019-13569-5
http://www.ncbi.nlm.nih.gov/pubmed/31804506
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6895236
https://dx.doi.org/10.1038/s41467-022-33454-y
http://www.ncbi.nlm.nih.gov/pubmed/36192475
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9530173
https://dx.doi.org/10.1002/adma.202007352
https://dx.doi.org/10.1002/adfm.202203585
https://dx.doi.org/10.1038/s41467-022-29093-y
http://www.ncbi.nlm.nih.gov/pubmed/35273183
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8913661
https://dx.doi.org/10.1002/smll.201904774
https://dx.doi.org/10.34133/2021/9861467
http://www.ncbi.nlm.nih.gov/pubmed/34223178
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8212815
https://dx.doi.org/10.1038/s41467-022-28760-4
http://www.ncbi.nlm.nih.gov/pubmed/35236851
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8891261
https://dx.doi.org/10.1126/sciadv.abn2156
http://www.ncbi.nlm.nih.gov/pubmed/35353573
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8967234
https://dx.doi.org/10.1002/adma.201904020
https://dx.doi.org/10.1126/sciadv.abj9220
http://www.ncbi.nlm.nih.gov/pubmed/35333568
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8956263
https://dx.doi.org/10.1021/acsenergylett.2c00259.s001
https://dx.doi.org/10.1002/adma.202004178
http://www.ncbi.nlm.nih.gov/pubmed/33759259


Page 35 of Wei et al. Soft Sci 2023;3:17 https://dx.doi.org/10.20517/ss.2023.09 38

2022;8:eabq2521.  DOI  PubMed  PMC
Yin L, Cao M, Kim KN, et al. A stretchable epidermal sweat sensing platform with an integrated printed battery and electrochromic 
display. Nat Electron 2022;5:694-705.  DOI

123.     

Wang M, Yang Y, Min J, et al. A wearable electrochemical biosensor for the monitoring of metabolites and nutrients. Nat Biomed 
Eng 2022;6:1225-35.  DOI

124.     

Sempionatto JR, Lasalde-ramírez JA, Mahato K, Wang J, Gao W. Wearable chemical sensors for biomarker discovery in the omics 
era. Nat Rev Chem 2022;6:899-915.  DOI  PubMed

125.     

Zhang T, Ding Y, Hu C, et al. Self-powered stretchable sensor arrays exhibiting magnetoelasticity for real-time human-machine 
interaction. Adv Mater 2022:e2203786.  DOI

126.     

Zhao Y, Gao S, Zhang X, et al. Fully flexible electromagnetic vibration sensors with annular field confinement origami magnetic 
membranes. Adv Funct Mater 2020;30:2001553.  DOI

127.     

Chen K, Li Y, Du Z, et al. CoFe2O4 embedded bacterial cellulose for flexible, biodegradable, and self-powered electromagnetic 
sensor. Nano Energy 2022;102:107740.  DOI

128.     

Chen L, Chen C, Jin L, et al. Stretchable negative Poisson’s ratio yarn for triboelectric nanogenerator for environmental energy 
harvesting and self-powered sensor. Energy Environ Sci 2021;14:955-64.  DOI

129.     

Anwar S, Hassanpour Amiri M, Jiang S, Abolhasani MM, Rocha PRF, Asadi K. Piezoelectric nylon-11 fibers for electronic textiles, 
energy harvesting and sensing. Adv Funct Mater 2021;31:2004326.  DOI

130.     

Cherenack K, Zysset C, Kinkeldei T, Münzenrieder N, Tröster G. Woven electronic fibers with sensing and display functions for 
smart textiles. Adv Mater 2010;22:5178-82.  DOI  PubMed

131.     

Yin F, Yang J, Peng H, Yuan W. Flexible and highly sensitive artificial electronic skin based on graphene/polyamide interlocking 
fabric. J Mater Chem C 2018;6:6840-6.  DOI

132.     

Song Y, Huang W, Mu C, et al. Carbon nanotube-modified fabric for wearable smart electronic-skin with exclusive normal-tangential 
force sensing ability. Adv Mater Technol 2019;4:1800680.  DOI

133.     

Yu Q, Su C, Bi S, et al. Ti3C2Tx@nonwoven fabric composite: promising MXene-coated fabric for wearable piezoresistive pressure 
sensors. ACS Appl Mater Interf 2022;14:9632-43.  DOI

134.     

Atalay O, Kennon WR, Husain MD. Textile-based weft knitted strain sensors: effect of fabric parameters on sensor properties. 
Sensors 2013;13:11114-27.  DOI  PubMed  PMC

135.     

Cai G, Yang M, Xu Z, Liu J, Tang B, Wang X. Flexible and wearable strain sensing fabrics. Chem Eng J 2017;325:396-403.  DOI136.     
Husain MD, Kennon R, Dias T. Design and fabrication of temperature sensing fabric. J Ind Text 2014;44:398-417.  DOI137.     
Xing H, Li X, Lu Y, et al. MXene/MWCNT electronic fabric with enhanced mechanical robustness on humidity sensing for real-time 
respiration monitoring. Sens Actuators B Chem 2022;361:131704.  DOI

138.     

Rauf S, Vijjapu MT, Andrés MA, et al. Highly selective metal-organic framework textile humidity sensor. ACS Appl Mater Interf 
2020;12:29999-30006.  DOI  PubMed  PMC

139.     

Ma L, Wu R, Patil A, et al. Full-textile wireless flexible humidity sensor for human physiological monitoring. Adv Funct Mater 
2019;29:1904549.  DOI

140.     

Nan N, He J, You X, et al. A stretchable, highly sensitive, and multimodal mechanical fabric sensor based on electrospun conductive 
nanofiber yarn for wearable electronics. Adv Mater Technol 2019;4:1800338.  DOI

141.     

Ge J, Sun L, Zhang FR, et al. A stretchable electronic fabric artificial skin with pressure-, lateral strain-, and flexion-sensitive 
properties. Adv Mater 2016;28:722-8.  DOI

142.     

Kim T, Park C, Samuel EP, et al. Supersonically sprayed washable, wearable, stretchable, hydrophobic, and antibacterial rGO/AgNW 
fabric for multifunctional sensors and supercapacitors. ACS Appl Mater Interf 2021;13:10013-25.  DOI

143.     

Zhou Z, Chen K, Li X, et al. Sign-to-speech translation using machine-learning-assisted stretchable sensor arrays. Nat Electron 
2020;3:571-8.  DOI

144.     

Cheng B, Wu P. Scalable fabrication of kevlar/Ti3C2Tx MXene intelligent wearable fabrics with multiple sensory capabilities. ACS 
Nano 2021;15:8676-85.  DOI  PubMed

145.     

Wu R, Ma L, Hou C, et al. Silk composite electronic textile sensor for high space precision 2D combo temperature-pressure sensing. 
Small 2019;15:e1901558.  DOI

146.     

Yang S, Li C, Wen N, et al. All-fabric-based multifunctional textile sensor for detection and discrimination of humidity, temperature, 
and strain stimuli. J Mater Chem C 2021;9:13789-98.  DOI

147.     

Su Y, Chen C, Pan H, et al. Muscle fibers inspired high-performance piezoelectric textiles for wearable physiological monitoring. 
Adv Funct Mater 2021;31:2010962.  DOI

148.     

Chen J, Zhang J, Hu J, et al. Ultrafast-response/recovery flexible piezoresistive sensors with DNA-like double helix yarns for 
epidermal pulse monitoring. Adv Mater 2022;34:e2104313.  DOI

149.     

Kim SJ, Kim H, Ahn J, et al. A new architecture for fibrous organic transistors based on a double-stranded assembly of electrode 
microfibers for electronic textile applications. Adv Mater 2019;31:e1900564.  DOI

150.     

Lee HJ, Hwang SH, Yoon HN, Lee WK, Park KS. Heart rate variability monitoring during sleep based on capacitively coupled textile 
electrodes on a bed. Sensors 2015;15:11295-311.  DOI  PubMed  PMC

151.     

Bashir T, Ali M, Persson N, Ramamoorthy SK, Skrifvars M. Stretch sensing properties of conductive knitted structures of PEDOT-
coated viscose and polyester yarns. Text Res J 2014;84:323-34.  DOI

152.     

https://dx.doi.org/10.1126/sciadv.abq2521
http://www.ncbi.nlm.nih.gov/pubmed/35930645
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9355359
https://dx.doi.org/10.1038/s41928-022-00843-6
https://dx.doi.org/10.1038/s41551-022-00916-z
https://dx.doi.org/10.1038/s41570-022-00439-w
http://www.ncbi.nlm.nih.gov/pubmed/37117704
https://dx.doi.org/10.1002/adma.202203786
https://dx.doi.org/10.1002/adfm.202001553
https://dx.doi.org/10.1016/j.nanoen.2022.107740
https://dx.doi.org/10.1039/d0ee02777d
https://dx.doi.org/10.1002/adfm.202004326
https://dx.doi.org/10.1002/adma.201002159
http://www.ncbi.nlm.nih.gov/pubmed/20925101
https://dx.doi.org/10.1039/c8tc00839f
https://dx.doi.org/10.1002/admt.201800680
https://dx.doi.org/10.1021/acsami.2c00980.s001
https://dx.doi.org/10.3390/s130811114
http://www.ncbi.nlm.nih.gov/pubmed/23966199
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3812645
https://dx.doi.org/10.1016/j.cej.2017.05.091
https://dx.doi.org/10.1177/1528083713495249
https://dx.doi.org/10.1016/j.snb.2022.131704
https://dx.doi.org/10.1021/acsami.0c07532
http://www.ncbi.nlm.nih.gov/pubmed/32512994
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7467549
https://dx.doi.org/10.1002/adfm.201904549
https://dx.doi.org/10.1002/admt.201800338
https://dx.doi.org/10.1002/adma.201504239
https://dx.doi.org/10.1021/acsami.0c21372
https://dx.doi.org/10.1038/s41928-020-0428-6
https://dx.doi.org/10.1021/acsnano.1c00749
http://www.ncbi.nlm.nih.gov/pubmed/33978397
https://dx.doi.org/10.1002/smll.201901558
https://dx.doi.org/10.1039/d1tc02755g
https://dx.doi.org/10.1002/adfm.202010962
https://dx.doi.org/10.1002/adma.202104313
https://dx.doi.org/10.1002/adma.201900564
https://dx.doi.org/10.3390/s150511295
http://www.ncbi.nlm.nih.gov/pubmed/26007716
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4481948
https://dx.doi.org/10.1177/0040517513494253


Page 36 of Wei et al. Soft Sci 2023;3:17 https://dx.doi.org/10.20517/ss.2023.0938

Jin H, Matsuhisa N, Lee S, Abbas M, Yokota T, Someya T. Enhancing the performance of stretchable conductors for e-textiles by 
controlled ink permeation. Adv Mater 2017;29:1605848.  DOI  PubMed

153.     

Kim R, Cho G. Effectiveness of the smart healthcare glove system for elderly persons with hypertension: healthcare system for the 
elderly. Hum Factors Man 2013;23:198-212.  DOI

154.     

Meng K, Zhao S, Zhou Y, et al. A wireless textile-based sensor system for self-powered personalized health care. Matter 2020;2:896-
907.  DOI

155.     

Chen G, Zhao X, Andalib S, et al. Discovering giant magnetoelasticity in soft matter for electronic textiles. Matter 2021;4:3725-40.  
DOI  PubMed  PMC

156.     

Gi SO, Lee YJ, Koo HR, et al. Application of a textile-based inductive sensor for the vital sign monitoring. J Electr Eng Technol 
2015;10:364-71.  DOI

157.     

Wicaksono I, Tucker CI, Sun T, et al. A tailored, electronic textile conformable suit for large-scale spatiotemporal physiological 
sensing in vivo. NPJ Flex Electron 2020:4.  DOI  PMC

158.     

Liu M, Pu X, Jiang C, et al. Large-area all-textile pressure sensors for monitoring human motion and physiological signals. Adv 
Mater 2017;29:1703700.  DOI

159.     

Jeong H, Rogers JA, Xu S. Continuous on-body sensing for the COVID-19 pandemic: gaps and opportunities. Sci Adv 2020:6.  DOI  
PubMed  PMC

160.     

Dong J, Wang D, Peng Y, et al. Ultra-stretchable and superhydrophobic textile-based bioelectrodes for robust self-cleaning and 
personal health monitoring. Nano Energy 2022;97:107160.  DOI

161.     

Parrilla M, Cánovas R, Jeerapan I, Andrade FJ, Wang J. A textile-based stretchable multi-ion potentiometric sensor. Adv Healthc 
Mater 2016;5:996-1001.  DOI  PubMed  PMC

162.     

Wang L, Wang L, Zhang Y, et al. Weaving sensing fibers into electrochemical fabric for real-time health monitoring. Adv Funct 
Mater 2018;28:1804456.  DOI

163.     

Wang L, Xie S, Wang Z, et al. Functionalized helical fibre bundles of carbon nanotubes as electrochemical sensors for long-term in 
vivo monitoring of multiple disease biomarkers. Nat Biomed Eng 2020;4:159-71.  DOI

164.     

Zhao Z, Li Q, Chen L, et al. A thread/fabric-based band as a flexible and wearable microfluidic device for sweat sensing and 
monitoring. Lab Chip 2021;21:916-32.  DOI

165.     

Zhao Z, Li Q, Dong Y, Gong J, Li Z, Zhang J. Core-shell structured gold nanorods on thread-embroidered fabric-based microfluidic 
device for Ex Situ detection of glucose and lactate in sweat. Sens Actuators B Chem 2022;353:131154.  DOI

166.     

Coppedè N, Tarabella G, Villani M, Calestani D, Iannotta S, Zappettini A. Human stress monitoring through an organic cotton-fiber 
biosensor. J Mater Chem B 2014;2:5620-6.  DOI  PubMed

167.     

Gao Z, Lou Z, Chen S, et al. Fiber gas sensor-integrated smart face mask for room-temperature distinguishing of target gases. Nano 
Res 2018;11:511-9.  DOI

168.     

Gualandi I, Marzocchi M, Achilli A, Cavedale D, Bonfiglio A, Fraboni B. Textile organic electrochemical transistors as a platform 
for wearable biosensors. Sci Rep 2016;6:33637.  DOI  PubMed  PMC

169.     

Wu R, Ma L, Patil A, et al. Graphene decorated carbonized cellulose fabric for physiological signal monitoring and energy 
harvesting. J Mater Chem A 2020;8:12665-73.  DOI

170.     

Zhang X, Tang S, Ma R, et al. High-performance multimodal smart textile for artificial sensation and health monitoring. Nano Energy 
2022;103:107778.  DOI

171.     

Jin H, Nayeem MOG, Lee S, et al. Highly durable nanofiber-reinforced elastic conductors for skin-tight electronic textiles. ACS Nano 
2019;13:7905-12.  DOI

172.     

Kapoor A, Mcknight M, Chatterjee K, et al. Toward fully manufacturable, fiber assembly-based concurrent multimodal and 
multifunctional sensors for e-textiles. Adv Mater Technol 2019;4:1800281.  DOI

173.     

Gao W, Emaminejad S, Nyein HYY, et al. Fully integrated wearable sensor arrays for multiplexed in situ perspiration analysis. 
Nature 2016;529:509-14.  DOI  PubMed  PMC

174.     

Kim D, Kim D, Lee H, et al. Body-attachable and stretchable multisensors integrated with wirelessly rechargeable energy storage 
devices. Adv Mater 2016;28:748-56.  DOI

175.     

Tang X, Wu C, Zhang T, et al. A low-cost polyaniline@textile-based multifunctional sensor for simultaneously detecting tactile and 
olfactory stimuli. Macromol Mater Eng 2018;303:1800340.  DOI

176.     

Zhou Y, Zhao X, Xu J, et al. Giant magnetoelastic effect in soft systems for bioelectronics. Nat Mater 2021;20:1670-6.  DOI177.     
Fang Y, Zou Y, Xu J, et al. Ambulatory cardiovascular monitoring via a machine-learning-assisted textile triboelectric sensor. Adv 
Mater 2021;33:e2104178.  DOI

178.     

Homayounfar SZ, Rostaminia S, Kiaghadi A, et al. Multimodal smart eyewear for longitudinal eye movement tracking. Matter 
2020;3:1275-93.  DOI

179.     

Zhao X, Zhou Y, Xu J, et al. Soft fibers with magnetoelasticity for wearable electronics. Nat Commun 2021;12:6755.  DOI  PubMed  
PMC

180.     

Wei Y, Li X, Wang Y, et al. Graphene-based multifunctional textile for sensing and actuating. ACS Nano 2021;15:17738-47.  DOI181.     
Li Y, Miao X, Chen JY, Jiang G, Liu Q. Sensing performance of knitted strain sensor on two-dimensional and three-dimensional 
surfaces. Mater Des 2021;197:109273.  DOI

182.     

Luo Y, Li Y, Sharma P, et al. Learning human-environment interactions using conformal tactile textiles. Nat Electron 2021;4:193-183.     

https://dx.doi.org/10.1002/adma.201605848
http://www.ncbi.nlm.nih.gov/pubmed/28370661
https://dx.doi.org/10.1002/hfm.20361
https://dx.doi.org/10.1016/j.matt.2019.12.025
https://dx.doi.org/10.1016/j.matt.2021.09.012
http://www.ncbi.nlm.nih.gov/pubmed/35846392
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9281417
https://dx.doi.org/10.5370/jeet.2015.10.1.364
https://dx.doi.org/10.1038/s41528-020-0068-y
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7222957
https://dx.doi.org/10.1002/adma.201703700
https://dx.doi.org/10.1126/sciadv.abd4794
http://www.ncbi.nlm.nih.gov/pubmed/32917604
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7467694
https://dx.doi.org/10.1016/j.nanoen.2022.107160
https://dx.doi.org/10.1002/adhm.201600092
http://www.ncbi.nlm.nih.gov/pubmed/26959998
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4936408
https://dx.doi.org/10.1002/adfm.201804456
https://dx.doi.org/10.1038/s41551-019-0462-8
https://dx.doi.org/10.1039/d0lc01075h
https://dx.doi.org/10.1016/j.snb.2021.131154
https://dx.doi.org/10.1039/c4tb00317a
http://www.ncbi.nlm.nih.gov/pubmed/32262196
https://dx.doi.org/10.1007/s12274-017-1661-9
https://dx.doi.org/10.1038/srep33637
http://www.ncbi.nlm.nih.gov/pubmed/27667396
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5035988
https://dx.doi.org/10.1039/d0ta02221g
https://dx.doi.org/10.1016/j.nanoen.2022.107778
https://dx.doi.org/10.1021/acsnano.9b02297
https://dx.doi.org/10.1002/admt.201800281
https://dx.doi.org/10.1038/nature16521
http://www.ncbi.nlm.nih.gov/pubmed/26819044
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4996079
https://dx.doi.org/10.1002/adma.201504335
https://dx.doi.org/10.1002/mame.201800340
https://dx.doi.org/10.1038/s41563-021-01093-1
https://dx.doi.org/10.1002/adma.202104178
https://dx.doi.org/10.1016/j.matt.2020.07.030
https://dx.doi.org/10.1038/s41467-021-27066-1
http://www.ncbi.nlm.nih.gov/pubmed/34799591
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8604991
https://dx.doi.org/10.1021/acsnano.1c05701
https://dx.doi.org/10.1016/j.matdes.2020.109273


Page 37 of Wei et al. Soft Sci 2023;3:17 https://dx.doi.org/10.20517/ss.2023.09 38

201.  DOI
Yue X, Jia Y, Wang X, et al. Highly stretchable and durable fiber-shaped strain sensor with porous core-sheath structure for human 
motion monitoring. Compos Sci Technol 2020;189:108038.  DOI

184.     

Sharma S, Chhetry A, Maharjan P, et al. Polyaniline-nanospines engineered nanofibrous membrane based piezoresistive sensor for 
high-performance electronic skins. Nano Energy 2022;95:106970.  DOI

185.     

Hu X, Tian M, Xu T, et al. Multiscale disordered porous fibers for self-sensing and self-cooling integrated smart sportswear. ACS 
Nano 2020;14:559-67.  DOI

186.     

Lan B, Wu F, Cheng Y, et al. Scalable, stretchable and washable triboelectric fibers for self-powering human-machine interaction and 
cardiopulmonary resuscitation training. Nano Energy 2022;102:107737.  DOI

187.     

Li S, Cao P, Li F, et al. Self-powered stretchable strain sensors for motion monitoring and wireless control. Nano Energy 
2022;92:106754.  DOI

188.     

Ding T, Chan KH, Zhou Y, et al. Scalable thermoelectric fibers for multifunctional textile-electronics. Nat Commun 2020;11:6006.  
DOI  PubMed  PMC

189.     

Duan S, Lin Y, Zhang C, et al. Machine-learned, waterproof MXene fiber-based glove platform for underwater interactivities. Nano 
Energy 2022;91:106650.  DOI

190.     

Duan S, Wang J, Lin Y, et al. Highly durable machine-learned waterproof electronic glove based on low-cost thermal transfer 
printing for amphibious wearable applications. Nano Res 2022.  DOI

191.     

Dong B, Yang Y, Shi Q, et al. Wearable triboelectric-human-machine interface (THMI) using robust nanophotonic readout. ACS 
Nano 2020;14:8915-30.  DOI

192.     

Liu Z, Li Z, Yi Y, et al. Flexible strain sensing percolation networks towards complicated wearable microclimate and multi-direction 
mechanical inputs. Nano Energy 2022;99:107444.  DOI

193.     

Veeramuthu L, Cho C, Venkatesan M, et al. Muscle fibers inspired electrospun nanostructures reinforced conductive fibers for smart 
wearable optoelectronics and energy generators. Nano Energy 2022;101:107592.  DOI

194.     

Wu R, Seo S, Ma L, Bae J, Kim T. Full-fiber auxetic-interlaced yarn sensor for sign-language translation glove assisted by artificial 
neural network. Nanomicro Lett 2022;14:139.  DOI  PubMed  PMC

195.     

Yang W, Gong W, Gu W, et al. Self-powered interactive fiber electronics with visual-digital synergies. Adv Mater 
2021;33:e2104681.  DOI

196.     

Zhang L, He J, Liao Y, et al. A self-protective, reproducible textile sensor with high performance towards human-machine 
interactions. J Mater Chem A 2019;7:26631-40.  DOI

197.     

Bai Z, He T, Zhang Z, et al. Constructing highly tribopositive elastic yarn through interfacial design and assembly for efficient energy 
harvesting and human-interactive sensing. Nano Energy 2022;94:106956.  DOI

198.     

Yang Y, Shi Q, Zhang Z, Shan X, Salam B, Lee C. Robust triboelectric information-mat enhanced by multi-modality deep learning 
for smart home. InfoMat 2023:5.  DOI

199.     

Zhu M, Sun Z, Zhang Z, et al. Haptic-feedback smart glove as a creative human-machine interface (HMI) for virtual/augmented 
reality applications. Sci Adv 2020;6:eaaz8693.  DOI  PubMed  PMC

200.     

Sun Z, Zhu M, Zhang Z, et al. Artificial intelligence of things (AIoT) enabled virtual shop applications using self-powered sensor 
enhanced soft robotic manipulator. Adv Sci 2021;8:e2100230.  DOI  PubMed  PMC

201.     

Shi Q, Zhang Z, Yang Y, Shan X, Salam B, Lee C. Artificial intelligence of things (AIoT) enabled floor monitoring system for smart 
home applications. ACS Nano 2021;15:18312-26.  DOI

202.     

Ma S, Wang X, Li P, et al. Optical micro/nano fibers enabled smart textiles for human-machine interface. Adv Fiber Mater 
2022;4:1108-17.  DOI

203.     

Wen F, Zhang Z, He T, Lee C. AI enabled sign language recognition and VR space bidirectional communication using triboelectric 
smart glove. Nat Commun 2021;12:5378.  DOI  PubMed  PMC

204.     

Wen F, Sun Z, He T, et al. Machine learning glove using self-powered conductive superhydrophobic triboelectric textile for gesture 
recognition in VR/AR applications. Adv Sci 2020;7:2000261.  DOI  PubMed  PMC

205.     

Choi S, Yoon K, Lee S, et al. Conductive hierarchical hairy fibers for highly sensitive, stretchable, and water-resistant multimodal 
gesture-distinguishable sensor, VR applications. Adv Funct Mater 2019;29:1905808.  DOI

206.     

Dong B, Shi Q, Yang Y, Wen F, Zhang Z, Lee C. Technology evolution from self-powered sensors to AIoT enabled smart homes. 
Nano Energy 2021;79:105414.  DOI

207.     

Zhang Z, Shi Q, He T, et al. Artificial intelligence of toilet (AI-Toilet) for an integrated health monitoring system (IHMS) using smart 
triboelectric pressure sensors and image sensor. Nano Energy 2021;90:106517.  DOI

208.     

Shi Q, Zhang Z, He T, et al. Deep learning enabled smart mats as a scalable floor monitoring system. Nat Commun 2020;11:4609.  
DOI  PubMed  PMC

209.     

Zhao Y, Li X, Hou N, et al. Self-powered sensor integration system based on thorn-like polyaniline composites for smart home 
applications. Nano Energy 2022;104:107966.  DOI

210.     

Xu F, Dong S, Liu G, et al. Scalable fabrication of stretchable and washable textile triboelectric nanogenerators as constant power 
sources for wearable electronics. Nano Energy 2021;88:106247.  DOI

211.     

He E, Sun Y, Wang X, et al. 3D angle-interlock woven structural wearable triboelectric nanogenerator fabricated with silicone rubber 
coated graphene oxide/cotton composite yarn. Compos B Eng 2020;200:108244.  DOI

212.     

https://dx.doi.org/10.1038/s41928-021-00558-0
https://dx.doi.org/10.1016/j.compscitech.2020.108038
https://dx.doi.org/10.1016/j.nanoen.2022.106970
https://dx.doi.org/10.1021/acsnano.9b06899
https://dx.doi.org/10.1016/j.nanoen.2022.107737
https://dx.doi.org/10.1016/j.nanoen.2021.106754
https://dx.doi.org/10.1038/s41467-020-19867-7
http://www.ncbi.nlm.nih.gov/pubmed/33243999
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7693281
https://dx.doi.org/10.1016/j.nanoen.2021.106650
https://dx.doi.org/10.1007/s12274-022-5077-9
https://dx.doi.org/10.1021/acsnano.0c03728
https://dx.doi.org/10.1016/j.nanoen.2022.107444
https://dx.doi.org/10.1016/j.nanoen.2022.107592
https://dx.doi.org/10.1007/s40820-022-00887-5
http://www.ncbi.nlm.nih.gov/pubmed/35776226
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9249965
https://dx.doi.org/10.1002/adma.202104681
https://dx.doi.org/10.1039/c9ta10744d
https://dx.doi.org/10.1016/j.nanoen.2022.106956
https://dx.doi.org/10.1002/inf2.12360
https://dx.doi.org/10.1126/sciadv.aaz8693
http://www.ncbi.nlm.nih.gov/pubmed/32494718
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7209995
https://dx.doi.org/10.1002/advs.202100230
http://www.ncbi.nlm.nih.gov/pubmed/34037331
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8292889
https://dx.doi.org/10.1021/acsnano.1c07579
https://dx.doi.org/10.1007/s42765-022-00163-6
https://dx.doi.org/10.1038/s41467-021-25637-w
http://www.ncbi.nlm.nih.gov/pubmed/34508076
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8433305
https://dx.doi.org/10.1002/advs.202000261
http://www.ncbi.nlm.nih.gov/pubmed/32714750
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7375248
https://dx.doi.org/10.1002/adfm.201905808
https://dx.doi.org/10.1016/j.nanoen.2020.105414
https://dx.doi.org/10.1016/j.nanoen.2021.106517
https://dx.doi.org/10.1038/s41467-020-18471-z
http://www.ncbi.nlm.nih.gov/pubmed/32929087
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7490371
https://dx.doi.org/10.1016/j.nanoen.2022.107966
https://dx.doi.org/10.1016/j.nanoen.2021.106247
https://dx.doi.org/10.1016/j.compositesb.2020.108244


Page 38 of Wei et al. Soft Sci 2023;3:17 https://dx.doi.org/10.20517/ss.2023.0938

Ma L, Wu R, Liu S, et al. A machine-fabricated 3D honeycomb-structured flame-retardant triboelectric fabric for fire escape and 
rescue. Adv Mater 2020;32:e2003897.  DOI

213.     

Niu L, Peng X, Chen L, et al. Industrial production of bionic scales knitting fabric-based triboelectric nanogenerator for outdoor 
rescue and human protection. Nano Energy 2022;97:107168.  DOI

214.     

Zhang H, Yin F, Shang S, et al. A high-performance, biocompatible, and degradable piezoresistive-triboelectric hybrid device for 
cross-scale human activities monitoring and self-powered smart home system. Nano Energy 2022;102:107687.  DOI

215.     

Chen M, Ouyang J, Jian A, et al. Imperceptible, designable, and scalable braided electronic cord. Nat Commun 2022;13:7097.  DOI  
PubMed  PMC

216.     

Fu M, Zhang J, Jin Y, Zhao Y, Huang S, Guo CF. A highly sensitive, reliable, and high-temperature-resistant flexible pressure sensor 
based on ceramic nanofibers. Adv Sci 2020;7:2000258.  DOI  PubMed  PMC

217.     

Niu H, Yin F, Kim E, et al. Advances in flexible sensors for intelligent perception system enhanced by artificial intelligence. InfoMat 
;2023:e12412.  DOI

218.     

Zhu M, Ji S, Luo Y, et al. A mechanically interlocking strategy based on conductive microbridges for stretchable electronics. Adv 
Mater 2022;34:e2101339.  DOI

219.     

Yuan Z, Han S, Gao W, Pan C. Flexible and stretchable strategies for electronic skins: materials, structure, and integration. ACS Appl 
Electron Mater 2022;4:1-26.  DOI

220.     

Zhao C, Wang Y, Tang G, et al. Ionic flexible sensors: mechanisms, materials, structures, and applications. Adv Funct Mater 
2022;32:2110417.  DOI

221.     

Yao S, Ren P, Song R, et al. Nanomaterial-enabled flexible and stretchable sensing systems: processing, integration, and applications. 
Adv Mater 2020;32:e1902343.  DOI

222.     

Wang T, Shen Y, Chen L, et al. Large-scale production of the 3D warp knitted terry fabric triboelectric nanogenerators for motion 
monitoring and energy harvesting. Nano Energy 2023;109:108309.  DOI

223.     

Duan S, Wang B, Lin Y, et al. Waterproof mechanically robust multifunctional conformal sensors for underwater interactive human-
machine interfaces. Adv Intell Syst 2021;3:2100056.  DOI

224.     

Yang Y, Wei X, Zhang N, et al. A non-printed integrated-circuit textile for wireless theranostics. Nat Commun 2021;12:4876.  DOI  
PubMed  PMC

225.     

de Medeiros M, Goswami D, Chanci D, Moreno C, Martinez RV. Washable, breathable, and stretchable e-textiles wirelessly powered 
by omniphobic silk-based coils. Nano Energy 2021;87:106155.  DOI

226.     

Praveen S, Sim GS, Ho CW, Lee CW. 3D-printed twisted yarn-type Li-ion battery towards smart fabrics. Energy Stor Mater 
2021;41:748-57.  DOI

227.     

Li D, Yang S, Chen X, Lai W, Huang W. 3D wearable fabric-based micro-supercapacitors with ultra-high areal capacitance. Adv 
Funct Mater 2021;31:2107484.  DOI

228.     

Rafique A, Ferreira I, Abbas G, Baptista AC. Recent advances and challenges toward application of fibers and textiles in integrated 
photovoltaic energy storage devices. Nanomicro Lett 2023;15:40.  DOI  PubMed  PMC

229.     

Duan S, Shi Q, Wu J. Multimodal sensors and ML-based data fusion for advanced robots. Adv Intell Syst 2022;4:2200213.  DOI230.     
Zhu M, He T, Lee C. Technologies toward next generation human machine interfaces: From machine learning enhanced tactile 
sensing to neuromorphic sensory systems. Appl Phys Rev 2020;7:031305.  DOI

231.     

https://dx.doi.org/10.1002/adma.202003897
https://dx.doi.org/10.1016/j.nanoen.2022.107168
https://dx.doi.org/10.1016/j.nanoen.2022.107687
https://dx.doi.org/10.1038/s41467-022-34918-x
http://www.ncbi.nlm.nih.gov/pubmed/36402785
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9675780
https://dx.doi.org/10.1002/advs.202000258
http://www.ncbi.nlm.nih.gov/pubmed/32995117
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7507114
https://dx.doi.org/10.1002/inf2.12412
https://dx.doi.org/10.1002/adma.202101339
https://dx.doi.org/10.1021/acsaelm.1c00025
https://dx.doi.org/10.1002/adfm.202110417
https://dx.doi.org/10.1002/adma.201902343
https://dx.doi.org/10.1016/j.nanoen.2023.108309
https://dx.doi.org/10.1002/aisy.202100056
https://dx.doi.org/10.1038/s41467-021-25075-8
http://www.ncbi.nlm.nih.gov/pubmed/34385436
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8361012
https://dx.doi.org/10.1016/j.nanoen.2021.106155
https://dx.doi.org/10.1016/j.ensm.2021.07.024
https://dx.doi.org/10.1002/adfm.202107484
https://dx.doi.org/10.1007/s40820-022-01008-y
http://www.ncbi.nlm.nih.gov/pubmed/36662335
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9860006
https://dx.doi.org/10.1002/aisy.202200213
https://dx.doi.org/10.1063/5.0016485

