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Abstract

:

Wearable e-textiles are able to perform electronic functions and are perceived as a way to add features into common wearable textiles, building competitive market advantages. The e-textile production has become not only a research effort but also an industrial production challenge. It is important to know how to use existing industrial processes or to develop new ones that are able to scale up production, ensuring the behavior and performance of prototypes. Despite the technical challenges, there are already some examples of wearable e-textiles where sensors, actuators, and production techniques were used to seamlessly embed electronic features into traditional wearable textiles, which allow for daily use without a bionic stigma.
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1. Introduction


Nowadays, the wearable e-textile technologies are facing an exponential growth. Day by day new textiles come to the market with functionalities such as: heat regulation, luminescent, touch, and sensitivity. Those functionalities are useful for several applications in different fields such as: healthcare, sports, space exploration, and gaming. The gaming industry revenue using wearable e-textile technologies is growing, resulting in $66 billion in 2013 for the mobile games on smartphones and tablets, and the growth in 2017 was estimated at around $78 billion [1]. The increasing miniaturization of electric circuits enables seamless incorporation of functionalities, which helps to avoid a potential bionic stigma and to embrace market penetration of wearable e-textiles.



The potential of electronic wearable textiles has been perceived by several companies, like Google, among others, which is developing capacitive touching textiles in its project, called Google Jacquard. This project enables a seamless and reliable wearable computing concept that can help costumers to perform daily tasks like answering phone calls without stopping an ongoing activity [2].



The main wearable e-textiles have embedded capacitive, resistive, and optical sensors allowing the textile to sense touch, strain, pressure, temperature, and humidity. The sensors are normally connected to control boards responsible to process information.



Several review works have been published summarizing developments in wearable e-textile technologies [3,4,5,6]. A variety of sensing and output devices have been used into e-textiles using touch sensitive buttons [7], pressure sensors [5], Radio Frequency Identification (RFIDs), or electrocardiography (ECG) sensors in electronic socks and sports bras [8]. Moreover, electromyography (EMG) sensors are used to control active orthotics [9,10], prostheses, mobility assistive devices [11] and provide electrical stimulation [12]. Accelerometers have been used in e-textiles to access fall risks [13] and to monitor functional ability at home. Output devices used Light Emission Diode (LED) arrays, thermo chromic ink, vibration, and shape memory alloys [4].



The most common communication methods for interactive textiles are Wi-Fi and Bluetooth with a hybrid approach to power. All of the wearable e-textiles have battery requirements that must be fulfilled either by detachable batteries or by thin, flat, and flexible batteries that are able to survive washing, drying, ironing, and dry cleaning [14].



In this paper, it is presented a review of wearable e-textile technologies. The paper is structured as follows:




	
First materials, connections and fabrication methods are explained in the context of wearable e-textile technologies; and,



	
Secondly, textile capacitive and resistive sensors are explained, highlighting measurement ranges and fabrication methods. Examples of commercial wearable e-textiles are presented and shortly described.



	
Finally, a conclusion is done mentioning the importance of wearable e-textile technologies with a small future perspective.









2. Materials, Connections and Fabrication Methods


The wearable e-textiles can be made with several materials using different fabrication methods. The selected materials and fabrication methods are always interconnected with the final application. This makes e-textile a multidisciplinary research field, with the need of expertise in several fields, such as textile, materials, electronics, mechanics, and computer engineering [15].



2.1. Adapted Fabrics: E-Textiles Fabrication Methods


Over the past decade, it has been proved that traditional fabrication methods that are used to produce conventional textiles could be used in e-textiles production too. The development of flexible conductive yarns with diameters that are similar to the conventional textile yarns enable the use of traditional fabrication methods to merge conductive threads with non-conductive threads. The conductive yarns incorporation processes into conventional textiles threads can be manually done by sewing conductive yarns [9] or automatically through embroidery [16], weaving [17], knitting [18], and breading machines [14].



Coating non-conductive yarns with metals, galvanic substances or metallic salts can also be used to make electrical conductive yarns from pure textile threads, which also enables an e-textile production. Common textile coating processes include electroless plating [19], chemical vapor deposition [20], sputtering [21], and with a conductive polymer coating [15].



Stamping conductive inks is also an alternative to embed conductive lines into textiles. There are several technologies that can print conductive material on textile substrates, but all of them use conductive inks with high conductive metals, such as silver (Ag), copper (Cu), and gold (Au). Table 1 shows a list of manufacturing techniques with a qualitative comparison of fabrication attributes. All of the manufacturing techniques can be used to produce e-textiles.



Connections to data acquisition systems are achieved by either mechanical [15] or electrical mechanisms [22]. This way, textile structure platforms as woven, knitted, or nets can be used to produce e-textiles, avoiding attaching electronics to textile substrates.




2.2. Electrical Components


The wearable e-textiles would not be possible without electrical components, such as electrodes, connectors, and interconnectors. When wearable e-textiles are used for the acquisition of electrical biological signals such as electrocardiogram (ECG), the electrodes are the bridge between the body and the circuit. When there is no need of electrical signal acquisition, there is still the need of connectors and interconnectors in order to bridge the textile with the electronics.



Copper wire can be used in applications without skin contact, and silver thread can be used in applications that requires direct contact with skin [23]. The energy needed to power e-textile circuits is normally provided from Lithium Polymer (LiPo) batteries. The LiPo batteries are selected accordingly to a tradeoff between power autonomy and battery size. The goal is to select the smallest LiPo battery that is able to supply the e-textile circuit power demands during a predefined amount of time. There are also research projects developing energy harvesting solutions that are embedded into e-textiles [24]. With energy harvesting solutions, it is possible to charge small LiPo batteries, keeping the e-textile energy demands during use. Figure 1 shows some examples of the connection techniques that are used in e-textile circuits and transducers.



The two main bond categories for connectors and interconnects are mechanical and physical. Mechanical connections are made with snaps that are directly pressed into conduction lines, and are normally made when there is a need to detach any electrical module from the e-textile. Physical connections include microwelding, thermoplastic adhesion [26], mixed conductive polymer adhesion [27], joint soldering, and electroplating [28]. Physical connections are made when there is a need for a permanent connection. E-textile connectors remain an open research field due to the diversity of application environments where each solution is customized and is almost unique.




2.3. Textile Circuitry


Textile circuits are electrical circuits built on textile substrates. Embroidery conductive thread into textile substrates is a widely used technique. This technique is used to stitch patterns that define circuit traces, component connection pads or sensing surfaces using Computer Assisted Design (CAD) tools [29]. The conductive patterns can also be done using inkjet-printed techniques of graphene-based conductive inks [30]. Normally a textile circuit is designed to have a low power consumption rate and high input impedance, which is opposite to the conventional requirement of low impedance for component interconnections.



Many yarns available in the market can be used for connections and circuit elements. These include silverized yarns, stainless steel thread, titanium, gold, and tin.



Another technique to fabricate textile circuits is to iron a welded circuit to the textile substrate [31]. Once the circuit is attached to the textile, it can be soldered like a traditional printed circuit board.



There are also commercial printed control boards made to be wearable. Table 2 shows a qualitative attribute comparison from a list of wearable control boards that are available in the market. According to the information presented at Table 2, Xadow is the best wearable control board that is available in the market due to the analog/digital pins and the wireless communication in board. The possibility to be washed is also an important advantage that enables a permanent connection with a textile and textile fibers.



Flexible conduction lines could also be made of any conductive ink and conductive polymer. Thick and thin printing processes are two production techniques that are used to print conductive inks. An example of a thick film process is silk screening, where an adhesive conductive ink is applied to the open areas of a textile mesh allowing for the ink to penetrate into the fabric [33]. A sputtering process can also be used to produce high-resolution circuits on textile substrates. The textile substrate, kept at 150 °C, needs to be placed in a vacuum chamber with an inert gas like argon and a shadow mask to make the circuit patterns. There are also research projects reporting the use of nanosoldering methods to produce e-textiles with carbon nanotubes (CNT) conductive lines. The CNTs are soldered onto the fiber surface of non-woven fabric by ultrasonication, which brings a strong adhesion between the carbon nanotubes and the textile fibers. The CNTs do not detach when the e-textile is under vigorous mechanical stirring, or even after being washed [34].




2.4. Textile Circuit Elements


Textile circuit elements can be built to be adapted to the textile substrates. Small electric components can be sewn into the conductive lines on fabrics [35] either directly or using sockets attached to the fabric with connection resistivity that is lower than 1 Ω [36]. Gripper snaps and textile switches can also be used in order to ensure connectivity, allowing strong connections [37].



Electronic elements can be made out of conductive thread by sewing thread fibers in patterns, with multiple crossings, to achieve desired electrical properties. Conductive properties can be given to threads by several techniques before and after the thread manufacturing process [38].



Another very common technique entails the application of metal or conductive polymer coatings to the textile substrate. Laminating techniques are also used, including those that are adapted from conventional and flexible electronics [39]. With those techniques, passive elements can be formed with conductive inks and polymers. Resistors (i.e., 2–8 Ω/mm), capacitors (i.e., 1 pF to 1 nF), and inductors (i.e., 500 nH to 1 µH at 10 MHz) can be made by planar printing techniques, such as screen printing or sputtering metal inks onto fabric substrates, such as cotton, polyester, silk, wool, polyacrylonite, and fiberglass fabrics [33]. It has also been shown that resistive elements can be made by adjusting the dimension of an already coated conductive polymer fabric [40]. In the case of transistors, the core of a metalized yarn can be used as gate, while source and drain contacts can be made by depositing metals or polymers using evaporation or soft lithography processes [41]. Transistors can also be fabricated on strips of Kapton and be later interlaced into a textile substrate [42]. Figure 2 shows a textile electrode suitable for acquiring biological signals, such as ECG.





3. Smart Fabrics Sensors


3.1. Capacitive Pressure Sensors


Usually, capacitive pressure sensors are made on textiles that can be sewn, snapped, or glued to a fabric substrate and welded to other electronics or wires. Textile capacitors can also be made from compliant conductive materials that are acting as conductive plates separated by dielectrics. The conductive plates can be woven [28], sewn [44], and embroidered with conductive thread/fabrics, or they can be painted, printed, sputtered, or screened with conductive inks [45], or conductive polymers [46]. The dielectrics used are typically synthetic foams, fabric spacers, and/or soft non-conductive polymers. Capacitive fibers can also be manufactured using techniques that are similar to those found in flexible electronics, such as a silicon fiber sputtered with metals [47].



The capacitance of a capacitive pressure sensor depends on the area of two conductive parallel plans, the conductive material and the distance between each other. Keeping the same area for the conductive plates the capacitance will change with the distance between them. When the distance between the conductive plates decreases, the capacitance increases, and when the distance between the conductive plates increases, the capacitance decreases. Table 3 presents a list of production techniques used to produce capacitive pressure sensors. From Table 3, it is possible to see that the conductive element and production technique influence not only the pressure range measurement but also measurement sensitivity. Embroidery of conductive thread into textile substrates produces capacitor pressure sensors with low resolution that are good to make seamless e-textile press buttons. The CrossliteTM capacitor production technique is able to produce capacitive pressure sensors with higher resolutions that can be used sense pressures over time.




3.2. Resistive Pressure Sensors


The resistive pressure sensors have a correlation between pressure and electrical resistance. These sensors can be made of different conductive materials in different structures using different production techniques. The variable resistive materials can be sewn, embroidered or glued to the textile substrate to measure pressure. The working principle of a resistive pressure sensor is based on an electric resistance that increases when the resistive material is stretched or compressed. According to Ohm’s Law (V = R*I), for the same electric current, a higher resistance makes the output voltage increase. This way, the stretch or compression can be correlated to the sensed voltage [49]. Table 4 shows a list of textile production techniques that are used to produce textile pressure sensors. The conductive material and production technique influence the sensitivity and sensed pressure range.




3.3. Optical Textile Sensors


The working principle of optical textile sensors is based on the variation of the light intensity or the amplitude that can be sensed by a fiber Bragg grating (FBG) sensor. These type of sensors were first developed in 1978 by Hill et al. when the photosensitivity in optical fibers were found [50]. Since then, several configurations were developed and incorporated into fabrics [51,52]. The small glass optical fibers diameters (in the microns range) make these materials suitable for seamless textile integration with industrial processes. The optical fiber light source can be a small light emission diode (LED), and the light amplitude at the end of the optical fiber can be sensed with a small photodetector. Depending on the textile movements, the light amplitude will change allowing to sense textile displacements and pressures. The optical textile sensors can be used to sense textile displacements and pressures in applications where the electrical currents cannot cross textile substrates. Figure 3 shows a schematic of a fabric with optical fibers incorporated. When the elastic fabric is stretched, the light amplitude passing thought the fiber increases, which increases the output voltage coming out the photodetector.




3.4. Temperature and Humidity Sensitive Textile


There are several possibilities to build an e-textile to sense temperature and humidity changes. Resistance and capacitance are the main principles to build humidity textile sensors. The resistive humidity textile sensors answer to moisture variation by changing its conductivity, while the capacitive humidity textile sensors answer to water vapor by varying its dielectric constant [53]. Combinations of polymer/substrate; PEDOT–PSS/PAN nanofibers [48], PEDOT–PSS/polyimide, PEDOT [54]—PSS/lycra tactel and Polypyrrole, are sensitive to humidity changes by changing their electrical conductivity [44]. These sensitized substrates can also be woven into textiles. Polymers that are suitable for capacitive humidity sensors include polyethersulfone (PES), polysulfone (PSF), and divinyl siloxane benzocyclobutene (BCB). Other humidity sensing devices have flexible transistors that changes conductivity with the humidity levels [55]. Coated sensors on fabrics typically react to humidity if they are organic or carbon based.



Temperature sensors compatible with fabrics can be made on flexible substrates, such as plastics and polyimide sheets. These sensors can be later attached to fabrics or integrated into their structure. Resistance temperature detectors (RTDs) have elements, such as platinum/nichrome (NiCr) and related materials that can be coated on flexible surfaces. Kapton based plastic stripes of platinum RTDs can be woven into fabrics to manufacture a temperature sensitive textile [56]. A gold RTD has been manufactured on a flexible polyimide substrate [57]; its resistance changes linearly with temperature. Thermoelectric generators can also be attached to fabrics using molding techniques and fabric connection technologies [58]. All of the conductive polymers and carbon based conductive particle polymers have a temperature dependent response. For instance, PEDOT–PSS coated fibers experience a decrease in resistance when under high temperatures [59]. Fiber optic sensors can also be used to sense temperature changes as well as temperature sensitive inks [60].





4. Wearable E-Textiles


Everyday, new wearable e-textile products come to the market with different useful functionalities. Figure 4 shows three examples of commercially available textile based wearable e-textiles from three different brands. Figure 4a shows a hat commercialized by Zeroi with bone conduction technology. With this hat, the user can listen music or answer phone calls. The bone conduction technology is seamless embedded into the hat, which avoids a bionic stigma and makes this e-textile suitable for outdoor activities. The sound waves bypass the eardrums, going directly to the cochlea where the sounds waves are decoded. Figure 4b shows a smart sock with a foot pressure measurement technology and walking distance measurement that can be used to measure sports performance. The electronic components of this product are detachable in order to wash the textile part of the socks. The collected data is sent wirelessly to a mobile application running into a smartphone. With this e-textile, runners can see the pressure profile of the foot sole and then practice their gait cycle to achieve a better performance. Figure 4c shows an airbag jacket that can be used to prevent serious injuries when a motorcycle accident occurs. The jacket has an accelerometer that detects falls and triggers the airbag before the road impact. The airbag is inflated with a small bottle of gas that needs to be replaced when the airbag is triggered. Tests performed with the airbag jacket show that, in the case of a fall, the impact forces with the ground do not exceed 2 kN. The traditional motorcycle protecting jackets have impact forces that range from 20 to 35 kN.



Besides the commercial wearable e-textile products, there are also research projects in the medical field that aim to develop new e-textiles to improve diagnostic and treatment of several diseases. Wearable e-textiles with embedded textile electrodes are being developed to detect a variety of biological signals, such as electrocardiogram (ECG) [64] and electromyogram (EMG) [65], as well as to measure body impedance and skin conductance [66]. With the ECG detection, it is possible to do an early diagnostic of heart diseases, which can prevent sudden deaths. The EMG signal measurement is useful to evaluate physiotherapy treatment of gait cycle disorders or stroke rehabilitation [67]. The body impedance and skin conductance measurements are useful to evaluate the body hydration levels, thus helping to prevent dehydration [68]. Wearable e-textiles with functional electrical stimulation (FES) are also under development to be used in the treatment of gait disorders such as foot drop [69]. New wearable e-textiles are under development to build functional soft orthotic devices useful in the treatment of ankle-knee injuries [70]. Insomnia disorders can also be treated with wearable e-textiles able to control body temperature during sleep [71].




5. Future Perspectives


The future of wearable e-textiles will be dictated by the ability to manufacture products with seamless embedded electronics useful to fulfill daily needs. Multinational business companies are endorsing the design and development of e-textiles, helping the market penetration. At the same time, traditional textile business companies envision e-textiles production as a competitive advantage. Private users, compelled by the advantages of e-textiles, buy these products to use them in sports and daily life activities (where they can have an important role, e.g., in healthcare), thus increasing the e-textile market. The interest of business companies in the production of e-textiles together with the interest by the market creates a new e-textile cluster. This e-textile cluster will help in the development of production standards setting higher quality levels. The production standards will help decrease the e-textile manufacturing time and final fabrication costs. However, many e-textile technologies are still in the research phase where requirements such as washability, nontoxicity, and resistance to tensile strength forces still need to be addressed. The development of new standard tests to control the sources of e-textile failure, such as cyclic loads and current flow, are crucial to ensure e-textile resistance overtime. Strategies for the encapsulation of components and extension of e-textile lifetime also need to be improved. The development of e-textiles with energy harvesting features is also an important challenge to overcome. These challenges increase with higher integration levels, due to the higher number of degrees of freedom. When all of these challenges are met, e-textile mass production will become a reality, thus achieving a major milestone for these materials. New wearable e-textiles will always be both an opportunity for new markets but also a challenge to interact with conventional electronics devices.




6. Conclusions


The wearable e-textiles became one of the main research avenues in the textile field. The useful features that are incorporated into e-textiles bring market advantages in several areas, such as sports and healthcare. Common textile manufacturing machines and production techniques can be used to produce e-textiles. Electrical components that are used in conventional electrical circuits can also be used into e-textiles and new textile based electrical components, such as resistors, capacitors, and antennas are also being developed. Thus, the available materials and technologies provide sufficient range to be tuned and adapted for e-textiles. Wearable textile based sensors are developed in order to produce wearable seamless sensing solutions avoiding bionic stigma. Business companies already perceived the wearable e-textiles business potential and are developing e-textile products to incorporate them in their product portfolios. The wearable e-textiles are still a new field with opportunities to build innovative products that can revolutionize the way that persons interact with their garments.
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Figure 1. Textile and electronic materials used in e-textiles. (a) Solder and polyester thread used into e-textiles; (b) E-textile capacitor; (c) Printed Circuit Board (PCB) for e-textiles; (d) Casing shell for e-textiles; (e) Vibration motor; (f) Elektrisola textile conductive wire; (g) Bekintex conductive thread; (h) Lithium-ion battery used to power e-textiles; and, (i) Slide switch used to switch On/Off e-textiles [25]. 
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Figure 2. Textile electrode used to sense biological signals such as electrocardiography [43]. 
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Figure 3. Schematic of a fabric with optical fibers incorporated. 
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Figure 4. Wearable e-textile transducers. (a) Zeroi—Bone conduction hat [61]; (b) Sensoria—Intelligent sock with heart rate measurement system [62]; (c) D-air—Airbag jacket (motorcycling protection) [63]. 
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Table 1. Qualitative comparison of e-textiles fabrication atributes.
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	E-Textile Manufacturing Technique
	Machinery Costs
	Material Costs
	Process Complexity
	Resistance to Wear





	Embroidery
	High
	Low
	High
	High



	Sewing
	Low
	Low
	Low
	High



	Weaving
	Low
	High
	High
	High



	Non-woven
	Low
	Low
	Low
	Low



	Knitting
	Low
	High
	High
	Low



	Spinning
	Low
	Low
	Low
	Low



	Breading
	Low
	Low
	Low
	High



	Coating
	High
	Low
	Low
	Low



	Printing
	High
	High
	Low
	Low
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Table 2. Atribute comparisson of wearable control boards [32].
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	Control Boards
	Washable
	Analog Pins
	Digital Pins
	Wireless Communication





	Lilypad
	Yes
	Yes
	Yes
	No



	Intel Edison
	Yes
	Yes
	Yes
	Yes



	Flora
	Yes
	No
	Yes
	No



	Xadow
	Yes
	Yes
	Yes
	Yes



	SquareWear
	Yes
	Yes
	Yes
	No



	Printoo
	Yes
	Yes
	Yes
	No



	BITalino
	Yes
	Yes
	Yes
	No



	Igloo
	Yes
	Yes
	Yes
	No



	WaRP7
	No
	Yes
	Yes
	Yes



	nRF52832
	No
	Yes
	Yes
	Yes
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Table 3. Fabric capacitor pressure sensor production techniques [48].
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	Production Technique
	Elements
	Measured Variable
	Sensitivity
	Pressure
	Size





	Embroidery
	Conductive thread
	Electrical contact
	Switching threshold
	Contact sensing
	mm2–cm2 range



	Patterned electrodes
	Conductive ink
	Thickness compression
	0.214 V/pF
	0–13 kPa
	32 mm2



	Surface touch
	PEDOT Nylon
	Capacitance fingers/surface
	0.02 pf/mm
	0–2 Pa
	Diameter = 5 cm



	Laminated electrodes
	Thin film deposited metals
	Capacitance at intersecting points
	0.01 ΔC/mN
	0–50 N/cm2
	Diameter = 250 µm



	3D textile capacitor
	Conductive fabric 3D textile
	Thickness compression
	2 pF/N/cm2
	0–0.75 N/cm2
	9 cm2



	CrossliteTM capacitor
	Silver-coated textile PCCR
	Thickness compression
	0.05 pF/N/cm2
	0–30 N/cm2
	100 mm2
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Table 4. Textile pressure sensors based on resistive mechanism [48].
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	Production Technique
	Elements
	Sensitivity
	Pressure range
	Size
	Characteristics





	Switch tactile sensor
	Plated fabric Cu, Ni
	Threshold at 500 g/mm2
	70–500 g/mm2
	8 mm2
	Active sensing cells



	Tooth structured
	Conductive fabric
	2.98 × 10−3 kPa−1
	–2000 kPa
	760 mm3
	Strain in under pressure fabric



	Polyurethane foam
	PPyPolyurethane
	0:0007 mS/N
	1–7 kN/m2
	4 cm3
	Conductance increases with compression



	Conductive Rubber based
	Carbon polymer
	250 Ω/MPa
	0–0.2 MPa
	9 mm2
	Resistance changes with applied load



	QTC-Ni based
	Pressure composite
	~106 Ω/1% compression
	25% compression
	Diameter = 5.5 mm
	Switching behavior
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