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In the last three decades, the development of new kinds of textiles, so-called smart and interactive textiles, has
continued unabated. Smart textile materials and their applications are set to drastically boom as the demand for
these textiles have been increasing with the emergence of new fibers, new fabrics, and innovative processing
technologies. Moreover, people are eagerly demanding washable, flexible, lightweight, and robust e-textiles. These
features depend on the properties of the starting material, the post-treatment, and the integration techniques. In
this work, a comprehensive review has been conducted on the integration techniques of conductive materials in
and onto a textile structure. The review showed that an e-textile can be developed by applying a conductive
component on the surface of a textile substrate via plating, printing, coating, and other surface techniques, or by
producing a textile substrate from metals and inherently conductive polymers via the creation of fibers and
construction of yarns and fabrics with these. In addition, conductive filament fibers or yarns can be also integrated
into conventional textile substrates during the fabrication like braiding, weaving, and knitting or as a post-fabrication
of the textile fabric via embroidering. Additionally, layer-by-layer 3D printing of the entire smart textile components
is possible, and the concept of 4D could play a significant role in advancing the status of smart textiles to a new

level.

e-textile integration technique conductive material smart textile

| 1. Introduction

Clothing has been one of the three basic human needs since the beginning of our species. In the primitive age,
textile was used for clothing purposes and progressively extended to household and domestic applications. The
textile was also used for technical applications such as sailcloth, tent, protective garments, ropes, etc., which

leveraged the textile properties to create a technical performance advantage.

Smart textiles are materials and structures that sense and react to environmental conditions or stimuli, such as
those from mechanical, thermal, chemical, electrical, magnetic, or other sources [l Textiles are materials that can
react on themselves, unlike ordinary clothes. The expressions of “smart” and “intelligent” textiles or “wearable
electronic” textiles are commonly used interchangeably. The term “smart textile” may refer to either a “smart textile
material” or a “smart textile system”. The definition is determined only by the context. Smart (intelligent) textile
materials are functional textile materials actively interacting with their environment, i.e., responding or adapting to
changes in the environment and smart (intelligent) textile systems are textile system exhibiting an intended and

exploitable response as a reaction either to changes in its surroundings/environment or to an external signal/input
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2, For instance, Steele et al. developed a bionic bra (Figure 1) using electro-material sensors and artificial muscle
technology to detect the increase in breast motion and then respond with increased breast support to improve

active living [,

Device housing

Actuators

Figure 1. Bionic bra &1,

Smart textiles integrate a high level of intelligence and can be classified into three subgroups: passive, active, and
very smart or intelligent smart textiles 4. They can be made by incorporating electronic materials, conductive
polymers, encapsulated phase change materials, shape memory polymers and materials, and other electronic
sensors and communication equipment. As Dadi 2010 studied, these materials interact according to their designed
feature with the stimuli in their environment B, As an example of a very smart textile, the first generation of
wearable motherboards—which have sensors integrated inside garments that can detect injury and health

information of the wearer and transmit such information remotely to a hospital—has already been developed (€.

1.1. Building Blocks of Smart Textile Systems

Smart textiles with sensing and actuating capabilities for the desired use have been produced as a single-purpose
textile. However, the entire smart textile system could have specific function building blocks such as sensor,
actuator, interconnection, a controlling unit, communication device, and power supply. The schematic

representation of a smart textile system is shown in Figure 2.
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Figure 2. Building blocks of the smart textile system.

Sensor: A sensor is an electronic component that detects or measures a physical property and tracks and records,
indicates, or otherwise responds to it. Typical textile-integrated sensor types include textile electrodes for strain 8]
QIO - electrocardiography 12231141516 electromyography RAMR8ILI  electroencephalography [20121]122]
humidity [(231241[25]126] temperature 2728 pressure (2811291301 |ight 81321 and molecule detection 33134,

Actuator: An actuator is a building component that can influence its environment. Typical use is to move or control
other parts, but also light or sound generating parts are actuators. Common examples of textile actuators

introduced are, organic light-emitting diodes 3228137 phase changing materials BI28I39 temperature regulating
textiles 2941142l 3nd sound-generating textile 43144]145]

Interconnection: The interconnection is the part that links two or more functional components to one another. A lot
of conductive textiles have been introduced for interconnection purposes 2481147

Control Unit: The control unit is an electric board that directs the operation of the processor and is responsible for
interpreting the signals from the sensor, ordering the actuator to react, and commanding the communication device
to transmit necessary messages. Specific examples of control units that can be integrated into the textile systems
are Arduino (141481491 OpenBCI board BY, etc.

Communication Device: This is a unit integrated to transmit and receive electronic data and/or information from and

to another system, respectively. A microstrip textile patch antenna BUB2I53I34] js g typical example.

Power Supply: The entire smart textile system must get the power to perform its task; the component included to

provide power to the system is the power supply unit. For smart textiles, lithium polymer (LiPo) batteries are
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commonly used due to their size convenience. However, recently introduced textile-based energy harvesting

devices (48155561571 gnd storage capacitors BEIBABAIGL coyld replace these for some applications.

| 2. Conductive Materials for Textiles

Electrical conductive textiles are used in many applications of smart textile materials. However conventional textile
materials are usually insulating materials, where they cannot be used directly for smart textile applications that
require electrical conductivity. It is possible to obtain electrically conductive textiles by integrating metallic wires,
conductive polymers, or other conductive compounds into the textile structure at different stages, such as fiber
construction, yarn spinning, or fabric creation stages. To impart conductivity, non-textile metallic filament wires
made from silver, stainless steel, nickel, aluminum, and copper can be inserted into the textile structure. Metals
provide high conductivity which is very important for some smart textile applications but increases the weight of the
material and affects their flexibility. Moreover, some metals are prone to corrosion. Apart from using metal wires,
metal-based conductive textiles can also be produced by coating metal ink on the surface of textile materials, but
these have limitations in wash stability. This leads to the search for alternative conductive compounds to produce
reliable conductive textiles with better flexibility. Up to now, the conductive materials for textile materials can be
categorized as conductive inks, carbon-based conductive polymers, intrinsically conductive polymers, and

conductive polymer composites.

2.1. Conductive Inks

The success of inkjet printing for printed electronics has been attributed to the emergence of functional printable
inks with different nanoscale sizes and structures. Based on their constituents, conductive inks can be categorized
into three-dimensional nanostructured materials as nanoparticles, nanowires, nanotubes or they may exhibit plate-
like shapes. The printable ink has a wide range of choices such as conductive, semi-conductive, and dielectric
inks. The conductive inks can be prepared from conductive metal nano-particles and micro-particles. The semi-
conductive inks can be prepared from metal-oxides, organic polymers, and inorganic semiconductors. The
dielectric inks are organic polymers in solvents, organic polymer thermosets or ceramic-filled organic polymers.
Therefore, the functional conductive inks can be developed from metals, metal oxides, conductive polymers,
organometallic inks, graphene, carbon nanotubes, and a mixture of the different inks. Some examples of the
conductive inks employed for the development of conductive textile are reactive silver 62 graphene ink 83, and
carbon nanotube 4, etc. For instance, Liang et al. used a silver nanoparticle-based conductive ink that was
configured with poly(styrene-block-ethylene-ran-butylene-block styrene) to develop a skin-inspired ultra-sensitive

pressure sensor 63,

2.2. Carbon-Based Conductive Materials

As the need for conductive textiles gains importance, carbon-based materials such as graphene 8, carbon
nanotube (CNT) 7 carbon black (8! graphene oxide 82 and reduced graphene oxides 9 have been

investigated to develop electrically conductive textiles. These carbon materials are preferable for producing
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conductive textiles as most of them are relatively inexpensive, and they are corrosion-resistant and flexible . In
[72 graphene-based polyester conductive fabric was developed and used for bio-potential monitoring applications.
Rahman and Mieno have also developed an electro-conductive cotton textile by multiple dip-coating of the cotton
fabric in a multi-walled carbon nanotubes solution. The surface resistance of the coated fabric decreased as the
amount of carbon loading increased, which depends on the number of dippings Z2l. The carbon-based conductive
fabric is shown in Figure 3. Therefore, these materials can be used to produce a conductive textile with different
ranges of conductance, up to more than 0.20 S/m depending on the load content. Other integration techniques like
plating, transfer printing, inkjet printing, solution, and electrospinning of carbon-based conductive materials could
also provide a textile material with better conductivity and bulk property. For instance, Zhu et al. single-walled
carbon nanotubes to fabricate machine-washable conductive textiles via dip-coating and spray coating /4. The

developed conductive textiles exhibit a high electrical conductivity of up to 7.4 x 102 S/m.
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Figure 3. (a) Multi-walled carbon nanotube/cotton textile covered with one layer of cotton sheet; (b) the effect

loading of multi-walled carbon nanotube in the cotton textile on sheet resistance 2!,

2.3. Intrinsically Conductive Polymers

At present, intrinsically conductive polymers are widely used in the development of electro-conductive textiles.
Traditional organic polymers are electrical insulators or semiconductors, so the discovery of conductive polymers in
the 1970s 73], opened a new opportunity to produce electro-conductive textiles. Conductive polymers are polymers
that contain a conjugated molecular structure that is having alternative single and double bonds between carbon
atoms. They can combine the electrical property of metals or semiconductors with the benefit of conventional
polymers such as price, structural diversity, flexibility, and durability 8, which makes them an ideal choice for
textile-based electrodes. Among the conductive polymers, polypyrrole (PPy), polyaniline (PANI), and polythiophene
derivative poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) are the most successful in the
production of conductive textile 4. The conductivity of the polymers can be enhanced by adding organic solvents
called dopants, for instance, the conductivity of PEDOT:PSS can be enhanced from one to three orders of
magnitude by adding polar organic solvents like ethylene glycol, dimethyl sulfoxide, glycerol [Z8I[ZABAE1l Therefore,

these conductive polymers can be used to develop all building blocks of the smart textile system as a wide range of
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electrical properties could be achieved by playing with the polymer add-on, and the extent of dopant. The chemical

structure of some conductive polymers is shown in Figure 4.
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Figure 4. The most successful conductive polymers: (a) polyaniline; (b) polypyrrole; (c) polythiophene.

2.4. Conductive Polymer Composites

Metal-based conductive textiles have the highest conductivity but are often not flexible enough. While the existing
conductive polymers show promising conductivity, their mechanical properties need improvements. This has led to
conductive polymeric composites with improved electrical conductivity and mechanical stability. Electrically
conductive polymer composites are polymers consisting of single or hybrid conductive fillers such as
carbonaceous, metallic, and conducting polymeric particles dispersed in a polymer matrix. They can be produced
based on a single polymer or a multi-phase blend depending upon the electrical and mechanical properties
required. Conductive polymer composites have been growing steadily and are being exploited for academic and
industrial applications. [B2I3184I85] As 3 result, a lot of conductive polymer composites have been introduced and
used in developing conductive textiles. For instance, PEDOT:PSS-polydimethylsiloxane B4 PPy-silver
nanocomposites B8 PANI-copper B4, graphene-PPy [88 PEDPT:PSS-CNT-Gr 2 have been reported as

conductive polymer composites.
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