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A B S T R A C T

Conducting fibres and yarns promise to become an essential part of the next generation of wearable electronics
that seamlessly integrate electronic function into one of the most versatile and most widely used form of ma-
terials: textiles. This review explores the many types of conducting fibres and yarns that can be realised with
conjugated polymers and carbon materials, including carbon black, carbon nanotubes and graphene. We discuss
how the interplay of materials properties and the chosen processing technique lead to fibres with a wide range of
electrical and mechanical properties. Depending on the choice of conjugated polymer, carbon nanotube, gra-
phene, polymer blend, or nanocomposite the electrical conductivity can vary from less than 10−3 to more than
103 S cm−1, accompanied by an increase in Young’s modulus from 10 s of MPa to 100 s of GPa. Further, we
discuss how conducting fibres can be integrated into electronic textiles (e-textiles) through e.g. weaving and
knitting. Then, we provide an overview of some of the envisaged functionalities, such as sensing, data processing
and storage, as well as energy harvesting e.g. by using the piezoelectric, thermoelectric, triboelectric or pho-
tovoltaic effect. Finally, we critically discuss sustainability aspects such as the supply of materials, their toxicity,
the embodied energy of fibre and textile production and recyclability, which currently are not adequately
considered but must be taken into account to ready carbon based conducting fibres for truly practical e-textile
applications.

1. Introduction

Textiles are ubiquitous; we continuously interact with textiles in
some form such as garments, bed linen, towels, furniture upholstery.
Moreover, medical textiles – including wipes, bandages, wound

dressings – as well as textiles used in construction and the automobile
industry are an integral part of our everyday lives. One intriguing
avenue that promises to greatly expand the ways in which we use and
interact with textiles is the integration of electronic functionalities.
Such electronic textiles (e-textiles) will be able to connect to the Internet
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of Things, i.e. the rapidly growing network of countless tiny devices that
surround us. E-textiles will be able to collect, process, store and display
information and as such enrich a wide range of application areas from
fashion and functional clothing to healthcare and interior design.
Textile-based devices have been demonstrated that provide the neces-
sary functionalities: sensors and keyboards collect data [1–6], that are
processed by logic circuits [7,8], stored by memory devices [9], and
finally relayed by antennas [10] or displays [11]. In addition, to power
these devices, energy harvesting textiles are widely explored that utilise
the triboelectric [12,13], piezoelectric [14–17], thermoelectric [18–20]
or photovoltaic effect [21,22] to turn motion, heat or light into elec-
tricity. Moreover, energy storage in the form of textile-based batteries
and supercapacitors receives considerable attention [23–26].

One component that is critical as both, a basic building block of
many textile-based electronic devices, as well as for interconnections
between discrete devices, are fibres and yarns that can conduct elec-
tricity (see Sections 2.1 and 2.5 for definitions of fibres and yarns). For
instance, a conducting fibre can be used as a resistor, two conducting
fibres separated by a dielectric medium form a capacitor, and two
conducting fibres separated by an electrolyte can be used as an elec-
trochemical transistor [7,8] (cf. section 4.8). This review will focus on
conducting fibres produced from conjugated polymers and/or carbon
nanomaterials, and discuss their particular advantages and dis-
advantages, highlighting areas where further development is necessary.
Conducting fibres may consist only of the charge conducting material:
(1) conjugated polymers, (2) carbon nanotubes (CNTs), and (3) gra-
phene or graphene oxide (GO). Further, an insulating polymer can be
added, leading to fibres made from (4) blends of a conjugated and a
matrix polymer, and (5) nanocomposites that comprise a carbon na-
nomaterial (or carbon black) embedded in a polymer matrix. Alter-
natively, the conducting material can be applied as (6) a coating to an
already existing textile fibre or fabric that acts as a template.

The electrical and mechanical properties of a conducting fibre are
dictated by the materials used to produce them, as well as by the
method by which they are processed. We have constructed an Ashby
plot comparing the electrical conductivity and Young’s modulus of
different types of fibres and yarns (Fig. 1), and find that across the
different types of fibres, the modulus can vary by more than four orders
of magnitude, ranging from only 10 s of MPa in case of elastic and
therefore pliable fibres, to 100 s of GPa in case of stiff high-modulus
fibres. Likewise, the electrical conductivity can vary from poorly con-
ducting fibres with a value of only about 10−3 S cm−1 (or less if the
amount of conducting material is reduced further) to highly conducting
fibres that offer more than 103 S cm−1. We note that, overall, more
conducting fibres also tend to display a higher modulus. This trend
arises because both charge transport and the transmission of mechan-
ical force along the long axis of the fibre benefit from alignment of the
fibre-forming material (cf. Sections 2 & 3). The most conducting and at
the same time stiffest fibres are situated in the top right corner of the
Ashby plot shown in Fig. 1: carbon fibres can display values of almost
104 S cm−1 and 103 GPa [27]. Fibres fabricated exclusively of a charge
conducting material, i.e. conducting polymers, graphene and in parti-
cular CNTs, can offer properties that approach those of carbon fibres,
with a conductivity and modulus of more than 103 S cm−1 and 100 GPa,
respectively.

Polymer blends, coated fibres and nanocomposites make up the
lower left corner of the conductivity/modulus Ashby plot and appear to
be limited by a maximum conductivity of about 10 S cm−1. This is
because a large fraction of the fibre is composed of an insulating
polymer, either in the form of a matrix or inner core of the fibre, which
reduces the amount of charge conducting material. On the other hand,
polymer blends allow to disentangle the mechanical and electrical
properties of the fibre: the amount and connectivity of the conjugated
polymer determines the electrical conductivity. Instead, the mechanical
properties depend on the properties of the matrix polymer and can
range from about 20MPa in case of an elastic polyurethane (PU) matrix

[4], to 20 GPa if ultra-high molecular weight polyethylene (UHMWPE)
is used as the matrix [28] (cf. Section 3.2). Fibres that are coated with
either conjugated polymers or carbon nanomaterials display a similar
behaviour, i.e. the modulus depends on the properties of the fibre core,
which carries the mechanical load. In case of nanocomposite fibres
where the carbon nanomaterial is instead embedded in a polymer
matrix, there exists a trade-off between draw ratio and conductivity (cf.
Section 3.4) limiting the effective degree of alignment that can be im-
parted in the fibre. Still, the reinforcing effect of the nanofillers results
in mechanical properties comparable to that of fibres with higher draw
ratios.

In addition to suitable electrical and mechanical properties, which
can be adjusted with regard to the intended application, fibres need to
fulfil a number of other criteria. For instance, fibres must be able to
handle the different types of mechanical stresses that arise during both
textile production and later during use (cf. Sections 2 and 5). Further,
fibres must be able to maintain their functionality in different types of
environments, including (1) exposure to ambient atmosphere, which is
a challenge if volatile dopants are used to adjust the electrical con-
ductivity, (2) exposure to water during washing and use (sweat, rain,
etc.), as well as (3) exposure to other chemical agents (e.g. washing
powder). These additional requirements may necessitate compromises
with regard to the electrical and mechanical performance, as discussed
in more detail in Section 3.

In the next chapter of this review we will first introduce the reader
to the most important fundamental aspects of fibre technology covering
both structure and function. We recommend that readers skilled in the
field skip Section 2 and immediately move on to Section 3, where we
introduce the main types of conjugated polymer and/or carbon nano-
material-based fibres. In Section 4 we then discuss the integration of
conducting fibres into e-textiles, as well as some of the envisaged ap-
plications. Finally, in Section 5, we provide a critical perspective on the
– often neglected – sustainability aspects of conducting fibres and e-
textiles.

Fig. 1. Ashby plot of the electrical conductivity vs. Young’s modulus of fibres
based on (grey stars) carbon fibres, (blue diamonds) carbon nanotubes, (yellow
triangles) graphene, (red circles) conjugated polymers, (orange/white circles)
blends of conjugated and insulating polymers, (blue/white diamonds) nano-
composites of carbon black, carbon nanotubes or graphene embedded in an
insulating polymer matrix and (green/white circles) coatings of textile fibres
with conjugated polymers, carbon nanotubes or graphene. Data were extracted
from the references as indicated in Tables 2–6. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)
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2. From fibre to yarn to textile – the fundamentals

Textiles is a class of hierarchical materials that has been in constant
development for several thousand years. This chapter introduces the
reader to fundamental concepts and processing techniques related to
textiles and their manufacture and is, unless otherwise specified, based
on several excellent textbooks on fibre spinning [29,30], polymer
processing [31] and textile manufacture, dyeing and finishing [32–35].

2.1. Filaments, staple fibres and yarns

A textile fibre is by definition an entity characterised by flexibility,
fineness and a high aspect ratio typically exceeding 1000. Depending on
their origin, fibres are classified as either natural or manufactured;
manufactured fibres in turn may be fabricated from natural or synthetic
polymers. Textile fibres can be in the form of filaments (continuous
fibres) or staple fibres (of a discrete length). Staple fibres must be col-
lected and twisted into a yarn to form a continuous structure.
Therefore, they should have a length of at least 15mm, to provide
sufficient cohesion for yarn formation, but less than 150mm as this
instead requires specialised yarn spinning machinery. The fibre thick-
ness usually ranges from 10 to 50 μm; thinner fibres tend to be too
delicate for yarn spinning, and with fibres exceeding 50 μm in thickness
the resulting yarn will be too coarse for comfort. For a fibre to suc-
cessfully pass the rather unforgiving textile manufacturing processes –
including yarn-spinning, dyeing, weaving, knitting, printing and
washing – it will need to display a high tenacity and a recoverable
extensibility of at least a few percent. In addition, for many applications
textile fibres must display an ability to take up colourants, resistance to
chemicals (including alkalis such as detergents/laundry liquors and
acids through perspiration), heat (textile production can include heat
treatments at 200 °C or more) and sunlight.

Typical tensile properties, i.e. the response to a mechanical load
applied in a direction parallel to the fibre axis, of selected textile fibres
are given in Table 1. The tenacity (ultimate strength) of a fibre is given
by the stress at break (Fig. 2). However, for most practical purposes the
load at which permanent deformation is introduced, i.e. the yield point,
is more relevant. Because the outer diameter of fibres and yarns can be
tricky to define, their mechanical properties are often reported as the
specific tensile stress in units of Newtons per tex (N/tex) where tex is
the linear density or grams per kilometre.

2.2. Tensile deformation of fibres

The mechanical properties of a fibre are related to its micro- and
nanostructure, and in particular to the degree of molecular alignment

along the fibre axis. Fibres based on flexible polymers can display dif-
ferent degrees of alignment, whereas rigid-rod polymers tend to feature
uniaxial alignment. Tensile stress applied to a fibre will be distributed
on a molecular level. Initially, only elastic deformation occurs. If un-
oriented amorphous regions are present, as is the case for poorly
aligned flexible-chain fibres, a relatively small stress will lead to con-
siderable deformation and the fibre will display a low Young’s modulus.
If the stress is released before plastic deformation occurs – i.e. within
the elastic region of the fibre (Fig. 2) – inter-chain network points (such
as hydrogen bonds, π-stacking, entanglements, crystallites and/or
chemical crosslinks) will force the fibre to revert to its original state. A
further increase in stress beyond the yield point will result in plastic/
irreversible deformation provided that network points can rearrange
(e.g. reorientation and shearing of crystals). In contrast, fibres that do
not contain unoriented amorphous regions, which is the case for both
rigid-rod fibres and highly drawn flexible-chain fibres, display only a
minimal elastic deformation once a high stress is applied, resulting in a
high Young’s modulus. Such stiff fibres have no yield point and display
brittle failure at high loads (Fig. 2). The ultimate mechanical strength of
high-modulus fibres depends on the number of inter-chain interactions
per molecule, which act perpendicular to the fibre axis (cf. Section 3).
In the cases where only weak dispersion forces act, then for very strong
fibres a very high molecular weight is required. If instead for instance
hydrogen bonds and/or π-stacking occur, then very strong fibres can be
prepared with lower molecular-weight material.

Table 1
Typical tensile properties for selected fibres from Refs. [33,35].

fibre initial modulus
(cN/tex)

yield
stress
(cN/
tex)

tenacity
(cN/tex)

yield
strain
(%)

strain at
break
(%)

cotton 60 a 40 a 7
wool 23 6 11 5 42
silk 73 16 38 3 23
nylon 26 40 47 16 26
polyester 106 30 47 10 15
viscose 65 7 21 2 16
high modulus

fibres (e.g.
UHMWPE,
PPTA)

2000–35,000 a 100–450 a 0.5–5

a No marked yield point.

Fig. 2. Illustration of a typical stress-strain curve that is measured during ten-
sile deformation of a semi-crystalline polymer (top), and schematic stress-strain
curves of common types of textile fibres (bottom).
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2.3. Common natural and synthetic fibre materials

Natural fibres are either cellulose (e.g. cotton and flax) or protein
based (e.g. silk, wool and cashmere). The natural fibres tend to have
high molecular weights, e.g. the molecular weight of cotton exceeds
1500 kgmol−1, and the molecules are highly oriented along the fibre
axis as a result of the natural process of growth. The silk fibre is the only
naturally occurring filament, and the silk threads spun by some spider
species are among the toughest known fibres, facilitated by a high
molecular weight of up to 600 kgmol−1, hydrogen bonds and uniaxial
alignment [36].

Manufactured fibres date less than a century back [37] and at pre-
sent, the most common synthetic fibre materials are poly(ethylene
terephthalate) (PET), polyamide (PA), polyacrylonitrile (PAN), and
polypropylene (PP). The molecular weight dictates both the spinn-
ability and mechanical properties of the resulting fibre. In case of
polyamides, where hydrogen bonding leads to strong intermolecular
forces, a molecular weight of about 20 kgmol−1 is adequate. Poly-
propylene instead, must have a molecular weight of at least
60 kgmol−1, since only weak dispersion forces act between polymer
chains.

High-modulus fibres can be prepared with both flexible polymers
such as UHMWPE, and rigid-rod polymers such as poly(p-phenylene
terephthalamide) (PPTA or Kevlar™) [38]. Uniaxial alignment and a
high molecular weight leads to a large number of weak dispersive in-
teractions in case of UHMWPE fibres. PPTA fibres, instead, can be
prepared with lower molecular weights thanks to both hydrogen
bonding and π-stacking. Likewise, both carbonaceous nanomaterials
(carbon nanotubes, graphene) and conjugated polymers readily permit
the fabrication of high-modulus fibres because of stronger π-interac-
tions, which also lead to a high electrical conductivity (cf. Section 3).

2.4. Fibre spinning: melt, dry, wet and air-gap spinning

Fibre spinning is essentially a biomimetic method, inspired by the
process that spiders and silkworms use to produce their threads. It in-
volves three steps: (1) preparing a spinnable liquid, (2) extruding the
liquid to form a jet, and (3) jet hardening [30]. The liquid may be in the
form of a polymer melt or a solution. When spun from solution, the jet
hardening can take place in hot air (dry-spinning) or in a coagulant
bath (wet spinning), or in a combination of both (air-gap spinning and
gel spinning).

Melt spinning is the most common method to prepare fibres with
flexible-chain polymers such as polyamide, polyester and poly-
propylene. A polymer melt is rapidly pumped through a spinneret (die)
with one or several small holes. The extruded filament(s) is then cooled
and stretched in several steps before being collected on a bobbin
(Fig. 3). The first drawing step – melt drawing – occurs before solidi-
fication. Alignment of polymer chains in the melt leads to strain-in-
duced crystallisation so that instead of a spherulitic microstructure,
which is common for polymers crystallised under quiescent conditions,
lamellar or extended chain crystals form, in which polymer chains are
oriented in the direction of flow (Fig. 4). The second drawing step oc-
curs after solidification. This so called cold drawing, at a temperature
between the glass transition and melting temperature (Tg < T < Tm),
is critical for achieving a high degree of orientation, which increases the
elastic modulus of the fibre [39].

To adjust the viscosity, spinning can be carried out from a solution
instead of a melt. A spinning dope is prepared by dissolving the polymer
at a high concentration of 10–45%. Solution spinning is then carried out
by pumping the dope through a spinneret with typically several hun-
dred, tens-of-micrometre sized holes. To spin fibres with polymers such
as cellulose acetate, polyacrylonitrile (PAN) and polyvinyl alcohol
(PVA), the filament is spun into hot air to allow for rapid evaporation of
the volatile solvent. This process is called dry spinning. The spinneret
may instead be submerged into a coagulation bath, referred to as wet

spinning (Fig. 5). The coagulation bath is filled with a liquid that blends
with the solvent of the dope, but does not dissolve the polymer. As a
result, the extruded jet undergoes gelation and gradually solidifies into
a filament. Solution spinning of flexible polymers leads to poorly or-
iented fibres, since the high molecular mobility in solution results in
relaxation of the polymer chains prior to crystallisation. The coagulated
filaments are cold drawn during subsequent processing steps to achieve
a high degree of orientation.

Alternatively, to allow for a significant temperature difference be-
tween the spinning dope and coagulation bath, dry and wet spinning
can be combined, i.e. an air gap is followed by a coagulation bath,
which is called air-gap or dry-jet wet spinning. A prominent example for
an air-gap spinning process is the fibre production of PPTA fibres [40].
A dope of 10–20% PPTA dissolved in concentrated sulfuric acid first
enters a short air gap, and then coagulates in an ice bath. The spinning
dope is lyotropic and therefore the rigid PPTA chains readily align with
the flow direction, leading to a high degree of orientation already
during fibre formation [41].

A similar air-gap spinning process is used for the production of
UHMWPE fibres, referred to as gel spinning. A gel of the polymer dis-
solved in a few percent of e.g. decalin is extruded through a small air
gap into a water bath, followed by slow solidification of the extruded
gel fibre in a hot environment, and a cold drawing step to further im-
prove the high degree of orientation [42].

2.5. Yarn formation

Following the extrusion process, fibres may be used as monofila-
ments (e.g. as fishing lines), but are most commonly spun into yarns. A

Fig. 3. Illustration of a melt spinning process.
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yarn is an assembly of staple fibres and/or filaments, usually me-
chanically twisted to stay together through friction. Sewing threads and
ropes are examples of yarns of varying dimensions. For staple fibres, the
yarn spinning process involves carding the fibres into a web, twisting
the web into a sliver, followed by several steps to further draw and twist
the sliver into a yarn. To enhance the tensile strength, several yarns can
be twisted together to form a plied yarn.

2.6. Common fabric manufacturing methods: weaving, knitting

‘Textile’ is the broad term for a material, which consists of fibres –
consequently the word textile can denote anything from threads and
yarns to pieces of fabric and clothing. The words ‘cloth’ or ‘fabric’ de-
note a coherent, generally two-dimensional, piece of material where the
fibres are bound together after a textile process such as knitting,
weaving, needle-punching or by means of adhesives. The two latter
examples result in nonwoven fabrics such as wool felts.

Weaving is carried out in a loom or weaving machine (Fig. 6) by
interlacing two sets of yarns – the warp and the weft. The warp yarns,
which are suspended along the length of the loom, experience a high
tension and a substantial degree of abrasion during weaving, thus a
high tenacity yarn is required. During weaving, the warp yarns are
lifted in repeated patterns (or individually in a jacquard loom, allowing
more intricate patterns), and the weft yarn is inserted orthogonally to
the warp direction. The reed then pushes the weft into the forming
fabric. The weft yarn can be of lower tenacity compared to the warp
yarn, but needs to be mechanically stable and resistant to abrasion.

In knitting, a fabric is formed by interlocking loops between yarns.
There are two industrial knitting methods: warp knitting and weft
knitting (Fig. 6). In warp knitting a number of yarns are fed along the
length of the fabric, with latch needles producing a chain of loops in the
wale direction. This technique can produce lace and – as it can combine
yarns with huge variations in dimensions and mechanical properties – is
commonly used for technical textiles. In weft knitting, the yarn is fed to
form loops in courses along the width of the fabric, resulting in the soft
and stretchable structure that is commonly used in apparel. Knitting, in
contrast to weaving, can be carried out with less tenacious yarns.
However, the yarn must be flexible enough to readily form loops.
Knitted fabrics can be easily deformed, whereas a woven fabric has an
inherent rigidity. This can be exploited e.g. to tailor the performance of
electro-active textiles (cf. Section 4).

2.7. Dyeing and finishing: adding colour and function

Filaments, yarns and fabrics can be subjected to a number of dyeing
and finishing processes. Washing removes size (adhesives) and lu-
bricants that were added during previous processing steps. Dyeing al-
lows to adjust the appearance (colour) and can be used to impart ad-
ditional functionality, such as electrical conductivity (cf. Section 3.5).
The yarn or fabric are placed into a dye bath, either in a continuous or
batch process. Dyes can diffuse into the fibre from a (water based) so-
lution or dispersion, which is commonly used to colour e.g. silk and
cellulose as well as acetate, nylon and polyester. The adhesion can be
improved by using reactive dyes, which covalently bind to the fibre, or
acid dyes (common for protein fibres), which bind through electrostatic
interactions. Excellent adhesion is important since it imparts resistance

Fig. 4. Illustration of the changes in polymer chain conformation encountered
during the initial stage of melt spinning.

Fig. 5. Illustration of a wet spinning process.
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to abrasion which is necessary for both weaving and knitting (cf. Sec-
tion 2.6) as well as later during use. Other methods to modify and
pattern the fabric include printing and coating (e.g. screen printing, dip
or knife coating), which typically require that rheological properties of
the ink are adjusted through addition of a suitable binder polymer.
Printing and coating of electrically conducting inks readily permits the
fabrication of electro-active fabrics (cf. Section 3.5). Regardless of the
deposition method, coating is followed by film formation, i.e. the
coating is dried and cured so that the solvent is removed and the binder,
if applicable, crosslinks.

3. Fabrication of electrically conducting fibres and yarns

A broad range of organic materials can be used to prepare elec-
trically conducting fibres. In this chapter, we introduce the reader to
key advances in the field and put emphasis on underlying structure-
processing-property relationships. For a comprehensive overview of the
current state-of-the-art we refer the reader to recent reviews that cover
conducting fibres based on conjugated polymers [43–45], carbon na-
notubes [46,47] and graphene [48].

A variety of methods exist to produce electrically conducting fibres
and yarns, which can be classified into (1) the functionalisation of an
already existing fibre through coating or dyeing, and (2) fibre spinning
and drawing with an intrinsically conducting material. In case of the
former the structural integrity is provided by the base fibre or yarn. In
composite and blend fibres, instead, the mechanical strength is either

intrinsic to the conducting material or given by a polymeric matrix. The
ultimate mechanical strength of uniaxial aligned, saturated polymers is
determined by weak van der Waals forces (i.e. dispersion forces, dipole-
induced dipole interactions and dipole-dipole interactions) – and in
case of e.g. polyamides also strong hydrogen bonds – that act between
polymer chains. Neighbouring conjugated polymer chains, carbon na-
notubes and graphene sheets display stronger π-interactions and there-
fore can offer superior mechanical properties such as a higher Young’s
modulus and tensile strength [49–51], provided that the molecular
weight of the conjugated polymer and length of the carbon nanoma-
terial is sufficiently high [52–54].

Up to four ingredients can be used to create electrically conducting
fibres with organic materials: (1) conjugated polymers, (2) conducting
nanofillers such as carbon black, carbon nanotubes and graphene, (3)
dopants and counterions, and (4) insulating matrix or binder polymers
[55]. Either conjugated polymers or nanofillers can be used as the
primary charge-conducting material. Matrix and binder polymers can
be added to adjust the rheological and solid-state mechanical proper-
ties. Dopants are needed to select the type of majority charge carriers,
i.e. electrons or holes, and to adjust the absolute number of charge
carriers. A high number of charge carriers is needed to achieve a high
electrical conductivity (cf. Eq. (3)).

The electrical conductivity as well as strength of a conducting fibre
are governed by the intrinsic properties of its constituents but also the
coupling between individual constituents [56], which can be polymer
chains, carbon nanotubes, sheets of graphene, etc. In case of electrical

Fig. 6. Photographs of a rapier weaving loom and a circular knitting machine (top and bottom left); illustration of a woven and a knitted textile architecture (top and
bottom right). The photos were taken in the workshops of the Swedish School of Textiles, University of Borås, Borås, Sweden.
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conduction in a material composed of conjugated polymers these pro-
cesses are referred to as intra- and inter-chain transport. In a scenario
where individual components are uniaxially aligned, e.g. along the axis
of a conducting fibre, the intrinsic properties of individual components
are reached if the sum of all inter-particle interactions outweigh intra-
particle properties. For conjugated polymers the following criterion
must be fulfilled so that the electrical charge-transport approaches the
intrinsic value of individual polymer chains [49]:

≫t L
a

t·D3 0 (1)

where t3D and t0 are the inter- and intra-chain π-electron transfer in-
tegral, L is the coherence length, i.e. the average length of extended
chain segments, and a is the length of a repeat unit. For the mechanical
strength a similar relationship holds [49]:

≫E L
a

E·D3 0 (2)

where E0 is the energy required to break the covalent main chain, and
E3D is the energy of an inter-chain interaction, such as a van der Waals
interaction, a hydrogen bond, and/or π-stacking (Fig. 7). For carbon
nanoparticles similar criteria apply, with L/a replaced by the number of
inter-particle interactions. It is apparent from Eq. (1) that the electrical
conductivity c L t( , )D3 increases with the coherence length of its con-
stituents as well as the degree of electronic coupling. Similarly, the
mechanical strength σ L E( , )s D3 increases with both coherence length
and the number and strength of inter-particle interactions (cf. Eq. (2)).
Evidently, highly aligned polymer chains or carbon nanoparticles offer
a high degree of coherence along the fibre axis. As a result, the elec-
trical conductivity of conjugated polymers and carbon nanoparticles
strongly depends on the degree of alignment. A comparison of the
Young’s modulus and electrical conductivity that have been reported
for various highly aligned conjugated polymer and carbon nanotube
fibres reveals that the two properties scale with each other (see Fig. 1).
Moreover, it should be noted that the mechanical and electrical prop-
erties of aligned fibres tend to be highly anisotropic, with higher per-
formance along the fibre axis.

3.1. Mechanical and electrical properties of aligned conjugated polymers

One prevailing goal of the field of conjugated polymers is the
creation of materials that feature both a high electrical conductivity and
mechanical strength [52]. The electrical conductivity c is given by:

=c neμ (3)

where μ is the charge-carrier mobility, n is the charge carrier density
and e is the elementary charge. A high electrical conductivity requires a
high charge-carrier mobility, which is facilitated through π-electron
delocalisation along the polymer chain (intra-chain transport), as well
as π-stacking, which aids hopping of charges between neighbouring
chains (inter-chain transport). Moreover, free charge carriers must be
introduced into the π-electron system (either electrons or more com-
monly holes) through either a redox or an acid-base reaction with a
dopant molecule in order to achieve a high charge-carrier density [55]
(Fig. 8 and Table 2). The dopant molecule remains present as the
counterion (cation or anion) to balance the charge on the conjugated
polymer. Since each repeat unit represents one redox site, a relatively
high number of charge carriers can be realised. However, the in-
troduction of molecular dopants, of which one is needed per redox site,
results in volume expansion and reduces interactions between polymer
segments. As a result, doping improves the electrical conductivity but
tends to decrease the stiffness and strength. For instance, the Young’s
modulus of tensile drawn polyacetylene (PAc) (draw ratio 15; see Fig. 9
for chemical structure) decreases from almost 50 GPa to 10 GPa upon
doping with iodine [57]. At the same time, the electrical conductivity of
stretch-aligned, iodine-doped PAc can reach values of up to
60,000 S cm−1 [58,59], although the poor environmental stability of
the polymer and the tendency of iodine to sublime prevents any prac-
tical use. A current trend in the field is the development of larger mo-
lecular dopants that do not diffuse as rapidly [60]. However, a larger

Fig. 7. Illustration of rod-like polymer chain segments or carbon nanotubes
with length L aligned along the long axis of a fibre, held together by inter-chain
interactions with energy E3D acting per distance a, which must outweigh the
energy E0 needed to break a chain segment.

Fig. 8. Basic principle of acid-base doping, which involves the transfer of an
anion (A−, e.g. H−) or cation (C+, e.g. H+) to the semiconductor (top); and
redox doping, which involves the transfer of an electron to the LUMO or from
the HOMO of the semiconductor in case of n- and p-doping, respectively
(bottom).
Reprinted from [55] − Published by The Royal Society of Chemistry.
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molar mass ultimately reduces the charge that can be obtained per
dopant molecule and disrupts the nanostructure of the polymer, leading
to a decrease in its final properties.

A number of synthetic routes have been explored to prepare highly
aligned conjugated polymers with the aim to maximise both their
electrical and mechanical properties. Those include fibre-spinning of
(1) soluble precursor polymers, (2) bare conjugated polymers with
counter-ion induced solubility, and (3) side-chain functionalised so-
luble and melt-processable polymers [57,61].

Polymers such as poly(p-phenylenevinylene) (PPV) and poly(2,5-
Thienylene vinylene) (PTV) can be prepared from water-soluble poly-
electrolyte precursors, which carry labile sulfonium or tetra-
hydrothiophenium side groups that are eliminated to obtain the fully π-

conjugated polymer [49,62–64]. For instance, Tokito et al. converted
wet-spun precursor fibres to PTV fibres with a Young’s modulus of
7 GPa and conductivity of 2000 S cm−1 [64]. Another possibility is to
use a precursor that is soluble in organic solvents, such as the 1-
methoxythylene containing precursor of poly(2,5-dimethoxy-p-pheny-
lenevinylene) (PDMPV). Continuous fibres of PDMPV could be spun
from chloroform solutions of the precursor polymer, which after con-
version at 230 °C and doping with iodine displayed a Young’s modulus
of 25 GPa and conductivity of 1200 S cm−1 along the fibre axis [65]
(Fig. 10). X-ray diffraction of PDMPV fibres reveals the (for tensile-
drawn polymers typical) high degree of uniaxial orientation, which
persists after doping with iodine (Fig. 11; cf. Fig. 4).

Polyaniline (PANI) is fully soluble in strong protonic acids such as
concentrated sulphuric acid, which also allow processing of the
polymer in its conducting form. Extensive literature exists on spinning
of polyaniline fibres [52]. For instance, air-gap wet spinning into water
allowed to prepare semi-crystalline PANI fibres, that as-spun can dis-
play a conductivity of up to 60 S cm−1 [66]. However, because of the
low molecular weight of PANI and lack of spin-line drawing, fibres tend

Fig. 9. Chemical structures of the polymers discussed in this review.

Fig. 10. Conductivity (blue diamonds) and Young’s modulus (red circles) vs.
draw ratio of iodine-doped fibres produced with the conjugated polymer poly
(2,5-dimethoxy-p-phenylenevinylene) (PDMPV) (top), and poly(3-octylthio-
phene) (P3OT) blended with UHMWPE at a stoichiometry of 1:4 (bottom); the
modulus of blend fibres was calculated according to Eblend≈ ϕPEEPE where ϕPE is
the volume fraction of polyethylene and EPE is the modulus of polyethylene as a
function of draw ratio. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
Data for PDMPV and P3OT:UHMWPE from Refs. [28,65], and modulus data for
UHMWPE from Ref. [288].

Table 2
Properties of conducting fibres spun from conjugated polymers; Young’s mod-
ulus E, tensile strength σs, electrical conductivity c.

conjugated
polymer

dopant/
counterion

E (GPa) σs (MPa) c (S cm−1) Ref.

PAc I2 7.1 190 13,000 [58]
PTV I2 7 450 2000 [64]
PDMPV I2 25 700 1200 [65]
MEH-PPV I2 2.5 83 70 [69]
PANI SA 1 20 60 [66]
PANI DBSA 0.5 20 113 [80]
PEDOT:PSS PSS 5.7 134 351 [77]
PEDOT:PSS PSS 4 130 467 [81]
PEDOT:PSS PSS 8.3 410 2804 [79]
PEDOT:PSS PSS 1.1 17.2 0.5 [82]
PEDOT:PSS PSS 80 38 [78]
P3OT I2 0.35 29 11 [83]
P3OT FeCl3∙6H2O 2 150 [70]
P3DDT FeCl3∙6H2O 1 80 [70]
P3HT FeCl3∙6H2O 4.5 160 [70]
P3HT FeCl3 350 [72]
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to be brittle. The solubility in concentrated acids opens up the possi-
bility to co-process with high-performance polymers such as poly-
aramides e.g. PPTA (see Section 3.2).

Counter-ion induced processability is a widely explored route to
form complexes of otherwise intractable conjugated polymers with
suitable anions. For instance, complexes of PANI and dodecylbenze-
nesulfonic acid (DBSA) or camphor sulfonic acid (CSA) are soluble in
common solvents such as chloroform and m-cresol and when cast into
films give rise to an electrical conductivity of more than 100 S cm−1

[67]. Moreover, the alkyl chains of the DBSA counter-ion impart
compatibility with matrix polymers, which is attractive for the pre-
paration of polymer blends (cf. Section 3.2). Another widely explored
example for counter-ion induced solubility is the combination of the
otherwise intractable conjugated polymer poly(3,4-ethylenediox-
ythiophene) (PEDOT) and the polyanion poly(styrenesulfonate) (PSS),
which is commercially successful as a water dispersion of swollen
particles with a PEDOT rich core surrounded by a PSS rich shell that
provides solubility [68].

The decoration of conjugated polymers with alkyl side chains is a
widely used tool to reduce the melting and dissolution temperature and
hence impart melt and solution processability, which however dilutes
the volume fraction of the charge-conducting and load bearing polymer
backbone [69,70]. The melting and glass transition temperatures of
poly(3-alkylthiophene)s (P3ATs) decrease from Tm > 300 °C and
Tg > 100 °C for unsubstituted polythiophene to e.g. Tm∼ 220–250 °C
and Tg∼ 10 °C for regio-regular poly(3-hexylthiophene) (P3HT)
[53,71]. As a result, P3HT can be melt-spun, with fibres reaching an
electrical conductivity of 350 S cm−1 when subsequently doped with
FeCl3 [72]. In case of P3HT a number-average molecular weight
Mn > 25 kgmol−1 is needed to facilitate cold drawing beyond the
yield point since chain entanglement and tie chain formation only occur
for higher molecular weights [53] (Fig. 12). The room-temperature
tensile modulus of unoriented P3ATs displays a step-change from more
than one 1 GPa to about 0.1 GPa when increasing the side chain length
from hexyl to heptyl [73,74], which can be explained with softening of
the polymer due to a below ambient Tg.

Moulton and Smith studied the influence of the side chain length,
from 6 to 12 carbons, on the electrical and mechanical properties of
P3AT fibres, wet-spun from chloroform into acetone [70]. In contrast to
conjugated polymer fibres prepared through the precursor route,
doping with FeCl3 or iodine increased not only the electrical con-
ductivity but also the strength and stiffness. Stretch-aligned P3HT fea-
tures a Young’s modulus of 4 GPa at a draw ratio of 5 and, when doped
with FeCl3, an electrical conductivity of up to 160 S cm−1, which is a 4-
fold increase as compared to undrawn material [70]. The increase in
electrical conductivity with draw ratio depends on the side chain
length, since the later dilutes the amount of charge-conducting mate-
rial. Therefore, for the same draw ratio the conductivity decreases with

side chain length. Hence, iodine-doped, unsubstituted polythiophene
can display values of more than 300 S cm−1 [57,70,75]. Here it is im-
portant to note that doping increases the brittleness of a conjugated
polymer at room temperature [76], likely through an increase in the Tg

Fig. 11. Transmission X-ray diffraction patterns of (a) unstretched PDMPV, (b) stretched PDMPV, (c) stretched PDMPV doped with iodine.
Reprinted from [65], with permission from Elsevier.

Fig. 12. Stress-strain curves of poly(3-hexylthiophene) (P3HT) tapes with dif-
ferent molecular weights (top), transmission X-ray diffraction patterns and
corresponding cross-polarised optical microscopy images of a high-molecular
weight P3HT sample before and after stretching to an elongation of 300%
(bottom).
Reprinted from [53] with permission from Elsevier.
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through stiffening of the polymer backbone.
PEDOT:PSS can be considered as a blend of the low molecular

weight conjugated polymer PEDOT with not more than 20 repeat units
[68], and the polyanion PSS which imparts processability from water.
Thanks to its high molecular weight of typically about 200 kgmol−1,
the polyanion itself can act as a binder. Therefore, wet spinning of
PEDOT:PSS without any additional binder can result in fibres with a
Young’s modulus as high as 8 GPa and electrical conductivity of more
than 2000 S cm−1 [77–79].

3.2. Blends of organic semiconductors and insulating polymers

One approach to adjust the rheological and mechanical properties of
conjugated polymers is the addition of a high(er) molecular weight
binder polymer. The choice of binder polymer then decides the me-
chanical behaviour such as a high tenacity or elasticity, whereas the
(doped) conjugated polymer defines the electrical conductivity of the
fibre (Table 3). In other words, the use of polymer blends permits to
decouple the mechanical and electrical properties of the fibre. Blend
fibres with the same conductivity but widely different elastic moduli
can be prepared by changing the matrix polymer (cf. Fig. 1). Other
advantages of polymer:polymer blends are encapsulation of the more
environmentally sensitive doped conjugated polymer and a

considerable cost reduction by using a commodity polymer as the
binder. Even today, one kilogram of P3HT will cost more than 30,000 €
which makes the exploration of bulk processing routes such as fibre
spinning prohibitively expensive. Hence, polymer blends are a con-
venient means to explore the suitability of conjugated polymers for e-
textile applications.

In order to facilitate charge conduction, the conducting phase in a
blend or composite must percolate. The percolation threshold Φp

(conducting filler fraction above which conduction occurs) scales with
the aspect ratio L/D:

∝ ⎛
⎝

⎞
⎠

ϕ D
Lp

2

(4)

where L and D are the length and diameter of the conducting phase (or
nanofiller in case of e.g. carbon nanotubes) [84].

For instance, Moulton and Smith have shown that gel-spun blends of
UHMWPE and (subsequently) iodine-doped poly(3-octylthiophene)
(P3OT) largely retain the electrical conductivity of the latter with e.g.
0.1 S cm−1 for 20 wt% P3OT, which increased by one order of magni-
tude to about 0.7 S cm−1 upon stretch-alignment to a draw ratio of 12.5
[28] (Fig. 10). Conductivity can be maintained at very low volume
fractions of the conjugated polymer, indicating that the conjugated
polymer domains have a high aspect ratio (cf. Eq. (4)). The good

Table 3
Properties of conducting fibres spun from polymer blends; Young’s modulus E, tensile strength σs, electrical conductivity c.

blend wt% conjugated polymer dopant/counterion E (GPa) σs (MPa) c (S cm−1) Ref.

P3OT:UHMWPE 20 I2 20 0.7 [28]
P3OT:UHMWPE 40 I2 10 0.5 9 [28]
PANI:PPTA 60a HCl 10 [49]
PANI:PPTA 60 5 10 [85]
PANI:PMMA 9 CSA 10 [67]
PANI:UHMWPE 40 DBSA 15.8 930 2 [80]
P3HT:SIBS 12 HBF4 0.021 11 0.4 [87]
PEDOT:PSS:PU 25 PSS 0.25 10 25 [88]
PEDOT:PSS:PU 13 PSS 0.024 23 9 [4]
PEDOT:PSS:PVA 4.8 PSS 5 145 21 [89]

a Refers to vol%.

Table 4
Properties of conducting fibres spun from nanomaterials; Young’s modulus E, tensile strength σs, electrical conductivity c.

nanomaterial spinning technique E (GPa) σs (MPa) c (S cm−1) Ref.

carbon fibres carbonised from meso-phase pitch 965 8300 [27]
carbon fibres carbonised from PAN 588 1400 [27]
SWNT wet spinning 120 116 5000 [92]
SWNT wet spinning, PEI coagulant 6a 85a 150 [108]
SWNT wet spinning 12a 65a 140 [109]
MWNT yarn spinning/draw twisting 20 460 300 [102]
MWNT yarn spinning/draw twisting 330 1910 410 [103]
MWNT wet spinning from LCb state 69 150 80 [100]
MWNT draw twisting, infiltration with PVA 120 2000 920 [104]
DWNT draw twisting 195 1900 [54]
rGOc NaOH coagulation 9 115 2.8 [95]
rGO GO coagulated by CaCl2 and reduced by HI 11 501 410 [93]
rGO wet spun LC-GO, then reduction 7.7 140 250 [99]
rGO wet spun LC-GO, then reduction 29 25 [97]
rGO+Ag NW solution spun GO+Ag nanowires then reduced 9.5 300 930 [110]
rGO coagulated in CTAB solution and reduced in HI acid 8.7 182 35 [111]
rGO large GO coagulated in NaOH ethanol solution and reduced with HI 12.8 360 320 [112]
rGO wet spun from LC water dispersion then thermal reduction 25 (20 N/tex) 173 (0.13 N/tex) 294 [107]

a The reported values are normalised with respect to density.
b LC= liquid crystalline.
c rGO= reduced graphene oxide.
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solubility of PANI in concentrated sulphuric acid has been exploited to
prepare blends with PPTA, which is commercially processed into fibres
with the same solvent (cf. Section 2). At a stoichiometry of 6:4 PA-
NI:PPTA fibres with a Young’s modulus of about 5 GPa and 10 S cm−1

could be prepared [85]. The choice of protonic acid (e.g. CSA and
DBSA) permits to tune the solubility of the conducting PANI:counterion
complex in both polar and apolar organic solvents, such as m-cresol and
xylene. Cao et al. used this approach to prepare blends of PANI with e.g.
poly(methyl methacrylate) (PMMA) and polyethylene (PE), reaching a
conductivity of up to 10 S cm−1 [67]. Even a low loading of only 2 wt%
of the PANI:CSA complex in PMMA and PE resulted in a conductivity of
1 S cm−1, which suggests a co-continuous network [86].

A recent trend is the fabrication of electrically conducting elasto-
mers through blending of a conducting polymer such as HBF4-doped
P3HT or PEDOT:PSS with a rubber phase composed of a styrene-iso-
butylene-styrene (SIBS) triblock copolymer or a PU [4,87,88]. For in-
stance, Seyedin et al. prepared elastic fibres with PEDOT:PSS and a PU
binder via wet spinning, which at 13% filler content displayed a low
Young’s modulus of about 20MPa and an elongation at break of over
200% as well as an initial (i.e. before stretching) conductivity of about
10 S cm−1 [88]. It should be noted that the filler considerably de-
creased the elastic recovery to only about 65% at 50% strain. The here
discussed conducting polymer blends comprising PU or PPTA represent
the full spectrum of mechanical properties that can be achieved, i.e. the
Young’s modulus can be varied from 10MPa to 5 GPa, while main-
taining a ceiling electrical conductivity of about 10 S cm−1 (see Ashby
plot in Fig. 1).

3.3. Fibre spinning of graphene and carbon nanotubes

CNTs display outstanding intrinsic properties such as a high tensile
modulus and strength of up to 1 TPa and 63 GPa, respectively [90], as
well as a charge carrier mobility as high as 10,000 cm2 V−1 s−1 [91].
Even higher numbers have been reported for graphene [48]. It has
proven difficult to translate the exceptional intrinsic properties of in-
dividual CNTs or graphene sheets to macroscopic fibres. Carbon fibres,
with their graphene nanoribbon structure, can display a very high
Young’s modulus and electrical conductivity of up to 8000 S cm−1 [27].
Fibres based on CNTs or graphene today reach similar values of more
than 1000 S cm−1 [92,93]. Similar to conjugated polymer fibres, the
Young’s modulus and conductivity of CNT and carbon fibres show a
positive correlation (see Ashby plot in Fig. 1). Macroscopic fibres have
been prepared (1) solely with CNTs or graphene, (2) a majority fraction
of the carbon material together with a minor component of a polymeric
adhesive, and (3) nanocomposites where the CNTs or graphene are
embedded in a polymer matrix (Table 4). According to Eqs. (1) and (2)
high-performance fibres require the use of a nanomaterial with a high
aspect ratio that must be well aligned along the fibre direction. For
instance, Zhang et al. prepared fibres through pulling from CNT arrays
that varied in height (=CNT length) and found that the tensile
strength increases from 0.3 to 1.9 GPa when increasing the CNT length
from 0.3 to 1mm [54]. In addition, a strong lateral coupling between
oriented CNTs is required as well as sufficient overlap so that electronic
charge (and mechanical force) can easily pass between adjacent
building blocks. CNTs have a round cross-section, which excludes close
contact of aligned nanotubes over a large area. Motta et al. have argued
that a flattened cross-section offers a larger contact area between
neighbouring carbon nanotubes [94] (Fig. 13a). In contrast, sheets of
graphene or graphene-oxide naturally offer a high contact area [95]
(Fig. 13b,c).

A number of recent reviews summarise efforts to prepare con-
ducting fibres with carbon nanomaterials [46–48]. Liu et al. pointed out
that despite impressive recent progress, the considerable spread in
mechanical and electrical properties continues to limit the practical
scope of CNT fibres [46]. Zu et al. used Weibull statistics to analyse the
tensile strength and Young’s modulus of one type of CNT fibres and

found less scatter than reported for e.g. commercial carbon and glass
fibres [96]. Evidently, reproducible production of CNT fibres is feasible.

As-synthesised powders of carbon materials are largely intractable
because of the poor solubility and absence of a melt phase and, in the
case of CNTs, a high degree of entanglement. While melt spinning is
unfeasible (unless a polymeric binder is added; cf. Section 3.4), wet
spinning has been accomplished. Ericson et al. demonstrated that a
dispersion of single-walled carbon nanotubes (SWNTs) in a superacid of
102% sulfonic acid can be extruded into a water coagulation bath to
produce continuous fibres with a Young’s modulus of 120 GPa and
electrical conductivity of 5000 S cm−1 [92]. The key to reaching a high
degree of alignment through wet spinning is processing from a liquid-
crystalline state, which facilitates a high degree of orientation of CNT
bundles or graphene sheets [95,97–100]. For instance, Zhang et al.

Fig. 13. (a) TEM image of the cross-section of a bundle of collapsed carbon
nanotubes recorded close to the fibre fracture surface [94], (b, c) SEM images of
the cross-section of a wet-spun GO fibre [95].
Reproduced with permission from Wiley.
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were able to wet spin fibres from liquid-crystalline solutions of both
multi-walled carbon nanotubes (MWNTs) and nitrogen-doped MWNTs
in ethylene glycol (Fig. 14), reaching an electrical conductivity of 300
and 80 S cm−1, respectively [100]. Spinning of CNTs can be carried out
in the dry state by pulling fibres from free-standing, aligned arrays of
CNTs [101,102] (Fig. 15). The work by Baughman et al. introduced a
further concept to the literature of CNT fibres: twisting of the fibre to
improve inter-tube mechanical coupling, which prevents slippage of
nanotubes but does not affect the electrical conductivity [102,103].
This approach is conceptually similar to twisting of staple fibres to form
a yarn (cf. Section 2.5).

The overlap of the nanofiller is critical for the formation of a con-
tinuous network that is able to transmit mechanical load. Electronic
charge carriers travel fast along individual carbon nanotubes or gra-
phene sheets but must jump to an adjacent nanofiller in order to con-
tinue their journey along the direction of the fibre without being
trapped. Therefore, both the coupling strength and degree of overlap
are critical for both a high degree of mechanical strength and electrical
conductivity. The mechanical load transfer between CNTs can be en-
hanced through infiltration with a polymer [104,105]. Liu et al. have
demonstrated that twisted yarns spun from aligned CNT arrays can be
infiltrated with PVA, which yields a Young’s modulus of more than
120 GPa while maintaining an electrical conductivity of 920 S cm−1

[104].
Notably, the yarn-like structure of CNT-fibres results in an out-

standing 100% knot efficiency, i.e. the ratio of the tensile strength of a
fibre with an overhand knot tied into it, to that of an unknotted fibre
[106]. Polymer fibres in general display knot efficiencies below 100%
and for carbon fibres the value is close to zero, making them challen-
ging to use in textiles and textile processes. The high knot efficiency in
CNT-fibres is presumably due to the low bending moduli of its con-
stituents in combination with their high aspect ratio; a 100% knot ef-
ficiency is also observed for fibres spun from large-flake GO [107].

3.4. Polymer nanocomposite fibres

Polymer nanocomposites are an effective way to combine the su-
perior electrical properties of conducting nanofillers with the attractive
mechanical properties and ease of processing offered by commodity
polymers. As a result, a large number of studies exist on CNT- and
graphene-based nanocomposites, which aim to improve the electrical or
thermal conductivity, achieve a reinforcement effect or modify the
barrier properties of the matrix polymer [113–115]. Conducting

composites find widespread commercial use, for instance carbon black
is commonly used for plastic articles where antistatic properties are
required [116]. Further, polymer/carbon black compounds are widely
used for high-voltage applications such as power cables and cable joints
[117]. Here graphene nanocomposites are increasingly considered
[118].

The development of electrically conducting nanocomposite fibres is
typically carried out with a top-down approach, in the sense that na-
noparticles are added to otherwise familiar fibre spinning processes and
materials (see Table 5). In the present literature, CNT is the preferred
filler (Fig. 16), presumably because their 1D format (and related liquid-
crystalline behaviour) makes them highly compatible with both the
fibre shape and fibre processing (Figs. 14 and 15). Carbon black is also
explored, and graphene to a lesser extent. The final macroscale prop-
erties of composite fibres will be dictated by a complex relationship of
filler-matrix interactions, dispersion and distribution of the filler par-
ticles and the degree of orientation of both filler and polymer. Since
carbon fillers have a strong reinforcing effect on any polymer matrix,
the Young’s modulus of nanocomposite fibres is typically found to be in
excess of 1 GPa (see Ashby plot in Fig. 1). The electrical conductivity,
however, can vary strongly because of the complex internal structure of
nanocomposites, with highest values reaching 2.4 S cm−1 [119].

The large surface area of carbon nanoparticles gives rise to a high
degree of attraction based on van der Waals forces and π-interactions
(cf. Eq. (1)). This is an attractive feature for the fabrication of nano-
particle fibres, however in a composite it results in an unwanted ten-
dency to form agglomerates. For a thermoplastic polymer matrix, melt
compounding is the most commonly used mixing method as it is both
fast and scalable. Here, the shear forces that arise during compounding
will aid the dispersion and break up agglomerates [120]. To improve
interactions with a polymer matrix, the chemically inert surface of
carbon allotropes may be chemically modified by covalent or non-
covalent functionalisation routes. The former method entails

Fig. 14. (a) Schematic of the process used by Zhang et al. to spin fibres from
liquid-crystalline solutions of multi-walled carbon nanotubes in ethylene glycol;
(b) cross-polarised optical microscopy image of a liquid-crystalline solution,
and (c) photograph of a three metre long fibre [100].
Reproduced with permission from Wiley.

Fig. 15. SEM images, at two different magnifications, of a carbon nanotube
yarn in the process of being simultaneously drawn and twisted during spinning
from a nanotube forest.
From [102]. Reprinted with permission from AAAS.
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introducing surface defects, and the latter may be realised by polymer
wrapping i.e. adding a thin insulating polymer layer on the carbon
surface. Both routes are likely to reduce the conductivity [121]. In a
promising development, conjugated polymers display surfactant-like
properties that aid dispersion of the nanofiller and can at the same time
act as binder for the insulating polymer matrix [122–124]. As an ex-
ample of covalent functionalisation towards conducting fibres, Jain
et al. grafted poly(ether ketone) (PEK) onto CNTs by in-situ poly-
merisation, and manufactured composite fibres with up to 20wt% CNT
in a PEK matrix via air-gap wet-spinning [119]. The resulting fibres
displayed a conductivity of up to 2.4 S cm−1 and an impressive tensile
strength of 120MPa.

For polymer nanocomposites, a percolation threshold as low as 0.1wt
% has been reported [113], corresponding to an aspect ratio of 100 [84]
(cf. Eq. (4)). The relationship between filler geometry and conducting
network formation in fibres has been studied by Seyedin et al., who pre-
pared stretchable composite fibres by mixing nanofiller/solvent disper-
sions with a PU solution, followed by wet-spinning [125]. The percolation
threshold was found to be about 2wt% for CNTs, 10wt% for graphene,
and 17wt% for carbon black. The tendency of the filler to form a network
will also result in rheological percolation, which is accompanied by a
transition from liquid-like to solid-like behaviour. This generally has a
negative influence on the spinnability of the compound as the melt or
solution will resist flow, and the accompanying loss of plasticity in the
extruded jet hinders drawing. Rheological percolation is particularly well-
studied for CNT-polymer compounds. Du et al. have shown that a rela-
tively large inter-particle distance (equivalent to the diameter of a random
coil) is sufficient to restrain large-scale polymer relaxation [126]. Hence,
the onset of rheological percolation occurs at concentrations below that
required for electrical percolation [113,120,126] (Fig. 17). As a practical
consequence of this phenomenon, the filler content for melt spun fibres is
generally below 10% (Fig. 16) whereas higher concentrations are achieved
only in bicomponent systems [127,128]. Not surprisingly, the rheological
percolation onset is highly dependent on the filler type; the spinnability of
CNT compounds deteriorates at much lower loadings compared to gra-
phene and carbon black based compounds [125,129]. Whether the spin-
ning fluid is a melt or a solution, the loss in spinnability can to some extent

be remedied by careful adjustment of the extrusion parameters. A low
extrusion rate in combination with a long extrusion channel allows for
molecular relaxation prior to extrusion, resulting in an increased draw-
down ratio as well as an improvement in the final conductivity by up to
two orders of magnitude [129–131]. An advantage of fibre spinning from
solution instead of a melt, is that the final filler concentration may be an
order of magnitude higher than the concentration in the spinning dope,
making it possible to e.g. produce carbon black/cellulose fibres with a
50wt% filler content by wet spinning [132]. The resulting conductivity of
0.6 S cm−1 was facilitated by effective wrapping of carbon black particles

Table 5
Properties of conducting fibres spun from carbon nanocomposites; Young’s modulus E, tensile strength σs, electrical conductivity c.

filler wt% filler matrix, processing method E (GPa) σs (MPa) c (S cm−1) Ref.

FWNT 20 PEK, dry-jet wet-spun 17 122 2.4 [119]
FWNT 10 PEK, dry-jet wet-spun 7 190 0.25 [119]
SWNT 5 PU, wet spun 0.3 30 0.0075 [125]
carbon black 17 PU, wet spun 0.02 25 0.014 [125]
graphene 12.5 PU, wet spun 0.2 30 0.004 [125]
carbon black 26 PE, melt spun core/sheath fibre, annealed 130b 24b 1.5 [128]
carbon black 6 PP, melt spun 0.08 [129]
MWNT 4 PE, melt spun 0.1 [129]
carbon black 50 cellulose, wet spun 300b 8b 0.6 [132]
MWNT 3 cellulose, wet spun multifilament 7 117 0.09 [133]
MWNT 8 cellulose, wet spun monofilament 6 78 1 [133]
MWNT 10 cellulose, wet spun 0.0024 [131]
carbon black 10 PE, melt spun core/sheath fibre, annealed 180b 25b 0.15 [127]
CNT 7 PE/PP 60/40, melt extruded, drawn and annealed films 3 174 0.02 [138]
MWNT 20 PAN, wet spun & annealed 9 130 0.3 [140]
MWNT 7.5 PANI/PP 20/80, melt spun 0.01 [141]
MWNT 4 regenerated silk, wet spun 0.24 [142]
carbon black 9 PA 6, composite coating 30b 0.03 [143]
carbon black 10 PA 6, composite coating, washed 50 cycles 40b 0.1 [144]
rGO 7 PU, wet spun, annealed/thermally reduced 0.9 30 0.002 [145]
graphene 24 PLGA, wet spun 14 103 1.5 [146]
carbon fibres 15a PP, melt spun 4.9 56 0.45 [147]
carbon fibres 10a PP, melt spun 4.2 54 0.015 [147]

a Refers to vol%.
b Unit: cN/tex.

Fig. 16. Conductivity as a function of filler content reported for nanocompo-
sites based on graphene (yellow triangles), carbon nanotubes (blue diamonds)
and carbon black (red circles); fibres produced by melt or solution spinning
(open and closed symbols); data from Refs. listed in Table 5. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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by the cellulose material during the spinning process. The use of a dif-
ferent solvent system allowed wet spinning of CNT/cellulose fibres with a
final conductivity of 1 S cm−1 at 8wt% CNT [133].

Drawing, both in the melt and in the solid state, is a crucial step in any
fibre formation process. It is also detrimental to the conductivity in filled
polymer fibres, especially at low filler loadings (Fig. 18a). Pötschke et al.
have reported that a composite prepared with 2wt% MWNTs in a poly-
carbonate (PC) matrix, which after melt mixing had a conductivity of
10−3 S cm−1, displayed no measureable conductivity after melt spinning
[134]. Electron microscopy revealed that the degree of CNT alignment
parallel to the fibre axis increased with the take-up velocity, which dis-
rupted the conducting network (Fig. 18b). The percolation threshold in-
creases with nanoparticle alignment, and CNTs seem to be more sensitive
to alignment compared to carbon black [129,134,135].

Annealing, i.e. reheating of the final composite fibre to a tempera-
ture exceeding Tm of the polymer matrix, has been found to increase the
conductivity by up to several orders of magnitude [136,137]. Heating
induces dynamic percolation as it relaxes the polymer chains, reduces
their anisotropy and provides the filler particles with sufficient mobility
to redistribute and, to a degree, re-aggregate into a conducting network
[138,139]. In order to re-melt a fibre while maintaining structural in-
tegrity a bi-constituent structure, with at least one component that does
not melt, is required. This can be realised through e.g. co-extrusion of
core-sheath fibres (Fig. 19) or a polymer blend where the nanoparticles
are confined to one of the phases (Fig. 20). The latter entails adding a

Fig. 17. Illustration of the rheological and electrical percolation threshold in a
nanocomposite that consists of carbon nanotubes isotropically dispersed in a
polymer matrix.
Reprinted with permission from [126]. Copyright (2004) American Chemical
Society.

Fig. 18. (a) Conductivity as a function of melt draw ratio reported for nano-
composite fibres based on graphene (yellow triangles), carbon nanotubes (blue
diamonds) and carbon black (red circles); data from Refs. [129,138,147]; (b)
TEM images of a 2 wt% MWNT/PC composite after melt spinning at melt draw
ratios of 8 (left) and 63 (right). Scale bar is 200 nm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
Reprinted from [134] with permission from Elsevier.

Fig. 19. SEM image of a core-shell bicomponent fibre with a conducting core of
carbon black in a PE matrix, and an outer shell of the piezoelectric polymer
PVDF. Scale bar is 20 μm.
Reprinted from [14] − Published by Springer Nature.
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conductive filler to an immiscible polymer blend, and tailoring the
composition to preferably locate the filler particles in one of the two
polymers or at their interface. Consequently, to achieve sufficient
electrical conductivity in the final composite, double percolation is
required. Gao et al. studied a blend of PP and PE, with 3–7wt% CNT
located in the PE-phase, and observed a higher conductivity compared
to the CNT/PE compound with the same overall CNT content [138].
After drawing, annealing close to the Tm of PE could restore the

conductivity to 0.02 S cm−1, similar to its pre-drawing value. The au-
thors proposed a model for dynamic percolation, where time-depen-
dence of the aggregate volume is combined with classical percolation
theory.

3.5. Coating and dyeing of textile fibres and fabrics

The mechanical properties of a fibre can be guaranteed by using a

Fig. 20. SEM images of (a) a 7 wt% MWNT/PE composite and (b) the same composite forming a double percolated blend with PP at 50/50 PE/PP. Scale bar is 5 μm.
Reproduced from [138] with permission of The Royal Society of Chemistry.

Table 6
Properties of conducting fibres and fabrics with functional coatings; Young’s modulus E, sheet resistance Rs, electrical conductivity c.

conducting component/substrate, method dopant/counterion E (GPa) Rs (Ω/square) c (S cm−1) Ref.

CNT/spider silk, manual coating 0.6 12 [174]
PEDOT-S/silk fibre, dip-coating -SO3H group on side chain 8.2 0.044 [8]
PEDOT-S/spider silk fibre, dip-coating -SO3H group on side chain 5.9 0.0008 [149]
PEDOT:PSS/silk fibre, dip-coating PSS 1.8 14 [20]
PEDOT:PSS/silk fibre, dip-coating PSS 3.15 8.5 [175]
PEDOT:PSS/PA66 fabric, dip-coating PSS 0.1 0.07 [150]
rGO/silk fibre, dip-coating 36 [151]
rGO/silk fabric, dip-coating 0.15 1500 [151]
SWNT/cotton fabric, dip-coating 1 0.0004 [176]
PEDOT:PSS/PET-PU fabric, dip-coating PSS 2 [177]
PPy/PA fabric, in-situ polymerisationa FeCl3+NSDA 117 [158]
PEDOT/PTT fabric, in-situ polymerisation FeTos 0.36 [153]
PEDOT/silk fibre, in-situ polymerisation APS 0.005 [154]
PPy/PET fabric, in-situ polymerisation AQSA 1000 [178]
PPy/silk fibre, in-situ polymerisation FeCl3 0.4 [154]
PPy/PET fabric, in-situ polymerisation AQSA 40 [163]
PPy/Lycra fabric, in-situ polymerisation FeCl3+NDSA 600 [179]
PPy/PET fabric, in-situ polymerisation AQSA 140 0.7b [161]
PPy/wool fabric, in-situ polymerisation AQSA 200 [161]
PPy/wool fibre, in-situ polymerisation NDS 350 [159]
PPy/cotton fabric, in-situ polymerisation DCSS 700 0.1b [160]
PANI+ PPy/PET fabric, in-situ polymerisation AQSA 20 5b [162]
PANI/silk fibre, in-situ polymerisation APS 0.01 [154]
rGO+PANI/cotton fabric, in-situ polymerisation APS/HCl 0.02 [164]
PEDOT/fabric from pineapple fibre, oCVD FeCl3 200 0.5b [167]
PEDOT/viscose fibre, oCVD FeCl3 14 [165]
PEDOT/cotton fabric, oCVD FeCl3 370 32 [166]
PEDOT:PSS/PET fabric, direct coating PSS 740 [169]
PEDOT:PSS/PET fabric, direct coating PSS 13 8b [170]
PEDOT:PSS/PVDF and PET fabrics, direct coating PSS 57 [171]
PEDOT:PSS/PET fabric, direct coating PSS 1.6 [172]
PEDOT:PSS/PET fabric, inkjet printing PSS 3200 0.01b [172]
PPy/PAN fabric, reactive inkjet printing APS/HCl 80 [173]
PANI/fabric, reactive inkjet printing APS/HCl 15 7b [173]
PEDOT:PSS/PA fibre, die-coating PSS 17 [180]

a In this table, “in-situ polymerisation” denotes chemical oxidative polymerisation carried out in solution. Reactive inkjet printing and oCVD are other methods for
in-situ polymerisation.

b Assuming a 100 μm thick fabric.
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mechanically robust, load-bearing core that is coated or dyed with an
electrically conducting material. A commercial example are yarns with
metal or carbon particles in the surface layer [148], but insulating fi-
bres and fabrics can also be coated with a conducting polymer. A
comparison of literature values indicates that coating and dyeing of
commodity fibres results in conducting fibres that display a similar
behaviour to those composed of polymer blends; in essence the me-
chanical and electrical properties are again decoupled (Table 6). As a
result, coated or dyed fibres and yarns feature a wide spread in Young’s
modulus, whereas the conductivity again appears to be limited to a
ceiling value of about 10 S cm−1 (see Ashby plot in Fig. 1).

The unpredictable, extensively textured surfaces of fabrics and
yarns, displaying both pores and protrusions, make them challenging
substrates. As with any textile meant for daily use, their functional
coating is required to be stable against abrasion and repeated bending
as well as chemical treatments. Dip-coating of fibres or textiles with
conducting polymers − i.e. soaking the substrate in a polymer solution
− is a common approach that can be carried out at virtually any scale
and without specialised equipment[44]. Conjugated polymers can bind
to natural fibres, which improves the adhesion. Examples include
binding of the self-doped conjugated polyelectrolyte PEDOT-S (Fig. 9),
or PEDOT:PSS to silk from the silkworm Bombyx mori or recombinant
spider silk [8,20,149]. Strong electrostatic interactions, confirmed by
the dependency on the pH of the dyeing bath (which changes the net
charge of the protein fibre) of the dyeing efficiency, are reminiscent of
commonly used acid dyes (see Section 2.7). The use of PEDOT:PSS
formulation as a ‘conducting acid dye’ permits the fabrication of wash
and wear resistant silk threads with a bulk electrical conductivity of up
to 14 S cm−1 [20] (Fig. 21). For polyamides instead, adhesion may be
improved by plasma-treatment prior to coating, resulting in conducting
textiles that can function as heating elements [150]. In a different ap-
proach, Lu et al. dip-coated silk fibres with a graphene oxide solution,
following a pre-treatment with bovine serum albumin (BSA) to in-
troduce positive charges to the fibre surface. After hydrazine vapour
reduction of the graphene oxide, the textiles retained their conductivity
of up to 36 S cm−1 during bending and twisting [151].

Insulating fibres can also be functionalised with an intractable
polymer such as PEDOT [152,153] or polypyrrole [154] through in-situ
polymerisation on the surface of the fibre, as first demonstrated by
Kuhn et al. [155,156]. A common method is chemical oxidative poly-
merisation where the fibre or fabric is soaked in a solution containing
monomer (dominantly pyrrole), dopant and oxidant. Already in the
early 1990’s, polypyrrole coated polyester fabrics were produced
commercially by this method [157,158]. The combination of polymer
synthesis and deposition can result in the formation of aggregates and
therefore a non-uniform coating (Fig. 22a,b). The aggregates consisting
of excess polymer can be readily removed by rubbing or washing,
leaving a thin, conformal and conducting coating [159] (Fig. 22c). This
method requires interactions between all the components in the

Fig. 21. (a) Bundle of a PEDOT:PSS dyed silk yarn and (b) optical microscopy
image of neat and PEDOT:PSS dyed silk yarns; SEM images of freeze-fractured
PEDOT:PSS dyed silk yarns recorded (c) before and (d) after sputtering yarns
with gold; scale bars= 2 μm.
Reproduced from [20] − Published by the American Chemical Society.

Fig. 22. SEM images of (a) a wool fibre; (b) a wool fibre coated with PPy by in-
situ polymerization; (c) a PPy-coated fibre after yarn spinning and knitting
processes. Scale bar is 6 μm.
Reprinted from [159] with permission from Elsevier.
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solution and for example the doping agent, most commonly organic
sulphates, will not only act as a dopant/counterion but is also instru-
mental to the synthesis and deposition on the substrate. Varesano et al.
compared the efficacy of 11 compounds to dope polypyrrole poly-
merised on a cotton fabric, and showed that dicyclohexyl sulfosuccinate
sodium salt (DCSS) resulted in a fabric with the lowest sheet resistance
below 1 kΩ/square (i.e. 0.1 S cm−1 assuming a 100 μm thick fabric),
whereas several other dopants prevented film formation altogether
[160]. Generally, using synthetic fibre substrates (PET or PA fabrics)
with this method has resulted in lower sheet resistances of between 20
and 140Ω/square [158,161–163] (i.e. 0.7–5 S cm−1 assuming a
100 μm thick fabric). Natural fibres present other advantages though,

for example degummed silk is biocompatible and therefore attractive as
a base fibre for conducting biomaterials. Xia and Lu compared in-situ
polymerisation of PPy, PANI and PEDOT on silk fibres, and found that
the PPy-coated fibres had the highest conductivity of 0.4 S cm−1 as well
as the highest rubbing fastness, presumably as a result of hydrogen
bonds and electrostatic interactions. The fibres could be washed in
water 20 times with only a 10% decrease in conductivity [154]. In a
novel approach, Tang et al. deposited graphene oxide nanosheets on a
cotton fabric prior to in-situ polymerisation of aniline on the fibre
surface [164]. The resulting fibres had a conductivity of 0.02 S cm−1.
By comparison, PANI functionalised cotton without graphene oxide had
a conductivity of less than 10−3 S cm−1.

In case of oxidative chemical vapour deposition (oCVD), a vapour
that carries the monomer and oxidant are directed to mix in a reaction
zone along the surface of the substrate. This results in a conformal
coating that preserves the original surface over multiple length scales
(Fig. 23). Polymerisation of PEDOT from the vapour phase has been
demonstrated on viscose fibres [165], as well as on a range of com-
mercial fabrics from both synthetic and natural fibres resulting in
conducting fabrics with a surface resistivity down to 200Ω/square
[166–168] (i.e. 0.5 S cm−1 assuming a 100 μm thick fabric). This
method can result in durable coatings that can withstand stretching,
abrasion and manual laundry [166,167]. The fact that oCVD is readily
combined with masks/stencils − Kovacik et al. [166] went on to print a
conducting pattern on a T-shirt − promises interesting developments
towards textile based electronic circuitry.

A common industrial method for applying coatings and patterns to
fabrics is direct coating, wherein a coating paste is poured directly onto
the fabric to be spread evenly by a knife or blade. Direct coating can be
combined with a stencil or masked screen in order to print patterns
[34]. This method requires strict control over the viscosity of the
coating paste, which may well result in a trade-off with other properties
such as conductivity. Åkerfeldt et al. used a blend of a PEDOT:PSS
water dispersion, ethylene glycol and a PU-based binder, and studied a
broad range of compositions with 1–3% PEDOT:PSS required for elec-
trical percolation [169]. Aside from adding conductivity – down to
13Ω/square (i.e. 8 S cm−1 assuming a 100 μm thick fabric) – the rela-
tively thick coating will have an impact on both the appearance
(Fig. 24) and the mechanical properties (rigidity) of the fabric [170].
Although, the addition of ethylene glycol has a positive effect on the
mechanical properties since it acts as a plasticiser. This formulation was
successfully used for screen-printing of a stretchable and washable
conducting pattern on a knitted glove [171].

A recent development with regard to dyeing and finishing of fabrics
is the use of ink-jet printing, which may be used to functionalise large

Fig. 23. SEM images after oCVD coating with PEDOT of (a) a wool fabric and
(b) wool fibres.
Reprinted from [167] with permission from Wiley.

Fig. 24. SEM images of a PET fabric direct-coated with a PU-based blend containing (a) 40 wt% PEDOT:PSS, resistance 44 kΩ/square; (b) 60 wt% PEDOT:PSS,
resistance 130Ω/square; (c) 80 wt% PEDOT:PSS, resistance 13Ω/square.
From [170], copyright (2013) by Åkerfeldt, Strååt and Walkenström. Reprinted by Permission of SAGE Publications, Ltd.
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surfaces as well as for printing of intricate patterns. This method
minimises the amount of material required, as functional or colouring
inks are applied in tiny amounts at exact positions on the fabric surface.
PEDOT:PSS and diethylene glycol, diluted by ethanol, can be ink-jet
printed to form a conducting coating with a sheet resistance of 3.2 kΩ/
sq [172] (i.e. about 10−2 S cm−1 assuming a 100 μm thick fabric). The
same ink was used to produce a conducting pattern by a simple sponge
stencil method, which lowered the sheet resistance by three orders of
magnitude. The difference was attributed to the difficulty in depositing
(ink-jet printing) a thin yet continuous film on the textile substrate.
Nonetheless, Stempien et al. were able to ink-jet print a conducting
layer on a fabric with a surface resistivity as low as 15Ω/sq (i.e.
7 S cm−1 assuming a 100 μm thick fabric), using an innovative “reactive
ink-jet printing” method wherein aqueous solutions of monomer and
oxidant where printed in parallel from two separate printheads [173].

3.6. Multilayer coatings of fibres and fabrics

Many electronic devices from solar cells and light emitting diodes
(LEDs) to transistors consist of multi-layer stacks of insulating, semi-
conducting and conducting materials. A key paradigm within the field
of organic electronics is the deposition of these layers from solution or
vapour onto typically flat substrates, which combined with patterning
tools can give rise to intricate arrays of electronic devices and circuits.
In its simplest form textiles, possibly passivated with a smoothing layer
to provide a flat surface, can be used as substrates for the full plethora
of organic opto-electronic devices, based on both organic semi-
conductors and carbon materials (CNTs and graphene). The printing
and coating techniques discussed in Section 3.5 can be readily used as
patterning tools. In a similar fashion, a fibre can be regarded as a cy-
lindrical substrate where multiple concentric layers of insulators,
semiconductors and conductors can be stacked on top of each other to
form complete electronic devices (see Section 4). A continuous multi-
layer coating can then be regarded as one elongated device (suitable for
e.g. solar cells and LEDs), whereas patterns such as periodic and in-
terrupted coatings can be introduced to build more than one device on
the same fibre (see Section 4). Multilayer coatings can be applied via
the techniques discussed in Section 3.5.

Another possibility are multimaterial fibres fabricated by thermal
drawing of macroscale cylinders, composed of concentric stacks of
functional materials. As pioneered by Fink et al. [181] this fabrication
method, originally developed for optical fibres, has evolved into a
versatile method that allows for a combination of (inorganic) semi-
conductor, polymer insulator and metal in one preform resulting in e.g.
a micrometer-thick optoelectronic fibre [182]. The technology has since
been applied to piezoelectric polymer fibres [183], graphite/polymer
composite-based neural probes [184] and pressure-sensing micro-elec-
tromechanical systems- (MEMS-) fibres with a carbon black/polymer
composite as its active component [185].

4. Architectures of electronic textiles

Conducting fibres and yarns, which are the focus of this review, can
be used to construct simple building blocks. They can be incorporated
as a warp or weft line in a weave (Fig. 6), as a wale or a course in a
knitted fabric (Fig. 6), or by embroidery or other types of stitching into
a base fabric. Conducting lines can then be used as interconnects to
shuttle electrical energy or electrical communication signals within a
circuit. Based on a variety of geometries, they can constitute passive
circuit elements i.e. resistors, capacitors and inductors in an electronic
circuit. If combined with a thin “active layer” such as a dielectric, an
electrolyte, a semiconductor, conducting fibres and yarns can also be
used to build advanced components such as capacitors and super-
capacitors, batteries, diodes (e.g. solar cells, LEDs), transistors, actua-
tors, valves for microfluidics etc. There are many ways to create this
layered architecture in textiles: (1) at the yarn level by working with
core-shell fibres where an inner core and outer shell sandwich an in-
termediate active layer, (2) at the yarn level by intertwining fibres and
filaments, (3) at the fabric level by combining several neighbouring
woven or knitted fibrous elements, and (4) at the garment level by la-
minating or printing several layers on a fabric or by placing textile
swatches on top of each other.

The aim of this chapter is to outline some of the unique archi-
tectures that can be realised by integrating conducting fibres into tex-
tiles, which we illustrate with selected examples. We do not intend to
provide a comprehensive overview of the e-textile literature, and in-
stead refer the reader to a series of excellent reviews that have been
written on the topic, covering areas such as energy storage and har-
vesting, medical applications, sensing and more [3,11,24,186–190].

4.1. Integration of conducting fibres on vs. in textiles

Electrical functionality can be added to textiles in two ways: i) in-
tegration on, and ii) integration in [191]. Integration on means that the
functional components are physically placed on the textile – which is
typically in the form of a fabric – that then functions as a carrier sub-
strate or platform. Such top-down integration can be achieved for ex-
ample through embroidery of conventional cables, electronic compo-
nents and entire circuit boards onto the textile. As a result, the
electronic functionality is merely an add-on to the textile, which pro-
vides the mechanical integrity. The integration on approach can be ad-
vantageous as means to incorporate delicate and inherently stiff com-
ponents into wearable and flexible devices. Another benefit is the
relative ease by which components can be separated after use, pro-
viding a feasible recycling strategy for e-textiles (cf. Section 5).

Integration in, on the other hand, means that new electronic func-
tions and systems are achieved by combining electrically or electro-
nically active fibres or yarns in a textile architecture [192]. The in-
tegration in approach can be thought of as a means to produce

Fig. 25. A woven logic device and its circuit schematic.
Reprinted with permission from [193]. Copyright (2017) American Chemical Society.
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electronics by additive manufacturing. One by one a thread is added to
another, which then collectively form a textile architecture with elec-
tronic circuit functionality. One example is a distributed network of
woven conducting yarns combined with dielectric-coated conductors
(Fig. 25), used as a two-dimensional resistive memory where each
junction is individually addressable [193]. The remainder of this
chapter will focus on the integration in approach, which we argue opens
up the possibility to create unique, and highly complex circuitry.

4.2. Comparison of woven and knitted architectures

We recognise from Section 2 that the two major fabric forming methods
of weaving and knitting present different opportunities but also short-
comings. For weaving, each yarn both in the warp and weft direction can be
unique. Consequently, every crossing or junction can be addressed uniquely
through one yarn in weft and one yarn in the warp direction. This creates a
basis for an active or passive matrix electronic architecture. The junctions
can be designed to either be in physical electrical contact or to be separated
and insulating, depending on the structure of the weave and/or choice of
yarn and any potential insulating shell on these. Aside from the crimp (i.e.
the yarns form or bend around one another at the intersections) the weaving
process as such does not introduce strong bending in the yarns, and rela-
tively stiff fibres can be used to form highly conducting fabrics. Even the
stiff and brittle carbon fibres can be woven, although this is preferably
carried out with the fibres in preformed bands to further minimise the de-
gree of crimp. According to Fig. 1, highly conducting fibres also display a
high inherent stiffness – these fibres can be readily incorporated in woven
textiles. A potential shortcoming with woven architectures of stiff fibres is
that the resulting textile is non-stretchable, unless an elastic yarn is added.

Instead, for knitted textiles stretchability is an inherent character-
istic, which stems from the movement of the yarns and loops relative to
each other rather than from the stretchability of the fibres themselves.
Both, a uniaxial and biaxial stretching response is possible. This enables
a tight fit to the human body in case of knits for garments. In a knit the
stiff, and therefore more conductive, fibres and yarns (cf. Fig. 1) can be
combined together with standard textile yarns to achieve an overall
pliable fabric. Most high-performance fibres as well as pure metal fibres
can be machine-knitted, after adjustment of the processing parameters.
Knitting of carbon fibres, which are inherently sensitive to bending (cf.
Section 3.3), is also doable using specialty yarns [194].

The difference in inherent rigidity in these two types of fabric can be
exploited e.g. to tailor the performance of textile muscles or “textua-
tors” [195]. The great mobility of the knitted architecture results in an
amplified strain in the fabric compared to the strain produced by the
individual fibres. The woven architecture instead, displays a large
number of straight fibres running in parallel resulting in an amplified
force compared to that exerted by the individual fibres (Fig. 26).

4.3. Static and dynamic mode

E-textiles obtain their functionality through the combination of
conducting and non-conducting yarns, which can be arranged in a
number of basic building blocks outlined below combined to realise
more complex designs [192,196]. Any building block can be used in a
fixed position and with a fixed dimension, which we refer to as static
mode. As an example, PEDOT:PSS-dyed silk fibres can be used as in-
terconnects, which also constitute current-limiting resistors between a
battery and an LED [20] (Fig. 27a). Conversely, the inherent pliability
of textiles can be exploited to produce devices where the position and/
or geometry of the building blocks is allowed to change, which we refer
to as dynamic mode; for instance, Seyedin et al. demonstrated knitted
strain sensors from PEDOT:PSS/PU blend fibres [4] (Fig. 27b).

4.4. The resistor and resistive sensing

Conducting fibres and yarns can be regarded as a resistor in an

electronic circuit, but also as a sensor-type device. Sensing functionality
can then be achieved in the dynamic mode by measuring changes in the
resistance R:

=R ρ l
A (5)

where ρ= c−1 is the resistivity, l the length of the element, and A its
cross-sectional area. The resistance variation as a result of dimensional
change, sometimes termed piezoresistivity, is widely characterised in
conducting fibres and yarns as it points to potential applications as
strain gauges [87,88,125,133,144,197–199] or pressure sensors [200].
The effect may be enhanced by the fabrication of highly stretchable
knitted textiles, where the change in resistance due to deformation (cf.
Eq. (5)) is amplified by a change in contact resistance between fibres
[4,201–203]. In a further development, garment based computer-
human interfaces are presented where, in combination with non-trivial
data management, the wearer’s movements can be monitored. For in-
stance, Tognetti et al. used a conducting textile coating to realise a
stretchable conducting circuit comprising both strain sensors (narrow
printed lines) and conducting interconnections (wide printed lines)
[204] (Fig. 28a). Eom et al. used PEDOT-coated polyester yarns as
strain sensors in a glove, to communicate with a computer software
[152] (Fig. 28b).

For some applications, it is necessary to render selected larger areas
of a fabric conducting, resulting in a conducting panel type archi-
tecture. Conducting panels can be produced by selectively coating or
dyeing parts of a pre-formed fabric, or by tightly weaving/knitting
several conducting threads so that they are in close electrical contact
[205]. The latter leads to a porous conducting textile, which enables
breathability for wearables, and provides a large surface area. The
panel architecture is particularly useful to realise electrodes – or

Fig. 26. Top: Schematic of artificial muscles, “textuators”, produced by (a)
weaving and (b) knitting of PPy-coated fibres. Bottom: Schematic stress-strain
curves of textuator fibres and of fabrics woven and knitted thereof.
Reprinted from [195] − Published by AAAS.
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textrodes – e.g. for electrocardiography (ECG) [206–211] (Fig. 29).
Conducting panels can also be used as heating elements [140]. The
heating rate is given by the power P that is generated due to Joule
heating:

=P RI 2 (6)

where I is the current running through the conductor of resistance R.
Such heating elements can be used in climate control elements, e.g. in
car seats but also in garments [150,212–214] or in combination with
thermochromic inks for visual effects [215,216] (Fig. 30).

4.5. The capacitor and capacitive sensing

Capacitors are fundamental building blocks of electronic circuitry,
consisting of two electrodes that sandwich an insulating dielectric. In a
general sense, two conductive elements placed adjacent to each other
form a capacitor-type architecture. For a parallel plate capacitor, the
capacitance C is given by:

=C ε ε A
dr 0 (7)

where d is the distance between electrodes of area A, εr is the relative
permittivity of the dielectric, and ε0 is the permittivity of vacuum.
Capacitors introduce time-dependence and oscillatory electrical beha-
viour. In the dynamic mode, a change in geometry induces a measure-
able change in capacitance, which can be used for sensing. As can be

deduced from Eq. (7), at least four sensor modes are available: (1) the
absence/presence of a counter-electrode, e.g. a human finger, (2) an
increase or decrease in distance between electrodes, giving rise to a

Fig. 27. Examples of static and dynamic mode e-textiles: (a) a wearable LED powered via conducting PEDOT:PSS-dyed silk threads. Reproduced from [20] −
Published by the American Chemical Society. (b) A strain sensor knitted from blend fibres comprising PEDOT:PSS in a PU matrix. Reprinted with permission from
[4]. Copyright (2015) American Chemical Society.

Fig. 28. Garment based computer-human interfaces: (a) a motion sensitive garment with a printed piezoresistive pattern. Reproduced from [204] − Published by
BioMed Central Ltd. (b) a glove sensitised by PEDOT-coated fibres providing (c) individual electrical signals from finger movements.
Reprinted with permission from [152]. Copyright (2017) American Chemical Society.

Fig. 29. (a) A stencil print of PEDOT:PSS onto a knitted fabric provides (b) a
pattern which is stretchable in the knit direction. (c) With a second layer of
ionic liquid (IL) gel, the print functions as a textile ECG-electrode with (d) an
impedance spectra comparable to or lower than that of a standard medical
electrode.
Reproduced from [210] − Published by Springer Nature.
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stretch or pressure sensor, (3) changes in the overlap and hence area,
and (4) changes in relative permittivity. In particular, the first two
modes have been explored in the textile format. Many designs are
feasible, ranging from two conducting sheets of fabric that form a plate-
like capacitor with air as the dielectric medium [217], to fibres with a
core-shell architecture where an intermediate insulating layer separates
the conducting core and shell [180,218] (Fig. 31a,b). Weaving of such

fibres can be used to fabricate pressure-sensitive capacitive sensor ar-
rays with a resolution defined by the distance between the yarns in the
weave. By constructing x-y addressable sensors at each crossing, the
fabric detects both pressure and its position on the fabric [180].
Weaving may also be employed to produce meter-scale textile capaci-
tive sensors [219]. Using print instead, Takamatsu et al. designed
conformal textile keyboards by first creating conducting patterns on a
knitted and hence stretchable fabric by selectively coating with PED-
OT:PSS, followed by application of a polydimethylsiloxane (PDMS)
insulation layer [2] (Fig. 31c). Capacitive sensing with this PEDOT:PSS/
PDMS structure is then possible where a human finger is placed on a
key to form the counter electrode.

In a related case, the dielectric may be comprised of a ferroelectric
and polarised polymer resulting in a piezoelectric textile. After addition
of an outer electrode in the form of a conducting coating or conducting
yarns, deformation of this type of textile generates a transient voltage
signal that can be read out as a sensory signal or be utilised for energy
harvesting [14,171,220,221] (cf. Section 4.9).

A curious function that can be realised by combining capacitive
functions with textiles is electrowetting. In textile-based electrowetting,
a conductive textile is coated with a thin layer of a hydrophobic di-
electric. When liquid is placed on top of the hydrophobic textile, it
cannot penetrate the pores of the textile. The application of a voltage
between the liquid and the conductive core of the textile − which form
a dynamic capacitive double layer− allows control of the contact angle
between the liquid and the textile. This results in selective penetration
of liquids through the textile; the textile functions as an electrical
“valve” for liquids. Electrowetting textiles are still very new and un-
explored, but may find application areas in Lab on chips or in wearable
e-textiles that require control of liquids e.g. sweat [222].

4.6. The induction coil and inductive sensing

To introduce electromagnetic effects such as induction, conducting
coils, spirals and helices are needed. Coil shaped elements can be rea-
lised over several length scales both as cylindrical structures and as in-
plane coils on a textile substrate. This type of architecture enables
“contactless electrodes” for signal transfer and wireless charging, where
e.g. two separate textiles carry a primary and secondary coil, respec-
tively, that mutually induce a current when placed in close proximity
[206]. The inductive coil may also be used for motion sensing, either
(1) by detecting the changes in self-inductance due strain-induced
variations of coil dimensions, or (2) by detecting changes in the mutual
induction between two coils due to their relative displacements. Wije-
siriwardana reported a knitted garment with helical inclusions of con-
ductive yarns around the chest and arms. These textile inductors could
both detect respiration rate by strain sensing, and detect movement of
the arm by displacement monitoring [223] (Fig. 32). Moreover, many
antennae designs require complex coil shaped architectures
[10,196,224,225] (Fig. 33).

4.7. Data storage

The memristor – sometimes called the fourth passive element – is a
device that can be electrically switched between a highly conductive
‘on’-state and a low conductive ‘off’-state, making it highly useful for
non-volatile memory applications [226]. Similar to the pressure sensor
array architecture presented in Section 4.5, weaving of multi-layered
fibres is a convenient method for producing large scale memory arrays
where each junction between functionalised warp and weft yarns can
constitute an individually addressable data storage component. Here,
the multi-layered fibres are typically comprised of a conducting elec-
trode layer coated by the active − resistive switching − material. Such
fibres may be fully carbon-based with an MWNT-fibre core and GO as
the active material [227]. Alternatively, washable woven textile
memories can be fabricated from cotton fibres coated with aluminium,

Fig. 30. Joule-heating in (a) a piece of cloth dip-coated in SDS-modified
PEDOT:PSS (Reproduced from [213] − Published by the The Royal Society of
Chemistry) and (b) a fabric oCVD-coated with PEDOT (Reprinted with per-
mission from [214]. Copyright (2017) American Chemical Society). (c) PEDOT
nanofibers combined with thermochromic microcapsules allow to use Joule-
heating for (d) dynamic colouring.
Reproduced from [215] with permission of The Royal Society of Chemistry.

Fig. 31. Capacitive pressure sensors. (a) A woven capacitive pressure sensor
comprised of (b) multi-layer (Cytop and PEDOT:PSS) die-coated fibres
(Reprinted from [180] with permission from Elsevier). (c,d) A wearable key-
board of a multi-layer (PDMS and PEDOT:PSS) print on a textile.
Reproduced from [2] with permission from Wiley.
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where the switching component is developed by the natural formation
of a thin Al2O3 layer on the aluminium [9]. Bae et al. [193] also used
cotton yarns as the starting material; these were dip-coated with alu-
minium followed by oCVD (cf. Section 3.5) of poly(ethylene glycol di-
methacrylate) (pEGDMA) as the active component. Combined with
uncoated cotton yarns for selective insulation, these yarns formed a
wearable woven architecture, which retained functionality after
laundry in a commercial washing machine with detergent. The me-
chanism of resistive switching in this case is shown to result from local
pyrolysis of the pEGDMA layer due to Joule heating (cf. Eq. (6)). The

effect of pyrolysis could be reversed by a ‘reset’ voltage exceeding the
‘set’ voltage. This architecture could be used to realise logic-in-memory
devices including basic Boolean functions and a half adder (Fig. 25).

Fig. 33. Textile antennae − embroidery of conducting threads allows for
flexible patterns of almost any shape. Images are © (2014) IEEE.
Reprinted, with permission, from [224].

Fig. 32. Knitted inductive coil sensors. Images are © (2006) IEEE.
Reprinted, with permission, from [223].

Fig. 34. Textile transistors: (a) schematic of a fibre-based OECT which was realised (b) by placing a drop of electrolyte at the junction of two PEDOT:PSS coated fibres
(Reprinted from [7] by permission from Springer Nature © 2007). (c) Schematic of an EG-OFET constructed from P3HT-coated (red) fibres with pre-patterned source-
drain (S-D) gaps and an ionic liquid (IL) placed at the junction with a gold fibre. (d) Two EG-OFETs woven into a tulle fabric, and (e) a close up of the left side fibre
transistor. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Reproduced from [236] with permission from Wiley.
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4.8. The transistor and logic circuits

The crossing of two conducting lines can be bridged by an active
material to form transistors as well as other devices. Organic Field-ef-
fect transistors (OFETs) have been realised at the crossing of textile
fibres [228–233]. When a voltage is applied between the source and
gate of an OFET, majority carriers are generated at the insulator/
semiconductor interface, which lead to the formation of a conducting
channel between the source (S) and drain (D). In fibre OFETs the
channel, the insulator and the gate are patterned on a single fibres for
example by evaporation. The Gate, or the S-D contacts are subsequently
contacted using other conducting fibres that create the Ohmic con-
nections at the crossings.

Probably the most interesting type of transistors that can be realised
at the crossing of organic electronic fibres are those that rely on elec-
trochemical reactions. These components can easily be fabricated by
connecting two fibre electrodes at the crossing with an electrolyte, and
more preferably a solid polymer electrolyte [234,235]. The biggest
advantage of fibre based electrochemical components is that their op-
eration voltage does not depend on the thickness of the dielectric in-
sulator (the electrolyte in this case), but rather on the electrochemical
potential of the system, which is around one volt. This means that the
shape of the solid polymer electrolyte and the distances between the
fibres can vary substantially without affecting the low operation vol-
tage. The fabrication of electrochemical components is therefore com-
patible with the rough precision of textile manufacturing.

Two types of electrochemical fibre-based devices have been rea-
lised: (1) organic electrochemical transistors (OECTs) [7,8,231], and
(2) electrolyte gated organic field-effect transistors (EG-OFETs) [236].
In the case of OECTs, the channel and gate are in electrolytic contact
and the modulation of the channel conductivity is a result of an elec-
trochemical redox reaction between the gate and the channel (e.g.
PEDOT:PSS). Instead, in EG-OFETs an electric double layer is formed at
the interface of the electrolyte/semi-conductor, which causes a field-
effect modulation of the channel (e.g. a P3HT coating).

The fabrication of individual components at the crossings of textile
fibres opens up possibilities for designing and fabricating textile circuit
boards, such as digital logic circuits, or active matrix panels, using
textile manufacturing methods [7,232]. In one example, Hamedi et al.
constructed logic elements such as an inverter and a binary tree mul-
tiplexer by selectively fabricating Ohmic contacts, or fibre OECTs at
different crossings of a textile [7] (Fig. 34).

A further interesting application area for integrated textile transis-
tors, especially electrochemical transistors, is biosensing [237–239].
Some groups have demonstrated textile biosensors where fibre based
electrochemical transistors have been used for sensing of glucose and
hemoglobin [239] found in blood, and for the detection of various
analytes from artificial blood [237]. Textile based biosensors are par-
ticularly interesting for wearables, or for large-scale/low-cost devices.

4.9. Devices for energy harvesting and storage

One intriguing concept is to equip textiles with the ability to both
harvest and store electricity, which could then be used to power other
electronic devices such as for instance sensors and logic circuits. A
number of physical phenomena exist that permit to generate electrical
power, including piezoelectrics, thermoelectrics and triboelectrics, as
well as photovoltaics. The power density of many energy harvesting
concepts is on the order of microwatts, which is not sufficient to con-
tinuously power most electronic devices. Therefore, it will be necessary
to integrate energy harvesting and storage devices (supercapacitors,
batteries) into the same textile. For instance, an energy harvesting de-
vice could be used to gradually charge a supercapacitor, followed by
rapid discharge of the latter to briefly power an otherwise idle sensor,
transmitter, etc. Several fabrics have been demonstrated that combine
triboelectric generators and/or solar cells with (super)capacitors

[12,22,240–242]. An extensive body of literature on textile based en-
ergy harvesting and storage devices exists and we refer the reader to
several recent reviews for a complete overview [21,24,243–246]. We
here focus on piezoelectric and thermoelectric textiles to provide the
reader with a flavour of the type of devices that can be realised with
conducting fibres.

Piezoelectric materials respond to a mechanical stress with the
build-up of charge, and hence an electrical potential, that can be used to
drive a current (energy harvesting) or as a means to detect the impact of
a force (cf. piezoelectric sensing in Section 4.5). The most widely stu-
died piezoelectric polymer is poly(vinylidene fluoride) (PVDF), which
displays a considerable piezoelectric effect provided the right crystal
polymorph (e.g. β-phase PVDF) is present [247,248]. Soin et al. have
demonstrated knitted piezoelectric 3D-spacer fabrics, which consist of
meltspun PVDF monofilaments that form the spacer layer, and silver
coated polyamide yarns that form the top and bottom electrode [17]
(Fig. 35a). These devices were able to generate a peak power of up to
5 μWcm−2. Alternatively, core-shell monofilaments can be prepared
that comprise a conducting core (based on a carbon black/PE composite
with a conductivity of 0.2 S cm−1), which can be used as the inner
electrode, and a piezoelectric PVDF shell. We prepared woven piezo-
electric textiles that generate a continuous power of 4 μW by combining
these core-shell fibres (in the warp direction) with silver-coated poly-
amide yarns (in the weft direction), which acted as the outer electrode
[14] (Fig. 35b). Intriguingly, these woven piezoelectric textiles con-
tinued to function when submerged under water, which indicates that
truly resilient e-textiles are indeed feasible. We anticipate that further
gains in output power can be achieved if more conducting electrode
materials are used, which is of course limited by the need to retain a
certain degree of pliability desired for most practical textile applica-
tions (cf. Section 2.1).

Thermoelectric devices permit to convert heat directly into elec-
tricity [55]. An electrical potential ΔV develops across any (semi)con-
ducting material that is exposed to a temperature gradient ΔT, with its
magnitude defined by the Seebeck coefficient α:

= −α V
T

Δ
Δ (8)

Doped conjugated polymers feature a Seebeck coefficient of tens to
hundreds of μV K−1, depending on the degree of doping. The thermo-
electric efficacy of a material can be described by the figure of merit
that combines the Seebeck coefficient α, the absolute temperature T, as
well as the electrical and thermal conductivity, c and κ, into a di-
mensionless quantity:

=ZT α c
κ

T
2

(9)

To build thermoelectric generators many legs consisting of alter-
nating p- and n-type materials must be connected electrically in series
but thermally in parallel, leading to meander-like structures that can be
realised with a wide range of in-plane and out-of-plane textile archi-
tectures. In case of carbon nanotubes, both efficient p- and n-type
materials with a figure of merit (Eq. (9)) ZT > 0.1 have been realised
[249,250], and modules with a power output of 2.5 μW for a tem-
perature difference of ΔT=27.5 K have been demonstrated [250].
Whereas similar figures of merit can be achieved with p-type con-
jugated polymers based on e.g. PEDOT:PSS [251,252], stable n-type
conjugated polymers with a competitive ZT are still lacking. Several
examples of prototype thermoelectric textiles exist that are based on
PEDOT:PSS coated fabrics or dyed yarns, although further integration
and downscaling is needed to improve the generated power of currently
not more than about 10 nW [18,20] (Fig. 35c–e). In contrast, woven
thermoelectric textiles based on PAN yarns [19] decorated with in-
organic materials (Sb2Te3 and Bi2Te3) reach a considerably higher
power output of up to 1 μW for ΔT=55 °C, which indicates that there is
further room for improvement once better carbon-based thermoelectric
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materials have been developed. The power factor α2c of both carbon
nanotubes and conjugated polymers tends to increase with the con-
ductivity c [249,253], and therefore we postulate that the most efficient
thermoelectric textiles will ultimately be produced with highly con-
ducting (but somewhat pliable) fibres or yarns, possibly on the order of
102–103 S cm−1. Despite a compromise between conductivity and

stiffness (cf. Fig. 1) it is also important to consider the impact of or-
ientation on the thermal conductivity (Eq. (9)). Doped conjugated
polymers and carbon nanotube/polymer nanocomposites tend to dis-
play a relatively low thermal conductivity of κ ∼0.5–1.5Wm−1 K−1

[254–256]. However, high modulus fibres of e.g. UHMWPE reach va-
lues of κ > 10Wm−1 K−1 [257], and thus we anticipate that the
concomitant increase in thermal and electrical conductivity ultimately
limits the thermoelectric figure of merit of carbon-based conducting
fibres.

5. Environmental aspects of E-textiles

In this section we discuss the environmental aspects of e-textiles
associated with their life cycle phases. Materials are generally designed
towards a final application in a product, which will go through a life-
cycle of materials extraction, manufacturing, use phase and finally the
end-of-life (Fig. 36). Cradle to gate approaches will only include the
impact of the first two lifecycle phases. This can provide insights in the
environmental performance of materials as such and facilitate an ob-
jective comparison to other materials, but will not account for the
overall footprint of the final product. For example, the environmental
impact of polyester fibres is lower than that of nylon fibres. Still, be-
cause the process of weaving requires about twenty times as much
energy as the process of knitting, the impact of a knitted garment made
from nylon fibres might be lower than the footprint of a polyester
garment manufactured by weaving [258,259]. Indeed, we want to
emphasize the importance of taking the whole lifecycle into account for
environmental assessment. Consequently, designers of e-textiles must
include life cycle thinking in the early stages of the design process
[260].

The first generation of e-textiles, as developed in the early years of
this century, merely consisted of electric components e.g. lighting ele-
ments, sensors, conductive wires, printed wire boards, switches and
batteries, that were added onto textile substrates (cf. Section 4.1). These
materials could be used to enhance the functionality of sports and
outdoor clothing, for example for heart rate monitoring and to control
mobile devices, but also for fashionable applications such as integrated
light emitting panels in shirts and shoes [261]. For these kind of “semi-
integrated” e-textile products a combination of life cycle assessment
(LCA) and eco-design can provide guidelines to lower the eco-costs of
the final product, by means of awareness in materials selection already
during the early design stage [262]. The rapid developments in the
field, however, are already resulting in new types of e-textiles, with a
higher degree of integration of electronics and electrical materials, in-
cluding nanoscale components. Carrying out an accurate LCA of these
products is challenging, because of non-conventional material combi-
nations and manufacturing processes not included in contemporary
LCA databases. A future approach might be the integration of LCA and
risk assessment, but this visionary method is yet to be implemented
[263].

5.1. Eco-design of e-textiles

From an eco-design point of view, and focusing on the first life cycle
phase − material extraction − the trend towards smaller parts and less
material is a positive one. As the component size decreases and their
efficiency increases, the same functionality can be achieved with use of
less material. Also, the recent developments in conductive fibre mate-
rials and the shift towards bio based and non-metallic solutions for e-
textiles, do fit well with the eco-design approach. For example, silver is
known as a scarce material, which is difficult to mine and has a much
higher environmental impact than carbon black. The eco-cost (a single-
unit prevention based indicator for environmental burden [264,265]),
for silver trade mix is 162.00 €/kg while the eco-cost of carbon black is
0.31 €/kg [266]. The diminution up to a nanoscale, however, may lead
to hitherto unknown environmental problems and health issues

Fig. 35. Textiles for energy harvesting: (a) A piezoelectric 3D-spacer fabric that
generates a voltage upon compression (Reproduced from [17] with permission
of The Royal Society of Chemistry); (b) a strain-sensitive woven fabric with
bicomponent piezoelectric yarns (Reprinted from [14]− Published by Springer
Nature), and (c) an embroidered 26-leg thermoelectric device which, when (d)
subjected to an in-plane thermal gradient produces (e) up to 37mV and 12 nW.
Reproduced from [20] − Published by The American Chemical Society.
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[260,267]. Certainly there may be consequences of manufactured na-
noparticles entering the soil, the air and organisms and at present it is
not well known how the already applied nanotechnological solutions in
daily products affect the environment [263].

The environmental impact of the manufacturing stages of textiles in
general and specifically for e-textiles is dominated by the energy use
(measured in terms of embodied energy), the use of (sometimes toxic)
materials, chemicals and additives. The release of the latter and the
leakage of base materials can harm the environment already during
processing, but also during the next use-phase. In the fashion and textile
industry, microfibre leakage during manufacturing and consumer
laundry gains a lot of attention [268,269] and research for the re-
placement of microfibres shedding materials and preventative solutions
has been initiated [270,271]. It is known that for e-textiles containing
silver particles, the leakage of the silver during laundry can be con-
siderable [272]. In non-metallic e-textile materials, concerns from this
perspective might arise around the effects on human health due to
dopant release from conjugated polymers or carbon materials, or the
CNTs/graphene themselves [273]. Here it is interesting to note that
initial studies on the wash and wear resistance of conducting fibres is
encouraging. For instance, Ryan et al. studied PEDOT:PSS dyed silk
fibres and found that the conductivity was unaffected by several
washing cycles [20] indicating that the conducting material, which is
considered to be biocompatible [274], does not wear off (Fig. 37).
Moreover, washable e-textiles comprising GO [164], PANI [154] or
PEDOT:PSS in a PU binder [171] have been reported.

5.2. To recycle or to not recycle

With reference to the end-of-life of e-textiles the topic of circularity
comes to the fore. The ultimate goal is to make fashion circular by
keeping products and materials in the loop as much and as long as
possible. In the fashion and textiles industry, methods for post-con-
sumer waste collection are under development and current textile re-
cycling and collecting schemes are being up-scaled. Recycling of textile
materials can be done in several ways, at different levels including
fabric recycling (cutting and re-sewing the product while the fibres
remain intact), yarn recycling (unravelling the yarns used to make the
product), fibre recycling (the textiles are shredded and reprocessed into
fibres), polymer recycling (after melting or dissolving the polymers new
fibres are spun) and chemical recycling (disintegrating the polymers
into individual monomers to form new building blocks) [275]. The
practice of textile recycling today concentrates on mechanical re-
cycling, mainly for PET. Although the textile industry is making pro-
gress and processes to separate materials to the neat materials are being
developed, in general composite textile materials and blends are chal-
lenging to recycle. The introduction of unknown and unrecognised
blends and materials into these recycling schemes, as will be the case
for e-textile products, may obstruct the currently available processes.

Conjugated polymers, for example, can in principle be recycled
through melting, but this would require de-doping. Chemical recycling

on the other hand might be a potential route to separate the fibre
components into monomeric material streams that can be used again as
feedstock materials. Finally, there is always the possibility to incinerate
the materials at the end of life, with or without energy recovery and in
controlled facilities, but this way of waste treatment is only common
practice in a few places in the world such as the Nordic countries. It has
been observed that e-textile designers are concerned about the sus-
tainability of wearable electronics, and that the issue is a topic on the
design agenda [276–278]. On the other hand, designers are intrigued
by the possibilities that new materials offer and eager to explore the
open playground. As long as the uncertainty about the impact of newly
developed materials remains, it is advised to start as early as possible in
the (material) design process with the exploration of (1) the toxicity
and scarcity of the basic materials, (2) the prospective impact of the
manufacturing processes, (3) the durability of the product during the
use phase, and (4) the impact of a possible unintended end of life sta-
dium.

In relation to the growing concerns about the exponential rise of
textile production volumes [279] it would be desirable if e-textiles are
able to replace a part of the growing clothing mountain rather than
adding to the current portfolio of clothing products [280]. This again
underlines the importance of retained textile qualities in electronically
functionalised textiles, i.e. the material should still have an attractive
appearance and feel, resistance to wash and wear as well as relevant
mechanical properties. It is envisioned that the most promising type of
material, from an environmentally friendly point of view, is a material
that allows the variation of mechanical and electrical properties
without changing the type of components, but only their stoichiometry
and composition (e.g. coated and dyed fibres and textiles, as well as
those based on blends and nanocomposites; cf. Sections 3.2, 3.4 and
3.5).

We expect that the complexity of this issue requires close colla-
borations in perhaps novel constellations across both industrial sectors
(such as textiles, fashion, electronics and waste recycling) and scientists
of several disciplines (such as biotechnologists, toxicological specialists
and material engineers). While the penetration of e-textile products to
the market is already ongoing and possible harmful effects are still
unknown it is advised, as a first step, to remain transparent with re-
ference to the materials composition of the products. This could be done
by electronic tracking of textiles and their components throughout the
whole lifecycle, as well as adequate labelling of the final products,
which will ease end-of-use recycling. In the foreseeable future, an
agreement of the e-textiles sector to select one type or a convenient set
of types of materials that can be used for a wide range of applications,
would be beneficial. Alongside this initiative, ongoing research towards
the least toxic carbon nanoparticles [281,282], biodegradable and
nontoxic electronic polymers [274,283,284] and materials for transient
electronics, which degrade over time [285–287] could steer the har-
monisation process over time. We refer the reader to the aforemen-
tioned interesting studies and reviews that cover these topics in detail.

Fig. 36. Outline of the life cycle of textiles.
Reprinted from [262], Copyright (2015), with permission from Elsevier.
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6. Conclusions and outlook

We conclude that conducting fibres with a wide range of highly
intriguing properties can be prepared with conjugated polymers and
carbon nanomaterials, resulting in textile materials with a broad spec-
trum of electrical and mechanical properties. Generally, the electrical
conductivity and Young’s modulus both increase with the degree of
alignment of the fibre forming material, and hence scale with each
other (see Fig. 1). Very conducting (and stiff) fibres, with a conductivity
exceeding 1000 S cm−1, have been realised with conjugated polymers

and in particular carbon nanotubes (as well as in at least one case
graphene). More pliable conducting fibres with a modulus of less than
0.1 GPa have been prepared with polymer blends and nanocomposites,
although the conductivity appears to be limited to about 10 S cm−1

(and less in case of the latter). One type of fibre that has proven elusive
are highly elastic, low-modulus fibres (Young’s modulus< 0.1 GPa)
with a very high electrical conductivity of 100 S cm−1 or more. We
anticipate that the realisation of such fibres would certainly open up
new application areas.

To develop conducting fibres based on carbon materials for practical
use a number of developments are necessary. Currently, many types of
conjugated polymers and grades of carbon nanotubes and graphene are
only available in exceedingly small amounts, which hinders the ex-
ploration of bulk processing schemes, such as the fibre spinning pro-
cesses described in Section 2. In this review only a few types of con-
jugated polymers such as polythiophenes and PEDOT based materials
were discussed. Many others, including high-mobility polymers, are not
available in sufficiently large quantities that are required for fibre
spinning. Likewise, in case of carbon nanotubes and graphene, larger
amounts of high quality materials (e.g. SWNTs with a specific chirality)
must become available so that scalable and, crucially, continuous fibre/
yarn processing schemes can be developed. Further, progress hinges on
the development of more stable doping schemes, since many commonly
used dopants are either too volatile (cf. doping of conjugated polymers
with iodine) or not environmentally stable (e.g. n-type dopants).

Even though the in this review discussed types of conducting fibres
are still at an early stage of development, it is paramount that sus-
tainability aspects are already considered now, since otherwise many
lessons learned will have to be rethought latter on. Factors that should
be taken into account include (1) an ample supply of high-quality
materials, (2) toxicity, (3) the embodied energy of fibre/yarn and tex-
tile production, and (4) ease of recycling. Conducting fibres and yarns
should be suitable for weaving, knitting and/or embroidery/stitching,
which largely rules out very stiff and hence the most conducting fibres.
Instead, a compromise must be sought between a high electrical con-
ductivity and an adequate portfolio of mechanical properties that sa-
tisfy both the demands imposed by textile manufacturing and later by
the desired application. Further, development should focus on a limited
class of materials that can be easily recycled, either by separation or
melting. Ideally, the selected class(es) of materials will be versatile so
that a wide range of electrical and mechanical properties can be rea-
lised without changing the ingredients. Once the here outlined hurdles
have been overcome, carbon based e-textiles are poised to play their
part in advancing the next generation of wearable electronics.
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