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The quest for a close human interaction with electronic devices for healthcare, safety, energy and security
has driven giant leaps in portable and wearable technologies in recent years. Electronic textiles (e-textiles)
are emerging as key enablers of wearable devices. Unlike conventional heavy, rigid, and hard-to-wear
gadgets, e-textiles can lead to lightweight, flexible, soft, and breathable devices, which can be worn like
everyday clothes. A new generation of fibre-based electronics is emerging which can be made into wear-
able e-textiles. A suite of start-of-the-art functional materials have been used to develop novel fibre-
based devices (FBDs), which have shown excellent potential in creating wearable e-textiles. Recent
research in this area has led to the development of fibre-based electronic, optoelectronic, energy har-
vesting, energy storage, and sensing devices, which have also been integrated into multifunctional
e-textile systems. Here we review the key technological advancements in FBDs and provide an updated
critical evaluation of the status of the research in this field. Focusing on various aspects of materials devel-
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opment, device fabrication, fibre processing, textile integration, and scaled-up manufacturing we discuss
current limitations and present an outlook on how to address the future development of this field. The
critical analysis of key challenges and existing opportunities in fibre electronics aims to define a roadmap

rsc.li/nanoscale for future applications in this area.

high surface area and the ability to be intertwined and twisted
in various directions, offers unprecedented degrees of

1. Introduction
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The rapid development of wearable electronic devices in the
last decade is rooted in the ever-evolving advances in materials
synthesis and device design, which led to the miniaturisation
of electronic components through nanotechnology. As wear-
able gadgets are becoming more ubiquitous, a new generation
of purposefully built electronic devices is needed to combine
the functionality of electronic devices with inherent textile pro-
perties such as being lightweight, breathable, skin-compatible,
washable, stretchable and conformable. Fibres are the build-
ing blocks of the clothes we wear and are undergoing a rapid
transformation from traditional passive components into
highly functional ones. The integration of functional electronic
fibres into textiles opens vast opportunities for wearable elec-
tronics. Additionally, the inherent properties of fibres, such as
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freedom, enabling creative device design configurations which
are not possible in planar electronics. A wide range of fibre-
based electronic devices such as transistors,' photodiodes,"”
photodetectors,®”  solar cells,* " batteries,"”* "  super-
capacitors,’®>®  triboelectric  nanogenerators, and
sensors>*?> have been produced. These fibre-based devices
(FBDs) have also been integrated into multifunctional elec-
tronic textile (e-textile) systems, capable of performing more
than one task at the same time such as integrated energy har-
vesting and storage systems and self-powered touch, strain, or
pressure sensing systems.****

Flexible, wearable, and breathable integrated devices
require novel materials that are suitable for electronics, while
offering processability into fibres, yarns, or textiles. A wide
range of recently developed functional materials and conju-
gated polymers such as polyaniline (PANi), polypyrrole (PPy),
and polythiophenes,” ™’ carbon nanomaterials such as
carbon nanotubes (CNT) and graphene,*®*® metal nano-
structures such as silver nanowires (Ag NW),>*** and two-
dimensional (2D) materials such as single layer MoS,, h-BN
and MXenes>**® > have shown potential to be used for wear-
able applications. With outstanding electrical, electronic, or
electrochemical properties these materials are suitable for
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diverse applications and can be processed via a diverse range
of solution-based techniques to produce FBDs. For instance,
graphene with a near-ballistic transport and high mobility (g,
up to 3 x 10° em® V' s71)*® and tuneable electronic properties
is an attractive material for electronics and optoelectronics.
The versatile solution processing of graphene®®> has paved
the way to a large range of printing and coating techniques,
such as inkjet printing,>"** screen printing,®®® gravure print-
ing,*” and spray coating®® to make textile-based electronics.>®
In addition, the ability to produce and stabilise high concen-
tration graphene and graphene oxide (GO) in solution®*%%7"3
has enabled their processing using techniques such as extru-
sion printing, three-dimensional (3D) printing, and solution
spinning.”*”® The large platform of electronic properties
offered by 2D materials based inks has provided a pathway to
more complex printed electronics, including complementary
metal oxide semiconductor logics (CMOS),*° leading to solid-
state heterostructures on textiles.”>®' A recent class of 2D
materials called MXenes (e.g., Ti;C,T,)**®* with a combination
of metallic conductivity (~15100 S em™")** and high electro-
chemical properties (leading to specific volumetric capacitance
of up to ~1500 F cm™*)** have shown potential for fibre-based
energy storage and sensor devices.'82%?27243986°88
addition, 2D materials may be combined with functional poly-
mers in the form of hybrid composites, or purposefully
arranged to create heterostructures leading to novel or
enhanced functionality, broadening the viability of these new
family of materials for e-textiles.

Techniques such as coating, solution spinning, and twist-
ing are suitable to incorporate novel functional materials into
fibre-based structures which could later be used to develop
various devices.'®'73878:89794 Coating of fibres can be achieved
through in situ chemical polymerisation,®® dip-coating,’® spray
coating,”” inkjet printing,® and screen printing.”® Solution
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spinning has proven to be a particularly viable technique in
achieving pristine, composite, or hybrid fibres from a diverse
range of functional materials such as poly(3,4-ethylene-
dioxythiophene):polystyrene  sulfonate ~ (PEDOT:PSS),**°
CNTs, 1% GO,”>7*77 and Ti;C,T, MXene>* among others.
Functional yarns such as CNT/PEDOT'** and CNT/Ti;C,T,
MXene®® can be produced using twisting techniques such as
biscrolling which confines the functional guest in the gaps of
CNT scrolls. The practical use of fibre-based electronics in
wearable applications relies on their ability to be integrated
into an e-textile system. To this end, FBDs must be processable
beyond lab-scale and must meet the strength and flexibility
requirements of conventional textile processing techniques
such as knitting, weaving, or braiding. Several studies have
shown that scale-up fibre processing should be achieved to
enable the production of free-standing and self-supporting
e-textiles with sensing or energy storage functionalities.?*?>”-%%
In addition to scalability and mechanical properties, e-textiles
made of FBDs should be wearable like everyday clothes, resili-
ent to environmental conditions, safe to produce and wear,
require low power to operate, need minimal change in conven-
tional textile design, and be cost-effective in order to achieve
commercially-viable textile-based wearable products.

The field of fibre-based electronics has emerged by the con-
vergence of the two discrete fields of electronics and fibre pro-
cessing and has evolved and diversified significantly over the
recent years. This review article provides a survey and critical
evaluation of the research progress in this rapidly growing
While articles have discussed fibre-based
energy storage, sensing,® and mechanical energy
harvesting®®° systems, this review focuses on the material,
processing, fabrication, and structural design aspects of a
diverse range of fibre-based electronic devices including tran-
sistors, photodiodes, photodetectors, and solar cells, and will
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provide guidelines on the current techniques to integrate these
into multifunctional e-textile systems. Here, devices are
defined in the context of fibres and textiles, and their funda-
mental performance metrics are discussed. In section 2, the
advancements in fibre-based electronic components, such as
electrochemical transistors and dielectrically-gated field-effect
transistors (FETs) are first presented, followed by an overview
of how these FBDs can be used as a switch, multiplexer, and
simple logic gates, enabling fibre-based electronics and e-tex-
tiles. Section 3 presents a summary of the recent progress
towards the fabrication of fibre-based optoelectronic devices
such as photodiodes and photodetectors as well as various
fibre-based solar harvesting devices including dye-sensitised,
organic, and perovskite solar cells. The integration of multiple
single-function fibres is discussed in section 4, where we
present techniques to interweave FBDs to achieve multifunc-
tional e-textiles, such as self-powered fibre-based sensors and
textile circuits. We focus on two main approaches to fabricate
integrated multifunctional systems, such as seamlessly con-
necting separate single-function FBDs or developing a hybrid
multifunctional fibre. The success of fibre-based electronics
will depend on the development of feasible and scalable fibre
processing and the adoption of industrially viable manufactur-
ing technologies. Section 5 outlines the guidelines on the
materials selection, methods, and performance requirements,
which are expected to help researchers achieve scaled-up pro-
duction of the FBDs. Finally, a critical analysis of the key chal-
lenges and opportunities in the current research is presented
in section 6, to provide an outlook for the future research
directions in this field.

2. Fibre-based electronics

The integration of electronic functionality into textile fibres
has advanced significantly over the past two decades. A transis-
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tor is a fundamental electronic component used to switch or
amplify electronic signals. The first step towards achieving the
fibre-based microprocessor chip is to produce the fundamental
components like an FET to build simple circuits such as logic
gates, memories, and CMOS. The advantage of a fibre FET is
to produce a microprocessor that will fulfil the operational
requirements of future e-textiles to store data or enable logic
operations while maintaining original properties of textiles,
not possible with conventional FETs. For this reason, research-
ers in e-textiles have tried to integrate FETs with fibres and
quantify its performance in terms of field effect mobility (u)
and current on/off ratios, Ions (the difference between the on
state current and off state current). Some of the earliest work
involved the fabrication of amorphous silicon (a-Si) FETs on
polyimide (PI or Kapton) substrate using plasma enhanced
chemical vapour deposition (PECVD) combined with photo-
lithography.'® The PI-based a-Si FETs were cut with plasma
etching to make fibre-like strips and were subsequently weaved
into a pattern similar to that of a textile."®® A follow on work
connected the fibre-like strip FETs to create a signal inverter,
using a conductive fibre (PI fibre coated with gold) to supply
the power and read the input and output signals.'®® However,
e-textiles must retain a form factor similar to original textiles
(in order to ensure breathability, comfort and stretchability)
which cannot be achieved when using polymeric strips with
PECVD transistor manufacturing.

Conducting polymers and metal oxides offered a route to
improve performances and manufacturing of FBDs. For
example, poly(3-hexylthiophene) (P3HT), poly(3-hexylthio-
phene-2,5-diyl), poly(9,9-dioctylfluorene),’®>*°”'%% and metal
oxide (copper oxide)'’® created semiconducting fibres through
an electrospinning process. Electrospinning involves the use of
an electric field to produce submicron fibres from a solution
or dispersion. The electrospun fibres of P3HT and copper
oxide were placed across evaporated source/drain electrodes on
a silicon/silicon dioxide substrate to determine the output

Ladan Eskandarian is a Research
and Development Lead at Myant
Inc., Canada, where she designs
and develops multi-functional
fibres for various smart textile
applications. She is also pursuing
her doctoral studies in Material
and Engineering at
University of Toronto, Canada.
She obtained her B.S. in Textile
Chemistry and Fibre Science in
2013, and she received her M.Sc.
Analytical and  Physical
Chemistry in 2016. Her research
interests include sustainable fibre electronics, fibre-shaped energy
storage devices, active soft materials, and electroactive fibres for
electrophysiology and neuromodulation applications.

Science

{
il
lﬁ\\\\ L
RRLRLREN

Ladan Eskandarian in

AR
HERAN

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nr02061g

Open Access Article. Published on 12 July 2021. Downloaded on 1/20/2026 12:26:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

characteristics.'?'%71% For both P3HT and copper oxide
fibres, the devices had u in the range of 0.001-0.06 cm®> V" s™*
and Iy ~ 10°-10%.1°%197198 The P3HT and copper oxide
fibres were too fragile to be sewn into textile and had gate (V)
and drain (Vp) voltages of more than 20 V. Therefore, these
fibres may quickly consume the power of a portable supply
due to the device’s high power consumption (>100 pW per
transistor).' 718

Transistors based on electronic fibres have since emerged
into two dominant categories, electrochemical transistors and
dielectrically-gated FETs. For electrochemical transistors,
several strategies have emerged to assemble the device on the
fibre. In one example, scientists used two polyamide (PA or
nylon) fibres coated by PEDOT:PSS and crossed them over
each other (Fig. 1a) to define the source, drain, gate and semi-
conducting channel of the transistor." A liquid electrolyte solu-
tion containing PSS electrolyte/sodium perchlorate/sorbitol/
water/glycol (PSS:SC:S:DiW:G) was drop-cast to define the
dielectric." The device had I, ~ 10° and operated at low
voltage (Vp, < 2 V). This approach enabled p-type inverters and
a binary tree multiplexer using the electrochemical transistors
in a crossbar geometry. The fabrication of a multiplexer is
crucial to reduce the number of wires used in a digital elec-
tronic system. This work used a PEDOT:PSS fibre as a load
resistor in the p-type inverter. Ohmic connections between
fibres were created by placing drops of PEDOT:PSS at fibre
intersections."

A similar fabrication process was used to make electro-
chemical transistors by submerging silk fibres in poly(4-(2,3-
dihydrothieno[3,4-b]-[1,4]dioxin-2-yl-methoxy)-1-butanesulfonic
acid) (PEDTS) solution and assembling electrochemical tran-
sistors using a crossbar geometry as shown in Fig. 1a.> The
mechanical robustness was improved by manual fibre
weaving.? The low operating voltage (V;, = 1 V) is maintained,
however, the I, reduces to ~102.> Fibres have also been
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used as a shadow mask to define a gap between evaporated
gold electrodes on a fibre (Fig. 1b).> The fibre with the evapor-
ated electrodes was then passed through P3HT in chloroform
(by immersion and pulling) to form a continuous semicon-
ducting film. A gold wire was crossed over the P3HT to define
the gate and a liquid electrolyte containing 1-butyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide (BMIM TFSI)
and poly(1-vinyl-3-methylimidazolium) bis(trifluoromethane-
sulfonimide) (poly[VIiEtIm][Tf2N]) was used as the dielectric
achieving I, o ~ 10 at V, = 1 V.? In another approach a gold
wire was wrapped around a cotton thread to create source and
drain.''® P3HT was then drop-cast onto the thread and an
ionic gel containing 1-ethyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide (EMIM BTI) was swabbed onto the
surface as the electrolyte. An additional gold wire was sus-
pended in the EMIM BTI to create the gate (Fig. 1c)."'® A
similar process was used to create thread transistors, with
semiconducting CNT replacing P3HT. CNT based devices
achieved I, /o ~ 10% and P3HT devices achieved I,y o ~ 10° at
Vb = 1 V while y remained constant for both CNT and P3HT
devices at 3 cm® V' s7'. These devices were then used to
create logic gates, such as NAND, NOR and NOT producing a
single binary output by using two binary inputs for the NAND
and NOR gates and single binary input for the NOT gate."*®
This work also integrated (i.e., by simply wrapping a gold wire
around) three of the fibre transistors to create a multiplexer
which used the input from three transistors and directed the
binary information to a single output.

A different strategy has been proposed by using GO/silver
fibres and encapsulating them in polyurethane (PU) to define
the source, drain and gate electrodes (Fig. 1d).""" The fibres
contact an ionic gel and P3HT inside a gap in the PU fibre to
complete the electrochemical transistor.''’ The electro-
chemical devices had y ~ 15.6 cm? V' 57" with I,,0 ~ 10" at
Vb = 1 V. More recently, researchers coated a gold fibre with
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P3HT and twisted two wires together (Fig. 1e) defining the
source-drain length (i.e., the distance between the source and
drain contacts). An ionic liquid (EMIM BTI) was coated over
these twisted wires as the dielectric layer and a gold fibre was
twisted around the dielectric to define the gate electrode.'™* A
silicone rubber passivation layer was then used to protect the
geometry of the structure."'” The electrochemical transistor
achieved p ~ 0.2 cm? V™' s7' with I, 0 ~ 10 at V = 0.5
V. Fibre geometries can increase complexity of devices. For
example, twisted geometry was used to define a gate on a
PEDOT:PSS coated Kevlar fibre with liquid electrolyte (PSS:SC:
S:DiW:G).'"® The authors manually weaved the fibre into
cotton fabric and connected the fibre to an external circuit to
create an OR logic gate.''? However, in each of the geometries
proposed (Fig. 1a—e), the authors used liquid electrolyte, which
can evaporate quickly without encapsulation. Therefore, it can
be difficult to infer the electrolyte volume and its effective
thickness when modulating the semiconductor. Consequently,
evaluation of y is frequently missing in electrochemical fibre
transistor literature, which makes a comparison between
methodologies challenging. The two device geometries, which
use encapsulation layers (Fig. 1d and e) demonstrated a one-
magnitude improvement in I, ¢ indicating the importance of
the encapsulation step to maximise the performance of an
electrochemical fibre transistor. However, it is unlikely that
devices modulated by ionic liquids will be a widely adopted
manufacturing strategy due to their slow electronic response
and unsuitability for textiles manufacturing due to the adop-
tion of liquid-containing fibres.
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The dielectric geometry can be easily controlled using a
FET structure, which typically uses a single fibre (Fig. 1f) and
is normally fabricated through the following methodology. A
conducting polymer fibre of PEDOT'" or a wire made of
gold,"*® aluminium,""” 114 s frequently used to define
the gate. The gate fibre is then coated with a dielectric material
such as parylene C,'" aluminium oxide,""” polydopamine''®
or poly(4-vinylphenol) (PVP)'*® where the dielectric thickness
can be precisely controlled. Generally, dielectrics with high
dielectric constants (e, > 3) are desired to minimise the operat-
ing voltage (<10 V) which is essential to fulfil the low power
requirement of FBDs while environmental stability is also
important. Some studies have already succeeded in this
regard, for example, aluminium oxide''” and a copolymer of
vinylidene fluoride and trifluoroethylene (VDF-TrFE)"'* have
been used to reduce the Vg and Vp to <5 V in fibre FETs and
are stable in air ambient. The transistor channel can be fabri-
cated through evaporation of organic molecules (e.g,
pentacene''*!'>11711%) by organic molecular beam deposition
system or through die coating of organic semiconductors (e.g.,
2,8-difluoro-5,11-bis(triethylsilylethynyl )anthradithiophene).**®
The source and drain contacts are then created through
thermal evaporation of metals. Gold is typically used due to its
low contact resistance with organic semiconductors, such as
pentacene,"''"7118 however, silver paint''® has also been
used. The contacts fabricated through evaporation are usually
defined using a fibre as a shadow mask.''® A different
approach for contact electrodes uses interwoven conductive
fibres to define the source-drain electrodes."’” "' The
majority of fibre FET’s performance extends from p ~ 0.01-
0.3 ecm® V' 57! with I,n0x between 10°-10*1'>1177119 FET-
based fibres using evaporated pentacene on a silver wire (gate)
as the active semiconductor and evaporated gold (source/
drain) electrodes have been successfully integrated into tex-
tiles. The fibre FETs were flexible down to bending radius of
2 mm. The flexible fibre FETs were used to enable fibre mem-
ories which have switching stability for ~100 cycles and
retains the signal (i.e., constant current) for >5 x 10* s at low
operating voltages (<5 V).'**

or silver

3. Fibre-based optoelectronic and
solar harvesting devices

3.1. Fibre-based optoelectronic devices

Photodetectors are devices that can convert optical signals
from  incident  photons into  electrical  signals.
Photoresponsivity (R;) and on/off ratio for the photocurrent
(Inght/ldark) are the key parameters which are used to examine
the performance of photodetectors. R; is defined as the ratio
of the incident power (P) of the electromagnetic (EM) radiation
on a photodetector and the photocurrent (I, = Light — ldark)
generated (R; = Ip/P). Dighe/laark is effectively a ratio between the
current flow through the photodetector in the presence (iighe)
and absence (Iga) of EM radiation. Noise equivalent power
(NEP) is another figure of merit, that is concerned with the

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) An electrochemical transistor is shown which is constructed with two PA fibres coated with PEDOT:PSS crossed perpendicular to each
other, a liquid electrolyte is used as the dielectric.* (b) An electrochemical transistor where the source—drain electrodes are defined by evaporation
and coated over by P3HT and gated by an electrolyte.? Adapted with permission from ref. 2. Copyright 2009 Wiley. (c) Gold wire was wrapped
around a fibre dyed with P3HT semiconducting ink to define source—drain contacts. A gold wire can then be suspended in an electrolyte to modu-
late the fibre.!® Adapted with permission from ref. 110. Copyright 2019 American Chemical Society. (d) Encapsulation of an electrochemical transis-
tor structure in PU, fibres suspended in the PU define the device contacts.'' (e) Gold wire was coated with P3HT and twisted to create the transistor
source—drain and channel. The fibre was coated with electrolyte and gated with a twisted metal wire.'*> Adapted with permission from ref. 112.
Copyright 2019 Wiley. (f) The most common FET structure, which was gated with a solid dielectric. Metal wire defines the gate and is subsequently
coated with dielectric and semiconducting layers. Evaporation of metal was used to create source—drain electrodes.* Adapted with permission
from ref. 114. Copyright 2019 American Chemical Society.

input power, which produces an output signal with the same
power as the internal noise of the device. A cylindrical shaped
device such as a fibre-based photodetector could detect more
EM radiation compared to flat geometries, due to the larger

This journal is © The Royal Society of Chemistry 2021

surface area available for the EM radiation to interact with the
photoactive materials."*® Additionally, fibre devices have the
potential to provide spatial information which is not possible
with planar devices."”"'** This is because there is less limit-
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ation on the incident EM radiation angle for a fibre shaped
photodetector compared to a planar photodetector which has
a blindspot.'*® For example, if a fibre is exposed to EM radi-
ation from all angles, the photocurrent as a function of
different incident EM radiation angles can be translated into
spatial information by assigning the directionality of the inci-
dent EM radiation to the corresponding photocurrent
reading.’®! One of the earliest example of a fibre-based opto-
electronic device was fabricated by using a semiconductor core
(As40SesoTe;0Sn;) as the sensing element and an outer shell
made of polyethersulfone (PES) as an insulating material
(Fig. 2a)."*>'?° Tin wire arrays surrounded the As,oSesoTe;,Sn;

+
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200 pm
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core and were used as the electrodes. All the components of
the fibre including the tin wire arrays were assembled via
thermal drawing. The thermal fibre drawing method"?’
involves heating a material (usually a polymer) beyond its glass
transition temperature and then extruding it as a fibre. The
electrodes were then connected to an external circuit using
copper wires, which were attached to the ends of the fibre with
the aid of conductive sliver paint. This photodetector showed
an ohmic behaviour with an optical intensity loss of ~5.5 dB
m™" at the wavelength of 1500 nm. This loss in intensity
occurs as the EM radiation propagates from the surface of the
cladding to the sensing element (AssoSesoTe;oSns) and can be

Semiconductor device
Polycarbonate

7 =/

{ler 4
250 um

Hydrothermal

Assembly of
graphene

(a) Schematic illustration of the cross section of fibre-based photodetector made of a photoconductive core (AszoSesoTe1oSns), metal con-

tacts, and an outer polysulfone (PSU) cladding, interacting with electromagnetic radiation. (b) Various components (1-4) used to make GaAs photo-
detector where component (3) shows a polycarbonate (PC) slab which has pockets to accommodate the GaAs semiconducting p-i-n photodiodes,
whereas, components (1) and (4) are slabs of PC with grooves that accommodate tungsten wire.*?® Reprinted by permission from Springer Nature
Customer Service Centre GmbH: Nature ref. 129, Copyright Springer Nature (2018). (c) Thermal drawing used to fabricate a Se-based photodetector
where carbon-loaded polycarbonate (CPC) acting as the electrodes and PSU as the insulating outer layer.**° Adapted with permission from ref. 130.
Copyright 2017 Wiley. (d) Optical (top) and SEM (bottom) images of the cross section of Se based photodetector.?*® Adapted with permission from
ref. 130. Copyright 2017 Wiley. (e) ZnO nanowire based photodetector which has the device architecture Zn wire/ZnO NRs/PVK/CNT/PDMS where
PVK acts as the hole transport layer and CNT and Zn as the electrodes.® Adapted with permission from ref. 131. Copyright 2016 Elsevier. (f)
Fabrication steps used to make ZnO NRs fibre-based photodetector where graphene and Zn wire were used as the electrode.'3? Adapted with per-
mission from ref. 132. Copyright 2018 Wiley.
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attributed to the absorption taking place in the polymer
cladding."*>'*® An array of 64 individual fibre-based
AsyoSesoTe;oSns photodetectors were woven into a 32 x 32
square grid (32 fibres in vertical and 32 fibres in the horizontal
direction) with a 24 x 24 cm® dimension."”® This resulting
textile-based device was then used as a lensless imaging
system which could measure the amplitude and phase of the
incident EM radiation.*® The incident light on the fibres
caused a change in the local voltage, which was used to ident-
ify the location of the illumination point, via an appropriate
algorithm.

The pioneering work on As,SesoTeqoSns fibre-based photo-
detectors fuelled many future works as outlined subsequently
in the rest of the section. However, it missed a full characteriz-
ation of the figures of merit associated with the fibres and the
photodetectors. Additionally, the use of metal wires offers
limitations in practical applications where wearability is essen-
tial. The heavy weight associated with the metal wires and
semiconducting core combined with the lack of flexibility
hinders the ability of fibre-based photodetectors to conform to
the body shape of the user.'*® More recently, flexible FBDs
were developed using a gallium arsenide (GaAs) photodetector
and gallium-based light-emitting diode (LED) embedded
inside a polycarbonate (PC) cladding via a thermal fibre
drawing method (Fig. 2b)."*® The GaAs-based flexible photo-
detector device showed Figne/lqark ~ 10%. The Night/Igark Was
enhanced due to the presence of the outer PC layer which
allowed for the collimation of light onto the GaAs photo-
detector.’®® This is because the outer PC layer had a planocon-
vex (i.e. one side is planar and the other side is convex) shape
which effectively made it act as a lens when the GaAs photo-
detector was placed at the focal point of the LED fibre. The
thermal fibre drawing method has also been used to produce
fibre photodetector devices based on selenium (Se) as the
sensing element, which could detect EM radiation in the
visible region (Fig. 2¢).”**'** The Se photodetector was com-
prised of a polysulfone (PSU) outer cladding and a PC compo-
site loaded with conductive carbon as the electrical contacts
(Fig. 2d) and resulted in a R; ~ 0.019 AW and figne/Iqark ~
32.1%%13% The R, in these devices was enhanced by polishing
the cross-sectional area and encouraging the growth of Se
nanowires. Polishing provided nucleation sites where Se atoms
can crystallise when the Se fibre is placed in a solution of
1-propanol, which has dissolved Se atoms for 1 h after being
polished. The optimised Se-based device resulted in a R, ~
0.06 AW " at a power of 200 nW (voltage, V, of 10 V and light
wavelength, 1, of 532 nm) and Lign/Igark ratio of ~700-800. The
improvement in R; and Ijign¢/lqark is due to the presence of Se
nanowire on the fibre surface, which offers a larger active
surface area compared to bulk Se.'*® In addition, the NEP of
the Se photodetector was ~76 pW Hz~ /%, which is comparable
to commercial silicon-based photodiodes.'*’

Zinc (Zn) core fibres with photoactive zinc oxide nanorods
(znO NRs) grown perpendicularly on the surface as a shell
enabled fibre photodetectors for ultraviolet (1 ~ 250-400 nm)
sensing.’*! The Zn wire/ZnO NRs was subsequently dip-coated

This journal is © The Royal Society of Chemistry 2021
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with a layer of poly(9-vinylcarbazole) (PVK) as the electron
blocking layer and then PEDOT:PSS as the hole transport layer
(Fig. 2e). Finally, twisted CNT wire was wrapped around the
photodetector fibre as one of the electrodes followed by encap-
sulating the device with a layer of polydimethylsiloxane
(PDMS). The produced ZnO-based fibre-shaped photodetector
showed hjgni/Igark Tatio ~2.18 and R; ~ 0.03 A Wt at Vof 0.2
V. Unlike previous works, this result shows a precious metal-
free approach to fibre-based photodetectors.'*® More recent
works improved the ILgni/Igark ratio from ~2.18 to ~7.2 by
replacing the CNT and PEDOT:PSS with graphene produced
using chemical vapour deposition (CVD) while the rest of the
components of the fibre are kept the same (Fig. 2f)."**'** The
use of graphene produced a device architecture of Zn wire/ZnO
NRs/PVK/graphene. The fabrication process is comprised of
less stages given that fewer layers needed to be deposited on
the fibre. Additionally, the replacement of CNT and PEDOT:
PSS with graphene also resulted in an improvement in R; from
~0.03 AW ! to ~0.9 AW™". This R, enhancement can be attrib-
uted to a better contact between the PVK and graphene layers,
which allows for a more efficient charge separation, thus redu-
cing the chances for hole and electron pairs re-combination.
Subsequent works demonstrated a patch made from a nickel
(Ni) net as the core shell subsequently coated with ZnO NRs/
Ag NW/graphene, reporting R, ~ 1.92 AW "."*° The patch was
made by growing ZnO on a Ni net using hydrothermal syn-
thesis, followed by coating the ZnO surface with Ag NW and
finally transferring a graphene electrode layer grown by CVD.
The enhanced performance in R; in this work was achieved by
the addition of Ag NW as a hole transport layer between the
ZnO NRs and graphene. The Ag NW forms an ohmic contact
with the ZnO NR, which converts the double Schottky hetero-
junction structure in Ni-ZnO-graphene into a unidirectional
Ni-ZnO Schottky heterojunction. The presence of a uni-
directional Schottky heterojunction allowed for efficient
charge separation and transportation, thus enhancing R;.
Despite the higher R, compared to the previous results, the
Dight/Igark ~ 4.2 dropped from ~7.2 observed for Zn wire/ZnO
NRs/PVK/graphene.

In general, devices prepared using the fibre drawing
method perform better than those achieved through a sequen-
tial deposition of layers (Table 1)."*""*? Ly /Iqan. ratio and R,
for thermal fibre drawn devices were shown to be ~1-2 orders
of magnitude greater than those produced using a multi-stage
fabrication process where each layer was assembled on a core

Table 1 Fibre-based photodetectors and their figures of merit

Fibre based optoelectronic R,

device structure (AwW™) Light/Iqark  Ref.
As40SesoTe;oSns/Sn/PES — — 125
GaAs/W wire/PC — ~10* 129
Se/CPC/PSU ~0.06 ~700-800 130
7Zn/ZnO NR/PVK/PEDOT:PSS/CNT/PDMS  ~0.03 ~2.18 131
Zn/ZnO NR/PVK/graphene ~0.9 ~7.2 139
Ni/ZnO NR/Ag NW/graphene ~1.92 ~4.2 140
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fibre via dip-coating or hydrothermal growth. This difference
in fibre-drawn devices were due to a smoother interface
between the shells composing the fibre, which resulted in
better contact between all different shells in the device. The
smoother interface between the layers comes from a better
cohesion amongst different shells of the thermally drawn fibre
photodetectors. This reduces charge trapping at the interface,
resulting in a better charge transfer between different junc-
tions of a photodetector. However, the range of materials that
can be thermally drawn to make optoelectronic fibres is
limited, given they require similar viscosities at a given temp-
erature, so that the drawing speeds of all device components
are similar. On the other hand, depositing each component of
the photodetector separately enables the use of a wider range
of materials having different viscosities. However, this fabrica-
tion route often results in devices with poor performances
given the presence of charge trap states at the layer interfaces
and the increased interface roughness. Table 1 shows various
types of fibre-based photodetector and their figures of merit.

3.2. Fibre-based solar cells

Harvesting solar energy with FBDs is considered a sustainable
and environmentally-friendly approach to power e-textiles.'*34¢
Fibre-based solar energy harvesters suitable for textile weaving,
can be divided into three main categories, namely dye-
sensitised, organic, and perovskite solar cells."*”**® Power con-
version open circuit voltage (Voc), short circuit current density
(Jsc), fill factors (FF), and efficiency () are the four key figures
of merit to examine the performance of a solar cell. V¢ is the
maximum voltage available from a solar cell when the current
is zero, whereas Jsc is the maximum current density when the
voltage across the photovoltaic devices is zero (Js¢ = Isc/A,
where Igc is the short circuit current and A is the area of the
solar cell). The  quantifies how much of the input solar power
available for a solar cell device is converted to electrical energy
and is defined as n = VoclIscFF/P;, where Pj, represents the
input power. The FF is the ratio between the maximum obtain-
able power (Pp,.) and the product of open-circuit voltage and
short circuit current (FF = Pn../IscVoc)- One of the earliest
fibre-based dye sensitised solar cells (DSSC) was fabricated by
using a stainless steel (SS) wire coated with a layer of ruthe-
nium (Ru) and copper (Cu) dye-absorbed titanium dioxide
(TiO,)."*® This resulted in a 10 cm long fibre that had a V¢ ~
0.4 V and Jsc ~ 0.01 mA cm~? when the illuminated area was
~9.25 cm”. However, 5 and FF were not reported for this work.
Another work achieved a fibre-based DSSC using a titanium
(Ti) wire/di-tetrabutylammonium cis-bis(isothiocyanato)bis
(2,2"-bipyridyl-4,4" dicarboxylato)ruthenium(u) (N719 dye) sen-
sitised TiO,/platinum (Pt) architecture encapsulated by a flex-
ible transparent plastic tube.'*® The tube was then filled with
an electrolyte made of 1,3-dimethylimidazolium iodide (0.5
M), I, (0.03 M), LiClO, (0.05 M), 4-tert-butylpyridine (0.5 M),
and guanidine thiocyanate (0.05 M) dissolved in acetonitrile.
This DSSC fibre showed Voi ~ 0.68 V, Jsc ~ 14 mA cm™2, FF ~
75%, and 5 ~ 7.41%. When bent at a bending radius of 1 cm,
the value of n decreased by ~10% from its original value,
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showing relatively good flexibility of the device. However, the
cost of Pt makes this approach unsuitable for large-scale
production.**’

The electrolyte used in DSSCs can typically expand due to
the excessive heat generated when the device is operational,
causing mechanical stress."”® Subsequent works used a TiO,
coated Ti wire as the photoanode and a CNT film as the
counter electrode resulting in a device with a Ti wire/TiO, dye
sensitised/CNT architecture.’®® In a DSSC, a photoanode (e.g.,
TiO,) is a positively charged terminal of a photovoltaic cell,
which receives electrons generated by the photoactive medium
and then passes those electrons to an external circuit. A
counter electrode (e.g., Pt or carbon-based allotropes) is the
negatively charged terminal where electrons are received from
the external circuit and is used to regenerate the electrolyte via
a reduction reaction. For example, the TiO, layer was achieved
by electrochemical anodisation followed by immersing the Ti/
TiO, in a solution of N719 dye for 24 h. The CNT film was de-
posited by wrapping a Ni foil/CNT structure around the Ti
wire/TiO, dye sensitised fibre and then peeling away the Ni
foil. The photoactive region of the fibre was ~1.5 cm long.
The use of CNT gained this fibre-based DSSC n ~ 1.6%
when illuminated by a light source with a power density of
100 mW cm™2.'*? This 5 was further improved to ~2.6% by
twisting the fibre-based DSSC with an Ag wire which enhanced
the hole transport along the DSSC. In this case, Voc ~ 0.5V,
Jsc ~ 8.67 mA cm™%, and FF ~ 40% were measured, respect-
ively. Innovative approaches to fibre-based DSSCs tried to
remove the use of precious metals, without compromising on
Voc, Jsc, FF, and 5. In one study, a fibre-based DSSC was
achieved by using CNT fibre as counter electrode which was
coated with a layer of PANi via an electrochemical polymeris-
ation." Cog gsSe nanosheets were then grown on top of the
PANi layer via hydrothermal synthesis (crystallisation tech-
nique) with PANi acting as nucleation sites (Fig. 3a).">* Unlike
previous DSSC fibres, which only made use of bare CNT fibres,
this work used CoggsSe grown on CNT fibres. The working
electrode (electrode on which electrochemical reaction of inter-
est occurs) fibre was made from dye-sensitised TiO, nanotube
arrays coated on Ti wire core with a diameter of ~210 um. The
CNT/PANi/Co, g5Se and Ti wire/dye-sensitised TiO, nanotube
fibre-based structure was then sealed in a transparent tube
with an electrolyte (1 wt% H,O and 0.25 wt% NH,F in ethylene
glycol) as shown in Fig. 3b. This fibre-based DSSC showed
Voc ~ 0.72 'V, Jsc ~ 17.65 mA cm™>, FF ~ 80%, and # ~ 10.28%.
An investigation of the performance as a function of flexibility
of the device revealed that  decreased to ~8.72% and ~7.61%
at bending angles of 90° and 180°, respectively. Voc and Jsc
decreased ~3% and ~30%, respectively, when bent 1200 times
at a bending angle of 90°. The lower performance of the device
at the bending state was attributed to TiO, nanotubes breakage
and flake-off from Ti wire surface.

The use of liquid electrolytes and encapsulation layers
severely limits the mechanical properties and the suitability
for integration with textiles of solar energy harvesting fibres.
Attempts to remove these layers include the use of hydro-

This journal is © The Royal Society of Chemistry 2021
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(a) Schematic illustration of the different stages in the fabrication process of making a Cog gsSe fibre-based solar cell via electrochemical

polymerisation process.’>* Adapted with permission from ref. 154. Copyright 2019 American Chemical Society. (b) Schematic illustration of the
redox reaction which takes place when the Cog gsSe fibre-based solar cell is illuminated with light (hv).*>* Adapted with permission from ref. 154.
Copyright 2019 American Chemical Society. (c) Fibre-based OSC showing a P3HT and phenyl-Cg;-butyric acid methyl ester blend (active layer) sand-
wiched between PEDOT:PSS (hole transport layer, orange) and TiO, (electron transport layer, light violet).*>” Adapted from ref. 157. Reprinted with
permission from AAAS. (d) Fibre-based PSC which uses a CHzNHzPbls as the photoactive layer.'>® Adapted with permission from ref. 158. Copyright

2019 Wiley.

phobic polymer-ionic liquid gel electrolyte made from BMIM
TFSI ionic liquid and poly(vinylidene fluoride-co-hexafluoropro-
pene) (PVDE-HFP) copolymer as polymer gel.">® The use
of PVDF-HFP gel electrolyte produced a DSSC fibre that had
Voc ~ 0.7 V, Jsc ~ 15.32 mA ecm ™, FF ~ 51%, and 5 ~ 5.47%.
When bent at an angle of 90° and stretched by 25% for 50
cycles, the PVDF-HFP based DSSC fibre showed 7 fluctuating by
~3-4% from its original value. In another work, a Ti wire/
dye-sensitised TiO, nanotube working electrode was coated
with a quasi-solid-state electrolyte made from 1-ethyl-3-methyl-
imidazolium iodide (EMII) ionic liquid and iodine."®
Subsequently, a CNT counter electrode was wrapped around the
working electrode, which was then embedded in another layer
of EMIL This fibre-based DSSC device showed V¢ ~ 0.6 V, Jsc ~
6.49 mA cm >, FF ~ 59%, and  ~ 2.5%. The latest fibre-shaped
DSSCs made with liquid electrolytes showed higher perform-
ance (FF ~ 50-85% and n ~ 4-11%) compared to devices that
used gel electrolytes (FF ~ 10-60% and 5 ~ 2-6%) on average.

This journal is © The Royal Society of Chemistry 2021

Fibre-based organic solar cells (OSC) were also fabricated.
These devices typically use conjugated polymer blends as the
photoactive material to generate the electron-hole pairs,” such
as  poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV), P3HT, and phenyl-C61-butyric acid methyl ester
(PCBM)."® Conjugated polymers are organic macromolecules
that have a backbone chain comprising of alternating double
and single bonds. A blend of conjugated polymers comprising
of donor and acceptor organic macromolecules that have
different band gaps (E,) creates a bulk heterojunction of semi-
conducting conjugated polymers.'®® One of the earliest fibre-
based OSC devices was made by using a SS wire as the working
electrode followed by coating with a layer of TiO, as the charge
collector, P3HT:PCBM as the photoactive layer, and PEDOT:
PSS as the hole transport layer.'*”'®" The counter electrode
was made from a SS wire coated with a layer of Ag with a thick-
ness of ~25 pm, hence, producing a fibre with a total diameter
of ~70 um. Both working (total diameter ~184 pm) and

Nanoscale, 2021,13,12818-12847 | 12827
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counter electrodes were then encapsulated in a transparent
cladding thus allowing the two core-shell wires to be in physi-
cal contact and complete the circuit (Fig. 3c). The transparent
cladding made of photocurable (ultraviolet) epoxide polymer
allowed for the refraction of the incident light within the fibres
and onto the working electrode, which further improved the
light harvesting capabilities of the fibre. This fibre-based OSC
device showed Voc > 0.6 mV, Jsc ~ 11.9 mA cm™2, FF ~ 54%,
and 7 ~ 2.79-3.27%. Interestingly, Jsc for this FBD was com-
parable to that of planar solar cells made of the same com-
ponents (Jsc ~ 1-11 mA em™2).'%?

Fibre-based OSCs can be made flexible, cost effective
(~87-264 $ per m?),'® and with low energy payback time
(EPBT) of ~0.2-4 years.'®"'%® EPBT is the amount of time that
an energy device needs to operate to generate the same
amount of energy required for its fabrication.'®” However,
fibre-based OSCs have received less attention compared to
DSSCs due to their lower performance (Vo ~ 0.6-1 mV, Jsc ~
10-14 mA cm 2, FF ~ 50-60%, and n ~ 2-5%), hindering their
use in a wide range of applications. The low performance of
OSC devices has been attributed to the energy loss (lower 7),
mainly due to non-radiative charge recombination (i.e., the
charge recombination that does not lead to the release of radi-
ation energy instead the excess energy is converted to
vibrational energy, FOrster resonance, or exciton energy trans-
fer).'®® Using non-fullerene acceptor to make the photoactive
component of fibre-based OSCs has been shown to reduce the
non-radiative charge recombination.'® Non-fullerene fibre-
based OSCs were made by using Ti wire coated with ZnO NRs
and then poly({4,8-bis[(2-ethylhexyl)oxy|benzo[1,2-b:4,5-b']
dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethylhexyl)carbonyl |thieno
[3,4-b]thiophenediyl})  (PTB7):PCBM/PEDOT:PSS  cathode,
finally contacted by an Ag-plated nylon yarn anode.'”® Using a
loom, the Ti/ZnO NR/PTB7:PCBM/PEDOT:PSS cathode and Ag-
plated anode along with cotton threads were woven into a
piece of textile showing FF ~ 45-49% and 5 ~ 1.62% which
were sufficient to power a wristwatch."”®

The recent surge in perovskite solar cells (PSCs) in planar
form has also prompted the fabrication of fibre-based PSCs
which could be integrated into textiles.'*> Perovskite refers to a
material which has the ABX; crystal structure, where A and B
represent cation ions and X is an anion that bonds to the
cations. The A cation is larger than B cation and the X anion is
usually oxygen or halogen atoms. The earliest form of PSCs
involved a SS core wire (diameter of ~127 pum) which was dip
coated in titanium diisopropoxide bis(acetylacetonate) and
dried at 125 °C. The wire was then dip-coated in TiCl, and
annealed at 400 °C for 30 min to form a TiO, coating, which
acted as the electron transport layer. The TiO, layer was com-
prised of a compact and mesoporous component.'”" This inter-
mediate wire was then dip-coated in a solution of CH;NH;Pbl;
perovskite followed by 2,2',7,7"-tetrakis[N,N-di(4-methoxyphenyl)
amino]-9,9"-spirobifluorene (Spiro-OMeTAD) hole transport
layer. The outermost layer of the PSC involved winding transpar-
ent CNTs around the fibre as the cathode, hence, forming a
fibre with the architecture of SS/compact TiO,/mesoporous
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TiO,/CH;3;NH;PbI;/Spiro-OMeTAD/CNT. This early form of fibre-
based PSC had Voc ~ 0.664 V, Jsc ~ 10.2 mA ecm™2, and 5 ~
3.3%, which did not change substantially over 50 bending
cycles (~2-4% change was observed for Vo, Jsc, and 5)."”*
Increasing the morphological uniformity of the various
shells composing a fibre-based PSC reduces the number of
charge trap states. Hence, more efficient charge transfer takes
place between each shell in the device. A different approach,
which resulted in a higher morphological uniformity, com-
prised of coating a SS wire with a multi-shell structure of
compact TiO,/mesoporous TiO,/CH3;NH;Pbl;/Spiro-OMeTAD/
CNT. The CH3;NH;PbI; based fibre, showed V¢ ~ 0.96 V, Jsc ~
14.18 mA cm ™2, FF ~ 66%, and 7 ~ 7.02%."”? In this work, the
CNT cathode was replaced by a gold (Au) shell resulting in a
fibre with the structure of Ti wire/compact TiO,/mesoporous
TiO,/CH;NH;Pbl;/Spiro-OMeTAD/Au.”> The performance of
such a fibre-based PSC device was shown to depend on the
hydration level of the CH3;NH;Pbl; layer. A hydration level
greater than 1.5 M caused FF and 7 of the device to decrease to
~61% and ~4.96% from ~66% and ~7.02%, respectively.
Excess water (hydration greater than ~1.5 M) can cause the for-
mation of (CH3;NH;),Pbls-2H,0, which breaks down irreversi-
bly into Pbl,, resulting in a decrease of FF and 7. Both thermal
annealing and solvent annealing influences the average perovs-
kite grain size, hence affecting the morphological uniformity
of the perovskite active layer (Table 2).”* Further improvement
in the performance of fibre-based PSC was made by replacing
the dip-coating method for the deposition of CH;NH;PbI; by a
vapour-assisted deposition method."”® The fibre-based PSC
was fabricated by initial mechanical polishing of Ti wire fol-
lowed by coating with a layer of TiO, using a dilute TiO, nano-
particle dispersed in ethanol (1: 6.5 w/w) solution. The Ti/TiO,
component of the PSC fibre was then coated with a layer of
PbI, followed by placing the fibre in a vacuum chamber. Once
in the chamber, the Ti/TiO,/Pbl, fibre could react with an
injected CH3NH;I vapour at ~120 °C and ~50 Pa for 4 h.
Fig. 3d shows a cross section of the device architecture. Using
a vapour-assisted deposition in the fabrication process
resulted in a morphologically uniform CH3;NH;PbI; shell
which improved the device performances achieving Voc ~ 0.95
V, Jsc ~ 15.14 mA cm™2, FF ~ 75%, and # ~ 10.79%, compared
to earlier works. Bending tests over 500 cycles demonstrated
the robust nature of the fibre-based PSC with Vq¢, FF, and 7
only fluctuating by ~5-8% compared to the unbent values.
However, the fibre-based PSCs have a limited prospect of being
used in commercial applications due to the use of lead (Pb)
which is toxic and can impose challenges for wearable appli-
cations.'”* Table 2 shows a summary of the various fibre-based
solar cell devices, their device structures, and figures of merit.

4. Integrated multifunctional
e-textiles

Multifunctional e-textiles can be assembled by integrating
fibre-based components into a textile form factor, for example

This journal is © The Royal Society of Chemistry 2021
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Table 2 Fibre-based solar cell devices, their device structures, and figures of merit

.]SC
Fibre-based solar cell device structure Voc (V) (mA cm™?) FF (%) n (%) Ref.
SS wire/TiO,/Ru and Cu dye ~0.4 ~0.01 — — 151
Ti wire/TiO,/N719-dye/Pt wire/plastic tube ~0.68 ~14 ~75 ~7.41 149
Ti wire/TiO,/N719-dye/CNT ~0.5 ~8.67 ~40 ~1.6-2.6 152
CNT/PANi/Co, g5Se (counter electrode) Ti wire/TiO, nanotubes/N719-dye ~0.72 ~17.65 ~80 ~10.28 154
(working electrode)
CNT/N719-dye/TiO,/Ti wire (the entire fibre was encapsuled inside PVDF-HFP ~0.7 ~15.32 ~51 ~5.47 155
which acted as the electrolyte)
Ti wire/TiO,/N719-dye/CNT (the entire fibre was encapsuled inside EMII which ~0.6 ~6.49 ~59 ~2.5 156
acted as the electrolyte)
SS wire/TiO,/P3HT:PCBM/PEDOT:PSS (working electrode) SS wire/Ag (counter ~0.0006 ~11.9 ~54 ~2.79-3.27 157
electrode)
Ti Wire/ZnO NR/PTB7:PCBM/PEDOT:PSS (working electrode) Ag-plated nylon — — ~45-49 ~1.62 170
yarn (counter electrode)
SS/compact TiO,/mesoporous TiO,/CH;NH;PbI;/Spiro-OMeTAD/CNT ~0.66 ~10.2 ~0.49 ~3.3 171
SS/compact TiO,/mesoporous TiO,/CH;NH;PbI;/Spiro-OMeTAD/CNT ~0.96 ~14.18 ~66 ~7.02 172
Ti wire/compact TiO,/mesoporous TiO,/CH;NH;Pbl;/Spiro-OMeTAD/Au ~0.95 ~15.14 ~75 ~10.79 158

a fibre-based transistor that is powered by a fibre-shaped
energy storage device, such as a battery or a supercapacitor
(SC), are highly desirable for developing practical
e-textiles.’®'”>'7¢ The energy storage systems are typically
more pervasive than solar energy systems, such a solar cells,*?
where the energy that is generated by harvesting devices
should be used immediately and will be lost if not stored.
Hence, an effective energy harvesting system requires to be
connected to separate energy storage devices. Consequently,
integrated systems of multifunctional fibre-based components
have gained significant momentum in recent years due to the
increased availability of high-performance single-function
FBDs. Integrated multifunctional systems are typically
achieved by two main approaches: (a) a seamless connection
of several separate single-function FBDs or (b) the develop-
ment of a hybrid multifunctional fibre where multiple func-
tionalities are realised simultaneously within a single fibre
system. Research on integrated multifunctional textile-based
systems has been predominantly focused on two main areas of
integrated energy systems and integrated sensing systems,
which will be discussed in detail in the following sections.

4.1. Integrated energy systems

In an early work, an integrated multifunctional FBD was
achieved by making energy conversion and storage devices
along a single fibre.'”” An Au-coated poly(methyl methacrylate)
(PMMA) fibre onto which ZnO nanowire (NW) arrays were
grown was used as both a supporting substrate and an electrode
for the development of piezoelectric nanogenerator, DSSC, and
SC devices. The fibre devices were fabricated by wrapping gra-
phene-coated copper meshes (second electrode) onto various
sections of the supporting fibre electrode. Coupling the two
electrodes was sufficient to form a piezoelectric nanogenerator,
which could deliver a maximum output current of ~2 nA and
Voc of ~7 mV. To achieve the fibre-based DSSC, dye molecules
(N719) and a liquid electrolyte were injected in between the sup-
porting fibre electrode and the graphene-coated copper mesh
electrode following the device encapsulation. This graphene/

This journal is © The Royal Society of Chemistry 2021

ZnO NW/dye/electrolyte/Au DSSC device showed Voc ~ 0.17 V,
Jsc ~ 0.35 mA cm™2, and # ~ 0.02%. The fibre-based SC was pro-
duced by injecting a gel electrolyte between the two electrodes,
which showed an area-specific capacitance (C,) of ~0.4 mF
ecm™? (at a scan rate, v, of 100 mV s™') and a voltage window
(operating voltage range) of 0.25 V.'”” Such an integrated fibre-
based system has the potential to harvest both mechanical and
solar energies and can ultimately store them in a SC device for
later use. While this study demonstrated a proof-of-concept inte-
grated system, individual devices showed relatively low perform-
ances. For instance, the voltage window of this SC device (0.25
V) was far less than the typical operating voltage of 1.5 V,
needed for small electronic devices.

Another work, achieved a more miniaturised and flexible
integrated fibre-based energy system, by using a Ti wire coated
with TiO, nanotubes and CNT fibre as electrodes in the fabri-
cation of DSSC and SC devices.'”® A section of TiO, nano-
tubes-coated Ti wire was sensitised by N719 dye and coated
with a redox electrolyte for DSSCs, and the other section was
coated with a gel electrolyte for the SC fabrication. The CNT
fibres were then twisted around each section to achieve the
devices. When individually tested, the DSSC showed V¢ ~
0.68 V, Jsc ~ 8.6 mA cm™>, and n ~ 2.2% with SC exhibiting
Cx ~ 0.6 mF cm™ and a voltage window of 0.8 V. When con-
nected as an integrated fibre-based system, the voltage of the
SC increased rapidly to ~0.6 V (slightly lower than Vo of the
DSSC) upon exposure of DSSC to light, and the SC could dis-
charge at a current of 0.1 pA over ~550 s. The overall photo-
electric conversion and storage efficiency of this integrated
system was ~1.5%. It was later shown that by depositing the
CNT fibre with a layer of PANi, Jsc ~ 16.13 mA cm > and 5 ~
6.58% could be achieved from the DSSC, with SC exhibiting
Ca ~ 2.13 mF cm™2.° These could be due to an improved elec-
trical conductivity and added pseudocapacitance in the case of
CNT/PANi compared to the pristine CNT fibre electrode. Eight
of the fibre-based integrated energy devices (made using CNT/
PANi fibre electrode) were manually woven into a textile, which
could power a red LED.

Nanoscale, 2021,13,12818-12847 | 12829
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In an attempt to achieve higher energy conversion and
storage performances while improving manufacturability, an
integrated fibre-based system was developed by incorporating
DSSC and SC devices on a common PANi-coated SS wire elec-
trode (Fig. 4a).'®® The fibre-based DSSC was made by placing
the PANi-SS wire (counter electrode) and TiO,-coated Ti wire
sensitised by N719 (photoanode) in parallel in a packaging
tube filled with an I"/I;~ liquid electrolyte. This DSSC showed
Voc ~ 659 mV, Jsc ~ 11.2 mA ecm™2, and 5 ~ 5.41% which were
similar to those obtained for fibre-shaped DSSC made using
Pt-coated SS wire as a counter electrode.'® The same PANi-SS
wire was also used as an electrode to achieve fibre-based SC by
wrapping it with an insulated wire separator then placing in
parallel with another PANi-SS wire electrode and finally insert-
ing the assembly into a flexible plastic tube filled with 1 M
H,S0, electrolyte. This SC showed C, ~ 19 mF cm™>, voltage
window of 0.6 V, and relatively unchanged capacitance over
10 000 cycles of cyclic voltammetry (CV) measurements, indi-
cating its high cyclic stability. An improved version of the
same work used a gel electrolyte to replace the liquid electro-
lyte and avoid possible solvent leakage.'®® The fibre-based SC
adopting poly(vinyl alcohol) (PVA)/H,SO, gel electrolyte was
flexible exhibiting relatively constant capacitance upon
bending at various radii (1.0-3.5 cm). The voltage of SC was
increased to a maximum of ~0.621 V upon exposure to the
irradiation of 1.0 sun, by connecting the fibre-based DSSC and
SC devices as an integrated system. This integrated fibre
system showed a maximum overall energy storage and conver-
sion efficiency of ~2.12%. An integrated fibre system made by
connecting four DSSC and four SC FBDs, could be charged up
to a voltage of ~2.27 V in ~50 s and was successfully used to
turn on a red LED when the solar irradiation was absent.'®°

In another work, an all-solid-state, flexible integrated fibre-
based system has been developed by assembling photovoltaic
energy conversion and energy storage devices in a single fibre
through the use of a coaxial structure.®* A fibre-based
polymer solar cell device was fabricated on a section of a TiO,
nanotubes coated Ti wire by subsequently coating P3HT:PCBM
and PEDOT:PSS layers followed by multi wall carbon nano-
tubes (MWCNT) sheet wrapping. This solar cell device showed
Voo ~ 0.42-0.47 V, Jsc ~ 1.9-6.5 mA em ™2, and 5 ~ 0.30-1.01%.
The SC device fabricated by coating a gel electrolyte on
different section of the same wire and subsequently wrapping
MWCNT sheets, showed a length specific capacitance (Cy) of
~0.08 mF ecm ™" and a voltage window of 0.6 V. The same work
also demonstrated that the energy harvested by the fibre-based
solar cell device could be stored in the SC generating a voltage
of 0.4 V which could be discharged at a current of 0.1 pA over
~350 s.'®' In addition, the integrated fibre-based system
showed less than 10% change in the overall photoelectric con-
version and storage efficiency after bending for 1000 cycles
and could be handwoven into a textile structure. While this
work showed improved flexibility and performance, demon-
strating textile integration, challenges such as low voltage
window, the use of metal-based substrates, and manufactur-
ability remained.
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A coaxial fabrication strategy was also adopted to develop a
hybrid integrated fibre-based energy system (Fig. 4b).*° An
aligned CNT sheet wrapped around an elastic rubber fibre as
the internal electrode was coated with a layer of gel electrolyte
followed by wrapping with another CNT sheet electrode to
achieve the SC device. The SC device was then inserted into a
plastic tube, and an additional CNT sheet was wrapped
around the tube to form a cathode. The photoelectric conver-
sion device was then developed by inserting the whole fibre
into a helical TiO, nanotube-coated Ti fibre (working as the
photoanode) enclosed by an elastic and transparent polyethyl-
ene (PE) tube filled with I"/I;~ redox electrolyte. When the
integrated fibre-based system was exposed to illumination, the
solar energy was converted into electrical energy and stored in
the SC device, with the voltage of the SC device reaching ~0.65
V within less than 1 s. At fully charged state, the SC device
could supply electrical energy for ~41 s at a current density of
0.1 A g7', and upon self-discharge, it retained ~90% of the
initial voltage after 100 s. This hybrid fibre-based system
showed a total energy conversion and storage efficiency of
1.83%. When bent at radii of curvature ranging from 5 to
0.5 cm or stretched up to 20%, the photo-charging and dis-
charging processes remained unaffected, indicating the high
flexibility and stretchability of this integrated fibre-based
system. While desirable overall performances such as energy
conversion and storage efficiency were achieved, this fibre-
based system was relatively bulky with a thickness of a few
millimetres and used metal wire which can be unsuitable to
wear and impractical for textile manufacturing.

A fabric-based integrated system was later developed by
knitting three types of fibre-shaped devices, ie., DSSCs to
harvest solar energy, triboelectric nanogenerators (TENGs) to
harvest mechanical energy, and SCs to store the generated
energies (Fig. 4c).*> A single ~10 cm long fibre DSSC device
was fabricated using N719 dye-sensitised TiO, nanotube arrays
coated on a Ti wire (working electrode) and a Pt-coated carbon
fibre (counter electrode) sealed in a Cu-coated ethylene vinyl
acetate (EVA) tube filled with an I"/I;~ based electrolyte. This
fibre-based DSSC showed Jsc ~ 11.92 mA cm ™2, Vo ~ 0.74 V,
and 5 ~ 5.64%. It also exhibited high flexibility with almost no
change in Jgc when bent from zero to 180°. A single ~10 cm
long fibre SC device was achieved by using two carbon fibres
coated with RuO,-xH,O as electrodes followed by coating a
PVA/H;PO, gel electrolyte and packaging into a PDMS-covered
Cu-coated EVA tube. This fibre SC showed C; ~ 1.9 mF cm™*
and a voltage window of 1.2 V with no change in capacitance
after 5000 charge-discharge cycles and no noticeable changes
in CV curves at different bending angles from zero to 180°. A
single fibre-based TENG built by pairing the fibre DSSC with
the Cu-coated EVA tube (positive electrode) and the fibre SC
with PDMS-covered Cu-coated EVA tube (negative electrode)
showed a short-circuit current (Isc) of ~0.06-0.15 mA, generat-
ing Voc of up to ~12.6 V. A textile made by using five fibre-
based TENGs in both warp and weft achieved Isc of as high as
~0.91 mA.*” The DSSC and SC devices were woven into fabrics
with in-series or parallel connections, to form the integrated

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) Schematic illustrations and photographs of an integrated energy fibre system consisting of a dye-sensitised solar cell (DSSC) and a super-
capacitor (SC) on a common PANi-coated stainless steel (SS) wire electrode.’®® Adapted from ref. 180 with permission from The Royal Society of
Chemistry. (b) Self-powered integrated hybrid energy fibre developed by using a coaxial structure consisting of energy conversion in the sheath and
energy storage in the core.*® Adapted with permission from ref. 40. Copyright 2014 Wiley. (c) Design of fibre-based DSSC and SC for integration into
a fabric-based energy harvesting and storing system and demonstration of its operation under outdoor and indoor conditions.*? Adapted from ref.
42. © The authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://creativecommons.org/licenses/
by—-nc/4.0/. (d) An integrated hybrid multifunctional fibre system designed using an asymmetric coaxial structure, consisting of a SC in the core and
a TENG in the sheath.** Adapted with permission from ref. 44. Copyright 2020 Wiley.
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textile-based system. When only DSSC was operational, the
voltage of SC increased from 0 to 1.8 V in 69 s and reached
~4 V by further charging using the TENG device. This voltage
could be sufficient to power traditional electronic devices such
as LEDs, digital watches, and a range of temperature and
pressure sensors.

A self-charging knitted power textile was also achieved by
knitting yarn-based TENG and SC devices into one fabric.'®?
The yarn-based TENG was fabricated by coating silicone
rubber on a three-ply twisted SS/polyester (PET) yarn. The yarn-
based SC was developed by coating carbon nanofibres (CNF)
and PEDOT:PSS onto a carbon fibre bundle. The fabric made
of only TENG yarns showed a high Voc ~ 150 V and a
maximum Igc ~ 2.9 pA under tapping force with a frequency of
5 Hz. When constantly tapped, the TENG fabric could turn on
124 LEDs in series. While the yarn-based SC had a voltage
window of only 0.8 V, it was shown that the voltage window
could be increased by connecting several SCs in series. In an
integrated textile-based system composed of two yarn-based
SCs in series, constant tapping of the TENG led to an increase
in voltage across the SCs and after ~260 s, a calculator could
be turned on. In another work,'®® Cu-coated polymer fibre was
first Mn-plated and a layer of ZnO NW was grown on its
surface, which was then sensitised using N719 dye and coated
with a layer of Cul to form the DSSC photoanode. Cu-Coated
polymer fibre was used as the counter electrode. Strips of Cu
foil sandwiched between two polytetrafluoroethylene (PTFE)
layers were used as electrodes for TENG. An integrated textile
system was achieved by weaving the DSSC and TENG FBDs
into a 4 cm x 5 cm fabric in which 15 fibre-shaped DSSCs were
connected in series. This integrated textile system could
deliver an average output power of ~0.5 mW and charge a
2 mF commercial capacitor up to 2 V in 1 min under natural
daylight and human movements such as handshake. It could
also turn on a digital watch, charge a cell phone, and power a
water-splitting reaction.

A textile-based integrated system was developed in another
work by storing the energy generated by a textile TENG in a
lithium-ion battery (LIB).*' Pieces of PET cloth (5 mm wide)
were made conductive by a coating of Ni using an electrode-
less plating technique and then used as both electrodes in
TENG and current collectors in LIB. A textile made by inter-
weaving Ni cloth and parylene coated Ni cloth was used as
TENG cloth and was able to generate a maximum Isc ~ 20 HA
and V¢ ~ 50 V in various modes, ie., in contact with another
TENG cloth, skin, and PET cloth as the result of foot pressing,
arm swinging, and elbow bending. Notably, the TENG worn
under the foot could turn on 37 LEDs. The textile-based LIB
was developed by coating a piece of Ni cloth with LiFePO,
(cathode) and coating another piece of Ni cloth with Li Ti5O,,
(anode) and using LiPFs solution (1 M) as electrolyte. This
textile-based LIB showed a discharge voltage plateau of ~1.8 V
and a discharge capacity of ~81 mA h g¢™' and it retained
~85.4% of its capacity after bending 30 times at 180°, follow-
ing 60 subsequent charge-discharge cycles (at 0.5 C rate). In
an integrated system made by connecting the TENG and LIB
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using wires, the TENG device worn under a user’s arm was
able to charge the LIB to its operational voltage (~1.9 V) by
harvesting the mechanical energy generated from human
motion. After charging with TENG for 14 h at 0.7 Hz, the LIB
showed a discharge capacity of up to ~4.4 mA h m~> This
energy was enough to power many small electronic devices
such as heart rate monitor, pedometer, and temperature
sensor.

Recently, a fully integrated hybrid multifunctional fibre
system was designed using an asymmetric coaxial structure,
consisting of a SC in the core and a TENG in the sheath, which
unlike previous examples used carbon fibre-based electrodes
replacing metal wires (Fig. 4d).** To fabricate the fibre-based
SC in the core, two bundles of carbon fibres were first coated
with PVA/H;PO, gel electrolyte, then twisted together, and an
additional layer of the gel electrolyte was finally applied. This
assembly was then coated with a triboelectric polymer poly
(vinylidene fluoride-trifluoroethylene-chlorotrifluoroethylene),
i.e., P(VDF-TrFE-CTFE) to achieve the TENG device in the
sheath. The SC device showed C, of up to ~157 pF cm™" and
voltage window of 1 V and the TENG device could produce a
voltage of up to ~30 V under the application of mechanical
vibration with a frequency of 30 Hz. The output power of the
TENG device at 30 Hz was enough to turn on six green LEDs
connected in series. The coaxial structure allowed the SC and
TENG devices to operate together without the need for an
additional connection. In the integrated system, the SC device
could achieve a voltage of ~0.2 V and ~0.93 V, by tapping and
rubbing the TENG device and under mechanical vibrations
with a high frequency of ~30 Hz, respectively. The integrated
hybrid fibre system showed high mechanical stability and
washability by maintaining its original energy storage perform-
ance and over 90% of its original energy harvesting perform-
ance after bending, knotting, and repeated washing. These are
critical features for practical use in wearable applications as
well as for textile processing such as weaving and knitting.

4.2. Integrated sensing systems

Self-powered fibre- or textile-based sensors are other popular
integrated systems developed so far. These integrated systems
are often made by combining photodetectors, strain, pressure,
temperature, moisture sensors, or biosensors with energy har-
vesting or storage devices. A fibre-based integrated energy
storage and optoelectronic detection system was developed by
growing Co3;0, NW on metal (Ni or Ti) fibres as the positive
electrode and further wrapping graphene-coated carbon fibres
as the negative electrode of an asymmetric SC.° The graphene
coating also acted as the light-sensitive material in the photo-
detector device. When used as SC, the device showed a volu-
metric specific capacitance (Cy) of ~2.1 F em™ at the current
density of 20 mA cm™ and a voltage window of 1.5 V. After
charging the SC to 1.5 V, the leakage current of the integrated
fibre-based system showed an evident photoresponse upon
exposure to a white light source and the current returned to its
initial value when the light was turned off. The same group
later produced fibre-based integrated SC and photodetector
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systems free from metal wires (Fig. 5a).'®* A section of an Au-
coated PTFE tube was first deposited with PPy and after coating
with an electrolyte layer was sheathed by a new PPy sleeve to
build the SC device. The photodetector device was achieved by
wrapping a second section of the Au-coated PTFE tube with
CulnS, film. When the SC was charged, the integrated fibre-
based system showed a photoresponse which increased with the
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incident light intensity and a relatively fast response time of
~14 s as well as good flexibility evident from nearly unchanged
photoresponse under different bending states. Replacing
CulnS, photo-responsive layer with reduced graphene oxide
(rGO) was shown to achieve similar performance.

Self-powered fibre-based strain sensors have also been pro-
duced.’® Entangling two CNT-coated cotton yarns, one covered
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Fig. 5 (a) Schematic illustration of metal wire free fibre-based integrated SC and photodetector system.*®* Adapted with permission from ref. 184.
Copyright 2018 Wiley. (b) Self-powered textile-based gesture/touch sensor used for intelligent human—machine interfacing capable of wirelessly
triggering home appliances such as fan and microwave oven.'®” Adapted with permission from ref. 187. Copyright 2018 American Chemical Society.
(c) Self-powered textile-based triboelectric pressure sensor developed by machine stitching, weaving, and knitting of Cu-coated polyacrylonitrile
(PAN) yarns and parylene-coated Cu-PAN yarns capable of recognising actions such as holding a pen, an egg, or a dumbbell.®8 Adapted with per-
mission from ref. 188. Copyright 2020 Elsevier. (d) A stretchable integrated fibre-based strain sensing system developed by wrapping two CNT-
based electrodes coated with MnO, or PPy on an elastic fibre with a sandwiched layer of gel electrolyte to obtain SC and further coating with a CNT
composite strain sensor layer.’® Adapted with permission from ref. 189. Copyright 2020 Elsevier. (e) An integrated self-powered textile-based
system achieved by using a SC in the course direction to power a strain sensor in the wale direction.** Adapted with permission from ref. 43.
Copyright 2019 American Chemical Society.

Stretchable all-in-one textile system

This journal is © The Royal Society of Chemistry 2021 Nanoscale, 2021,13,12818-12847 | 12833


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nr02061g

Open Access Article. Published on 12 July 2021. Downloaded on 1/20/2026 12:26:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

with an additional PTFE layer into a double-helix structure fol-
lowed by coiling around a silicone fibre achieved a self-
powered fibre-based strain sensor.'®> Repeated stretching and
releasing of the fibre system at strains of 0.55% and 2.75%
(frequency of 5 Hz) resulted in generating currents of ~1.05 nA
and ~5.20 nA, respectively. This integrated fibre-based system
could be used to sense strain of up to 25%. When stretched
and released repeatedly for 90 000 cycles at a strain of 2.2%
with a frequency of 5 Hz, the integral transferred charges
remained almost the same, suggesting the stability of the fibre
sensing system. Changing the temperature from ~20 °C to
~45 °C at a constant relative humidity (RH ~ 30%) had a negli-
gible effect on the performance of the fibre-based system,
while showing a small drop of ~7.5% when RH increased from
~30% to ~75% (temperature ~20 °C), indicating overall good
environmental stability. Furthermore, this self-powered fibre-
based strain sensor could be mounted on a user’s finger and
detect the finger’'s movements, demonstrating its practical
application in wearable sensing. In another work, an inte-
grated fibre-based nanogenerator and sensor was developed by
using Ag NW and PTFE coated PU fibre in the core and Ag NW
coated PDMS in the sheath separated by a ~250 um air gap
(device diameter ~1.6 mm).'®® The surface of the PTFE layer
became negatively charged by a treatment with oxygen plasma.
The application of mechanical forces to the outer layer
resulted in the shrinkage of the air gap, producing more posi-
tive charges on the PDMS-Ag NW layer and generating an elec-
trical potential difference. When used as a nanogenerator, the
device was able to generate currents under various mechanical
stimuli such as stretching, bending, twisting, and pressing. For
instance, a strain of 10% resulted in an output current of 1.5
nA, which increased to 20 nA at a higher strain of 50%. When
bent at 1 cm bending radius, twisted 180°, or pressed with 0.16
N force, maximum output currents of 9, 35, 10 nA were pro-
duced, respectively. The output current of the fibre was also
relatively stable during repeated stretching and releasing for
~4000 cycles (at a strain of 40%) after an initial decrease,
suggesting good performance stability of the device.
Additionally, the integrated fibre system could detect bending
and twisting movements of various joints (e.g., finger, elbow,
and knee) during activities such as walking, jogging, jumping,
forearm rotating as well as sense subtle physiological signals
such as breathing, speaking, and pulse when attached to
various parts of the human body. The ability to monitor diverse
body movements has a myriad of applications in healthcare
monitoring, sports coaching, injury prevention during exercise,
and physical rehabilitations. One of the limitations of such self-
powered fibre-based system is the need for constant mechanical
source (e.g., vibration and strain) to generate electrical energy as
the system does not have an energy storage device. This can
make the system only applicable for sensing sudden movements
and impractical in detecting the presence of constant strains,
e.g., when the finger remains bent for an extended period.

A self-powered textile-based gesture/touch sensor (Fig. 5b)
was developed by screen-printing a CNT/PU layer with defined
patterns on a nylon fabric and placing a silk fabric on top as a
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frictional layer."®” This device could be used for intelligent
human-machine interfacing. Electrons flow to the grounded
CNT electrode upon exposure of the silk fabric layer to a
finger’s skin to balance the potential difference between the
layers and flow back to the ground when the finger is lifted.
The CNT/PU coated textile showed an air permeability of
~88 mm s~ indicating the breathability of the textile system.
When used as TENG, the textile device showed a relatively con-
stant Vo of up to ~6.5 V at various vibration frequencies and
an increase in Igc from ~30 to ~180 nA when vibration fre-
quency increased from 1 to 2 Hz. When used as a sensor, a
maximum sensitivity (relative change in electrical signal per
unit pressure) of ~0.048 kPa~" was achieved over the pressure
range of 0-100 kPa. The integrated textile system successfully
demonstrated to work as a wristband allowing the user to wire-
lessly trigger home appliances such as light bulb, fan, and
microwave oven. While this work demonstrated the practical
application of the textile-based integrated system in human-
machine interfacing, the electronic components used to
enable this functionality were rigid and bulky traditional
devices, which were not comfortable to wear. Further develop-
ments of this area require simplified circuitry and use of
textile-based or flexible electronic devices where possible.

Recently a self-powered textile-based triboelectric pressure
sensor was developed by machine stitching, weaving, and knit-
ting of Cu-coated polyacrylonitrile (PAN) yarns and parylene-
coated Cu-PAN yarns (Fig. 5c).'®® When used as pressure
sensor, the device could sense pressures of up to ~75 kPa with
a sensitivity of up to ~0.344 V kPa™"'. This textile-based inte-
grated system showed an air permeability comparable to
knitted PAN fabrics and could be washed up to 20 cycles with
minimal performance degradation. A data glove for gesture
reorganisation was achieved by stitching five textile devices on
a terylene glove at various positions such as fingertips and
palm. This data glove was able to recognise actions such as
holding a pen, an egg, or a dumbbell by showing different
voltage signals. By taking the advantage of the triboelectric
effect, self-powered fibre- and textile-based systems that are
capable of monitoring environmental conditions (e.g., oxygen
concentration and RH) and sensing organic compounds and
gases (e.g., acetone, ethanol, methanol, toluene, and chloro-
form) have also been developed.'****

A stretchable integrated fibre-based strain sensing system
was developed by wrapping two CNT-based electrodes coated
with manganese dioxide (MnO,) or PPy on an elastic fibre with
a sandwiched layer of a gel electrolyte to obtain an asymmetric
SC and further coating with a CNT polymer composite strain
sensor layer (Fig. 5d)."®® Because of the use of an asymmetric
SC, a high voltage window of 1.8 V was achieved while showing
a moderate Cy ~ 3.16 F cm™ (at the current density of 0.005 A
ecm™®). The energy storage performance of the SC was
sufficient (after being fully charged) to turn on a red LED
when the fibre device was sewn into a piece of textile. The
device showed a wide sensing range of 0-180% strain and
a relatively large gauge factor (relative change in electrical
signal per unit strain) of up to ~15.16 in the range of 40-140%
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strain with consistent sensing performance when repeatedly
stretched and released for 10000 cycles at 40% strain.
Furthermore, it was shown that the sensor device could detect
a series of human motions such as bending movements of the
arm and neck when attached to the relevant body parts. While
this work showed seamless integration of SC and strain sensor
devices into a fibre-based system, these devices operated separ-
ately and there was no demonstration suggesting the ability of
the SC to power the strain sensor device. Furthermore, the lack
of clarity about the CNT polymer composite preparation influ-
ences the reproducibility of the work.>!

In another work, an integrated self-powered textile-based
system was achieved by using a SC in the course direction,
which could power a strain sensor in the wale direction
(Fig. 5e).** This work produced stretchable textile-based elec-
trodes by spray coating a CNT/MoO; NW layer onto a knitted
nylon/spandex textile. This coated textile could act as a piezore-
sistive strain sensor showing a sensing range of 0-60% strain
and a maximum gauge factor of ~46.3 with low hysteresis, a
fast response time of 50 ms (at an applied strain of 5%), and
consistent sensing performance during 10000 stretching-
releasing cycles at 10% strain. By using two CNT/MoO; NW
coated textile layers and sandwiching an organic-based electro-
lyte, a textile-based SC was developed which showed a voltage
window of 1.4 V and a maximum C, ~ 33.8 mF cm™? at the
current density of 0.1 mA cm™'. Two serially connected SCs
generated an output voltage of 2.8 V and when fully charged,
could turn on an LED for 150 s. The integrated textile-based
system was achieved by stacking the SC and strain sensor
devices and establishing the electrical connection using a
liquid-metal (GaInSn) and was then sewn onto a T-shirt or a
nylon glove to monitor various body movements. After the SC
was fully charged, the current measured across the strain
sensor device decreased as the result of bending finger, wrist,
or elbow, indicating the ability of the integrated system to
track body movements. When integrated into a glove, the
system could also be used to detect real-time wrist pulse
signals by identifying typical characteristics of the pulse wave-
form, i.e., percussion wave (P-wave), tidal wave (T-wave), and
diastolic wave (D-wave). Furthermore, the change in relative
current remained almost unchanged at a constant applied
strain of 10%, indicating the reliability of the sensing
performance.

Additive manufacturing is a promising route to develop a
fibre-based integrated sensing system consisting of a SC which
could provide stable output power to a built-in temperature
sensor.'”> V,05; and VN hollow fibres were first added to two
separate CNT solutions and formulated into inks, which were
then formed into fibres using 3D printing. The two fibres were
then inter-twisted with a gel electrolyte layer to procedure an
asymmetric SC that showed a voltage window of 1.6 Vand C, ~
116.2 mF cm™ (at the current density of 0.6 mA cm™?). A sep-
arate GO fibre extruded using 3D printing was chemically
reduced and wrapped around the fibre-based SC, which acted
as the temperature sensor. The rGO fibre showed a decrease in
resistance when heated from 30 °C to 80 °C with a temperature
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sensitivity (resistance change relative to temperature) of
~1.95% ©°C~'. The integrated system showed the ability to
sense a temperature change of as low as ~0.4 °C with a rela-
tively fast response time of ~2 s.

5. Scaled-up manufacturing

The market for e-textiles generated sales of around US$5.3
billion in 2019, which is predicted to grow to US$24.3 billion
by 2025.'®* This market growth indicates that there is a vast
opportunity for the next-generation of fibre-based electronics
to enter the market in the form of innovative products that
offer new or additional features compared to common textiles.
However, the new generation of FBDs produced in the labora-
tory do not often meet the scale, wearability, mechanical pro-
perties, resilience, safety, design, and cost requirements of
real-life wearable products. In order to create e-textile products
that are suitable for wearable applications, fibre-based elec-
tronics must meet seven key requirements. First, they should
be suitable for manufacturing through large-scale, high-
throughput (e.g., 40-1000 m min~" of fibre) production pro-
cesses.'®* This is essential, as textile processing requires many
meters of fibres, which are often challenging to achieve for
emerging FBDs. Second, FBDs need to retain the inherent pro-
perties of wearable textiles for clothing (i.e., wearability), such
as light weight (30-373 ¢ m™?), breathability, flexibility, ease of
use, and durability.'>® The fabrication methods used in achiev-
ing FBDs often lead to bulky, inflexible, and hard-to-wear
structures, which limit their use in practical applications.
Third, FBDs are required to possess mechanical properties
needed for textile processing.'®® This is because during knit-
ting, weaving, and embroidery, which are some of the indus-
trial manufacturing processes for textile production, yarns are
pulled through a series of needles and tensioning devices.
Hence, fibre-based electronics undergoing these manufactur-
ing processes must be able to withstand the strains and stres-
ses applied."®” Fourth, FBDs once made into e-textiles need to
withstand, without performance drops, various types of pro-
cesses such as washing, abrasion, ironing, tumbling, and
stretching that are typically applied during the lifetime of con-
ventional textiles.'®® This is particularly important as many
functional materials used to achieve FBDs suffer from an
environmental stability and can degrade when in contact with
water or air. Fifth, FBDs should not pose safety (e.g., electrical,
fire, and toxic) or environmental hazards."***°° Achieving high
safety standards can particularly be challenging when there is
a need for the use of electrolytes, for instance in fibre-based
solar-cell or SC devices. Sixth, an innovative design is required
to seamlessly integrate various fibre-based electronic devices
and to achieve e-textile systems. In textiles, various fibres are
used to establish desired patterns. As discussed in the pre-
vious sections, to achieve a fully functional e-textile, several
FBDs may need to be connected. Hence, it is important to
achieve a control over the textile design to enable integrated
electronic layouts. Finally, e-textiles must be cost-effective to
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be commercialised. This is because when considering indus-
trial-scale manufacturing, cost of the final product becomes
an important factor, which is often overlooked by researchers.
Hence, apart from the performance aspects discussed in the
previous sections, it is vital to assess fibre-based electronic
devices from the manufacturing point of view. This section
provides an overview of successful industrial and academic
achievements aimed at overcoming the existing challenges out-
lined above to produce market-ready e-textile products from
fibre-based electronics.

5.1. Scalability

One of the main challenges in industrial-scale production of
e-textiles is the availability of a continuous fibre-based elec-
tronic device at a sufficient length beyond the laboratory scale,
which could then be used to fabricate e-textiles. Attempts have
been made to develop FBDs beyond the laboratory scale. For
instance, strain sensor fibres were produced using commer-
cially available materials through industrially-viable tech-
niques at a scale exceeding a kilometre (Fig. 6a).*’ This
work produced conductive elastomeric multifilaments of PU/

Transmitter
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PEDOT:PSS composite (conductivity ~5.4 S ¢cm™") using a
pilot-scale solution-spinning technique. Solution-spinning is
extensively used to produce commercial fibres. The scale-up
production and good mechanical properties of PU/PEDOT:PSS
multifilaments (tensile strength ~76.3 MPa and elongation at
break ~414.8%) enabled their knitting into a wide range of
textile prototypes with various stitch patterns using industrial-
scale knitting machines. Notably, the PU/PEDOT:PSS fibres
demonstrated sensing of diverse body movements (i.e. knee,
elbow, and finger), when woven into textiles. These e-textiles
provide suitable platforms for a range of applications requiring
body movement monitoring such as sports training and
remote health monitoring. The solution-spinning approach
could be adopted to produce various fibre-based electrodes at
a long length. These fibre electrodes could then be used to
achieve a suite of fibre-based electronics, which may be
knitted into e-textiles with diverse range of functionalities.
CNTEC® conductive yarn was commercially produced by
Kuraray Co., Ltd in partnership with Hokkaido University
through a dye-printing approach using CNT water dispersion
and PET multifilament textured yarn (Fig. 6b).>°" The PET

—— (B 862MS

Fig. 6 (a) A spool of the continuous PU/PEDOT:PSS multifilament and the knitted fabric sensor.>” Adapted with permission from ref. 37. Copyright
2018 Elsevier. (b) Photos of the polyester multifilament yarns before (left-bobbin) and conductive CNTEC® yarn (right-bobbin). The yarns were
about 10 000 m long.2°* Adapted with permission from ref. 201. Copyright 2009 Elsevier. (c) Footfalls and heartbeats sensing sock,2%° (d) The long-
term monitoring system with Hitoe material.?®’ (e) Example of embroidered E-thread® yarn (left), and new generation of RFID chip used in
E-thread® yarn (right).?! (f) Knitted textile with an interdigitated pattern using MXene-coated cotton yarns (2-ply) as the electrodes.®® Adapted with
permission from ref. 88. Copyright 2018 Elsevier. (g) Google jacquard jacket.?'* (h) Yarn-based NiCo//Zn textile battery (left), energy wrist band
made of a woven cloth powers a watch (middle), a set of LEDs (upper right), and a pulse sensor (lower right).??” Adapted with permission from ref.
227. Copyright 2017 American Chemical Society. (i) Myant's Skiin underwear.?**
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yarns passed through a dye-bath containing 300 g MWCNT
powders (Baytubes® C 150P, length >1 pm, outer mean dia-
meter ~13 nm, inner diameter ~4 nm) dispersed into 10 L of
an aqueous solution of 3-(N,N-dimethylmyristylammonio) pro-
panesulfonate and polyoxyethylene lauryl ether sulfonate. The
linear electrical resistance of the yarn was in the range of
0.3-10" Q ecm™'. A commercial fabric heater was made by
weaving the CNTEC® yarns. When tested as an anti-freezing
material in a water storage tank at about —20 °C, the conduc-
tive fabric prevented the water from freezing in the tank.*’?
Importantly, the CNT-based fibres could also be used for high-
value applications such as aerospace electronics.

5.2. Wearability

Wearability is another important characteristic of conventional
textiles, which should be, realised in future e-textiles made of
fibre-based electronics. Wearability is characterised by the
presence of the properties that make a textile suitable to wear -
breathability (i.e., the ability of a fabric to allow air and water
vapour to pass through it), light weight, and comfort time (i.e.,
the time by which a garment stops being pleasant to wear).>*?
The lack of breathability could lead to lasting physiological
effects by blocking airflow around the skin and causing irri-
tation and inflammation.>** Once electronic devices have suc-
cessfully been produced at the fibre level, they can go through
knitting, weaving, or embroidery processes to become soft,
comfortable, stretchable, and breathable e-textiles, suitable to
wear. As an example, knitting technique was used by Footfalls
and Heartbeats Ltd to produce smart textiles with integrated
pressure and motion sensors using SS staple fibre spun yarns
or PET coated with PPy, for real-time monitoring and pressure
sensing (Fig. 6¢).2°>?°° Many e-textiles currently developed in
research laboratories still use either metal wires or sheets,
which may not result in structures that are wearable like
textiles.

Lightweight and comfort are crucial to achieve the true feel
of fabrics in order to realise wearability. The Hitoe wearable
electrocardiography (ECG) system developed by Toray
Industries for long-term biological signal monitoring is a com-
mercial example of a comfortable textile-based ECG platform
that can contribute to the early detection of atrial fibrillation.
A lightweight T-shirt type long-term ECG monitoring system
was made of stretchable and form-fitting fabric that was wash-
able and comfortable to wear (Fig. 6d).>°”*°® The bio-electro-
des were located on the right and left of the sternum and were
made of a woven fabric based on PET nanofibres (fibre dia-
meter ~0.7 pm) coated with PEDOT:PSS. The conductive
PEDOT:PSS ink was penetrated into the fabric structure achiev-
ing conductivity.

FBDs should eventually result in flexible and stretchable
e-textile structures that can easily deform and adjust to the
movements of the human body. Embedding rigid, non-textile
based products such as conventional microelectronics into
flexible e-textile structures, affects the comfort level of textiles
by minimising their stretchability and ability to drape around
3D objects.?***'° The ongoing progress of miniaturisation and
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size reduction of microelectronic systems can improve the
implementation process of microelectronics into fibres, yarns,
and textile structures. This technique was applied by Primo 1D
to achieve radio frequency identification (RFID) yarns named
E-Thread®, where a 0.35 mm?” RFID chip was downsized to
0.11 mm® in order to integrate into commercial yarns
(Fig. 6€).>"" The E-Thread® manufacturing process consisted
of 3 steps. First, Primol1D used 8-inch wafer level RFID chips
created by Impinj. The second step was a roll-to-roll fully auto-
mated assembly line that produced a continuous E-Thread®
filament. The E-Thread® filament was used as an antenna,
connected to an RFID chip which was encapsulated in epoxy.
The final step consisted of a wrapping process using a conven-
tional yarn, typically nylon, to create a yarn-based outer layer
to encapsulate the fibre and improve the yarn handle.
E-Thread® is commercially sold in the form of a spool of
thread, and the length and quantity of the RFID tags
embedded in a single piece of thread varies between 8 and
13 cm depending on the application. Approximately 100 000
chips can be made of an 8 inch wafer and these chips can be
embedded in 13 km of the thread. E-Thread® can be used for
product life cycle management, identification, and tracking
applications.

5.3. Mechanical properties for textile processing

Conventional textile processing such as weaving and knitting
require fibres or yarns with suitable mechanical properties.
For example, the tenacity (defined as the resistance to a uni-
axial force per unit length per unit gram) and elongation at
break of a typical PET yarn, which is widely used in textile
industry, are 0.35-0.5 N per tex and 24-50%, respectively.'®®
Tex is a measure of thickness of the yarn and is defined as the
number of grams per one kilometre of the yarn.”'?> Poor
mechanical properties of FBDs is one of the main limitations
in their processing into knitted or woven e-textiles. The use of
inherently flexible and mechanically strong materials in con-
junction with suitable fabrication processes can lead to FBDs
that are amenable to textile processing.*'* For instance, in
fibre-based composites, particle size distribution and func-
tional material loading have been found to affect the overall
flexibility and mechanical properties of FBDs.”” When small
TizC,T, MXene flakes (~150 nm) were used as a conducting
coating on cellulose-based yarns, the MXene nanosheets pene-
trated into the yarn and adhered to the fibre surface, largely
maintaining the mechanical properties of the parent yarn.®®
However, large Ti;C,T, MXene flakes (~1 um) created a shell
around the yarn surface, which affected the mechanical pro-
perties of the yarn, with cracks appearing while knitting.
Approximately 10 meters of Ti;C,T, MXene coated cotton and
nylon yarns were produced through an automated coating
process, using a custom-built solution-spinning machine con-
sisting of four baths of MXene. The yarns coated with smaller
flakes were then knitted on an industrial-scale Shima Seiki 3D
knitting machine at a speed of 0.03 m s™' to create textile-
based SC devices. This involved knitting of 66 SC yarns with
10 m of the MXene-coated yarns. The fibre-based SC made of
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2-ply MXene-coated cotton yarns were knitted in interlock rib
knit structure using a 15 gauge flatbed industrial-scale weft-
knitting machine (Fig. 6f). The SC demonstrated a gravimetric
capacitance of 31 F g~' and delivered energy and power den-
sities of 25.4 yW h em ™ and 0.47 mW cm™>, respectively.

5.4. Resilience to environmental conditions

The clothes we wear everyday are exposed to a wide range of
environmental conditions such as various degrees of tempera-
ture, humidity, body sweat, and washing during their life
cycle. These environmental factors can have severe effects on
the performance of FBDs. For example, the degradation of per-
formance can occur during washing resulting in a low rate of
reproducibility and accuracy, which imposes a great challenge
in practical application of FBDs. FBDs should be fabricated
using functional materials that are as resilient as possible
under various environmental conditions. It is also vital to use
fabrication strategies that limit the exposure of the functional
materials to air, moisture, or other environmental factors
which can result in performance degradation. One common
approach in this direction is the encapsulation of the device
using an insulating layer. Applying an insulation layer can
potentially improve the washability and durability of fibre-
based electronics. For instance, the partnership between
Google LLC and Levi’s® on a project called Jacquard resulted
in a commercial machine washable jacket that consisted of
textile switches on the sleeve (Fig. 6g).”** This woven fabric
was achieved by weaving conductive yarns that were developed
by braiding copper wires coated with PU. The PU insulation
provided a shielding layer which protected the copper wire
core from the influence of moisture and chemicals enabling
the washability of the jacket. Coating silicone rubber or PDMS
on the surface of fibre-based electronics could work as an
effective surface protection technique and also improve long-
term stability of the devices.*" This technique has been used
in the manufacturing of energy harvesting fibres that could be
directly woven or knitted into fabrics. An EVA-based waterproof
film (50 pm thickness) was used as an encapsulation layer to
create a waterproof fabric-based TENG which can operate in
rainy conditions (power of ~19.5 mW m™> generated).”"®

5.5. Safety

New technologies and materials that are applied in manufac-
turing processes of FBDs may have unintentional side effects
with adverse impacts on environment, health, and safety.'®®
Assessing the risk of exposure to nanomaterials such as CNTs
and Ag NWs during the production as well as the knitting or
weaving processes of fibre-based electronics is critical.*!® In
general, CNTs longer than 20 pm with a diameter of 3 pm or
lower are considered hazardous.”'” These particles have a
higher potential to be harmful than other carbon particle
shapes (i.e., flakes and spherical) due to their higher aspect
ratio (>10%). To reduce the potential health hazards of nano-
materials for workers, and downstream users and consumers,
control methods based on the precautionary measures must
be applied. The National Institute for Occupational Safety and
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Health (NIOSH) recommended exposure limit (REL) for CNTs
is 1 ug m™ elemental carbon.>'® Exposure measurement were
conducted at the site where CNTEC® yarns were woven to
produce conductive fabrics for heating applications.*'® A con-
densation particle counter and optical particle counter were
used to measure the concentration of nanosized particles and
of submicron-size particles, respectively. Electron microscopy
and a carbon aerosol monitor were used to evaluate the prob-
ability of particles release from broken MWCNT-coated yarn
(Baytubes® C 150P, length >1 pm, outer mean diameter
~13 nm, and inner diameter ~4 nm) during the weaving
process. The mechanical forces applied to the yarn during the
weaving process, resulted in releasing micron-size particles
(nano-size particles were not detected) containing bundled
MWOCNT in the air. The detected concentration of micron-size
particles containing MWCNT was less than 0.0053 mg C per
m?® around the loom. Based on the results of this study, to
mitigate exposure risks it is recommended that production
workers use personal protective equipment such as respirators
and gloves.

Integrating fibre-based electronics within clothing can pose
safety concerns when placed in contact with the skin. These
safety risks are typically associated with the use of hazardous
materials such as electrolytes which can leak out of the fibre
from fractures caused by mechanical stresses during use and
get in contact with the human skin.>*° The use of non-hazar-
dous and biocompatible materials as well as solid-state electro-
lytes with appropriate encapsulation can maximise the safety
of e-textiles.””**> Addressing the challenges in this area is
critical for the commercialisation of e-textiles especially for
medical applications. One of the approaches which could
enhance the safety of fibre-based batteries is replacing the
liquid electrolyte with gel or solid-state electrolytes.***">*® For
instance, weavable, conductive yarn-based nickel/cobalt-zinc
(NiCo/Zn) textile-based battery was fabricated by uniform elec-
trodeposition of Zn as anode and nickel cobalt hydroxide
(NCHO) nanosheets as cathode on ultrathin SS filaments (dia-
meter ~180-250 pm) (Fig. 6h).**” The fabrication process was
followed by coating PVA-based polymer gel electrolyte on the
electrodeposited Zn and NCHO without a binder or separator
to produce free-standing solid-state yarn batteries. The total
estimated volume of the yarn battery, including two yarn elec-
trodes and the surrounding solid electrolyte was ~0.375 mm”.
The textile-based battery demonstrated a specific capacity of
~5 mA h em™, energy density of ~8 mW h em™, and power
density of ~2.2 W em™. The yarn battery also retained ~80%
and ~70% of its initial capacity after 1000 cycles of 95°
bending and 360° twisting, respectively. A weaving machine
(CCI Rapier) was used to weave an energy wristband with four
to five textile batteries connected in series (fabric size of more
than 10 em x 10 ¢cm), which could power a digital watch, a set
of LEDs, and a pulse sensor. Successful weavability and good
performance of the yarn-based textile battery after extensive
cycles of bending and twisting demonstrates its promising
potential in enhancing the safety of fibre-based batteries
and SCs.
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5.6. Integration and design

Another challenge in industrialisation of FBDs is the lack of
suitable designs that seamlessly integrate them into highly
28 The production of FBDs with suitable
properties is the initial step towards the manufacturing
process of smart textiles in industrial scale. Ideally the design
of e-textiles needs to take into account factors such as number
of electrodes or devices, their dimensions, and positions
during the development process to achieve an e-textile with the
target functionality. For example, designing a multi-electrode
textile-based sensing platform is a potential technique that
can be used to achieve sensing of ECG signal when firm skin
contact (skin-electrode pressure of 15-20 mmHg) is not poss-
ible for all the electrodes. The Skiin® underwear developed by
Myant Inc. is a commercial example of a multi-sensor textile-
based ECG platform that was made by knitting conductive
melt-spun fibres, conducting polymers coated filaments, and
metal-plated yarns using knitting techniques (Fig. 6i).>%*%°
Skiin® can monitor breathing pattern, stress level, and sleep
quality by measuring bio-signals with desired resolution
(similar to the signals picked up by gold-standard gel electro-
des) from different locations of the patient’s body. Applying
multiple knitted textile electrodes in one garment enables
Skiin® to collect necessary ECG features for cardiovascular
diagnoses which are not achievable by a single electrode.>****°
Skiin® can be worn like everyday clothing and can be washed
50 times without noticeable performance degradation.

FBDs can be integrated into different structures by knitting,
weaving, embroidery and braiding techniques. To establish
practical integration of FBDs into a textile-based wearable
device, it is critical to understand the behaviour of the fibres
in various patterns, weave construction, and loop placements
during manufacturing processes. For instance, the piezoelec-
tric performance of melt-spun PVDF microfibers was evaluated
in three different woven structures.>” To generate woven textile
prototypes with desired weave constructions, a total of 60
piezoyarns were inserted in parallel as the warp while conduct-
ing yarns were inserted as the weft in plain weave and twill
structures using a band weaving loom (Saurer 60B 1-2). The
piezoyarn was a multifilament yarn made of 24 single bicom-
ponent filaments with a PVDF sheath and a conducting core of
10 wt% carbon black (CB) in a PE matrix (core conductivity
~0.2 S em™ ). Each single filament had an average diameter of
~60 um, a core diameter of ~24 um, and a linear density of
~40 dtex. Different types of conducting weft yarns were used,
including a PA yarn twisted with 20% SS staple fibres, a silver-
plated PA yarn and a PA yarn coated with CB. Investigating the
piezoelectric behaviour of woven fabrics at a strain amplitude
of 0.25% and frequency of 4 Hz showed that the type of weft
yarn and the weave construction influence the output voltage.
The mechanical properties of the woven fabric and the relative
area of the fabric that is covered by one set of yarns (weft or
warp) also depended on the weave construction. The number
of intersections between the warp and weft yarns were found
to be maximum in a plain weave fabric leading to a higher

functional e-textiles.
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degree of crimp or waviness in the warp yarns. The twill fabric
was created by passing the weft yarn over two or more warp
yarns, resulting in a lower degree of crimp in the warp yarn
and also produced the highest voltage. A twill-woven textile
band with silver-plated PA conducting weft yarns was inte-
grated into a shoulder strap of a laptop case, which could
produce a continuous output of 4 pW during a brisk walk.>”

Another aspect of the design is to establish the inter-con-
nections of multiple FBDs. This often requires removal of the
insulating layer used during the encapsulation of FBDs and
creating connection points within the fabric. In an attempt to
establish a connection between different PU-coated copper
fibres woven on a fabric made of PET threads (used for
mechanical stability), a laser ablation technique was used to
remove the insulating PU layer.**' The woven fabric had a wire
spacing of ~0.57 mm, a thickness of ~90 um, and weighed
~74 ¢ m~% The interconnections between copper wires were
achieved via the following manufacturing steps. First, the insu-
lating PU coating on copper wires was removed at defined
intersections using standard laser ablation. Then a drop of
conductive adhesive was dispersed on the ablated spot to join
the cross points of warp- and weft-conducting wires. Finally,
an insulating protection layer (e.g., epoxy resin) was applied to
the interconnection point to achieve encapsulation. This
method has the potential to be adopted to other FBDs where
multiple fibres are to be connected.

5.7. Cost

Cost is another challenge hindering the large-scale manufac-
turing of FBDs. Both materials’ costs and manufacturing costs
should be considered in developing viable FBDs for e-textile
applications. The production of FBDs using commercially
available and inexpensive materials through economical pro-
cesses ensures cost-effectiveness of the final product. The
active materials that are typically used in FBDs are not gener-
ally cost-effective. For instance, the price of CNTs typically
range from US$100 per kg to US$450 per kg while graphite,
which is commercially used in applications ranging from
anode materials to automotive brake pads, is considerably
more cost-effective (~US$ 0.5 per kg for flakes below ~75 pm
to ~USS$ 2 per kg for flakes larger than 300 pm). However, the
cost of the final product must be estimated in conjunction
with the performance requirement of FBDs. For instance,
while CNT is typically more expensive than CB, it is possible to
achieve conductivity at a considerably lower loading of CNT
than CB.**” This means that less amount of CNT may be
required than CB, which can in turn result in a lower cost of
the final e-textile product. In situations where the target func-
tional property is not achieved by using only one active
material, a mixture of two or more active materials may be
used to achieve a balance between cost and performance.
However, even if the cost of raw material is low (<US$ 10 per
kg), there are still manufacturing costs to consider such as
cost of labour, capital equipment, product marketing, and
staff training for new manufacturing techniques which will
add to the final product price. For example, while the switches
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on Levi’s® Jacquard jacket made use of low cost metal wires
(~USS$ 6 per kg), however, the cost of integration still resulted
in a high (>US$ 200) product price. At the moment, the techno-
logy is too expensive to be ubiquitous and cost-effective.
Subsequently, the complete supply chain needs to be con-
sidered when designing a FBD product.

6. Outlook and perspective

Despite progress, more complex integration of active electronic
fibres, such as FET fibre devices, into textile circuits, such as
complementary inverters, has not yet been achieved.
Ultimately, to achieve digital or high-frequency electronics
with electronic fibres, FET structures will need to be used. The
operation response time is fast in a fibre FET compared to
electrochemical transistors, i.e., in the range of microseconds,
and slow in an electrochemical fibre transistor>** from about
2 s to 50 s.>* Furthermore, electrochemical transistors will likely
not withstand long term operation in ambient environments
required for e-textiles unless new integration strategies to over-
come electrolyte evaporation and degradation is proposed.
Therefore, solid-state fibre-based FETs using a solid dielectric
layer and active components are likely be the way forward to
realise the full potential of electronic devices with e-textiles.
However, even if dielectrically gated FETs become the domi-
nate technology, there will still be issues to overcome.
Dielectric polymers such as PVP have been used due to their
air ambient stability; however, their low dielectric constant (e,
~ 3) will need to be improved upon to reduce the operating
voltage and thus power consumption in e-textile transistors.
Furthermore, new device architectures will need to be pro-
posed as FET integration into inverters or logic gates is cur-
rently defined by the form factor of the textile surface and the
weaving protocol used on the fibres. New adhesion strategies
will also need to be developed to ensure durability, fibre
smoothing might be needed to decrease surface roughness
(increasing u), while surface energy optimisation will be
required to ensure continuous films on the fibre surface. If
successful, we could see the functionality currently seen in
smartphones seamlessly integrated into our clothes’ fabric,
enabling electronics such as displays or microprocessors indis-
tinguishable to the naked eye compared to the textile
substrate.

The 2D materials have shown unique electronic properties
and offer enormous potential as a route forward in various
fibre-based electronic devices.>*> It has been already shown
that they can be made into fibres using techniques such as
solution  spinning>*7>7*7723¢  enabling  textile-based
devices.’>®1?37 They can also be manufactured in the form of
ink that can be easily applied. They could offer advantages
such as low-temperature processing, form factor benefits,
reduced manufacturing cost, and scalability compared to
organic polymers currently used.>*> For example, the majority
of fibre FET literature uses the evaporation of the semicon-
ducting layer and source-drain contacts. However, evaporation
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often requires rotation of the fibre for complete coverage,
which minimises scalability. The use of 2D materials-based
inks could improve coverage, device flexibility and hasten
adoption to industry by improving scalability. Furthermore,
device performance and sustainability could be improved with
2D materials. Novel 2D materials such as h-BN could offer
routes to increase the dielectric constant (e, > 5) while being
sustainable and conformable to the textile surface.’® Graphene
inks could offer a cos-effective alternative to metal evaporation
of contacts, while 2D semiconductors such as black phos-
phorus might replace metal oxides and organic polymers that
are currently used to fabricate the semiconducting channel of
e-textile transistors, since they potentially offer higher u
(>100 cm® V' s7) and Ioner (>10°), thus resulting in high-
performance devices.>*® The organic polymers discussed in
the review have low y (<10 em”® V™' s7") and Iono (<10°) while
many degrade further with exposure to oxygen and moisture.
Solution-processed MoS, has recently demonstrated u ~ 10
em?® V' s and Iy 06 ~ 10° on environmentally stable FETs,>®
showcasing the potential alternative that 2D materials could
bring to electronic fibres.

Fibre-based solar cell devices can contribute to meet the
demand for devices with higher energy intensity.>*® Critically,
three main challenges need to be addressed before an adop-
tion in industrial settings. The relatively high annealing temp-
erature (450-500 °C) used to fabricate PSCs and DSSCs is
energy and cost intensive compared to the plain textile fabrica-
tion processes carried out at room temperature.'”>?*4%>*! The
FF of fibre-based solar cells is still low compared to planar
solar cells. This is mainly due to structural defects, poor inter-
layer contacts which hinder the separation of charge that is
generated, and non-uniform coverage which can result in
short circuits.>*> When used in a textile, the fibre solar cell
devices will be subjected to repeated mechanical defor-
mations, which can cause cracks of the device constituents,
thus exposing the different components of the device to the
atmosphere and moisture. This can initiate a decay in FBD
performance, resulting in a short product lifetime. Techniques
such as continuous coaxial fibre drawing, can achieve high
degrees of uniformity of the constituent FBD layers compared
to the widely-used dip-coating technique. This mitigates the
formation of cracks and enables the formation of devices with
higher Vo, Jsc, FF, and 5. Metal wires currently used as elec-
trodes can lead to hard-to-wear devices and can damage textile
machinery during fabric making. Highly conductive fibres
based on PEDOT:PSS,'* CNTs,'” rGO,*** and MXene** offer
enormous potential as substitutes to metal wires and improve
wearability, stability and textile processability of fibre-based
solar cells. Washability is also important for FBDs if they are
to be integrated into wearable e-textiles. Washability is threa-
tened by the environmental instability of the active layers and
their exposure to the washing agents. The encapsulation of
fibre-based solar cells with coatings transparent at the operat-
ing wavelength of the device, which can withstand multiple
washing cycles has revealed to the washing
resistance.'*?

improve
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As individual FBDs progress, there is a strong motivation to
achieve integrated multifunctional e-textile systems which can
perform multiple tasks. This is critical to achieve all-textile
based systems. The success of this field largely depends on the
access to a platform of diverse FBDs from transistors to
sensors to energy storage and harvesting fibres, which can be
made into yarns. While researchers have shown that it is poss-
ible to achieve multifunctional features by connecting various
types of devices, fibre interconnections still pose many chal-
lenges towards the development of all-textile based systems.
Hybrid multifunctional fibre-based systems such as the
recently-demonstrated asymmetric coaxial structure, consisting
of a SC in the core and a TENG in the sheath,** can potentially
eliminate such limitations. On the other hand, such hybrid
systems can be challenging to make, are often bulky due to the
presence of many layers, require intelligent design, and can
only achieve limited functionalities that are compatible. Novel
textile-centred designs are required, that move away from
layouts imported from planar electronics and take advantage
of the different textile form-factor. Additionally, many of the
works on the integrated fibre-based systems made use of con-
ventional rigid integrated circuits and chips such as switches,
relays, and wireless transmitters. Further developments of a
diverse range of FBDs provide an opportunity to replace rigid
components in integrated systems. For instance, fibre-based
transistors can be used to replace switches or sensors could be
used to replace rigid buttons. Fully functional self-powered
digital electronics with an integrated fibre-based transistors
and power generators can replace bulky power supplies.

The concepts presented in this review demonstrate the
potential of fibre-based electronics as building blocks of future
e-textiles that can be used in various fields such as healthcare,
aerospace, home, architecture, sports, agriculture, marine, pro-
tection, safety, and entertainment. To transfer fibre-based elec-
tronics into commercial products and make them accessible to
users, their industrial-scale manufacturability, wearability,
mechanical properties, environmental resilience, safety, textile
integration, and cost need to be improved. Specifically, the
challenges in achieving FBDs that can be used to develop truly
wearable e-textiles is three-fold. The first issue is that while
FBDs may operate at a small centimetre scale, the performance
of integrated FBDs is often significantly deteriorated as the re-
sistance increases with length. Developing highly conductive
fibre electrodes is the key to ensure the operation of the device
at a long length, which are often needed for practical appli-
cations. The second issue is that fibres produced from novel
functional materials do not often possess high mechanical
properties able to meet the stringent flexibility and strength
requirements of textile processing. While improved mechani-
cal properties can be achieved by blending the functional
materials with polymeric materials, this often leads to low elec-
trical and optical properties. Hence, further research should
be dedicated to devising an effective strategy to enhance
mechanical properties of fibres produced from novel func-
tional materials. Strategies such as inducing microstructural
order through formation of liquid crystal phases, reducing
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microstructural defects, and increasing compactness have
shown promise in achieving fibres with high mechanical pro-
perties.”** Notably, successful implementation of such strat-
egies has enabled knitting of GO fibres using conventional cir-
cular knitting machine.”” Lastly, the success of FBDs for practi-
cal wearable applications lies in the scalability of their manu-
facturing and their ability to be made into fabrics using con-
ventional or viable textile processing techniques, e.g., knitting,
weaving, braiding, and embroidery. Scalable fabrication of
electronic fibres and yarns have shown to be achievable for
instance through the use of a pilot-scale solution-spinning
which enabled the production of PU/PEDOT:PSS multifila-
ments®” and an automated yarn coating set-up which led to
the development of MXene-coated yarns.®® These fibres and
yarns have also been successfully made into textiles using
industrial-scale knitting machines and used as wearable strain
sensor or energy storage devices.

Other critical requirements for practical applications
include washability, handle, drape, and breathability, which
are essential for everyday use. Knitting or weaving FBDs
directly into e-textiles enhances the wearability of these pro-
ducts by achieving garments with high breathability, flexibility,
and comfort. Encapsulation of fibre devices that are embedded
in e-textiles could potentially improve their washability and
durability. Moreover, while many studies claim wearability,
this must be evaluated in conjunction with the above textile
properties. For instance, the use of a solid polymer layer as a
dielectric in a textile strain or pressure sensor is unlikely to
lead to a breathable fabric. In addition, products stewardship
must be considered over the life cycle of FBDs and products to
avoid possible adverse impact of these technologies on the
environment, human health, and safety during use of the
e-textiles and to mitigate worker’s exposure in the working
environment. The factor of cost can also be controlled by
using commercially available and inexpensive materials in the
production of FBDs and by minimising the use of these
devices within the e-textile. It is not expected to make the
whole garment made of the FBD. It is likely that fibre devices
will constitute only a small portion of the final product.

7. Conclusions

Fibre-based electronic devices are the key enablers of truly
wearable e-textiles. Vast research efforts have been devoted to
the development of FBDs with electronic, optoelectronic,
sensing, energy generation and storage functions. The identifi-
cation of performance requirements of FBDs and the selection
of materials, fabrication techniques, device design and struc-
ture are the areas where research is currently focusing. Science
has progressed far beyond conducting fibres and fibre-based
electrochemical transistors and dielectrically-gated FETs have
improved from simple switches, to complex logic gates, multi-
plexers and RF systems. Fibre-based photodetectors have also
been developed and used as lensless imaging systems capable
to work at various wavelengths of visible light. The fabrication
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of fibre-based dye-sensitised, organic, and perovskite solar
cells have opened up the possibility of harvesting solar energy
and powering other wearable electronic devices. This recent
development has paved the way to the next-generation of
e-textile system, which should be self-reliant, i.e., only made of
textile. In fact, only the availability of a diverse platform of
fibre-based components that can cater the diverse needs of
practical applications will drive the development of fully inte-
grated e-textile systems. Integrated fibre-based energy storage
and conversion systems and self-powered sensing systems are
two established examples of this emerging trend. The chal-
lenge here is to effectively connect various fibre devices while
they are integrated into textiles via conventional knitting and
weaving techniques. While fabrication of electronic devices at
the fibre level provides an opportunity for their integration
into textiles, issues such as scalability of fabrication, perform-
ance deterioration with length, and lack of mechanical pro-
perties needed for textile processing have remained as the
main challenges for practical applications of FBDs. Finally, yet
importantly, the absence of neither a set of standard layouts
for FBDs nor design rules for integration of these electronic
fibres into textile circuits, currently hinders the establishment
of a proper roadmap for e-textiles. Here is where interdisciplin-
ary research from material scientists, engineers, textile
designers, chemists should converge and forge a common
ground for this technology to emerge. The rapid growth of the
field of research in e-textiles offers viable solutions for devices
that are flexible, lightweight, and comfortable, already fuelling
the next-generation of wearable electronics. Significant work
has yet to be done to achieve highly-tailored functional
materials and scalable fabrication techniques to produce
seamlessly integrated e-textiles gaining the technology readi-
ness required to enable the wearable electronic devices of the
future. These challenges have created immense opportunities
for future research and are some of the strongest driving
forces of a paradigm shift in portable electronics of the future.
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