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ABSTRACT KEYWORDS
With the advance in wearable electronics, there is increasing demand for Internet of things;
conductive fibers that are stable under machine washing. Silk-based con- nanowires; delamination;

ductive fibers in particular have attracted significant attention due to their supercapacitors; PEDOT:PSS;
biocompatibility and excellent mechanical properties. To achieve the  nanomaterials

machine washability of silk-based conductive fibers, poly(3,4-ethylenediox- P

ythiophene) polystyrene sulfonate (PEDOT:PSS) has been adopted as YIBEIN: K2k, 43 2 B2
a conductive functional layer. PEDOT:PSS with ethylene glycol has FHL 75 #%; PEDOT:PSS; 242K 44
a negative surface charge that can strongly adhere to the positively charged ¥

silk surface, leading to the excellent machine washability of silk-based con-

ductive fibers. Various types of PEDOT:PSS/silk-based conductive fibers have

been demonstrated in past research, including those in which different types

of materials, such as silver (Ag) nanowires, carbon nanotubes, or manganese

dioxide (MnO,), have been inserted to produce a range of electrical and

chemical properties that can be used for different applications. In this mini-

review, strategies to enhance the stability of silk-based conductive fibers

using PEDOT:PSS are discussed. Various types of PEDOT:PSS/silk-based con-

ductive fiber are introduced and research trends and future research direc-

tions are discussed.
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1 Introduction

The development of 5G communications and Internet of Things (IoT) networks has facilitated
interest in wearable electronic devices (Haghi, Thurow, and Stoll 2017; Muhammad et al. 2022;
Rodrigues et al. 2018; Seo et al. 2022; Singh, Rana, and Kumar Singh 2022; Varghese et al. 2022).
Figure 1 is the summary of wearable devices in the 5 G era for which conductive fibers are required.
The key functions of wearable devices in IoT systems are to collect user information and exchange this
data with the controlling platform. Therefore, sensitive sensing performance is critical for next-
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generation wearable devices, which can be realized by fabricating highly conductive flexible and
stretchable interconnecting materials and devices, including flexible printed circuit boards (Kwak
et al. 2017; Sheng et al. 2021; Zhang et al. 2021), stretchable conductive composite films (Chen et al.
2020; Hwang and Gwang Yun 2019; Hwang, Han, and Matteini 2022; Shen et al. 2020), and conductive
fibers (Gao et al. 2020; Gibbs and Asada 2005; Hansora, Shimpi, and Mishra 2015). Conductive fibers
are considered particularly important due to the freedom in their structural design, their excellent
flexibility, and the seamlessness of their use with the human body (Heo, Faruk Hossain, and Kim 2020;
Hwang et al. 2020; Niu et al. 2020). Conductive fibers can be categorized into three main forms:
conductive wires, conductive filler and polymer matrix composite fibers, and conductive layer-coated
fibers. Table 1 shows the comparison of each types of fiber in terms of various aspects that need to be
considered for reliable conductive fibers. In the Table 1, the headings of fabrication, conductivity,
flexibility/stretchability/washability, comfort, productivity, and technological maturity indicate tech-
nologies used to make conductive fiber, resistance to bending, stretching and washing, seamlessness to
human body, efficiency to mass production, and status of technological development, respectively.
Conductive wires include metal wires and conducting polymer wires that are produced by extrud-
ing conductive material through a hole (Pani, Achilli, and Bonfiglio 2018; Zeng et al. 2014). Because
the entire wire consists of conductive material, it offers excellent electrical conductivity. However,
metal wires are susceptible to mechanical deformation and are not comfortable for the human body
when used in wearable devices. In contrast to conductive wires, composite fibers are fabricated by
mixing conductive fillers such as metal particles or metal nanowires with a polymeric matrix (Lee et al.
2015, 2015, 2019; Lee, Kim, and Hwang 2019). The percolating networks formed by the conductive
filler in the polymer matrix confer electrical conductivity on the composite fibers. To ensure sufficient
conductivity, however, the amount of added filler should exceed the percolation threshold, the point at
which nanoparticles or nanowires form enough networks to create a conducting path across the entire
area of the composite. This increases the material costs of conductive composite fibers. In addition, it
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Figure 1. Summary of wearable devices in the 5 G era for which conductive fibers are required. Reproduced with permission from ref.
(Rodrigues et al. 2018).
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Table 1. Comparison of the performance and properties of different types of conductive fiber.

Technological

Fiber type Fabrication ~ Conductivity Flexibility Stretchability Comfort Washability Productivity maturity
Metal or Extrusion or +++ ++ + + ++ +++ +++
conductive drawing
polymer
Conductor Electro-less +++ ++ + + + ++ ++
coated plating, dip
polymer coating
Conductor Mixed dope +++ +++ ++ ++ + + +
embedded spinning
polymer

Remark: +++ (Excellent), ++ (Fair), + (Poor).

is difficult to prevent voids from forming during the fabrication process, and their inhomogeneous
distribution within composite fibers degrades the mechanical properties of these fibers.

Recently, fibers coated with a conductive layer have attracted significant attention for use in
wearable devices due to their easy fabrication process and high electrical conductivity (Hwang et al.
2020; Kony, Tabor, and Ghosh 2019; Pan et al. 2020; Wu et al. 2016). Conductive layers such as metal
thin films (Bard et al. 2019; Feng et al. 2010; Kony, Tabor, and Ghosh 2019), conductive polymer layers
(Choi et al. 2022; Idumah 2022; Kim et al. 2003; Lund et al. 2020), or metal nanoparticle or nanowire
networks (Hong et al. 2022, Arat, Jia, and Plentz 2022; Qian et al. 2022) are employed to cover the
surface of the core fiber. Because conductive layer-coated fibers use commercially available fibers as
their core, voids are not an issue. In addition, the conductive region is only on the surface of the fiber;
thus the material costs are lower when compared to composite fibers. Therefore, conductive layer-
coated fibers offer excellent mechanical properties, high electrical conductivity, and low fabrication
costs.

Polymeric fibers and natural fibers can be used as the core for conductive layer-coated fibers. Though
polymeric fibers offer the benefits of relatively low production costs and the freedom to tune the
mechanical properties, the use of natural fibers such as silk or cotton is preferable for next-generation
wearable devices because of their eco-friendly characteristics and their ease of production on a mass scale
using existing facilities (Lu et al. 2022; Mayank, Sethi, and Gudwani 2022; Sammi et al. 2022). In
particular, silk is of the most widely used materials for the core of conductive fibers due to its excellent
mechanical reliability and good compatibility with conductive materials. Thus, a number of studies have
developed silk-based conductive fibers with good mechanical strength and high electrical conductivity
(Darabi et al. 2020; Hwang et al. 2020; Lund et al. 2018; Ryan et al. 2017; Seo et al. 2022). However,
despite the advantages of natural silk-based conductive fibers, one of the difficulties in using them in
wearable devices is ensuring that they are washable. The conductive layer on the fiber surface can be
easily removed due to mechanical and chemical damage during machine washing, which degrades the
electrical conductivity of the conductive fibers and leads to the malfunction of wearable devices.

Therefore, strategies to enhance the washability of conductive fibers are required. Recently,
enhanced washability through the use of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) on silk fibers has been reported (Lund et al. 2018; Ryan et al. 2017). The strong
electrostatic interaction between PEDOT:PSS and the silk surface results in excellent machine wash-
ability. Consequently, a number of studies have sought to optimize the electrical or chemical proper-
ties of PEDOT:PSS-coated silk-based conductive fibers using various materials such as silver (Ag)
nanowires (Hwang et al. 2020), carbon nanotubes (CNTs) (Seo et al. 2022), and manganese dioxide
(MnO,) (Wang et al. 2021). In this review, recent progress on PEDOT:PSS-coated silk-based con-
ductive fibers using different types of functional material to enhance their washability and optimize
their electrical or chemical properties are summarized. The advantages and disadvantages of these
material systems are discussed and future directions for research on machine-washable silk-based
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conductive fibers are proposed. This review thus provides a comprehensive overview of the techno-
logical trends in PEDOT:PSS-coated conductive silk fibers with the aim to promote the development
of next-generation textile-based wearable devices.

1.1 PEDOT:PSS-coated conductive silk yarn

Ryan et al. reported a machine-washable PEDOT:PSS-coated conductive yarn (Ryan et al. 2017).
Figures 2a, b show photo and cross-sectional SEM image of PEDOT:PSS-coated conductive silk fibers,
respectively, which confirmed that the PEDOT:PSS uniformly covered the surface of silk yarns.
Machine-washability was enhanced by utilizing the strong electrostatic attraction between PEDOT:
PSS and degummed silk yarn. PEDOT:PSS mixed with ethylene glycol (EG) has a relatively low pH of
2, which results in a negative net charge, while silk yarn has a positively charged surface, leading to the
strong attraction between PEDOT:PSS and the silk surface. Figures 2¢, d present photo of conductive
fibers in water and the change in the conductivity of PEDOT:PSS-coated conductive silk fibers over
four machine-washing cycles, respectively. In machine-washing tests with commercial detergent at
30°C for 50 min and a 900-rpm spin-drying cycle, the PEDOT:PSS-coated silk yarn did not exhibit any
significant change in conductivity even after four washing cycles. Figure 2f shows the bending test
results. The PEDOT:PSS-coated silk yarn exhibited good mechanical wear resistance under repeated
bending tests over Teflon bars with diameters of 4.5 and 52 mm (Figure 2f). However, the conductivity
of the fiber was relatively low at 18 £ 6 S/cm (Figure 2e).

In addition, Lund et al. demonstrated that PEDOT:PSS-coated silk yarn could be mass-produced
through a roll-to-roll coating process in which 100 m of conductive yarn was fabricated in a single
cycle (Lund et al. 2018). Figure 3a presents schematic overview of the roll-to-roll production of
PEDOT:PSS-coated silk yarn. The conductive yarns were continuously produced with the total length
of 100 m. Figures 3b,c are the results of bending and machine-washing tests. This PEDOT:PSS-coated
silk yarn showed high resistance to machine washing and mechanical deformation, with no significant
change in electrical conductivity observed after 15 washing cycles at 30 °C for 40 min with 20 ml of
detergent (Figure 3b) and after 1000 bending cycles (Figure 3c). Despite the excellent machine-
washability of the PEDOT:PSS-coated silk yarn, however, its electrical conductivity was low at 74 +
18 S/cm. This is an inherent limitation of PEDOT:PSS, which has intrinsically lower electrical
conductivity compared to metallic materials.

1.2 PEDOT:PSS/Ag nanowire-coated conductive silk yarn

To resolve the conductivity issue, Hwang et al. proposed an integrated system of Ag nanowires
and PEDOT:PSS for the conducting layer of silk yarn (Hwang et al. 2020). Ag nanowires with an
aspect ratio greater than 1,000 were used to form a percolated network structure through which
electrical current can flow. Because of their high electrical conductivity of Ag (62.1 x 10® S/cm),
Ag nanowire networks tend to exhibit much higher conductivity than electrodes consisting of
CNTs, graphene, or PEDOTO:PSS (Lee et al. 2008). In addition, Ag nanowire networks are
beneficial for releasing the strain imposed by stretching the network without severe stress
localization (An et al. 2017; Hwang et al. 2014; Kim et al. 2019; Lee, Kim, and Hwang 2019;
Park et al. 2019; Seo and Hwang 2019). Therefore, Ag nanowire networks have been widely used
as the conducting layer of stretchable or flexible electrodes. However, Ag nanowires weakly bind
to the substrate through physisorption, thus they are not strongly resistant to external mechanical
damage. Therefore, to use Ag nanowires in conductive silk yarn, the poor machine washability
arising from the weak adhesion of Ag nanowires to the silk surface must be solved.

Figure 4a shows schematic description of the preparation of conductive silk yarn with an Ag
nanowire/PEDOT:PSS composite coating. Sequential dip coating was used by Hwang et al. to fabricate
PEDOT:PSS-coated silk yarn, with Ag nanowires and PEDOT:PSS sequentially coated onto silk yarn
followed by a drying process (Hwang et al. 2020). Pre-washed silk yarn was dipped in a Ag nanowire
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Figure 2. Features of PEDOT:PSS-coated conductive silk fibers fabricated by using a dip coating process. (a) Photo and (b) cross-
sectional SEM image of PEDOT:PSS-coated conductive silk fibers. (c) Photo of conductive fibers in water. (d) Change in the
conductivity of PEDOT:PSS-coated conductive silk fibers over four machine-washing cycles. (e) Distribution of the conductivity of
PEDOT:PSS-coated conductive silk fibers. (f) Change in the resistance of PEDOT:PSS-coated conductive silk fibers over 1000 bending
cycles. Reproduced with permission from ref. (Ryan et al. 2017).

solution followed by drying at 180 °C for 5 min, during which Ag nanowires attached themselves to the
silk surface. The Ag nanowire-coated silk yarn was then dipped in a PEDOT:PSS solution. As
described in Section 2.1, the PEDOT:PSS was strongly bound to the silk surface through electrostatic
attraction while holding the Ag nanowires between the two. Figures 4b-d presents the SEM images of
each layer that confirmed the reliable coating of Ag nanowires and PEDOT:PSS on silk surface. In this
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Figure 3. Features of PEDOT:PSS-coated conductive silk fibers fabricated through a roll-to-roll process. (a) Schematic overview of the
roll-to-roll production of PEDOT:PSS-coated silk fibers. Change in the resistance of PEDOT:PSS-coated silk fibers over (b) 1000
bending cycles and (c) 15 machine-washing cycles. Reproduced with permission from ref. (Lund et al. 2020).

structure, the PEDOT:PSS layer protects the Ag nanowires from external damage from machine
washing or mechanical wear. Figures 4e, f are the results of machine washing and bending tests. The
PEDOT:PSS/Ag nanowire-coated silk yarn thus demonstrated excellent machine washability, with
only a two-fold increase in resistance after 10 washing cycles at 30 °C for 20 min with detergent, while
silk yarn covered only with Ag nanowires completely lost its electrical conductivity after a single
washing cycle (Figure 4e). To demonstrate its wear resistance, the PEDOT:PSS/Ag nanowire-coated
silk yarn was subjected to 300,000 cycles of bending at a radius of 1.5 mm. Only a 30% increase in
resistance was observed for the PEDOT:PSS/Ag nanowire-coated silk yarn while the Ag nanowire-
coated silk yarn experienced an increase in resistance of over 1000% (Figure 4f). The PEDOT:PSS
coating was thus confirmed to successfully protect Ag nanowires from delamination due to external
forces, thus maintaining the excellent electrical conductivity of the yarn even after multiple machine
washing and bending cycles.

More importantly, in this work by Hwang et al., the electrical conductivity of conductive fibers was
greatly enhanced by adding Ag nanowires to PEDOT:PSS-coated conductive silk fibers. Figure 5a
shows the change in electrical conductivity as a function of dip-coating cycles. The metallic Ag
nanowires, which have a high intrinsic electrical conductivity, formed a percolation network on the
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Figure 4. Features of Ag nanowire/pedot:pss-coated conductive silk yarns fabricated by using a dip coating process. (a) Schematic
description of the preparation of conductive silk yarn with an Ag nanowire/PEDOT:PSS composite coating. (b) Top view and (c, d)
cross-sectional SEM images of individual filaments that make up the conductive silk yarn. Normalized change in the resistance of silk
yarn with AGQNW and AgNW/PEDOT:PSS coatings as a function of the number of (e) machine-washing cycles and (f) bending cycles. Ry
is the initial resistance before testing, and R is the resistance measured after the washing/bending/tensile tests. Reproduced with
permission from ref. (Hwang et al. 2020).
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Figure 5. Factors affecting the electrical conductivity of Ag nanowire/pedot:pss-coated conductive silk yarns. (a) Electrical con-
ductivity of silk yarn as a function of the number of dip-coating cycles in a Ag nanowire solution. (b) Normalized conductivity of the
silk yarn after two (black), three (red), and four (blue) dipping cycles as a function of the post-annealing time at 180°C. g, indicates
the initial conductivity before annealing. Reproduced with permission from ref (Hwang et al. 2020). (c) SEM images of Ag nanowires
after annealing at 380 °C for 20 min. Reproduced with permission from ref. (Hwang et al. 2017).

silk surface during the dip-coating process, and the electrical conductivity of the silk yarn was able to
be controlled by changing the number of times it was dipped into the Ag nanowire solution. In
particular, conductivity of 284 S/cm was achieved using seven coats of Ag nanowires (Figure 5a). The
subsequent PEDOT:PSS coating enhanced the electrical conductivity of the conductive silk yarn
further because it filled the vacant areas between individual nanowires, providing additional paths
for the flow of current. Thus, the conductivity of the Ag nanowire-coated silk yarn increased to 320 S/
cm. It should be noted that drying at a relatively high temperature of 180 °C was required to achieve
the optimal electrical conductivity. Figure 5b shows the change in the electrical conductivity as
a function of the post-annealing time at 180°C. The synthesized Ag nanowires were covered with
a thin polyvinylpyrrolidone (PVP) layer, which hindered current flow, leading to a high junction
resistance within the Ag nanowire networks. However, the PVP layer was able to be removed using
post-thermal annealing at 180 °C, thus optimizing the electrical conductivity after each coating of Ag
nanowires (Figure 5b). At annealing temperatures higher than 180 °C, sintering of the Ag nanowires
occurred, reducing their surface energy and breaking the nanowire networks, thus reducing the
electrical conductivity as shown in Figure 5c (Hwang et al. 2017).

Darabi et al. also demonstrated that an integrated PEDOT:PSS and Ag nanowire structure is
suitable for cellulose yarn (Darabi et al. 2020). Figures 6a, b shows schematic description of roll-to-
roll production process for PEDOT:PSS/AgNW-coated cellulose yarn and (b) photo of produced fiber.
They produced ultra-long (>100 m) PEDOT:PSS/Ag nanowire-coated cellulose yarn using a roll-to-
roll dip-coating process (Figure 6b) that achieved an electrical conductivity of 181 S/cm. Figures 6c,
d are the results of machine-washing and bending tests. The surface of cellulose has a net positive
charge similar to silk yarn, thus electrostatic attraction enhances the adhesion between the negatively
charged PEDOT:PSS and the cellulose surface. Due to this mechanism, the PEDOT:PSS/Ag nanowire-
coated cellulose yarn did not experience any significant change in conductivity after 10 machine-
washing cycles at 30 °C and 800 rpm (Figure 6c). Furthermore, the PEDOT:PSS/Ag nanowire coated
cellulose yarn was subjected to 1000 bending cycles, and no change in resistance was observed
(Figure 6d). This reliable and mass-producible PEDOT:PSS/Ag nanowire-coated cellulose yarn with
high electrical conductivity thus has the potential to be used in a range of next-generation textile-based
wearable devices.

1.3 PEDOT:PSS/Ag nanowire/carbon nanotube-coated conductive silk yarn

With the addition of CNTs, conductive silk yarn can exhibit strong electrochemical properties that can
be used for wearable supercapacitor applications. Seo et al. demonstrated washable PEDOT:PSS/Ag
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Figure 6. Features of Ag nanowire/pedot:pss-coated conductive silk yarns fabricated by using a roll-to-roll process. (a) Schematic
description of roll-to-roll production process for PEDOT:PSS/AgNW-coated cellulose yarn and (b) photo of produced fiber. Change in
the resistance of PEDOT:PSS/AgNW-coated cellulose yarn as a function of the number of (c) machine-washing cycles and (d) bending
cycles. Ry is the initial resistance before testing, and R is the resistance measured after the washing/bending/tensile tests.
Reproduced with permission from ref. (Darabi et al. 2020).

nanowire/ CNT-coated conductive silk yarn for wearable supercapacitors (Seo et al. 2022). Figure 7a-e
present schematic illustration of the fabrication process for conductive silk yarn with a Ag nanowire/
CNT/PEDOT:PSS composite coating and corresponding SEM images of coating steps of Ag nanowire,
CNT and PEDOT:PSS layers, respectively. Silk yarn was sequentially dip-coated in Ag nanowires,
CNTs, and PEDOT:PSS. The PVP layer on the Ag nanowires formed hydrogen bonds with the silk
surface and the defects in the CNTs (Lee et al. 2016); thus, Ag nanowires can stick to the silk surface
during the sequential dipping process to make PEDOT:PSS/Ag nanowire/CNT-coated conductive silk
yarn. Figure 7f,g shows the results of washing and bending tests, respectively. The PEDOT:PSS/Ag
nanowire/CNT-coated conductive silk yarn was stable under washing at 30 °C and 300 rpm with
a detergent for 100 min (Figure 7f), exhibiting a conductivity of 280 S/cm. In addition, bending tests
revealed that PEDOT:PSS/Ag nanowire/ CNT-coated conductive silk yarn had a less than 10% increase
in resistance even after 300,000 bending cycles with a bending radius of 1.5 mm, while Ag nanowire/
CNT-coated conductive yarn without a PEDOT:PSS layer experienced a 1000% increase in resistance
(Figure 7g). At the low pH (=2) of the PEDOT:PSS, the silk surface have a net positive charge
(isoelectric point pH =4), which results in the electrostatic attraction to the negatively charged
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Figure 7. Features of Ag nanowire/CNT/PEDOT:PSS-coated conductive silk yarns fabricated by using a roll-to-roll process. (a)
Schematic illustration of the fabrication process for conductive silk yarn with a Ag nanowire/CNT/PEDOT:PSS composite coating,
and SEM images taken of (b) bare silk and (c) Ag nanowire-coated, (d) Ag nanowire/CNT-coated, and (e) Ag nanowire/CNT/PEDOT:
PSS-coated silk fibers. Normalized change in the resistance of fiber electrodes as a function of (f) the dipping time in water and (g)
the number of bending cycles. Reproduced with permission from ref. (Seo, Ha, et al. 2022).

sulfonate groups of PEDOT:PSS (Hwang et al. 2020). The Ag nanowires and CNTs were located
between the PEDOT:PSS and silk surface that were strongly bound together through the electrostatic
interaction. Therefore, the top layer, i.e. PEDOT:PSS, could be stable from washing or bending, which
protected the Ag nanowires and CNT.

An integrated system of PEDOT:PSS, Ag nanowires, and CNTs is also beneficial for electrochemi-
cal applications because each component has obvious advantages. Ag nanowires confer high electrical
conductivity on the conductive fibers, thus acting as an excellent current collector in a supercapacitor.
CNTs are widely used as active materials in supercapacitors because of their ability to produce a high
power density through the formation of an electrical double layer (EDL) structure. However, super-
capacitors using CNTs suffer from a low energy density caused by non-Faradic reactions. PEDOT:PSS
is a pseudocapacitor material that has a higher theoretical specific capacitance than that of EDL
materials, and it offers a high energy density by storing electrical energy through Faradic reactions.
Therefore, the combination of Ag nanowires, CNTs, and PEDOT:PSS is expected to take advantage of
the excellent current collection properties of Ag nanowires, the high power density of CNTs, and the
high energy density of PEDOT:PSS.
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In the work by Seo et al, a supercapacitor based on the PEDOT:PSS/Ag nanowire/CNT-coated
conductive silk yarn was fabricated using a hydrogel electrolyte. Figure 8 shows the electrochemical
properties of Ag nanowire/CNT/PEDOT:PSS and Ag nanowire/PEDOT:PSS conductive silk yarn
electrodes. Polyacrylamide (PAAm)-based hydrogel was poured into the container, where the con-
ductive fibers were free-standing, which was then UV-cured to form solid-state supercapacitor. The
ternary PEDOT:PSS/Ag nanowire/CNT system generated a better electrochemical performance than
did binary- or single-component systems (Figure 8a-d). The volumetric power and energy density of
the supercapacitor produced using PEDOT:PSS/Ag nanowire/CNT-coated conductive silk yarn were
8-19 mWh cm™ and 8 - 13 W cm™>, respectively, higher than previously reported results for
supercapacitors using other types of material (Figure 8e). In addition, the supercapacitor using
PEDOT:PSS/Ag nanowire/CNT-coated conductive silk yarn was stable under mechanical deforma-
tion, with the specific capacitance maintained at 94% and 93% after 90° bending and 20% stretching
tests, respectively (Figure 8f-h).

1.4 PEDOT:PSS/MnO,-coated conductive silk yarn

Wang et al. reported the development of PEDOT:PSS/MnO,-coated conductive silk fibers for
wearable sensors (Wang et al. 2021). Silk was dipped in potassium permanganate (KMnO,) followed
by rinsing in water and drying in an oven, which led to a MnO, layer forming on the silk surface.
Figure 9a presents schematic illustration of the preparation process for conductive silk fibers. The
MnO,-coated silk fibers were then immersed in a mixed solution of 3,4-ethylenedioxythiophene
(EDOT), ammonium persulfate ((NHa)2S205), and sulfuric acid (H,SO,), which produced
PEDOT:PSS/MnO,-coated conductive silk fibers through an in-situ polymerization reaction
(Figure 9a). Figure 9b shows the results of washing tests. The resistivity of the PEDOT:PSS/MnO,-
coated silk fibers was 1.5 Q-cm, and they were also washable in water, leading to only a 2.5-fold
increase in resistance even after eight washing cycles. Figure 9c presents the results of washing tests
in different solvents. They were stable in the presence of various chemicals, with less than a two-fold
increase in resistance observed when soaking the fibers in sodium chloride (NaCl), ethanol, and
N-methylpyrrolidone (NMP) solutions for 30 h (Figure 9c). These results confirmed that a PEDOT:
PSS coating can enhance the washability of conductive fibers in both water and various organic
solvents such as ethanol and NMP.

The purpose of the MnO, coating is to confer sensing properties on the conductive silk fibers.
MnO, is a naturally abundant substance that is widely used as a sensing material due to its cost-
effectiveness and low toxicity. In addition, its excellent physical and chemical properties allow MnO,
to be used in various types of device, such as catalytic and electrochemical devices (Dey et al. 2018; Ma
et al. 2020; Yuan et al. 2020). Figure 9d shows the sensitivity of the conductive fibers to the temperature
difference. Wang et al. employed MnO, in a wearable temperature sensing system. PEDOT:PSS/MnO,
-coated conductive silk fibers exhibited an excellent thermal sensitivity with an error of only —0.47%/K
when used in a temperature sensor, compared to 0.61%/°C for a PEDOT: PSS-CNT temperature
sensor and 0.634%/°C for a reduced graphene oxide (rGO)/polyethylene terephthalate (PET) tem-
perature sensor (Cui, Robles Poblete, and Zhu 2019; Honda et al. 2014; Liu et al. 2018). Furthermore,
the conductive fiber successfully contributed to the operation of LED lights as shown in Figure 9e. This
illustrated that PEDOT:PSS-based conductive fibers can be used in various sensing devices by
combining them with appropriate functional materials such as MnO,.

The performance and main functionality of the PEDOT:PSS/silk-based conductive fibers are sum-
marized in Table 2. A negatively charged PEDOT:PSS solution with EG strongly adheres to the
positively charged silk surface. Thus, most silk fibers with a PEDOT:PSS layer exhibit excellent stability
under the repeated cycles of machine washing. However, silk-based-based conductive fibers coated with
PEDOT:PSS only have a relatively low electrical conductivity of 74 S/cm (Table 2). To improve the
conductivity of PEDOT:PSS-coated conductive silk fibers, Ag nanowires have been inserted between the
PEDOT:PSS layer and silk surface. Metallic Ag nanowire-coated silk fibers have a high electrical
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Figure 8. Electrochemical properties of Ag nanowire/CNT/PEDOT:PSS and Ag nanowire/PEDOT:PSS conductive silk yarn electrodes:
(a) charge—discharge cycles, (b) cyclic voltammetry, (c) volumetric capacitance, and (d) electrical impedance testing. (e)
Electrochemical performance evaluated using a Ragone plot. (f) Normalized change in the capacitance of a planar-type super-
capacitor in response to mechanical bending. Changes in the discharge time of a planar-type supercapacitor in response to (g)
mechanical bending and (h) mechanical stretching. Reproduced with permission from ref. (Wang et al. 2021).
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Figure 9. Features of PEDOT:PSS/Mn0O,-coated conductive silk yarns fabricated by using a roll-to-roll process. (a) Schematic
illustration of the preparation process for conductive silk fibers. Relative resistance of PEDOT/silk fibers (b) under eight washing
cycles and (c) with different solvents. (d) Sensitivity of PEDOT/silk fibers to temperature in the range of 293.15-323.15 K (during the
heating and cooling process). (e) Photograph of an LED integrated with PEDOT/silk fibers. Reproduced with permission from ref.
(Wang et al. 2021).
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Table 2. Summary of various PEDOT:PSS/silk-based conductive fibers.

Conductivity Reliability:
Core Functional layer (S/cm) Washability bending Application Ref
Silk PEDOT:PSS 18 Excellent Excellent Thermoelectric  (Ryan et al. 2017)
74 Excellent Excellent Conductors (Lund et al. 2018)
Silk PEDOT:PSS/Ag nanowires 320 Excellent Excellent Thermoelectric  (Hwang et al. 2020)
cellulose 181 Excellent Excellent Transistors (Darabi et al. 2020)
Silk PEDOT:PSS/CNTs/Ag 280 Excellent Excellent Supercapacitor  (Seo et al. 2022)
nanowires
Silk PEDOT:PSS/MnO,/Ag 1.5 Q-cm Fair Excellent Temperature (Wang et al. 2021)
nanowires sensor

conductivity, while excellent machine-washability was maintained by the PEDOT:PSS layer. By adopt-
ing other functional materials such as CNT or MnO,, PEDOT:PSS-coated conductive silk fibers offer
excellent functionality and machine-washability. In particular, PEDOT:PSS/CNT/Ag nanowire-coated
conductive silk fibers exhibit good electrochemical performance, while PEDOT:PSS/MnO,/Ag nano-
wire-coated conductive silk fibers have a high sensitivity to changes in temperature.

2 Summary

In summary, various types of silk-based conductive fibers that employ PEDOT:PSS as an adhesion
promoter to enhance their machine-washability have been introduced. The PEDOT:PSS coating
significantly improved the machine-washability due to the strong electrostatic attraction force
between the PEDOT:PSS and silk surface. The excellent adhesion properties of PEDOT:PSS to silk
surface also secured the mechanical stabilities of the silk-based conductive fibers under repeated
deformation. More importantly, the functionalities of the conductive fibers such as high electrical
conductivity, electrochemical property or thermal sensitivity can be obtained by incorporating
with the various nanomaterials including Ag nanowire, CNT or MnO,. Despite the recent
progress in PEDOT:PSS/silk-based conductive fibers, there is still significant room for the devel-
opment of other variations of these fibers. By inserting different types of functional materials
between the silk core and PEDOT:PSS layer, various types of conductive fibers with excellent
machine-washability can be fabricated (Lou 2005; Pei, Zhang, and Chen 2019; Shahzad et al.
2019), further expanding the textile-based wearable device industry.

Highlights

e Strategies to enhance the stability of silk-based conductive fibers utilizing PEDOT:PSS are
discussed.

e Various types of PEDOT:PSS/silk-based conductive fiber are reviewed.

e Research trend and future research direction of PEDOT:PSS/silk-based conductive fiber are
discussed.
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