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applications, and smart sportswear.[13–17] 
In this regard, stretchable and wear-
able electronic devices in the 1D form, 
which can be directly integrated into 
daily clothes without any inconsistency, 
are greatly promising for future wearable 
electronics.[18–23] In addition, the hierar-
chical property of the fibrous structures 
(fiber: a small and short piece of a strand, 
filament: a long strand, yarn: an inter-
twined 1D structure of fibers or filaments, 
and fabric: a flexible substance consisting 
of a network of yarns) makes 1D elec-
tronic devices and systems remarkably 
suitable for advanced wearable electronics. 
The 1D assemblies including the 1D elec-
tronic devices also have unique character-
istics appropriate to wearable electronics 
such as softness, stretchability, breatha-
bility, and high tolerance to damage.[3] 
Stretchability, in particular, is one of the 

most important properties for practical wearable applications 
because smart clothes or textiles including such 1D electronic 
devices should be covered on soft and curved human body.[24] 
Furthermore, some parts of clothes are frequently stretched 
and deformed during natural movements in daily life, thereby 
increasing the importance of stretchability of 1D electronic 
devices. Although many of existing clothes have achieved cer-
tain stretchability with only rigid yarns through specific textile 
structures such as woven or knitted structures, the stretch-
ability resulting from such textile structures is insufficient to 
cover high stretchability desired in specific applications. For 
example, high stretchability of textiles is highly required for 
sportswear in order to achieve a form-fitting property, high 
comfortability, and elasticity during exercise. For such purpose, 
various stretchable yarns such as spandex have been widely 
used in textile industry. These properties of textiles are also 
essential for various sensing applications of wearable and textile 
electronic, resulting that high stretchability should be achieved 
for the 1D electronic devices.[25,26] In addition, the high stretch-
ability resulting from the use of stretchable conductive yarns 
can successfully prevent a bagging issue of smart textiles which 
degrades stability and reproducibility of the smart textiles. For 
achieving the 1D stretchable electronic devices and systems, the 
development of 1D stretchable electrodes such as conductive 
yarns or filaments with high electrical conductivity and stretch-
ability is basically essential above other things. In this regard, 
recent advances toward developing various high-performance 

Research on wearable electronic devices that can be directly integrated into 
daily textiles or clothes has been explosively grown holding great potential 
for various practical wearable applications. These wearable electronic devices 
strongly demand 1D electronic devices that are light–weight, weavable, highly 
flexible, stretchable, and adaptable to comport to frequent deformations 
during usage in daily life. To this end, the development of 1D electrodes with 
high stretchability and electrical performance is fundamentally essential. 
Herein, the recent process of 1D stretchable electrodes for wearable and 
textile electronics is described, focusing on representative conductive 
materials, fabrication techniques for 1D stretchable electrodes with high 
performance, and designs and applications of various 1D stretchable 
electronic devices. To conclude, discussions are presented regarding 
limitations and perspectives of current materials and devices in terms of 
performance and scientific understanding that should be considered for 
further advances.

Stretchable Electronics

1. Introduction

Over the past decades, electronic devices have become smaller, 
which has improved their portability.[1,2] These trends in size 
and portability for electronic devices have naturally led to the 
rapid development of wearable electronics such as electronic 
skins, smart watches, and sport wristbands.[3–6] Among various 
types of wearable electronics, textile electronics which combine 
conventional textiles and electronic devices is one of attractive 
choices because clothes are essential at all times for all humans 
regardless of age or gender.[7–12] Therefore, many efforts have 
been made over the last decades to develop various textile elec-
tronics for wearable human−machine interfaces, biomedical 
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1D stretchable conductive yarns are considerably remarkable 
based on the convergence of textile technologies, electronics, 
and nanotechnologies.[3,4] Although the achievements of 1D 
stretchable electronic devices are still not significant compared 
to those of the existing 2D stretchable electronic devices, the 
related fields have actively expanded because of the potential 
applications of this 1D stretchable electronics technology such 
as military garment devices, biomedical and antimicrobial tex-
tiles, smart sportswear, and personal electronics.[27–37]

This review article presents the status and state-of-the-art 
achievements in 1D stretchable electronics for advanced wear-
able electronics, which is expected to be one of main technolo-
gies in the areas of healthcare, environmental monitoring, 
human-machine interfaces, energy conversion and storage, and 
sports-biomechanics. The scope of this review article, which 
focuses on the 1D structure, comprehensively includes various 
fibrous structures such as fibers, filaments, and yarns. In addi-
tion, the term “stretchable” has been considered to a synonym 
of a term “elastic,” including a capability to be restored to an 
original state as well as to be stretched. This review work is clas-
sified into roughly three sections reviewing the various conduc-
tive materials and fabrication approaches for 1D stretchable 
electrodes, and recent progress on representative 1D electronic 
devices based on the 1D stretchable electrodes. In the first sec-
tion, carbon-based nanomaterials and metallic nanomaterials 
for 1D stretchable electrodes are introduced in terms of their 
characteristics, advantages, and limitations. Conventional and 
advanced fabrication techniques for the 1D stretchable elec-
trodes are described in detail in the second section. In the third 
section, various 1D electronic devices based on 1D stretchable 
electrodes are presented—for example, mechanical sensors, 
environmental sensors, fiber heaters, and energy-harvesting and 
storage devices. The main goal of this review article is to provide 
a broad overview and understanding of 1D stretchable electrodes 
and their applications that have been developed in recent years. 
Although many review papers regarding 2D planar stretchable 
electronics and a few review papers about 1D fiber-based elec-
tronic devices have been published so far,[1,3–5,38–41] but to the 
best of our knowledge, there has been no review article mainly 
focusing on electronic devices which possess both 1D structure 
and stretchability. Finally, we summarize the review in the last 
part and present the perspectives and important issues that 
should be considered for commercial and practical applications 
beyond current conceptual prototypes. This review paper will be 
able to contribute to expand the research field by helping new 
researchers get into this field as a first review paper in this spe-
cific research field, accelerating advances of the research field by 
abundant human resources. In addition, based on the system-
atic summary of related research, limitations and perspectives 
of the field in this article, it is expected to be effectively lever-
aged by many researchers to advance the research field.

2. Conductive Materials for 1D Stretchable 
Electrodes

In general, the choice of materials used for fabricating 1D 
stretchable electrodes is based on electrically conductive com-
ponents and elastic fibrous matrices. The selection of the 

conductive material plays the key role in realizing high elec-
trical conductivity, stretchability, and mechanical stability of 
the electrodes. In such regard, a variety of conductive mate-
rials such as metal nanoparticles (NPs) and nanowires (NWs), 
carbon particles, carbon nanotubes (CNTs), and graphene have 
been proposed and investigated.[42–44] These materials can be 
categorized in two groups, namely, carbon-based nanomaterials 
and metallic nanomaterials. The current chapter will discuss 
the conductive materials used most frequently for fabricating 
1D stretchable electrodes. These conductive materials are 
promising also for various other applications such as flexible, 
stretchable, and wearable electronics.

2.1. Carbon Nanomaterials for 1D Stretchable Electrodes

Various carbon-based nanomaterials with 1D and 2D struc-
tures have been widely used for flexible, stretchable and wear-
able electronics owing to their unique properties such as high 
electrical conductivities (≈104 S cm−1), excellent intrinsic car-
rier mobility (106 cm2 V−1 S−1), high flexibility and superior 
mechanical properties.[45] Based on their superior flexibility 
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and high electrical performance, 1D stretchable electrodes have 
been mainly fabricated by use of graphene and CNTs among 
all carbon nanomaterials. Graphene is a one-atom-thick 2D 
layer of sp2-bonded carbon allotrope with superb electrical and 
mechanical properties.[46] Although graphene can be synthe-
sized by various methods, among them, graphene oxide (GO) 
is most widely used for 1D stretchable electrodes because GO 
can be readily synthesized and used through a simple solution-
based process.[47] Li et al. used reduced GO (rGO) coated on an 
elastic fibrous matrix, as the conductive component for the 1D 
stretchable conductive electrode in stretchable electrothermal 
chromatic filament yarns.[48] The 1D electrodes presented an 
electrical resistivity of 0.02 Ωm and maintained stretching 
stability during 1000 repeated stretching/releasing cycles with 
the strains up to 60%, showing negligible degradation of con-
ductivity after the repeated cycles. The electrical resistance of 
the yarn increased upon applying strain, leading to an increase 
in temperature due to the Joule effect. This phenomenon was 
then exploited to change the color of the yarns by using ther-
mochromic inks that were stimulated by the heat produced by 
the flow of electrons in the rGO electrode. By prestretching the 
elastic matrix before coating, a higher amount of GO could be 
coated when the yarn was immersed in a GO solution. This 
was followed by the reduction of GO. This procedure resulted 
in lower resistivity and higher stretchability of the yarn caused 
by the increase in the amount of rGO in the yarn (Figure 1a,b). 
In a similar manner, Chang et  al. fabricated graphene-based 
stretchable conductive yarns using a compressed spring archi-
tecture.[49] Polyester (PE) yarns were coated with GO and 
reduced to obtain rGO; subsequently, they were wound on a 
polyurethane (PU) yarn that served as an elastic filament scaf-
fold. The sensor had an electrical conductivity of 0.136 S m−1 
and high stretchability of ≈100% (Figure 1c).

Although high electrical conductivity in 1D conductive elec-
trodes is greatly desirable for achieving various high-perfor-
mance 1D electronic devices, rGO is still limited by its relatively 
low electrical conductivity resulting from the abundance of 
structural defects in the lattice which come from the reduction 
process.[46] To address this issue, Wang et al performed thermal 
annealing treatment of rGO-based stretchable conductive yarns 
to remove the structural defects and improve the electrical con-
ductivity.[50] The yarns were fabricated by twist-spinning ther-
mally annealed rGO films. This process greatly improves the 
fracture strain up to 70% and increases the electrical conduc-
tivity remarkably to 6 × 105 S m−1. These yarns were used as 
1D stretchable heaters and they retained good electrical prop-
erties under tensile strains of up to 40% with low changes in 
resistance. The results of a Raman spectroscopy analysis showed 
that the ID/IG decreases from 1.21 to 0.014 after annealing the 
fiber at 3000 °C. This proves that the structure is highly ordered 
structure and how the defects of rGO are greatly repaired 
(Figure  1d–f). The electrical properties of graphene can also 
be greatly improved by combining it with other materials. Gao 
and co-workers used a spring-like architecture made of a rGO/
multi-walled CNTs (MWCNTs) composite.[51] The addition of 
MWCNTs with a considerably higher surface area increases the 
free electron availability and hence the current density in the 1D 
electrodes (Figure 1g). In addition to rGO, high-quality pristine 
graphene can also be produced by chemical vapor deposition 

(CVD). This synthesis approach can avoid the harsh redox pro-
cess of rGO synthesis, which induces numerous defects in the 
lattice. By using CVD, Hu and co-workers fabricated core-sheath 
CVD-grown graphene yarns by coating graphene on Cu wires.[52] 
After removing the Cu wires by etching, the graphene yarns 
were coated with polyvinyl alcohol (PVA), which imparted them 
flexibility and stretchability. The yarns exhibited conductive 
and mechanical properties higher than those reported for rGO-
based conductive yarns. However, despite a high conductivity of  
2.5 × 104 S m−1, the stretching ability of the fabricated yarns only 
allowed a small strain of 7.1% before the fibers lost their elec-
trical properties. The yarns underwent a constant relative change 
in resistance ΔR/Ro  = 3 when stretched to 6% for 200 cycles 
with no resistance degradation after strain release. This change 
is attributed to changes in the contact resistance of graphene 
sheets in the core, or at the interface of the polymer sheath and 
graphene core during deformation. Although graphene in its 
many forms can present excellent electrical properties, its high 
in-plane stiffness and high Young’s modulus are obstacles for 
achieving high stretchability in conductive yarns for practical 
applications. However, graphene is not the only carbon allotrope 
with good mechanical and electrical properties, and researchers 
have also made explored alternatives (Figure 1h–i).

The stretchability of carbon nanomaterial-based 1D stretch-
able electrodes can be further improved by using higher 
aspect ratio materials. These materials can be used in 1D 
yarns to create a network where the numerous electrical con-
tacts between the high-aspect-ratio materials provide a means 
to maintain electrical conductivity more effectively under 
stretching deformation. A representative example of such 
nanomaterials is carbon nanotubes. These are cylindrical nano-
structures with high aspect ratio and remarkable electrical 
and mechanical properties. High electrical conductivities have 
been reported based on their nature and fabrication procedure, 
making them a good candidate for conductive materials of 1D 
stretchable electrodes.[53] Zhou et  al. designed a thermoplastic 
elastomer (TPE) belt-like 1D stretchable electrode based on 
single-walled CNTs (SWCNTs).[54] The authors used wet-spun 
filament yarns with a solution of SWCNTs doped with acid in 
their core. After the acid was removed, the yarn was pressed 
on the surface to increase the density of electrical contacts in 
the core. Upon stretching, the yarns fragments with a high den-
sity of cracks were bridged by the SWCNTs, allowing the yarns 
to remain conductive over a long range. Although the initial 
electrical resistance of the yarns was ≈71 Ω cm−1, which is not 
as low as that of other graphene-based yarns, they were able 
to withstand strains of up to remarkably high value of 250%. 
This behavior was explained by examining two regimes. For 
low strains (20%), the conductivity results from the dense con-
tacts in the SWCNTs cracks. However, for higher strains, the 
network becomes increasingly disconnected, and electrons 
cannot flow through the cracks anymore; therefore, the only 
conduction path results from the SWCNTs covering the inter-
face in the TPE sheath (Figure  1j). The appearance of cracks 
under strain can be easily observed particularly when the 
adhesive properties between the conductive material and the 
matrix are not optimal. In order to improve this aspect, Li et al. 
developed 1D stretchable conductive yarns by decorating carbox-
ylic MWCNTs and SWCNTs on a thermoplastic polyurethane  
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composite (TPU).[55] The stretchable TPU filament yarn was 
first decorated with MWCNTs to achieve an electrical con-
ductivity of 0.13 S cm−1, which is almost ten times less than 
that of yarns with only SWCNTs (1.08 S cm−1). Subsequently, 
the TPU yarn was first coated with MWCNTs and then with 
SWCNTs (3.65  wt%) to increase the conductivity (13 S cm−1) 
by 100 times compared to the yarns coated with MWCNT and 
by 12 times compared to the ones coated with SWCNTs. The 
adsorption of carboxylic MWCNTs on the TPU yarns enhanced 
the hydrophilic performance of the yarns and promoted 
SWCNTs attachment, which in turn increased the conductivity 

and allowed maintaining stable conductivity under strains of 
up to 100% (Figure  1k). To further increase the conductivity, 
few wall CNTs (FWCNTs), i.e., CNTs with two to five layers of 
carbon atoms, have also been used because of their high elec-
trical and mechanical properties and cost-efficient synthesis.[56] 
Jiang et  al. used randomly distributed FWCNTs coated in a 
poly (m-phenylene isophthalamide) (PMIA) matrix for 1D 
stretchable conductive yarns.[57] The electrical conductivity of 
the yarn was effectively increased from 10.97 to 101.50 S cm−1 
by applying different annealing temperatures for the yarns. 
The enhancement of the conductivity by annealing could be 
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Figure 1.  a) The schematic illustration of the structure of the stretchable electrothermal chromatic fiber using rGO, TiO2, and PDMS. b) Photographs 
of the stretchable electrothermal chromatic fibers with different colors. (a,b) Reproduced with permission.[48] Copyright 2017, The Royal Society of 
Chemistry. c) Electrical conductivity of plasma-treated double coated yarn with rGO (PDCY-RGO) at varying dip-coating times. Reproduced with 
permission.[49] Copyright 2015, Wiley-VCH. d) Schematic illustration of the fabrication process of graphene-based conductive fibers. e) Optical image 
of the fabricated graphene-based conductive fiber. Scale bar is 1.5 cm. f) SEM image of a single graphene fiber with uniformly scrolled structure. Scale 
bar is 300 µm. (d–f) Reproduced with permission.[50] Copyright 2016, Wiley-VCH. g) Side-view SEM image of the rGO-based conductive fiber. Inset: 
cross-sectional SEM image of the rGO fiber. Reproduced with permission.[51] Copyright 2017, American Chemical Society. h) Schematic illustration of 
the fabrication process of graphene/PVA (G@PVA) fibers. i) Photograph and SEM image of a G@PVA fiber wound on a plastic rod. (h,i) Reproduced 
with permission.[52] Copyright 2015, American Chemical Society. j) Schematic presenting the fragmentation of the coaxial SWCNTs-based stretchable 
conductive fiber. Reproduced with permission.[54] Copyright 2018, Wiley-VCH. k) The conductivity comparison of various stretchable conductive fibers 
based on SWCNTs, MWCNTs, and their mixture. Reproduced with permission.[55] Copyright 2018, The Royal Society of Chemistry. l–n) Schematic 
illustration of the preparation of the FWCNTs/PMIA stretchable conductive fiber, TEM image of FWCNTs, and optical image of FWCNTs/PMIA fiber 
compared with a human hair, respectively. Reproduced with permission.[57] Copyright 2015, American Chemical Society.
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attributed to the improved adhesion and interaction between 
the matrix and the FWCNTs and possible evaporation of the 
surfactant from the FWCNTs, thereby decreasing the contact 
resistance. The FWCNTs in the annealed yarns tend to align 
in the strain direction during deformation, increasing the elec-
trical stretchability of the yarns. (Figure 1l–n).

Even though the high electrical and mechanical properties 
of carbon-based nanomaterials, such as CNTs and graphene, 
are quite appealing for fabricating 1D stretchable electrodes, 
their practical use for achieving high electrical performance 
still faces many challenges. As an alternative, metallic nano-
materials offer many attractive features and options that can 
employed to enhance the electrical performance of 1D stretch-
able electrodes. In the following subsection, we will discuss in 
more detail the use of various metallic materials as electrical 
conductors in 1D stretchable conductive yarns.

2.2. Metallic Nanomaterials for 1D Stretchable Electrodes

Although metals have generally limited mechanical flexibility 
compared to carbon-based nanomaterials, metallic nano
materials such as NPs and NWs, can act as excellent conductive 
materials for 1D stretchable electrodes, providing the yarns with 
high mechanical flexibility and electrical conductivity. Because 
a typical approach for using conductive nanomaterials for 1D 
stretchable electrodes is based on the percolation or network of 
the nanomaterials, 1D metallic NWs have been widely investi-
gated for fabricating 1D stretchable electrodes due to their high 
aspect ratio. The high aspect ratio of NWs ensures the network 
of NWs to maintain the electrical contacts between the NWs 
under high tensile strain, imparting high electrical stretch-
ability to the conductive yarns. Chen et  al. used AgNWs to 
create a 1D stretchable conductive yarn for strain-sensing by 
combining AgNWs with a poly(vinylidenefluoride-co-trifluoro-
ethylene) (P(VDF-TrFE)) polymer nanofiber mat, which was 
previously coated on a prestretched elastic filament yarn.[58] By 
increasing the contents of AgNWs in the yarn, a high electrical 
conductivity of 5 Ω cm−1, stretchability greater that 100% high 
stability over 10 000 strain cycles of 90% with negligible change 
in its sensitivity were realized (Figure  2a). Lu et  al. also used 
AgNWs to fabricate 1D stretchable conductive yarns.[59] They 
obtained higher electrical conductivities and stretching ranges 
by modifying the surface of AgNWs to greatly improve the 
compatibility with a stretchable PU matrix. Particularly, they 
improved the dispersion of AgNWs in the liquid PU matrix in 
order to create a more homogeneous network for a wet-spun 
composite. They compared the electrical conductivity of yarns 
with and without modified AgNWs and found that the conduc-
tivity of yarns without surface modification was 147 S cm−1, 
while that of yarns with modified NWs was 331 S cm−1. The 
highest conductivity obtained by increasing the percentage by 
weight concentration of modified AgNWs was 7330 S cm−1. 
In addition, the yarns were able to remain conductive under 
strains up to ≈140%. The outstanding conductivities realized by 
Lu et al. are the consequence of a uniformly dispersed AgNWs 
network, resulting from the improved dispersibility of the 
AgNWs after coating with a polyethylene Glycol (PEG) deriva-
tive (Figure 2b–d). Sun and co-workers also used a AgNWs/PU 

composite yarn with sheath-core architecture.[60] In this work 
the authors were able to obtain yarns with initial resistance 
lower than 1 Ω cm−1. The resistance of these yarns changes 
only by 10% upon applying a strain of 110%. Thus, these yarns 
were suitable for use as stretchable conducting wires. The key 
aspect of this work is the control of the stretching properties by 
focusing on the width of the interface of the coating between 
the conductive NWs and the elastic matrix which highlights the 
importance of not only the conductive material, but the system 
as a whole (Figure 2e–g).

In addition to 1D nanomaterials, NPs can also be addition-
ally incorporated into 1D stretchable electrodes. Lee et al. used 
both AgNPs and AgNWs as conductive fillers in an styrene–
butadiene–styrene (SBS) elastomeric matrix.[61] As a result, they 
obtained composites with an initial conductivity of 2450 S m−1; 
these composite could withstand strains of up to 220% without 
losing conductivity. This electrical stretchability is higher than 
the theoretical value based on the 3D percolation theory. The 
high stretchability is attributed to the AgNWs-bridges between 
the networks of AgNPs disconnected by the applied strain. The 
synergetic effect of AgNPs and AgNWs depended on the length 
of the AgNWs, with higher stretching ranges and conductivi-
ties being observed for longer AgNWs. This finding highlights 
the importance of AgNWs in realizing long stretching ranges 
(Figure  2h,i). Although high stretchability is generally related 
to the use of high-aspect-ratio materials, Lee and co-workers 
achieved outstanding performance for 1D stretchable conduc-
tive yarns by only using NPs.[24] They incorporated AgNPs into 
a PU stretchable filament yarn by reducing large amounts of 
Ag ions previously absorbed in the yarn into AgNPs. The fab-
ricated yarns presented a remarkably high conductivity of 
20 964 S cm−1; this conductivity was achieved on the number 
of times the yarns underwent reduction. The reduction pro-
cess enabled generating a large number of AgNPs inside and 
outside the yarn, imparting the yarn with a remarkable strain 
range of up to 450% and stability over 10 000 stretching cycles. 
These properties were realized without using any high-aspect-
ratio nanofillers such as NWs (Figure 2j). Baik and co-workers 
also reported the creation of 1D stretchable conductive yarns 
using Ag nanoflowers as a conductive filler in a wet-spun 
PU filament yarn.[62] In this case too, the use of a single-type 
filler was enough to achieve excellent electrical conductivity 
and mechanical properties. The obtained conductivity was 
41 245 S cm−1, which is one of the highest reported as yet, and 
the rupture strain was 90%. The excellent performance of the 
yarns was attributed to the higher surface area of the nano-
flowers compared to the area of NWs and NPs. (Figure 2k)

Ag is the most commonly used metal for fabricating 1D 
stretchable electrodes owing to its outstanding electrical proper-
ties; however, other metals such as Au and Cu have also been 
investigated for forming 1D stretchable electrodes. Cheng 
et  al., used CuNWs to create 1D stretchable conductive yarns 
with high conductivity.[63] The CuNWs were coated onto a 
helical yarn made by PE microfibers. The electrical conduc-
tivity of the yarns was improved by using H2 plasma, which 
removed the organic residues and oxide layers. In addition, 
nanowelding between the CuNWs in the network decreased the 
contact resistance and granted the yarn a low electrical resist-
ance of 2.5 Ω cm−1 to the yarns (Figure  2l). Moreover, taking 
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inspiration from moss, Zhao et  al. used AuNWs as seeds in 
an elastic yarns to grow Au films by electroless deposition.[64] 
The yarns showed electrical conductivities of up to 461 S cm−1. 
Their conductivities could increase or decrease on application 
of strain, depending on the amount of prestrain used during 
the fabrication process (Figure 2m,n).

An interesting available alternative is the use of liquid metal 
(LM) alloys with very low melting points that are a liquid at 

room temperature.[65] These materials flow in response to 
deformation and effectively maintain their electrical conduc-
tivity under tensile strain. Zhu et al. fabricated a 1D stretchable 
electrode by injecting EGaIn into poly[styrene-(ethylene- 
co-butylene)-styrene] (SEBS) hollow filament yarns.[66] The 
introduction of LM has negligible impact on the mechan-
ical properties of the yarn. The fabricated yarn presented a 
very low electrical resistivity of 3 × 10−5 Ω cm−1 and electrical 
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Figure 2.  a) Cross-sectional SEM image of the stretchable conductive fibers using AgNWs, P(VDF-TrFE) nanofiber mats, and elastic fiber substrate. 
Reproduced with permission.[58] Copyright 2016, Wiley-VCH. b) Photograph of the stretchable conductive fibers based on the surface-modified AgNWs 
and PU composite. c) The optical microscope image of the fiber in reflection modes. d) Cross-sectional SEM image of the composite fiber. (b–d) Repro-
duced with permission.[59] Copyright 2018, American Chemical Society. e) Schematic illustration of the fabrication process for the AgNWs/PU stretch-
able conductive fiber. f,g) Photograph and SEM images of the fabricated AgNWs/PU stretchable conductive fiber, respectively. (e–g) Reproduced with 
permission.[60] Copyright 2018, American Chemical Society. h) Schematic illustration of changes in AgNWs and AgNPs in the stretchable conductive 
fibers under stretching. (Left navy-lined box: SEM image of the AgNPs-mixed SBS fiber without AgNWs at 50% strain. Scale bar = 30 µm. Right red-
lined box: SEM image of the 0.56 wt% AgNWs–AgNPs embedded SBS fiber at 50% strain. Scale bar = 4 µm). i) Backscattered SEM images of the 
0.56 wt% AgNWs-mixed SBS fibers without AgNPs at pre- and 50% strains (Scale bars = 20 µm). (h,i) Reproduced with permission.[61] Copyright 2015, 
Wiley-VCH. j) SEM images showing the surface of the stretchable conductive fibers based on AgNPs. The inset: the higher-magnification SEM image 
showing the uniform formation of AgNPs. Reproduced with permission.[24] Copyright 2018, American Chemical Society. k) Effect of Ag nanoflower 
concentration on stretchability and conductivity of stretchable conductive fibers. Reproduced with permission.[62] Copyright 2015, American Chemical 
Society. l) Schematic illustration of the hierarchical structure of the stretchable conductive fibers based on CuNWs. Reproduced with permission.[63] 
Copyright 2016, American Chemical Society. m) The optical microscope image of the AuNWs/SEBS fiber before and after the growth of gold film on 
the fiber, respectively (scale bars = 100 µm). n) Cross-sectional SEM image and the corresponding EDX mapping image of the AuNWs/SEBS fiber after 
the growth of the gold film. (m,n) Reproduced with permission.[64] Copyright 2018, Wiley-VCH. o) Photograph of the ultrastretchable conductive fiber 
based on LM. The inset: The shiny core of its cross-section is the LM. Reproduced with permission.[66] Copyright 2012, Wiley-VCH.
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stretchability under a strain of up to 800%. The change in elec-
trical resistance upon application of tensile strain is caused by the 
increase in yarn length as the cross-sectional area decreases. Such 
behavior is one of the advantages of using LMs for stretchable 
conductive yarns as LMs can be treated as normal wires, thereby 
facilitating the development of theoretical models (Figure 2o).

Thus, a wide variety of metals and alloys can be used for 
fabricating 1D stretchable electrodes, and the obtained 1D 
stretchable electrodes have better performance compared to the 
performance of carbon-based nanomaterials. The wide variety 
of options not only include many types of metallic materials 
such as silver, gold, and copper, but also cover materials of dif-
ferent shapes and dimensions (NPs, NWs, nanoflowers, and 
LM). In terms of the performance, the materials presented in 
this subsection show higher conductivities and stretchabili-
ties compared to CNTs- or graphene-based fibers. Many fac-
tors can be responsible for the high performance of metallic 
nanomaterial-based stretchable conductive fibers. For example, 
the contact resistance between the conductive nanomaterials 
in the yarn can be one of the reasons. Although carbon-based 
materials too may realize high conductivities, the contact resist-
ance between CNTs or different graphene sheets is generally 
higher than that observed in metals.[67]

3. Fabrication Techniques for 1D Stretchable 
Electrodes

The fabrication method for 1D stretchable electrodes is one of 
the important considerations because various parameters such 
as performance, stability, cost, and efficiency of the electrodes 
are determined by its fabrication method. Typical fabrication 
methods for 1D stretchable conductive yarns are based on 
forming conductive composites composed of conductive mate-
rials and elastomeric materials in the form of yarns, or coating 
conductive materials on the surface of polymeric yarns. The fol-
lowing section will present three types of representative fabrica-
tion strategies for 1D stretchable electrodes.

3.1. Direct Spinning Methods of Stretchable Yarns  
with Conducting Materials

In order to fabricate stretchable conductive composites in 
the form of yarn, the direct extraction of the mixture of con-
ductive materials and elastomeric matrix into yarn form 
has been widely investigated by using various conventional 
spinning methods such as wet spinning, dry spinning, and 
thermal drawing method. The wet-spinning method is a scal-
able production technology for filament yarns, and it is widely 
employed in industry. Filament yarns are fabricated by injecting 
a base polymeric solution through a nozzle into a coagulation 
bath at an appropriate rate. Stretchable conductive yarns can 
also be effectively fabricated by adding conductive materials 
into a polymeric solution and extracting the mixture into a 
filament form by the wet spinning method.[68–70] Ma et al. fab-
ricated stretchable conductive yarns with high electrical prop-
erties by the scalable wet spinning method (Figure  3a).[62] A 
mixture of flower-shaped AgNPs with nanodisc-shaped petals 

(Ag nanoflowers) and PU elastomer was extracted into a yarn 
composite by the wet spinning method to obtain stretchable 
conductive yarns. An outstanding electrical conductivity was 
achieved by the Ag nanoflowers, which is two orders of mag-
nitude higher than that of fibers based on typical spherical 
AgNPs. However, there existed a trade-off relationship between 
the electrical conductivity and stretchability of the stretchable 
conductive yarns according to the conductive filler fraction. 
Based on the wet spinning method, stretchable conductive 
yarns with a core-sheath structure were developed by using 
a coaxial nozzle.[54,71] Tang et  al. developed a facile and scal-
able one-step coaxial wet spinning assembly strategy to fabri-
cate core-sheath stretchable conductive yarns; even MWCNT 
core protected by the silicone elastomeric sheath could be used 
(Figure 3b).[71] The fabricated conductive yarns were insulated 
by the elastomeric sheath similar to conventional cables 
and also possessed high stretchability over 300%, excellent 
stability, negligible hysteresis, fast response time, and wash-
ability. Zhou et  al. also designed a coaxial wet spinning and 
post-treatment approach to fabricate stretchable conductive 
coaxial yarns including filaments with thermoplastic elas-
tomer-wrapped SWCNTs core (Figure  3c,d).[54] The SWCNTs 
core was densified by applying pressure on the surface of the 
fibers after fabrication, resulting in a belt-like coaxial yarn with 
high performance.

A dry spinning method, typically used for the large-scale 
industrial production of filament yarns, has also been inves-
tigated to develop stretchable conductive yarns.[64,72–74] In the 
dry spinning method, polymeric filaments are extracted by 
extruding the source polymer solutions in a volatile solvent 
into a warm air environment through the nozzles. Although 
this process often involves hazardous flammable solvents, it 
is robust to impurities during the process. Further, this pro-
cess is faster than the wet spinning method. Zhao et al. devel-
oped stretchable conductive yarns with high conductivity and 
stretchability by using a dry spinning method and an ultrathin 
AuNWs-seeded electroless deposition strategy (Figure  3e,f).[64] 
The AuNWs were well mixed with an highly elastic SEBS block 
copolymer to form AuNWs/SEBS stretchable yarns through the 
dry spinning method. The AuNWs in the yarn could act as seeds 
to achieve conformal electroless deposition of Au films on the 
surface of the yarns, forming a strong adhesion between the Au 
films and elastomeric yarns. To achieve high stretchability, the 
yarns were prestrained before the electroless deposition of the 
Au films, forming directional cracks and wrinkles along the axis 
of the deposited Au films. Based on the smoothening of wrin-
kles and self-repairing of cracks according to the applied strain, 
the electrical conductivity of the yarn was drastically improved 
to exceed 600% when the yarn was stretched under 380% strain 
(Figure 3g). By using a modified dry spinning method, Ma and 
co-workers developed ultra-stretchable, anti-freezing, conduc-
tive hydrogel yarns by mimicking the hierarchically organized 
structure of spider silk fiber (Figure  3h–i).[72] Both crystalline 
and amorphous domains of polymer chains are included in 
the yarns, providing a large stretchability of ≈1200%, fast resil-
ience of under 30 s, and high tensile strength of 5.6  MPa. In 
addition, the fabricated stretchable yarn showed an electrical 
conductivity of 2 S m−1 because of the polyelectrolyte nature of 
sodium polyacrylate (PAAS) in the hydrogel yarns (Figure 3j).
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The thermal drawing method, which was initially developed 
and used for optical fibers, has been recently investigated for 
fabricating stretchable conductive filament yarns.[75,76] In the 
thermal drawing method, functional filaments can be effectively 
extracted with high throughput by passing the preform of fila-
ment with a large diameter into a furnace. Fink group advanced 
the thermal drawing method as a powerful tool for various multi
functional filaments for optical, electrical, chemical and bioel-
ectronic applications.[77–81] For electrophysiological recoding, 
Lu et  al. developed flexible and stretchable optoelectronic 

probing fibers from the mouse spinal cord by using the thermal 
drawing method (Figure  3k).[81] The cyclic olefin copolymer 
elastomer with a low modulus of 34 MPa and a melting point 
of 84 °C was used to overcome the limitations of the existing 
rigid probes fabricated by a thermal drawing process. The 
stretchable filaments exhibited a low impedance of 34 ±  17 kΩ,  
within the suitable range for extracellular recording applica-
tion. This impedance was realized by coating AgNWs mesh 
electrodes on the surface of the filaments. In addition, the fab-
ricated stretchable filament yarns maintained low impedance 
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Figure 3.  a) Conductivity–strain relationship of the stretchable conductive fiber fabricated from the wet-spinning method. The inset: Fiber collected 
on a winding drum (length ≈50 m). Reproduced with permission.[62] Copyright 2015, American Chemical Society. b) Schematic illustration of the 
coaxial wet-spinning process for the stretchable conductive fibers. Reproduced with permission.[71] Copyright 2018, American Chemical Society.  
c) Photographs of the fabricated coaxial stretchable conductive fiber. d) Photograph of the coaxial stretchable conductive fiber when stretched from 
5% to 250% strain. D and Lc represent the average spacing between the cracks and average crack opening displacement, respectively. (c,d) Reproduced 
with permission.[54] Copyright 2018, Wiley-VCH. e) Schematic illustration of the dry-spinning process to fabricate AuNWs/SEBS stretchable conductive 
fibers. f) Schematic illustration of the formation of AuNWs-rooted continuous gold films on the fiber surface. g) The conductivity–strain curves on the 
effect of prestrain levels of the stretchable conductive fibers. (e–g) Reproduced with permission.[64] Copyright 2018, Wiley-VCH. h) Photograph of a  
1.1 m-long as-prepared stretchable conductive fiber fabricated by the dry-spinning method. i) Photograph of the fabricated fiber showing its high 
stretchability. j) Relative resistance variation and relative conductivity variation of the stretchable conductive fibers under stretching. (h–j) Reproduced 
under the terms of the Creative Commons CC BY 4.0 license.[72] Copyright 2018, The Author(s), published by Springer Nature. k) Schematic illustration 
of the thermal drawing method for stretchable conductive fibers. Reproduced with permission.[81] Copyright 2017, The Authors, some rights reserved; 
exclusive licensee American Association for the Advancement of Science. Distributed under a Creative Commons Attribution NonCommercial License 
4.0 (CC BY-NC). l) Stress–strain curves of a pure SEBS fiber and an SEBS fiber filled with LMs, of which the optical microscope image is shown in the 
inset. Reproduced with permission.[82] Copyright 2018, Wiley-VCH.
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at strains up to 100%, thus exhibiting better performance than 
that observed in their practical application. In the case of the 
thermal drawing method, the structures and components of the 
fabricated yarn can be readily controlled by adjusting the pre-
form of the fiber, thereby allowing the successful application of 
this process for various multi-material and structure yarns. Qu 
et al. designed superelastic conductive yarns that were hundreds 
of meters long via the thermal drawing method.[82] Even though 
elastomeric materials have been limited in the thermal drawing 
process for multi-material yarn, they developed a multi-material 
thermal drawing process using thermoplastic elastomers based 
on an appropriate rheological and microstructure analysis. The 
stretchable conductive yarns were fabricated by co-drawing 
SEBS with an electrically conducting thermoplastic composite, 
namely, carbon black-loaded polyethylene, or by filling liquid 
metal into the hollow channels of stretchable yarns fabricated 
by the thermal drawing process. The fabricated stretchable 
conductive yarns could not only sustain up to a high strain of 
500%, but also effectively maintain their electrical properties 
under high tensile strains (Figure 3l). This methodology poten-
tially can help fabricate various multi-material and multifunc-
tional elastic yarns at large scalability and low cost, suggesting 
the process as one of the leading technologies for the fabrica-
tion of stretchable conductive yarns in various applications.

3.2. Coating, Physical, and Chemical Incorporation  
of Conducting Materials

Stretchable conductive composites can be directly fabricated 
in the form of yarn by using various conductive materials in 
several spinning methods as described in the previous section. 
However, the limited uniformity of the percolated conductive 
materials and demand for using the industrially verified yarns 
still remain as challenges in some cases. In this regard, var-
ious approaches to endow conductivity to the previously fabri-
cated elastic yarns such as a dip coating, physical deposition, 
and chemical reduction method have been investigated.

The dip-coating process is a widely used solution-
based coating process. This process is simple, fast, and 
cost-efficient.[83–85] In the dip-coating process, it is important 
to not only prepare a solution in which the materials to be 
coated are uniformly dispersed, but also ensure that the coated 
material is firmly fixed without delamination from the sub-
strate. Wang et  al. designed a scalable fabrication process to 
fabricate stretchable conductive yarns by repeatedly dip-coating 
SWCNTs on the surface of the elastic PU/cotton core-spun yarn 
(Figure  4a,b).[86] The elastic core-spun yarn was fabricated by 
entwining cotton sheath yarns around highly elastic PU fila-
ment; subsequently, the yarn was passed through the well-dis-
persed SWCNTs solution. For ensuring high uniformity during 
dip-coating and adhesion between the coated SWCNTs and 
the elastic filament, two strong hot wind dryers were immedi-
ately used to quickly evaporate the solvent of the CNT ink. The 
electrical conductivity of the fabricated yarn was increased by 
repeating the dipping process of the SWCNTs on the elastic fil-
aments. In addition, the stretchable conductive yarns exhibited 
high stretchability up to a tensile strain of 300% and reliable 
long-term cycling stability for nearly 300 000 cycles. Li et al. also 

developed stretchable conductive yarns by coating a conduc-
tive AgNP/graphene-microsheet composite sheath, and a elas-
tomeric encapsulation layer on an elastic PU core filament 
(Figure  4c).[87] The graphene-microsheets were repeatedly dip-
coated on the surface of the pretreated elastic PU filament, pro-
viding the electrical conductivity of 60.5 mS cm−1. The electrical 
conductivity of the fabricated yarn could be further improved to 
423.7 mS cm−1 by additionally depositing AgNPs. Using a mod-
ified dip coating process, Busfield and co-workers proposed a 
straightforward method to fabricate conductive cords by incor-
porating CNTs into the elastomeric adhesive layer dip-coated on 
the surface of glass fibers.[88] Based on its electrical conductivity 
of 10−2 S m−1, the percolated CNTs network provided a self-
sensing ability for interfacial strain and damage in the cord-
rubber composites under the external stress. The dip-coating 
method is promising from the viewpoint of simple, fast, low 
cost, and scalable fabrication. However, some challenges still 
persist with regard to the limited electrical performance and 
poor stability against external mechanical stimulations.

Zhang et  al. proposed a novel and convenient rolling 
strategy to prepare high-performance stretchable conduc-
tive yarns based on the physical deposition of Au films 
(Figure  4d,e).[89] The stretchable conductive yarns were fabri-
cated by rolling a Au/polydimethylsiloxane (PDMS) thin film 
in a spiral structure. By using the simple rolling strategy and 
restricting the crack elongation by an encapsulation effect of 
the spiral structure, a cracking control strategy is achieved; the 
size of the Au film cracks was reduced and more conductive 
pathways were effectively maintained during the stretching 
of the yarn. Therefore, the Au films deposited in the yarn 
underwent only small changes in resistance in the stretching 
stimulation. In particular, the resistance change of the fiber 
was about 1.5 under 50% strain, which is less than that of a 
thin film at the same strain (Figure  4f). Although this novel 
approach provides high electrical conductivity for metal films 
and excellent electrical stretchability using the cracking con-
trolling strategy, continuous and scalable fabrication is still 
desired in this method.

Recently, a chemical reduction approach which can incor-
porate inorganic conductive materials into elastomeric poly-
mers, was applied for forming high-performance conductive 
yarns.[24,61,90] By this approach, a large number of inorganic 
NPs can be uniformly distributed inside elastomeric yarns by 
absorbing metal precursors and then reducing them by using 
reducing agents. This approach has unique advantages in 
terms of the high efficiency of the process, high performance 
of the product, and fast and simple fabrication. Lee and 
co-workers, for the first time, applied a chemical reduction 
process to fabricate high-performance conductive yarns with 
low electrical resistance and high stability against external 
mechanical stimulations at the same time (Figure 4g).[90] The 
conductive yarns were fabricated by absorbing many Ag ions 
into the elastomeric polymer (SBS) coated on commercial 
Kevlar fibers and reducing the absorbed Ag ions into AgNPs 
inside the SBS layer. The fabricated conductive fibers exhibited 
a low electrical resistance of 0.15 Ω cm−1 based on the large 
number of AgNPs incorporated in the SBS layer (Figure 4h)  
and high stability over more than 10 000 bending cycles. In 
a similar manner, the chemical reduction process was also 
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used to fabricate the stretchable conductive yarns by incorpo-
rating AgNPs inside the elastomeric SBS filament extracted 
by the wet spinning method with AgNWs.[61] More conduc-
tive materials can be additionally embedded into conductive 
composites, and hence, the performance of the stretchable 
conductive yarn can be further improved by the chemical 
reduction process.

In the case of the conductive composites composed of 
conductive fillers and elastomeric matrix, the degrada-
tion of electrical conductivity under tensile strains can be 

theoretically explained by the 3D percolation theory and 
the classical power-law relationship.[91,92] In particular, the 
electrical conductivity of conductive composites can be 
calculated by

0 f
0

c
0V V

s
σ σ ( )= − � (1)

where σ is the electrical conductivity of the conductive com-
posites, σ0 is the bulk conductivity of the conductive filler, 
s indicate the critical exponent, Vf

0 and Vc
0 mean the volume 
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Figure 4.  a) Schematic illustration of the self-developed fabrication process based on the dip-coating process for the PU/cotton/CNT-based stretchable 
conductive fibers. b) Electrical resistance of the stretchable conductive fiber versus the number of dip-coating. (a,b) Reproduced with permission.[86]   
Copyright 2016, American Chemical Society. c) Schematic illustration of fabrication process for the stretchable conductive fibers based on the  
dip-coating of conductive materials. Reproduced with permission.[87] Copyright 2018, Springer Nature. d) Schematic illustration showing the principle 
of reducing the length and width of the cracks in the Au-based stretchable conductive fiber, which provides low resistance change while stretching.  
e) Photograph of the fabricated stretchable conductive fiber. Right image shows the cross-sectional optical microscope image of the fiber. f) The 
stretchability and resistance change of the fabricated fiber and thin film. The inset: Morphology of cracks in the fiber. (d–f) Reproduced with  
permission.[89]  Copyright 2018, Wiley-VCH. g) Schematic illustration of the fabrication of the conductive fiber through chemical reduction process.  
h) Electrical resistance changes of the conductive fiber according to the cycles of absorption and reduction of Ag ions. The inset: photograph showing 
emission of a light bulb connected to the conductive fiber. (g,h) Reproduced with permission.[90] Copyright 2015, Wiley-VCH. i) Schematic illustration 
of the fabrication process for the AgNPs-based stretchable conductive fiber through the chemical reduction process. j) SEM images of the surface of 
the stretchable conductive fibers under stretching. The fiber exhibits a Ag-rich shell region that grabs the inner composite (highlighted in red) and an 
inner composite region that is exposed (highlighted in yellow). k) Electrical conductivities of the stretchable conductive fibers under various conditions 
and calculated conductivity of the fiber using the classical 3D percolation theory according to the applied strain. (i–k) Reproduced with permission.[24] 
Copyright 2018, American Chemical Society.



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1902532  (11 of 28)

www.advmat.dewww.advancedsciencenews.com

fraction of the filler and percolation threshold without external 
strain, respectively. The percolation threshold of conduc-
tive composites (Vc

0) can also be calculated using the average 
interparticle distance model as follows[93]

6
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where D is the diameter of the conductive fillers and DIP is 
the distance of electric tunneling. In addition, the volume 
fraction of conductive fillers in the composites is readily 
determined by the ratio between the volume of conductive 
fillers in the composites and the total volume of the compos-
ites as follows
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conductive composites
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The incorporation of conductive fillers into the elastomeric 
matrix decreases the Poisson’s ratio of the conductive com-
posites below 0.5, generally increasing the total volume of 
the conductive composites according to the applied strains. 
Therefore, the volume fraction of conductive fillers in the 
composites decreases with increasing applied strains. As a 
result, from the Equation  (1), the electrical conductivity of 
conductive composites decreases with the increasing applied 
tensile strains.

According to the theoretical models regarding the electrical 
conductivity of conductive composites, the electrical conduc-
tivity can be improved by increasing conductive fillers in the 
composites, but the high-volume fraction of conductive fillers 
could degrade the mechanical stretchability of the composites. 
In general, the conductive composites composed of conductive 
fillers and elastomeric matrix inherently show the trade-off rela-
tionship between the electrical conductivity and stretchability 
of the composites. Therefore, there is a need for stretchable 
conductive yarns that exhibit excellent electrical conductivity 
and high stretchability simultaneously. Lee et  al. developed 
high-performance stretchable conductive yarns via a chem-
ical reduction process using AgNPs and commercial spandex 
fibers (Figure  4i).[24] A large number of AgNPs were incorpo-
rated into commercial elastic yarns comprising a multifilament 
structure by repeating the chemical reduction process, thus 
yielding stretchable conductive fibers. The AgNPs were gradu-
ally distributed inside the fiber because of the gradual absorp-
tion of Ag precursors toward the center of the yarn during the 
absorption step of the Ag precursors, resulting in the forma-
tion of a Ag-rich shell along the surface of the yarn. This Ag-
rich shell on the multifilament structure was cracked during 
stretching, thus effectively retaining the electrical pathways of 
electrons under high tensile strain (Figure  4j). Based on the 
synergic effect of the multifilament structure and Ag-rich shell 
of the yarn, stretchable conductive yarns with simultaneous 
outstanding electrical stretchability and excellent electrical con-
ductivity were fabricated (Figure 4k). The proposed approach to 
fabricate stretchable conductive yarns by the chemical reducing 
reaction has a strong potential for industrial applications, as 
it is applicable for commercial yarns, already verified in the 
industry.

3.3. Structural Approaches for Fabricating  
1D Stretchable Electrodes

Various stretchable conductive yarns based on incorporating 
or coating conductive materials provide high electrical conduc-
tivity and intrinsic stretchability; however, their electrical con-
ductivities generally change during stretching because of the 
loss of contact between the conductive materials. The change 
in the electrical properties of these yarns with the applied 
strain make them a promising candidate as a wearable sensing 
device; however, if these yarns are used as fiber electrode or 
an interconnection within electronic devices, the devices may 
suffer severe performance degradation. To avoid the degrada-
tion of the electrical conductivity of the yarn during stretching, 
various structural designs such as twisted, helical, buckling, 
and winding structure have been explored for 1D stretchable 
electrode.[49,94–104] Because the structured yarns dominantly 
use the deformation of their structures rather than intrinsic 
stretching of the yarns, the contacts between conductive mate-
rials in the yarns can be effectively maintained, in turn mini-
mizing the change in the electrical conductivity of the yarns 
during stretching.

Shang et  al. designed stretchable spring-like CNT ropes by 
over-twisting a yarn composed of randomly oriented SWCNTs 
(Figure 5a and b).[105] The fabricated CNT ropes provided a high 
mechanical stretchability under a strain of up to 285% strains 
and maintained high and stable electrical conductivity during 
stretching. This was possible because of the loop opening and 
straightening of the spring structure. The electrical resist-
ance of the yarn was reproducibly increased with only 2% 
under 20% strains and 11% under 40% strains. In a similar 
manner, Zhang et  al. developed a 1D stretchable electrode by 
designing freestanding springs composed of aligned MWCNTs 
(Figure 5c).[100] The freestanding spring-like electrode was fab-
ricated by overtwisting an aligned MWCNT sheet. The fabri-
cated spring-like electrode exhibited a high stretchability of over 
300%. The structure of aligned CNTs in the 1D electrodes could 
also be almost remained under strain because most applied 
strains were compensated for by the deformation of the spring 
structure. The electrical resistance of the 1D electrode increased 
slightly from 0.19 to 0.25 Ω cm−1 under high tensile strains of 
up to 100%, and then recovered to 0.20 Ω cm−1 after releasing 
(Figure 5d). Xu et al. used a freestanding spring-like Zn wire as 
a 1D stretchable electrode for fiber energy devices.[106] Despite 
the intrinsic rigidity of the Zn wire, the spring structure 
endowed the 1D electrodes with stretchability, demonstrating 
that spring-like electrodes can be applied as stretchable elec-
trodes for a 1D stretchable Zn–air battery.

One of other approaches to use structural design for 1D 
stretchable electrode is to wind conductive wires around an 
elastomeric wire substrate. He et  al. designed a 1D stretch-
able electrode by convolving the Cu microwire on an elastic 
silicone rubber wire (Figure 5e).[107] As the shape deformation 
of the core elastic wire substrate was much higher than that 
of the convolved Cu wire, the core wire substrate began sepa-
rating from the Cu wire during the stretching of the 1D system, 
thereby straightening the convolved Cu wire (Figure  5f). The 
advanced structural design allows the 1D system to be stretched 
up to strains of 70% and maintains the electrical conductivity of 
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the Cu wire during the stretching. Similarly, Zhong et al. used 
the coil structure of CNT-coated cotton thread in 1D stretch-
able electrodes in 1D energy harvesting devices (Figure 5g).[108] 
The CNT-based conductive thread was coiled around a stretch-
able silicone wire substrate to form a helical structure. The 
fabricated 1D system could be stretched up to 25% based on 
the helical structure while maintaining the electrical property 
of the conductive thread electrode. These structural designs are 
mainly used for 1D electrodes in 1D stretchable energy devices 

wherein the overall device performance strongly depends on 
the electrical conductivity. More details of the structural designs 
for 1D electrodes will be further discussed in a later section on 
stretchable fiber energy devices.

Meanwhile, highly stretchable conductive yarns that can 
be intrinsically stretched and can effectively retain their elec-
trical conductivity have been developed by applying a struc-
tural design to conductive materials coated on an elastic wire 
substrate. In particular, the buckling structure of conductive 
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Figure 5.  a) Photograph of a 3 cm long as-spun CNTs-based stretchable conductive fibers in naturally relaxed state and its corresponding higher-mag-
nification SEM images show the loop structure in corresponding places. b) SEM images of a 4.4 mm long section of rope consisting of highly uniform, 
perfectly arranged loops and the corresponding higher-magnification image. (a,b) Reproduced with permission.[105] Copyright 2012, Wiley-VCH. c) SEM 
images of the CNTs-based spring-like stretchable conductive fiber at different strains of 0%, 50%, and 100%. d) Electrical resistances of the stretchable 
conductive fiber during the stretching and releasing process with a strain of 100%. (c,d) Reproduced with permission.[100] Copyright 2014, Wiley-VCH. 
e) Schematic illustration of the stretchable fiber nanogenerator based on helically wound fiber electrodes. f) Photographs of the helically wound Cu 
wire electrode at released state and stretched state. (e,f) Reproduced with permission.[107] Copyright 2016, Wiley-VCH. g) Schematic illustration of the 
coil structure of CNT-coated cotton thread in stretchable fiber electrodes in fiber energy harvesting devices (left). The photograph of the fabricated 
fiber devices with curved shape (right). Reproduced with permission.[108] Copyright 2015, Wiley-VCH. h) Schematic illustration of the fabrication of the 
stretchable conductive fiber based on the buckled structure of MWCNT layers. i) Schematic illustration and SEM image showing the surface of the 
stretchable conductive fiber based on the 2D hierarchical buckling of MWCNT layers. j) The resistive response of the stretchable conductive fiber based 
on the buckled MWCNT electrode according to the applied strains. (h–j) Reproduced with permission.[99] Copyright 2015, Science. k) Schematic illustra-
tion of the twist-inserted rectangular sandwich fiber, which comprises an Ecoflex rubber core and two symmetric, buckled CNT electrodes. Reproduced 
with permission.[98] Copyright 2016, American Chemical Society. l,m) Schematic illustration and SEM images showing the stretchable conductive fiber 
based on the twisted structure and 2D hierarchical buckling of MWCNT layers. Reproduced with permission.[97] Copyright 2016, Wiley-VCH.
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materials in stretchable conductive yarns can provide excel-
lent stretchability without obvious degradation of electrical 
conductivity.[97–99] Liu et  al. developed highly stretchable core-
sheath conductive yarns by creating buckled CNTs sheets on 
elastic wire substrate (Figure  5h).[99] The periodic hierarchical 
buckling structure of CNTs sheets was realized by wrapping a 
MWCNT sheath on a prestretched rubber wire core (Figure 5i). 
The resulting stretchable conductive yarn exhibited outstanding 
performance in that its electrical resistance changed by less 
than 5% even under 1000% stretching (Figure 5j). Furthermore, 
the strain range within which the electrical conductivity of the 
yarn was maintained almost constant could be increased by 
coiling the yarn on a core wire substrate. The resistance of the 
coiled yarn reversibly changed by only 5% under a tensile strain 
of 3000%. The highly stretchable conductive yarns based on 
the hierarchically buckled CNTs sheets too have been applied 
in sandwiched and twisted structures for high-performance 1D 
stretchable electrodes or interconnects in 1D wearable sensors 
and energy devices (Figure 5k–m).[97,98]

4. 1D Stretchable Electronic Devices  
and Applications

Owing to the unique structural features of 1D stretchable 
conductive yarns, they have been effectively applied to realize 
various 1D electronic devices for advanced wearable elec-
tronics and textile electronics. The 1D electronic devices offer 
an outstanding suitability to be applied to 1D or 3D complex 
structures compared to most existing 2D planar devices. The 
superior suitability enables the 1D electronic devices to over-
come the practical limitations of the previous electronic devices 
in wearable electronics. In particular, the property of weava-
bility of the 1D electronic devices is a leading remarkable devel-
opment in the fields of smart textiles and textile electronics. In 
this section, we will discuss representative electronic devices 
based on 1D stretchable conductive yarns and their various 
applications.

4.1. 1D Stretchable Strain Sensors

To date, some of the typical 1D stretchable electronic devices 
are mechanical sensors that measure a strain, pressure, 
bending, torsion sensor, and so on. Among these, because of 
the simplicity of sensor design, various strain sensors based on 
1D stretchable electrodes have been developed.[109,110] In par-
ticular, most existing 1D stretchable electrodes themselves that 
are made by the coating or percolation of conductive materials 
in an elastomeric matrix can be readily used as a resistive strain 
sensor by means of the strain-dependent changes in their elec-
trical conductivity. In addition, a great demand for high-per-
formance strain sensors for movement and for biomechanical 
signal monitoring in various fields has further promoted the 
development of 1D strain sensors.

Eom et al. developed a 1D strain sensor by the in situ poly
merization of conducting polymers on yarns (Figure 6a,b).[111] 
The conducting polymer, poly(3,4-ethylenedioxythiophene) 
(PEDOT), was directly polymerized on the surface of a PE 

yarn, showing the initial electrical resistance of ≈600 Ω cm−1. 
In order to demonstrate the sensors for wearable applications, 
the fabricated 1D strain sensors were integrated into a com-
mercially available fabric with two types of patterns (linear and 
zigzag) by a typical sewing method. The textile strain sensor 
exhibited a strain gauge factor (GF) over 0.76 with the applied 
tensile strains of 20%, demonstrating its potential for various 
wearable applications such as smart gloves. In general, the 
performance of resistive strain sensors based on organic or 
inorganic nanomaterials, indicated by parameters such as GF 
and stretchability, mainly depends on the contacts between the 
nanomaterials as these contacts decide the conductive paths in 
the sensors.[112] For achieving high GF, the electrical contacts 
between conductive materials in the sensors should be sensi-
tively broken and restored against the applied tensile strains, 
leading to low stretchability of the sensor. Therefore, it is gener-
ally difficult to achieve high sensitivity (i.e., high GF) and broad 
strain-sensing range (stretchability) simultaneously. According 
to the 3D percolation theory which can explain the electrical 
behavior of conductive composites under tensile strains, the 
use of high-aspect-ratio materials such as CNTs and NWs as a 
conductive material for conductive composite can improve the 
stretchability of the conductive composites. Cao et al. fabricated 
presented a 1D strain sensor using AgNWs and a PU composite 
with a core-sheath structure (Figure  6c,d).[60] The 1D strain 
sensor was fabricated by coating the AgNWs/PU composite 
on the surface of an elastomeric core wire, providing an initial 
electrical resistance less than 1 Ω cm−1. Owing to the high-
aspect-ratio of AgNWs, the 1D sensor exhibited a large strain 
sensing range of 60%, as well as a high GF of up to 9557, and 
a low strain detection limit of 0.1%. In particular, an interfacial 
bonding layer was additionally introduced between the elasto-
meric core wire and the AgNWs/PU conductive composite to 
modulate the stretchability and GF of the 1D sensor. For fur-
ther increasing the theoretically limited stretchability of the 
1D strain sensors by using the conductive composite, metallic 
NWs were combined with NPs in the 1D elastomeric matrix.[61] 
The strain sensing range of the 1D strain sensor composed 
of AgNWs and AgNPs in the elastomeric filament increased 
to 220% based on the bridging effect of the aligned AgNWs 
for the AgNPs network under tensile strains (Figure 6e). This 
high-performance 1D strain sensor was successfully applied 
for developing an artificial smart glove to detect sign language 
(Figure 6f–h). Despite the high stretchability of the 1D sensor 
using the NWs, the synthesis process of the high-aspect-ratio 
materials is complicated and cost is quite expensive, hindering 
their use in industry. In this regard, Lee et al. developed a facile 
approach for fabricating highly sensitive and stretchable 1D 
strain sensors without any high-aspect-ratio conductive fillers 
(Figure 6i–k).[24] The developed 1D strain sensor was fabricated  
by incorporating only AgNPs into multifilament-structured 
elastomeric filaments through a simple chemical reduction  
process. The conductive paths in the 1D sensor could be excep-
tionally maintained under high tensile strains based on its 
Ag-rich layer and multifilament structure, yielding high per-
formance. Although no high-aspect-ratio conductive fillers 
were included in the sensor, the fabricated sensor achieved out-
standing sensitivity to tensile strain (≈9.3 × 105 and ≈ 659 in the 
first stretching and subsequent stretching, respectively) along 
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with a largely wide strain sensing range (450 and 200% for the 
first and subsequent stretching, respectively) at the same time 
(Figure 6i). This 1D strain sensor was integrated into knuckles 
of a glove using a typical sewing method, demonstrating that 
the 1D sensor could be used to detect human motions precisely 

and to control robot movements according to the recognized 
human motions (Figure 6j,k). In addition, the potential of the 
developed 1D strain sensor in biomedical applications has been 
demonstrated. An artificial bladder system, which can monitor 
the volume expansion of a bladder in real time and control 
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Figure 6.  a) Schematic illustration of polymerization of PEDOT on a PS fiber. b) Optical images of linear- and zigzag-type stretchable conductive 
fiber-embedded fabrics. c) SEM images of the cross section of the AgNWs/PU-based stretchable conductive fiber. d) Cross-sectional SEM images 
of the AgNWs/PU fibers with different prepolymerization time of 20 min (left) and 15 min (right). (a–d) Reproduced with permission.[111] Copyright 
2017, American Chemical Society. e) Conductivity change of stretchable conductive fiber fabricated with the AgNWs and AgNPs with respect to 
increasing strains. f) Photograph of the smart glove developed using the stretchable conductive fiber with AgNW-AgNP composite. Scale bar is 2 cm.  
g) Photograph of detecting English letter “Y” with the smart glove. h) Finger motion detection in the smart glove. (e–h) Reproduced with permission.[61]  
Copyright 2015, Wiley-VCH. i) Relative change in the electrical resistance of the multifilament fiber-based fiber strain sensor as a function of the first 
applied and released maximal strain. Inset graphs show the strain range of 0–100% and 150–250%, respectively. j) Photograph of the smart glove 
based on the fiber-based strain sensors on the nodes of the five fingers. k) Photographs of a remotely operated hand robot controlled by the smart 
glove. l) Photograph of the artificial bladder system and its operation with the fiber-based strain sensor on the pig bladder. m) Resistive response of the 
fiber-based strain sensor on the pig bladder and the operation of a solenoid valve according to the injection and extraction of liquid. (i–m) Reproduced 
with permission.[24] Copyright 2018, American Chemical Society. n) The dependence of CNT conductive fiber-based strain sensor’s capacitance on 
strain and displacement during stretching and stretch release, where the blue line is a linear fit of the data. Reproduced with permission.[114] Copyright 
2016, Wiley-VCH. o) Schematic illustration of multicore-shell printing process for capacitive soft strain sensor fibers. p) Photograph of the stretched 
capacitive fiber strain sensor. q) Model predictions, sensor resistance, and total capacitance of the capacitive fiber strain sensor up to 250% strain. 
(o–q) Reproduced with permission.[113] Copyright 2015, Wiley-VCH.
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the extraction of the liquid in the bladder, was developed by 
applying the 1D strain sensor onto a 3D curved surface of a 
porcine bladder (Figure  6l,m). The 1D strain sensor success-
fully detected the strain on the bladder surface generated from 
the volume expansion of the bladder and a solenoid valve con-
nected to the outlet of the bladder was controlled according to 
the sensor response. Thus, the ability of the artificial bladder 
system equipped with the 1D strain sensor to effectively regu-
late its volume was demonstrated.

In addition to resistive 1D strain sensors, capacitive-type 1D 
strain sensors have also been investigated considering their 
advantages in terms of high stability, low hysteresis, and low 
power consumption.[99,113,114] In general, capacitive sensors 
consist of a dielectric layer, which can be deformed in response 
to the applied deformation, sandwiched between two electrode 
layers. Wang et al. presented a capacitive 1D strain sensor with 
high stretchability fabricated by coating a coaxial, alternating 
layers of hierarchically buckled CNT layers and an insulating 
rubber layer on an elastomeric fiber substrate.[114] Especially, 
mechanical interference during the stretching of the 1D sensor 
was minimized by downsizing the whole diameter to 160 µm, 
leading the mechanical stretchability of the 1D sensor. The 
developed 1D sensor provided a 119% linear increase in capaci-
tance during stretching up to 200% strain, without obvious 
hysteresis (Figure  6n). In addition, the high stability of the 
sensor over thousands of stretching cycles and high sensitivity 
to small changes in strain of below 1% were investigated, and 
these properties were largely attributed to the downsized struc-
ture and highly stretchable buckled CNT electrodes. Using the 
coaxial structure, Lewis and co-workers also developed a capaci-
tive 1D strain sensor by a microfluidics-based multicore-shell 
fiber printing approach (Figure  6o–q).[113] The designed 1D 
strain sensor consists of four coaxial, alternating layers of a 
conductive liquid and a silicon elastomer, in which capacitance 
is created between two coaxial conductive liquid layers. The 
capacitive response of the sensor, which is mainly determined 
by the length of fiber and geometrical parameters of the coaxial 
structure, was reliably measured up to high tensile strains of 
250% with high accuracy and negligible hysteresis under both 
static and dynamic operating conditions. In addition, it was 
demonstrated that the capacitive 1D strain sensor could be 
readily integrated into textiles for wearable electronics, human/
machine interfaces, and smart textiles.

4.2. 1D Stretchable Pressure, Bending, and Torsion Sensors

Technically, various 1D strain sensors also respond to other 
mechanical deformations such as pressure, bending, and tor-
sional stimulations because the mechanical deformations are 
closely related each other. These mechanical deformations are 
not only more complicated than linear strain deformation, but 
also significantly important in practical applications in which 
the deformations are commonly observed, for example, in 
the study of the movement of joints and muscles. Therefore, 
many attempts have been carried out to design stretchable 1D 
mechanical sensors that can detect various mechanical defor-
mations.[49,58,63,115–123] Cheng et al. developed a stretchable and 
sensitive graphene-based 1D mechanical sensor by coating 

rGO onto the surface of yarns with a compressed spring 
structure (Figure  7a).[49] The compressed spring structure of 
the 1D sensor generated gaps between microstructure of the 
wound yarns and induced sensitive change in the contact 
area between the yarns, providing high sensitivity to various 
mechanical deformations such as strain, bending, and torsion. 
The 1D sensor revealed a wide sensing range of bending angle 
up to 90°, high sensitivity with a small detection limit of 2°, 
and stable repeatable response in forward and reverse direc-
tions (Figure 7b). In addition, a wide dynamic torsion-sensing 
range from −280   to 800  rad m−1 (Figure  7c), a low torsion 
detection limit of 2 rad m−1, and high stability over 5000 cycles  
of torsional deformation were realized. The developed 1D 
mechanical sensor was successfully used as a wearable sensor, 
demonstrating the detection of full-range human activities 
such as subtle speech recognition, sleep quality evaluation, 
pulse monitoring, and various human motions. Chen et  al. 
reported a highly stretchable 1D mechanical sensor fabricated 
by coating P(VDF-TrFE) polymeric nanofiber mats and AgNW 
layers onto an elastomeric fiber substrate.[58] Based on the 
AgNW network layers, the fabricated sensor showed sensing 
abilities for various mechanical stimuli such as bending, tor-
sion, and tensile strain. As a bending sensor, it had a broad 
bending-angle sensing range up to 130°, a low minimum 
bending-angle detection limit of 1.5°, and negligible hysteresis 
(Figure  7d). Simultaneously, the 1D sensor provided an out-
standing broad range of torsion sensing up to 6000 rad m−1. In 
addition to the bending and torsional deformations, a stretch-
able piezoresistive 1D pressure sensor was developed by simply 
twisting two stretchable conductive yarns (Figure  7e).[117] The 
stretchable yarn electrode comprised durable core-shell con-
ductive yarns with a high conductivity of 10−4–10−5 Ω cm and 
stretchability of ≈400%; these conductive yarns were fabricated 
using multiscale wrinkled microstructures of AgNW/PU com-
posite. The stretchable piezoresistive 1D pressure sensor was 
fabricated by twisting the two yarn electrodes (Figure 7e). The 
change in contact area between the wrinkled microstructured 
surfaces of the two yarn electrodes in the sensor offered a 
desirable sensitivity of 0.12 kPa−1, a fast response and relaxa-
tion time (35 and 15 ms), a low detection limit of 10 mg, and 
an excellent working stability for more than 4000 loading/
unloading cycles against external pressure stimuli. In addition, 
the 1D sensor also exhibited a high sensitivity of 0.012 rad−1 
to bending deformation because these deformations produced 
local stress on the 1D sensor. Similarly, Cooper et al. presented 
a soft and stretchable capacitive 1D sensor for torsion, touch, 
and strain by intertwining two core–shell conductive filament 
yarns composed of an elastomeric polymer fiber shell filled 
with conductive liquid metal (EGaIn) (Figure  7g).[118] The tor-
sional deformation of the 1D sensor induced an increase in 
the contact area between the two twisted conductive yarns and 
thus changes the capacitance between the two yarns, providing 
the ability to detect changes in torsion up to 10 887  rad m−1  
(Figure  7h). This wide sensing range of the sensor was 
two orders of magnitude higher than that of the previously 
reported torsion sensors at that time. Although 1D mechanical 
sensors can sensitively detect various mechanical deformations 
such as pressure, bending, torsion, and strain, all the sensing 
modes generally depends on same output value of the sensor. 

Adv. Mater. 2019, 1902532



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1902532  (16 of 28)

www.advmat.dewww.advancedsciencenews.com

Therefore, at present, it is difficult to decouple the applied 
mechanical deformations from the output signal, hindering 
its practical application in real life. Future work on mechanical 
sensors for various deformations should focus on decoupling 
the different deformations applied simultaneously.

4.3. 1D Stretchable Thermal Devices for Wearable Applications

One of the newly emerging wearable devices is a wearable 
heater which can help human body maintain a safe tempera-
ture in extreme environments such as high mountains and 
Antarctic bases. Because it is most efficient for the wear-
able heaters to be integrated into clothes that are essential in 
extreme environments, 1D wearable heaters have been actively 
developed using various electrothermal materials such as 
CNTs, graphene, and metallic nanomaterials for smart textile 
and wearable applications.[24,50,63] The electrothermal efficiency 
and power consumption mainly depends on the electrical con-
ductivity of the electrothermal electrode in the heater. There-
fore, the electrical properties of the 1D conductive electrode 

are the key parameter for the fiber heater. In addition, because 
the wearable heater that typically covers human motion is 
inevitably affected by external mechanical deformations such 
as stretching and bending, its stretchability and the electrical 
conductivity determine the heating performance of stretchable 
1D heating devices. Sun and co-workers presented a wearable 
heater fabricating using 1D stretchable conductive electrodes 
with a hierarchical structure (Figure 8a).[63] The 1D stretchable 
heater was fabricated using CuNW-based 1D conductive com-
posite, and it could be heated from 20 to 57 °C at an accept-
able DC voltage of 3  V with a fast response time under 20 s 
(Figure  8b). Based on its high stretchability, stable electrical 
conductivity can be maintained under various deformations 
such as bending, twisting, and stretching. Hence, the heating 
performance of the 1D stretchable heater revealed no any clear 
degradation after various mechanical deformations. The 1D 
stretchable heater could be readily woven into textiles, success-
fully demonstrating its potential for practical applications as a 
wearable textile heater for articular thermotherapy and main-
taining the body temperature of infant models (Figure  8c). 
Wang et  al. developed 1D graphene based heaters with high 
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Figure 7.  a) Schematic illustration of the fabrication process of stretchable and sensitive graphene-based fiber mechanical sensor. b) Resistance vari-
ation of the fiber-based mechanical sensor in forward bending and reverse bending. Inset: Photograph of the bending sensor in testing. c) Resistive 
response of the graphene-based mechanical fiber in torsion test from −280  to 800 rad m−1. (a–c) Reproduced with permission.[49] Copyright 2015, 
Wiley-VCH. d) Resistive response of the stretchable conductive fiber-based mechanical sensor in forward and backward bending. Reproduced with 
permission.[58] Copyright 2016, Wiley-VCH. e) Schematic illustration and photograph of the stretchable piezoresistive fiber pressure sensor. f) Relative 
resistance change of different piezoresistive fibers according to the applied pressure. (e,f) Reproduced with permission.[117] Copyright 2016, Wiley-VCH. 
g) Photograph of two twisted liquid metal core fibers with 850 µm diameter (top), stretched up to 150% strain (middle), and additional twisting with 
torsional level to 1260 rad m−1 (bottom). Scale bar is 2.5 mm. h) Capacitance change of the stretchable fiber torsion sensor according to the applied 
torsional deformations. (g,h) Reproduced with permission.[118] Copyright 2017, Wiley-VCH.
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stretchability, ultrafast electrothermal response and low opera-
tion voltage by twist-spinning thermally treated graphene 
conductive films.[50] Through the thermal treatment of the 
graphene films which could heal the structural defects in the 
graphene. Thus, the electrical conductivity of the stretchable 
graphene yarn was greatly improved to 6 × 105 S m−1. Owing 
to the high electrical performance of the yarn, the graphene 
yarn-based heater exhibited high heating performance. The 
1D heater could reach high temperatures up to 424 °C at a low 
input voltage of 5  V with ultrafast electrothermal response of 
heating rate 571 °C s−1 and cooling rate 891 °C s−1 (Figure 8d). 
It was effectively integrated into applicable electrothermal 

fabrics, and stable heating performance was achieved during 
the motion of the human finger and wrist.

1D stretchable conductive electrodes have also been applied 
to develop wearable temperature sensors for practical appli-
cations.[124–126] He et  al. developed an 1D stretchable thermal 
sensor using organic semiconducting materials (Figure 8e,f).[124] 
Through a simple, continuous dyeing process, polypyrrole was 
coated on the surface of normal Dacron threads, which were 
subsequently wound into a coiled structure. Because of the 
semiconducting properties of the coated polypyrrole, the fabri-
cated 1D electrode obtained higher conductivity when the envi-
ronmental temperature rose, enabling the electrode to act as a 
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Figure 8.  a) IR thermal images of stretchable heating fiber at original state, twisting state, bending state, and stretching (strain of 50%) state under 
constant voltage of 1.2 V. b) Time-dependent temperature curves of stretchable heating fiber under different constant dc voltages from 0.9 to 6 V.  
c) Photograph of wearable and smart personal heating system application at the knee position of a human body (left) and IR thermal images before 
and after switching on the device (right). (a–c) Reproduced with permission.[63] Copyright 2016, American Chemical Society. d) Temperature profiles 
of Z-patterned graphene fiber heater under stepwise voltage from 0.9 to 4.7 V. Inset: optical and thermal images of Z-pattern fabric. Reproduced with 
permission.[50] Copyright 2016, Wiley-VCH. e) Photograph of a particular glove weaved with the fiber thermal sensor on four fingerstalls except thumb, 
sensor, on index finger is highlighted with red mark. f) The corresponding temperature distribution detected by glove thermal sensor and the right 
histograms are exact temperature values measured by an infrared camera (oblique line) and stretchable fiber thermal sensors (blank), respectively. 
(e,f) Reproduced with permission.[124] Copyright 2016, Wiley-VCH. g) Resistance change in the same helical rGO stretchable fiber stretched to strain 
of 0–50% and heated to temperatures of 100, 200, and 300 °C, respectively. Reproduced with permission.[125] Copyright 2016, Royal Society of Chem-
istry. h) Photograph of the elongated ZnO NWs-based stretchable fiber sensor. i) SEM images of the stretchable fiber-based sensor under 0% and 
80% strain. j) Normalized current changes of the stretchable fiber temperature sensor versus temperature under 0%, 25%, 50%, and 100% strain.  
(h–j) Reproduced with permission.[126] Copyright 2016, Wiley-VCH.
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1D wearable thermal sensor. In particular, the 1D sensor exhib-
ited the conductivity change of 5.37% with the temperature 
change of 10 °C (from 25 to 35 °C) and high stability under 
severe bending or tensile strain based on its coiled structure. 
In addition, based on the photothermal conversion ability of 
polypyrrole, the 1D sensor could also detect near-infrared (NIR) 
irradiation by means of the thermal excitation effect. It was 
demonstrated that the fabricated 1D sensor could be directly 
used to develop wearable smart gloves which can monitor the 
environmental temperature. Similarly, Hua et  al. used an 1D 
rGO-based helical stretchable electrode as a stretchable yarn-
based temperature sensor for wearable application.[125] The 
stretchable conductive yarn was fabricated by directly spin-
ning freestanding GO films into helical structures. The semi-
conductor behavior dominated by carrier hopping among the 
stacked rGO sheets in the fabricated 1D electrode offered the 
temperature sensing ability to the stretchable yarn. The 1D 
stretchable temperature sensor exhibited a reliable deforma-
tion-independent response for high temperatures up to 300 °C 
under high strains of 50% (Figure 8g).

Liao et  al. developed an 1D stretchable temperature sensor 
by using pyroelectric materials in an 1D stretchable sensor 
(Figure  8h–j).[126] The 1D stretchable sensor was prepared by 
growing ZnO NWs on stretchable PU filaments. Owing to the 
pyroelectonic effect of the ZnO NWs, the elevated temperatures 
induced spontaneous polarization and charge separation in the 
ZnO NWs, providing the increase in the current in the fila-
ment and thus the temperature sensing ability. The 1D stretch-
able temperature sensor exhibited a high sensitivity of up to 
39.3% °C−1. In addition, the 1D stretchable sensor showed the 
ability to detect UV light based on oxygen adsorption and des-
orption on the ZnO NWs under UV illumination.

4.4. 1D Stretchable Energy Storage Devices

High-performance 1D energy devices has been recognized 
and developed as a promising strategy to overcome the limita-
tions of previous energy devices in wearable applications due 
to its high flexibility and suitability to be integrated into other 
textile products through conventional weaving or sawing tech-
niques.[1,4,5] For fabricating such 1D energy devices, metallic 
wires or conducting polymer-based wires have been conven-
tionally investigated as 1D electrodes of the devices; however, 
their inherent poor stability against external deformations, 
poor electrochemical activities, and relatively small surface 
areas have limited the advancement of 1D energy devices for 
wearable electronics.[127–131] In this regard, carbon nanomate-
rial-based 1D electrodes assembled from CNTs, graphene, or 
their composites have been mainly investigated to replace the 
conventional wire electrodes based on their high mechanical, 
electrical, electrochemical properties, and large specific sur-
face areas which enhance their electrochemical properties 
(Figure 9a).[1,5,132–135]

Based on the carbon nanomaterial-based fiber electronics, 
at present, a variety of 1D energy storage devices such as 
supercapacitors,[136–146] lithium-ion batteries,[100,147–151] lithium–
sulfur batteries,[152] lithium–air batteries,[153] and zinc–air bat-
teries[106] have been developed. In particular, 1D stretchable 

supercapacitors, which will be mainly outlined in this review 
article, have gained considerable interest as an energy storage 
device due to their high-power density, short charging time and  
long cycling life.[1,4] The performance of the stretchable energy 
devices largely depends on the electrical performance of its 
electrode under applied tensile strains. To achieve 1D stretch-
able supercapacitors that have stable electrochemical perfor-
mance under external tensile strain, the high electrical con-
ductivity of the electrode too should be maintained. For this 
purpose, functional materials and electrodes are typically intro-
duced onto elastic fiber substrates in various ways. Yang et al. 
developed stretchable fiber-shaped supercapacitors with coaxial 
structures by layer-by-layer coating of an aligned CNT layer, gel 
electrolyte and a shell CNT layer onto an elastic rubber fiber 
(Figure  9b,c).[154] The developed 1D stretchable supercapaci-
tors maintained its structure and high specific capacitance of 
18 F/g even after a tensile stretching of 75% for 100 cycles. The 
coaxial stretchable 1D supercapacitor based on the aligned CNT 
layer was further improved by wrapping the aligned CNTs/poly-
aniline (PANI) composite sheets on the elastic fiber substrate 
that are prestretched with a tensile strain of 50%.[155] The elec-
trical performance of the coated aligned CNTs/PANI composite 
sheets was also improved by adjusting the wrapping helical 
angles and thickness of the aligned CNTs, providing a low ini-
tial resistance of 0.18 kΩ cm−1 and a small amount of increase 
in the resistance according to the applied strain (below 70% 
increment at strains of around 400%). In addition, no obvious 
damage in the 1D electrode were observed even after repeated 
stretching by 400% (Figure 9d). Based on the improved stretch-
able electrode, the galvanostatic charge–discharge profiles 
of the devices and the specific capacitances remain almost 
unchanged under stretching with strains to 400% (Figure 9e). 
In addition, a high specific capacitance of ≈79.4 F g−1 was 
effectively retained after the repeated large strains of 300% for 
5000 cycles and ≈100.8 F g−1 after repeated bending deforma-
tions for 5000 cycles at a current density of 1 A g−1. Although 
the electrical stretchability of the aligned CNT sheets-based 1D 
electrode was improved for stretchable 1D supercapacitors, it 
still has the inherent degradation of its electrical conductivity 
under an applied tensile strains, which induces the capacitance 
degradation of the 1D supercapacitor.[6]

Against the background of the strong demand for stretchable 
1D supercapacitors with minimal performance degradation 
under tensile strains, a range of structural approaches such as 
twisted,[156–159] wound,[160–162] buckled,[156,163,164] and spring-like 
structures[51,165–171] have been applied to improve the electrical 
stretchability of the electrode, and thus, enhance the stretch-
able 1D supercapacitors. Chen et  al. developed stretchable 1D 
supercapacitors by twisting two elastic 1D electrodes precoated 
with an electrolyte and a separator.[157] In order to improve the 
stretchability of the 1D supercapacitor, the elastic yarn coated 
with wrinkled CNT sheets, which was fabricated by directly 
wrapping CNT sheets onto a prestrained elastic fiber sub-
strate with various prestrains, was used as an 1D stretchable 
electrode. The twisted 1D elastic electrodes in the 1D superca-
pacitors showed the enhanced electrical stretchability, resulting 
in an increment of only 30% in its electrical resistance under 
an external tensile strain of 300%. Based on the presence of 
these 1D elastic electrodes, 1D supercapacitors exhibited a high 
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stretchability of up to 350% tensile strain with a high capaci-
tance of up to 30.7 F g−1. The specific capacitance of the 1D 
supercapacitance changed very slightly during stretching defor-
mation and remained stable even after 100 stretching cycles 
under 200% tensile strain. By using the twisted structure, Sun 
et  al. realized a large-scale production process of 1D stretch-
able supercapacitors by twisting the stretchable 1D electrodes 
fabricated by using conductive CNTs and electrocapacitive 

polypyrrole (PPy) on urethane plastic core spun yarns; thus, 
they devised a scalable and low-cost fabrication route.[158] The 
1D stretchable supercapacitors showed a high specific capaci-
tance of 69 mF cm−2 and the capacitive performance remained 
nearly unchanged under tensile strains of 80%.

To further minimize the degradation of the electrical per-
formance of the 1D electrodes under tensile strains and thus 
improve the stretchability of the 1D supercapacitors, the use 

Adv. Mater. 2019, 1902532

Figure 9.  a) SEM image of a fiber supercapacitor using CNT/PANI composite fiber. Scale bar of the inset is 50 µm. Reproduced with permission.[135] 
Copyright 2015, Wiley-VCH. b) SEM images of the inner CNT electrode on the fiber substrate, the left end side, and middle side of the coaxial fiber 
supercapacitor. c) Photographs of the coaxial fiber supercapacitor under different strains of 0, 25, 50, 75, and 100%. (b,c) Reproduced with permis-
sion.[154] Copyright 2013, Wiley-VCH. d) Photograph of an elastic fiber electrode before and after stretching by 100%, 200%, 300%, 400%, and 500%. 
e) Galvanostatic charge–discharge profiles of the fiber supercapacitor with increasing strains from 0% to 400%. (d,e) Reproduced with permission.[155] 
Copyright 2014, Wiley-VCH. f) Schematic illustration of the stretchable fiber supercapacitor based on double helical configuration of fiber electrodes 
(up) and photograph of the fiber supercapacitor at strains of 300%. g) Photographs of the fiber supercapacitor before and after bending deformation 
with the angle of 180°. (f,g) Reproduced with permission.[161] Copyright 2018, American Chemical Society. h) Schematic illustration of the stretchable 
tandem fiber supercapacitors consisting of two cells in series. Reproduced with permission.[160] Copyright 2018, Elsevier. i) Cyclic voltammogram curve 
of the stretchable fiber supercapacitor before and after stretching up to 100%. Reproduced with permission.[51] Copyright 2017, American Chemical 
Society. j) Schematic illustration for the complete all–solid–state supercapacitor, which comprises two symmetric coiled MnO2/CNTs/nylon fiber elec-
trodes and a gel electrolyte. The inset: optical image showing a bent MnO2/CNTs/nylon fiber electrode, which is held by tweezers (scale bar = 5 mm).  
k) Capacitance retention versus applied strain during a stretching-releasing cycle up to 150% strain. The inset: optical images of complete coil  
supercapacitor before, at, and after 150% strain. (j,k) Reproduced under the terms of the Creative Commmons Attribution 4.0 License.[167] Copyright 
2015, Springer Nature. l) Demonstration of a fiber supercapacitor powering two LEDs in the normal and curved states. Scale bars are 2 cm. Reproduced 
with permission.[166] Copyright 2018, Wiley-VCH.
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of wound structures in 1D supercapacitors was also explored. 
1D electrodes were wound directly onto a core stretchable wire 
substrate in 1D stretchable supercapacitors, enabling the \ 
electrodes to be minimally stretched during the stretching of 
the whole 1D structure. Zhao et al. developed a highly stretch-
able 1D supercapacitor by winding intrinsically stretchable 1D 
AuNW/Au film/PANI electrodes in a double helical configu-
ration (Figure  9f,g).[161] The double helically wound yarn elec-
trodes were geometrically optimized by adjusting the winding 
angles of the wound electrodes to realize the highly stretchable 
1D supercapacitor. The specific capacitance of the developed 
1D supercapacitor was retained after repeated stretching defor-
mations of 200% for 2000 cycles. Based on the high stretch-
ability, the 1D supercapacitors were directly integrated into a 
usual glove by a sewing method, with negligible changes in 
its capacitive performance against normal finger movements. 
Even though the stretchable performance of 1D supercapacitors 
can be improved by the winding approach, the stretchability of 
the wound structure-based 1D supercapacitors largely depends 
on the dimensions of core wire substrates.[162] In addition to its 
high flexibility and deformability, conductive yarn electrodes 
in 1D supercapacitors can also be used simultaneously as elec-
trical interconnect components owing to the advantage of its 
fibrous structure. Based on these unique features of 1D elec-
trodes, Wang et al. demonstrated a highly stretchable 1D super-
capacitor by connecting several 1D supercapacitors each other 
on an elastic wire substrate.[160] Each stretchable 1D superca-
pacitor was basically fabricated by winding yarn electrodes onto 
an elastic wire substrate and several 1D supercapacitors were 
electrically connected each other in series without using any 
metal wire interconnect and additional welding connection, 
finally making the group of symmetric assembled tandem 1D 
supercapacitors (Figure  9h). The resulting stretchable tandem 
1D supercapacitors consisting of 8 serially connected capacitor 
cells exhibited a high voltage output of 12.8 V, energy density 
of 41.1 µW h cm−2 at power density of 3520 µW cm−2, and a 
high stretchability of around 400% without obvious degrada-
tion of the specific capacitance. However, due to the inherent 
behavior of the wound wire structure, it is difficult to achieve 
high stretchability of the wound electrodes despite using 
the densely wound fiber electrodes as the diameter of the core 
wire substrate decreases. In particular, the helically wound 
fiber electrodes can be stretched without any obvious intrinsic 
stretching of the electrodes until the helical structure of the 1D 
electrodes is lost by straightening. Therefore, the stretchability 
of the 1D supercapacitors based on the wound 1D electrodes 
largely depends on the diameter of the core wire substrate. 
These inherent structural properties can potentially limit the 
applications of 1D supercapacitors because the size of the 
1D devices should be considered for application in practical 
textiles or wearable applications. Furthermore, the helically 
wound 1D electrodes can be intrinsically stretched to some 
degree even before the helical structure is straightened under 
tensile strains because of the core wire substrate, which also 
induces performance degradation of 1D supercapacitors under 
tensile strains.[169] In order to overcome the confined defor-
mation imposed by the core wire substrate, various substrate-
free stretchable structures have been recently investigated for 
high-performance 1D stretchable supercapacitors. Shang et al. 

developed a substrate-free, stretchable 1D supercapacitor based 
on a uniformly arranged helical structure.[169] The 1D superca-
pacitor maintained stable capacitive performance under large 
stretching deformations up to 150%. Wang et  al. used rGO 
springs as stretchable 1D electrodes for an 1D supercapac-
itor.[51] The springs could be stretched to high strains of up to 
300% with an appropriate design, resulting in high stretchable 
performance of the 1D supercapacitor (Figure 9i). The spring-
shaped 1D supercapacitor was also combined with a stretchable 
self-healing polymer to obtain a self-healable and 1D stretch-
able supercapacitor.

Although a variety of 1D stretchable energy storage devices 
have been extensively developed, realizing high long-term sta-
bility of these 1D stretchable energy devices as compared to the 
previous planar devices still remains a challenge.[1] In general, 
the use of liquid electrolytes in 1D supercapacitors considerably 
hinders the achievement of the high stability of the 1D devices 
due to the absence of an effective long-term encapsulation tech-
nique for liquids in an 1D stretchable system. Therefore, solid-
state 1D supercapacitors based on stable and environmentally 
friendly gel electrolytes instead of typical liquid electrolytes have 
been investigated for developing practical applications. Choi 
et al. developed an 1D stretchable solid-state supercapacitors by 
using helically coiled MnO2/CNTs/nylon yarn electrodes and 
gel electrolyte (Figure  9j,k).[167] These all-gel-state 1D superca-
pacitors generally can offer the strong and stable mechanical 
properties, enabling the devices to be effectively applied to wear-
able and textile applications (Figure 9l).[166] Although the use of 
the solid-state gel electrolyte can overcome the major drawbacks 
of conventional liquid electrolytes, the stretchability of these 
1D supercapacitors also mainly depends on the structure of 1D  
electrodes in a manner similar to that for the previous fiber super-
capacitors. In solid-state stretchable 1D supercapacitors, spring-
shaped configuration is realized after the fabrication process in 
order to achieve high compressibility and stretchability.[168]

4.5. 1D Stretchable Energy-Harvesting Devices

In the similar manner with the 1D energy storage devices, 1D 
stretchable energy-harvesting devices such as solar cells, nano-
generators, and fuel cells, are generally realized by coating 
electrodes and active materials on a single fiber substrate in 
a coaxial structure or by twisting 1D electrodes coated with 
two active materials.[172–180] However, it has been more diffi-
cult to fabricate 1D stretchable energy-harvesting devices com-
pared to 1D stretchable storage devices, although stretchable 
planar energy harvesting devices have been more extensively 
developed.[5,181–184] For example, because power conversion 
efficiency, the key factor in the development of photovoltaic 
devices, of 1D solar cells is generally lower than that of planar 
solar cells even if the 1D devices are not stretchable, achieving 
stretchable 1D solar cells with high performance has remained 
as a great challenge. In particular, the energy harvesting per-
formance of solar cells is greatly affected by the electrical and 
electrochemical performance of their electrodes. Therefore, it 
is not easy to achieve and maintain high performance of 1D 
solar cells under external tensile strains due to the degrada-
tion of electrical performance of the 1D electrodes according 
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to the applied strains. In this regard, 1D electrodes with 
high electrical conductivity and stretchable property is highly 
desired for achieving stretchable 1D solar cells with high-per-
formance. The wound structure of 1D electrodes, which can 
retain stable electrical conductivity under tensile strains, are 
mainly used in the 1D devices.[185–188] Yang et  al. developed 
1D stretchable dye-sensitized solar cells (DSSCs) by helically 
winding a Ti wire modified with an aligned TiO2 nanotube 

array as the anode onto an elastic 1D electrode wrapped with 
an aligned CNT sheet as the cathode. Subsequently, the DSSCs 
were coated with photoactive materials (Figure 10a,b).[185] The 
resulting 1D DSSCs exhibited a high energy conversion effi-
ciency of 7.13%. In addition, the efficiency decreased slightly 
upon a stretching deformation up to 30% and was maintained 
at 90% after the repeated stretching under 20% strain for  
50 cycles (Figure 10c).

Adv. Mater. 2019, 1902532

Figure 10.  a) Schematic illustration and SEM image of the stretchable fiber DSSCs. b) The stretchable fiber DSSCs before and after stretching with a 
strain of 30%, respectively. c) Energy conversion efficiency of the stretchable fiber DSSC for repeated stretching deformations for 50 cycles at a strain 
of ≈20%. The inset: photograph of a stretchable photovoltaic textile under the stretching deformation. (a–c) Reproduced with permission.[185] Copyright 
2014, Wiley-VCH. d) Schematic illustration to the structure of the stretchable fiber DSSCs based on gel electrolyte. Reproduced with permission.[186] 
Copyright 2015, Wiley-VCH. e) Photographs of the stretchable fiber polymer solar cell with increasing strain from 0% to 80%. f) Energy conversion 
efficiency of the stretchable energy textile including the fiber polymer solar cells according to the repeated stretching cycle. (e,f) Reproduced with  
permission.[187] Copyright 2014, Wiley-VCH. g,h) Schematic illustration of the fabrication process and structure of the stretchable fiber perovskite 
solar cell, respectively. i) SEM image showing the structure of fabricated stretchable fiber perovskite solar cell. (g–i) Reproduced with permission.[188]  
Copyright 2015, Royal Society of Chemistry. j) Schematic illustration of the structure of stretchable fiber piezoelectric nanogenerator. Reproduced with 
permission.[198] Copyright 2015, Wiley-VCH. k) Schematic illustration describing the stretchable fiber triboelectric nanogenerator based on coaxial 
structure. l) The open-circuit voltages (VOC) of the stretchable fiber triboelectric nanogenerator generated under repeated stretching stimulations. 
(k,l) Reproduced with permission.[192] Copyright 2017, Royal Society of Chemistry. m) Schematic illustration of the structure and operating principle 
of stretchable fiber integrated energy device consisting of the fiber supercapacitor and fiber solar cell. n) Photocharging and discharging processes of 
the stretchable fiber integrated energy device before and after stretching under strains of 10%, 20%, 30%, and 40%. (m,n) Reproduced with permis-
sion.[201] Copyright 2014, Wiley-VCH.
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Numerous advancements have been made in the field of 1D 
photovoltaic devices based on liquid electrolytes. However, the 
replacement of the liquid electrolyte is an important concern 
owing to limitations such as toxicity, corrosivity of organic sol-
vents, leakage, vaporization, and complicated fabrication.[1,5] Li 
et al. developed a novel and stable gel electrolyte for stretchable 
1D DSSCs by using a highly stable, nonvolatile hydrophobic 
polymeric ionic liquid gel.[186] Based on the developed gel elec-
trolyte, highly stretchable 1D DSSCs were fabricated by winding 
the 1D electrodes, followed by coating the developed gel elec-
trolyte (Figure  10d). The designed stretchable 1D DSSCs not 
only overcame the limitations of the previous 1D DSSCs based 
on liquid electrolytes, but also showed high flexibility, stretch-
ability, and a power conversion efficiency of 5.47%. In addi-
tion, the stretchable 1D polymer solar cells further improved 
the performance and stability.[5] Zhang et  al. demonstrated a 
flexible and stretchable 1D polymer solar cells based on polym
eric photoactive materials and the wound 1D electrodes on an 
elastic wire substrate (Figure 10e).[187] These 1D polymer solar 
cells could be further woven into a textile form, exhibiting 
comparable energy conversion efficiencies that decreases by 
less than 10% after repeated stretching deformations with the 
strain of 30% for 50 cycles (Figure 10f).

Although the 1D polymer solar cells have improved the 
power conversion efficiency of the devices compared to the pre-
vious solar cells, the higher performance of the energy devices 
is still in demand for their practical applications. Due to their 
remarkable power conversion efficiency, perovskite solar cells 
have been intensively investigated in the last decade. 1D perov-
skite solar cells have been also developed based on a coaxial 
structure or a twisted structure in order to further enhance the 
energy conversion performance.[173,189–191] However, the effi-
ciencies of the 1D perovskite solar cells are still poor compared 
to that of planar perovskite solar cells because of the difficulty in 
achieving high-quality interfaces and uniform morphologies of 
the photoactive and electrode layers in the 1D solar cells. Deng 
et  al. designed an elastic 1D perovskite solar cells by using a 
spring-like Ti wire modified with TiO2 and an aligned CNTs-
based stretchable wire as the two electrodes (Figure 10g,h).[188] 
The perovskite material and hole transfer layer were simply 
coated onto the modified Ti wire electrode through a solution 
process. The power conversion efficiency of the fabricated 1D 
perovskite solar cells was not higher (≈1.01%) than that of the 
existing 1D solar cells, but it could be maintained at 90% after 
repeated stretching for 250 cycles under 30% strain based on 
the helically wound structure of the 1D electrode (Figure 10i). 
However, for their practical applications, stretchable 1D perov-
skite solar cells still should overcome several challenges such 
as an unstable property of perovskite salts and high toxicity of 
Pb.[5,173,190]

Stretchable 1D nanogenerators that convert mechanical 
energy into electrical energy are also one of the promising 
1D energy-harvesting devices.[1,175,192,193] Although the energy-
harvesting performance of nanogenerators mainly depends on 
their active materials and structural designs, the electrical per-
formance of electrodes largely affects the performance of the 
devices as well.[194–196] In particular, high electrical conductivity 
of the electrodes in the nanogenerators plays an important role 
in collecting the generated output current, contributing high 

output current in an external circuit.[196,197] Therefore, high-per-
formance 1D stretchable electrodes are fundamentally essential 
for the development of the stretchable 1D nanogenerators. Sim 
et  al. developed a highly flexible and stretchable piezoelectric 
yarn by using an electrospun polyvinylidene fluoride-co-trif-
luoroethylene (PVDF–TrFE) mat as a piezoelectric material, 
and silver-coated nylon yarn, and aligned CNT sheet as two 
electrodes (Figure 10j).[198] The fabricated flexible piezoelectric 
yarns could be intrinsically stretched up to a tensile strain of 
only 5% generating over 50 µW cm−3; it could be advanced to 
piezoelectric coils by twist insertion, enabling the 1D nano-
generators to be reversibly stretched up to 50% strain without 
failure. The triboelectric effect, which refers to contact electri-
fication generated from the frictional contact between two dif-
ferent materials, was also applied to achieve high-performance 
stretchable 1D nanogenerators.[107,108,199,200] Yu et al. developed 
an 1D stretchable triboelectric nanogenerator based on a coaxial 
structure by using two aligned CNT sheets as the inner and 
outer electrodes on a PDMS wire substrate.[192] PDMS and 
poly(methyl methacrylate) (PMMA) layers were used as con-
tact materials for triboelectric generation (Figure 10k). In order 
to improve the output performance, porous microstructures 
were applied to both PDMS and PMMA layers, and an air gap 
was designed in the 1D devices to induce rough surfaces and 
effective contacts. The developed triboelectric yarns effectively 
generated electric charges from various deformations such as 
normal pressure, bending, twisting, vibrating, and stretching. 
In particular, the 1D devices exhibited the maximal output 
VOC of 1.1  V under repeated stretching and releasing cycles 
(Figure 10l). To further improve the stretchability of 1D tribo-
electric nanogenerators, He et al. designed a highly stretchable 
1D triboelectric nanogenerator using a Cu wire wound helically 
on stretchable electrodes on an elastic wire substrate, resulting 
the high stretchability of up to 70%.[107] In addition, the devel-
oped 1D nanogenerators could generate a high maximum VOC 
of 142.8 V and QSC of 61 nC per stretching deformation.

Although numerous efforts have been dedicated to realize 
and maximize the performance of 1D energy storage and har-
vesting devices, in general, energy harvesting devices require 
immediate rectification and storage and energy storage devices 
still should be frequently charged for their practical appli-
cations. Hence, integrated energy devices consisting both 
energy harvesting and storage devices in the same system 
were designed and developed.[201,202] The electric energy gen-
erated from energy-harvesting devices can be simultaneously 
stored in energy storage devices in integrated systems. Yang 
et  al. developed an 1D stretchable integrated energy device 
that can generate electric energy from a solar cell part in its 
sheath and can directly store the generated electric energy into 
a supercapacitor part in its core.[201] The 1D supercapacitor was 
fabricated based on aligned CNT sheet electrodes and gel electro-
lyte on an elastic wire substrate; the 1D solar cell was directly 
combined by applying another CNT electrode, wound Ti wire 
electrode, and electrolyte onto the fabricated core storage part 
(Figure  10m). The developed 1D integrated energy device 
could effectively maintain its efficiency of energy conversion 
and storage (1.83%) even after stretching deformations of 10 
and 20% (Figure  10n). In addition, the photo-charging and 
discharging performance of the integrated device remained 
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stable under repeated stretching deformations of 20% strain 
for 50 cycles. Furthermore, 1D energy harvesting and storage 
devices can be integrated into one textile by weaving them as 
the warp and weft yarns. Dong et al. reported a stretchable and 

washable all-yarn-based integrated energy textile by knitting a 
fiber triboelectric nanogenerator and 1D supercapacitor into 
one fabric.[203] Based on the weft-knitting technique, the fabri-
cated energy textile exhibited high flexibility and stretchability 

Table 1.  Summary of 1D stretchable electrodes reported in the literature.

Conductive material Fabrication technique Conductivity Stretchability Stretching mechanism Application Ref.

rGO Dip coating 0.02 Ωm 60% Structurala)  

(Coiled structure)

Electrode [48]

GO Dip coating 0.136 S m−1 ≈100% Structural  

(Coiled structure)

Bending sensor [49]

MWCNTs

&SWCNTs

Dip coating 13 S cm−1 100% Intrinsicb) Strain sensor [55]

AgNWs Dip coating 5 Ω cm−1 100% Intrinsic Strain sensor [58]

AgNWs Dip coating 1 Ω cm−1 150% Intrinsic Strain sensor [60]

SWCNTs Dip coating 11.2 kΩ cm−1 300% Intrinsic Strain sensor [86]

AgNPs/Graphene Dip coating 423 mS cm−1 50% Intrinsic Strain sensor [87]

CuNWs Dip coating 2.5 Ω cm−1 100% Structural  

(Coiled structure)

Textile heater [63]

PEDOT Dip coating 600 Ω cm−1 20% Intrinsic Strain sensor [111]

Polypyrrole Dip coating – 100% Structural  

(Coiled structure)

Temperature sensor [124]

SWCNTs Wet spinning 71 Ω cm−1 250% Intrinsic Strain sensor [54]

AgNWs Wet spinning 4962 S cm−1 200% Intrinsic – [59]

Ag nanoflowers Wet spinning 41 245 S cm−1 90% Intrinsic – [62]

MWCNTs Wet spinning – 300% Intrinsic Strain sensor [71]

Conductive hydrogel Wet spinning 2 S cm−1 500% Intrinsic – [72]

AuNWs/AuFilm Dry spinning 461 S cm−1 360% Structural  

(Coiled structure)

Electrode [64]

AgNPs Chemical incorporation 20 964 S cm−1 450% Intrinsic Strain sensor [24]

FWCNTs Chemical incorporation 167.41 S cm−1 150% Intrinsic – [57]

AgNWs/AgNPs Chemical incorporation 2450 S cm−1 220% Intrinsic Strain sensor [61]

AgNWs Thermal drawing, Dip coating 34 ±  17 kΩ 100% Intrinsic Electrode [81]

EGaIn/CBs Thermal drawing 1 Ω m 500% Intrinsic Electrode, Strain sensor [82]

Liquid metal (EGaIn) Direct injection 34 000 S cm−1 700% Intrinsic Interconnect [66]

Liquid metal (EGaIn) Direct injection – 100% Intrinsic Torsion sensor, Strain sensor [118]

MWCNTs Wrapping MWCNTs sheet 26.1 Ω cm−1 1320% Structural  

(Buckled structure)

Strain sensor, Artificial muscle [99]

SWCNTs Wrapping

SWCNTs sheet
440 S cm−1 285% Structural (Spring 

structure)

Strain sensor [105]

MWCNTs Wrapping MWCNTs sheet – 100% Intrinsic Electrode [154]

MWCNTs Wrapping MWCNTs sheet 0.19 kΩ cm−1 160% Structural  

(Coiled structure)

Electrode [167]

Au films Physical deposition 1.38 Ω cm−1 80% Intrinsic – [89]

Graphene Chemical vapor deposition 25 000 S m−1 7.1% Intrinsic Strain sensor [52]

rGO Twisting rGO films 60 000 S m−1 40% Intrinsic Textile heater [50]

Cu wires Helically winding – 70% Structural  

(Coiled structure)

Electrode [107]

Ionically conductive 

fluid

Multicore-shell printing 50 µS cm−1 700% Intrinsic Strain sensor [113]

a)The structural feature is used for stretchability; b)The electrode is intrinsically stretched.
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as well as high energy-harvesting and storing performance. 
In general, while the performance of 1D energy devices is 
largely affected by the electrical performance of its electrodes, 
achieving the ideal 1D stretchable electrode that perfectly 
maintains its electrical conductivity during large stretching 
deformation remains a great challenge. Therefore, owing to 
their unique weavable feature, stretchable fiber-integrated 
energy devices are greatly promising for future wearable or 
textile energy electronic systems.

5. Summary and Outlook

In the past decade, the interdisciplinary research area of 
1D electronic devices has rapidly and extensively developed 
with the advancement of wearable electronics and textile 
electronics. Furthermore, because the 1D electronic devices 
should be robust to various mechanical deformations and 
stimulations in practical applications, 1D stretchable elec-
tronic devices which can maintain their high performance 
under mechanical deformations appear more promising in 
this research field. In this paper, we systematically summa-
rized the recent technological achievements in 1D stretchable 
electronic devices in terms of the representative conductive 
materials and fabrication process for 1D stretchable elec-
trodes, and various electronic devices based on the 1D stretch-
able electrodes. For realizing high-performance 1D stretchable 
electrodes and electronic devices, it is crucial that various 
nanoscaled organic and inorganic materials and their hybrids 
are introduced for endowing their electrical functions either 
on the surface or inside a single stretchable fiber matrix. Fab-
rication techniques for 1D stretchable electrodes are roughly 
grouped into two categories: applying coating layer or com-
posites of conductive materials to intrinsically stretchable yarn 
and applying structural features to conductive yarns or con-
ductive layers for realizing high stretchability. In particular, 
the former approach is described by two groups depending on 
whether the conductive materials are applied during or after 
the spinning process of the stretchable 1D matrix. Various 1D 
stretchable electronic devices including 1D mechanical sen-
sors such as those for measuring strain, pressure, bending, 
and torsion sensors; wearable heaters; thermal sensors; and 
energy storage and harvesting devices were also presented. 
The key features of representative 1D stretchable electrodes 
including the conductive material, fabrication strategy, elec-
trical conductivity, stretchability, and application are system-
atically summarized in Table 1.

Despite the remarkable advances in 1D stretchable elec-
tronics for wearable electronics, several challenges that hinder 
their practical applications still remain. First, the performance 
of 1D stretchable electronic devices is still limited to realize a 
fully integrated electronic system that only consists of 1D elec-
tronic components. Due to its fibrous structure, the stretchable 
conductive yarns for 1D electronic devices can be partially used 
as interconnects at the same time. Therefore, the connections 
between the electronic devices and interconnects, generally 
considered as a severe practical limitation in stretchable elec-
tronics, can be removed in 1D electronic systems. For achieving 
such 1D stretchable electronic systems, various 1D stretchable 

electronic components such as transistors, antennas, memo-
ries, and circuitry should be developed with high performance 
comparable to that of modern electronic components. However, 
they are still far away from fulfilling the performance required 
for practical applications mainly because of the surface rough-
ness of the fibers and the difficulty in achieving high-level 
micro fabrications on the small and curved surfaces of the 
fibers. In addition, the electrical performance and stability 
of 1D stretchable electrodes are also not satisfactory for their 
practical applications. Thus, a systematic study for the scien-
tific understanding and optimal design of the hierarchy struc-
tures and interfacial properties of the fibers is highly desired to 
achieve 1D electronic systems.

With respect to materials, various materials for 1D stretch-
able electronic devices should be extended to more broad 
range of materials, such as biocompatible, biodegradable, and 
environment-friendly materials, that will not pose any threat to 
humans or the environment. It is also required in terms of the 
extension of their applications. On the other hand, to realize 
the commercial potential of the 1D stretchable electronic 
devices and systems, practically efficient weaving techniques 
are fundamentally essential for producing smart textiles. The 
weaving techniques currently available in the industry are hard 
to be used for the 1D stretchable electronic devices due to the 
mechanical properties and stability of the 1D devices.

Up to date, all the research about 1D stretchable electronic 
devices in this field have mainly focused on the development 
of each electronic component, such as a capacitor, transistor, 
diode, various sensors, and energy devices. Therefore, the next 
step of 1D stretchable electronic devices should be to realize a 
higher level of electronic devices such as memory devices, logic 
gates, and complementary metal-oxide-semiconductor devices 
based on only 1D stretchable electronic components. To suc-
cessfully combine the existing 1D stretchable electronic devices 
and overcome the current scientific obstacle in this field, an in-
depth understanding of the various mechanisms and fundamen-
tals involved in the complex 1D electronic systems should be 
achieved. Through such advancement, the 1D stretchable elec-
tronic devices and systems are strongly expected to be used as 
one of the main electronic systems in our daily life.
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