Angewandte

Minireviews

Chemie

International Edition: DOI: 10.1002/anie.201902425
German Edition:
DOI: 10.1002/ange.201902425

Energy Storage

The Rise of Fiber Electronics
Xiaojie Xu+, Songlin Xie+, Ye Zhang+, and Huisheng Peng*

Keywords:
energy harvesting ·
energy storage ·
fiber electronics ·
sensing and lighting

Angewandte
2

Ü
Ü

Chemie
 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These are not the final page numbers!

Angew. Chem. Int. Ed. 2019, 58, 2 – 13

Angewandte

Minireviews

Chemie

As a new direction in applied chemistry, fiber electronics allow device

energy storage, supercapacitors and
configuration to evolve from three to two dimensions and then to one batteries have been extensively studied. Sensing devices, including both
dimension. The reduction in dimension brings unique properties, such in vitro and in vivo sensors, have been
as ultraflexibility, tissue adaptability, and weavability, enabling their
explored. For lighting, the fiber devices
use in a variety of applications, particularly in various emerging fields used include polymer light-emitting
electrochemical cells (PLECs), polyrelated to implantable devices and wearable systems. The different
mer light-emitting diodes, and inortypes of fiber electrode materials are summarized based on the oneganic electroluminescent devices. Othdimensional configuration and their distinctive interfaces, various
er functions of fiber devices, including
devices, and promising applications. The remaining challenges and
as transistors, have also attracted increasing interest. In just a decade,
future directions are finally highlighted.
studies on fiber devices have led to
systematic development of methods
for synthesizing electrodes and active
1. Introduction
materials, for designing electrode microstructures and device
architectures, for optimizing interfaces between electrodes
With the increase in interdisciplinary integration and
and active layers, for improving properties, and for integrating
technological convergence, many new application fields that
functions for practical applications. The above-mentioned
may revolutionize modern society and shape life in the future,
studies have given birth to a new direction or field, which we
such as implantable medical devices,[1, 2] soft robots,[3, 4]
name here fiber electronics.
wearable devices[5, 6] and electronic fabrics,[7, 8] have appeared.
Based on the fundamental design principles, fiber elecUnfortunately, bulky electronic devices based on the currenttronics can be mainly categorized into two groups: inside fiber
ly available technologies cannot effectively meet these new
and onto fiber, where the former focuses on integrating
application requirements, including flexibility and stability
multimaterials or devices inside fibers, and the latter is to
requirements.[9, 10] For instance, the rigidity of widely explored
construct a device on fiber electrode. This review article will
bulky devices has largely limited their conformity to irregular
shed light on the design principles of fiber electrodes and
and soft surfaces.[11] Accordingly, the configurations of
device configurations, the potential applications of fiber
electronic devices have recently evolved from rigid threeelectronic devices, and the remaining challenges and future
dimensional bulk materials to flexible two-dimensional thin
research directions.
films and finally to ultra-flexible and even stretchable onedimensional fibers.
The one-dimensional configuration offers fiber devices
unique properties. With diameters ranging from tens to
2. Fiber Electrodes
hundreds of micrometers, they can efficiently accommodate
complex deformations such as bending in any direction,
Electrodes are key to advancements in traditional electwisting, and stretching.[12] On the one hand, compared with
tronics and are even more important for fiber electronics. On
the one hand, we should pay more attention to controlling the
three-dimensional bulk and two-dimensional thin film devicomposition and microstructure of the fiber electrode beces, miniaturized fiber devices using soft fiber electrodes
cause it is difficult to deposit thin and continuous active layers
match well with biological tissues in terms of bending
onto its curved surface. On the other hand, the fiber electrode
stiffness, and the fiber shape also favors deep penetration
should simultaneously possess many properties, that is, it
into various tissues with negligible tissue damage and avoids
should be flexible, strong, and highly electrically conducting.
complex implantation procedures. These properties help form
In contrast to the bulk and film electrodes, which are largely
stable tissue-electronics interfaces, which allow fiber devices
stabilized on substrates during fabrication, fiber electrodes,
to be implanted into the human body to detect signals from
which also serve as substrates, need to be flexible and strong
organs such as the brain and treat various diseases.[13–15] On
to bear various deformations. Since charges transport along
the other hand, fiber devices can be woven into electronic
the fiber electrode with much longer pathways than those in
fabrics by mature textile technology. The resulting soft,
bulk and film electrodes, higher electrical conductivities are
breathable, and comfortable electronic fabrics can be blended
required to guarantee stable performances of continuous
into daily clothes and directly contact the skin over a large
area, effectively satisfying the need for portable and wearable
devices.[16, 17]
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have
Department of Macromolecular Science, Fudan University
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fiber devices for applicable
lengths in meters or even
kilometers.
Generally,
polymer, metal and carbon
nanomaterials are investigated for fiber electrodes.
Owing to the ease of
functional group control
and surface modification,
a spectrum of conducting
polymers, such as polyaniline,[21] polypyrrole,[22] and
poly(3,4-ethylene
dioxythiophene) (PEDOT),[23]
have been explored. The
resulting fibers are flexible
though typically have relatively low conductivities
(< 102 S cm 1).[24] A second
phase with much higher
conductivity, for example,
carbon
nanotubes
(CNTs),[25] is thus added to
increase the conductivities
Figure 1. Assembly strategies to prepare nanostructured fiber electrodes with desirable mechanical and
to 103 S cm 1, which still
electrical properties from CNTs. a) A fiber electrode with a hierarchical assembly. b)–d) Transmission and
need to be further enscanning electron microscopy images of CNTs, bundles and fibers, respectively. e) Comparison of the
hanced.
simulated stress distribution of CNT fibers and carbon fibers under the same bending condition. f) Effective
Compared to organic
interactions of aligned CNTs.[35] Reproduced with permission from American Chemical Society from Ref. [35].
materials, metal wires such
g) Comparison of the specific strength and stiffness between CNT fibers and other strong fibers.[36] Adapted
and reproduced with permission from The American Association for the Advancement of Science from
as titanium[26] are recogRef. [36]. h) A three-dimensional electron hopping model.[37] i) Fitting conductivity (s) and temperature (T) at
nized for having much
one,
two, and three dimensions (left to right).[37] Reproduced with permission from American Chemical
higher conductivities of
Society from Ref. [37].
> 105 S cm 1. The thin metal wires applicable to fiber
emerged first, as they are already available at market. The
devices are also flexible and strong. However, owing to their
main obstacle to the use of carbon fibers lies in their relatively
high densities, they are heavy when applied in a large scale,
low conductivities,[27] namely, < 102 S cm 1. Further enhancing
and are thus not ideal for portable and wearable applications.
Furthermore, the low specific surface areas of metal wires
the conductivity by refining the crystal structure of carbon
limit the loading capacity of active materials. To solve the
seems difficult because this modification causes the fibers to
above problems, designing porous structures for metal wires
become rigid. Furthermore, nanostructured carbon materials
seems promising but challenging.
such as CNTs[28] and graphene[29] were successfully made into
Advances in carbon materials provide a promising platcontinuous fibers with excellent mechanical and electrical
form for the development of fiber electrodes. Carbon fibers
properties. Nanostructured carbon fibers can be made from
their aqueous dispersions,[30] which resembles the solutionspinning process of liquid crystalline polymers, or dryspinning processes,[19] which are inspired by the ancient
Huisheng Peng is Changjiang Chair Profestechnology of cotton spinning.
sor at the Department of Macromolecular
Science and Laboratory of Advanced MateNanostructured carbon fibers such as CNT fibers have
rials at Fudan University. He and co-workers
a hierarchical structure (Figure 1 a),[31] in which nanometerhave invented a new family of fiber-shaped
sized building blocks (Figure 1 b) are assembled into bundles
energy harvesting devices including perov(Figure 1 c) and the bundles further assemble into macroskite solar cells and fluidic generators, fiberscopically continuous fibers (Figure 1 d). The hierarchical
shaped energy storage devices including
assembly provides excellent mechanical and electrical properlithium-ion batteries, lithium-sulfur batteries,
ties. CNT fibers are flexible with a low bending stiffnesses (D)
and metal-air batteries, fiber-shaped lightemitting devices, and fiber-shaped sensors,
according to the equation D = (p  d3  E)/64,[32] where d and
thus starting a new direction in fiber
E correspond to the fiber diameter and Youngs modulus,
electronics. He is now interested in the
respectively. In contrast to those of individual CNTs (Youngs
application of fiber electronics to solve
modulus of ca. 1.8 TPa[33]), the nanostructure and hierarchibiomedical problems.
cally aligned architecture of CNT fibers greatly reduce their
www.angewandte.org
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Youngs moduli to about 10 GPa and 400 MPa, respectively.[34] Furthermore, the tensile stresses in CNT fibers are
uniformly distributed along their length direction, while
severe stress concentration occurs in non-nanostructured
carbon fibers under bending (Figure 1 e). Regarding the
hierarchically aligned structure, the CNT bundles share
excellent mechanical properties with individual CNTs, and
the effective interactions among neighboring CNT bundles
further extend the outstanding mechanical properties to the
macroscopic fiber (Figure 1 f).[35] As a result, state-of-the-art
CNT fibers outperform other fiber materials in both specific
stiffness and specific strength (Figure 1 g).[36] Similarly, they
show high conductivities of 104 S cm 1 and display a threedimensional hopping conduction mechanism for efficient
charge transport[37] (Figure 1 h,i). Thus, for the fiber electrodes
in wearable devices, both electrical and mechanical properties
need to be balanced, for specific applications. Conductivities
above 104 S cm 1 are typically required for continuous fiber
devices, and matchable bending stiffnesses from neuron (ca.
1.57  10 5 nn m2) to muscle (ca. 3.77  10 3 nn m) should be
carefully designed (note that the size of cells was used as the
diameter to calculate the bending stiffness).[38]
The fiber shape in the electrode offers unique advantages.
Several primary fibers (Figure 2 a) can be twisted into a multiply fiber (Figure 2 b) and further over-twisted into a larger
spring-like fiber (Figure 2 c). A variety of hierarchical gaps[39]
are formed, that is, nanometer-sized gaps among nanomaterial building blocks such as CNTs (Figure 2 d), micrometersized gaps among primary fibers (Figure 2 e), and larger
micrometer-sized gaps among the screw threads (Figure 2 f).
The hierarchical gaps favor the diffusion of active materials or
electrolytes that infiltrate through the micrometer-sized and
nanometer-sized gaps which results in both rapid transport
and high loading (Figure 2 g). As a demonstration, the
designed red color rapidly moved along the length direction

Chemie

of a spring-like fiber when one of its ends contacted
a fluorescently labelled liquid (Figure 2 h).

3. Configurations of Fiber Electronics

Compared with planar electronic devices, which typically
have a stacking configuration, one-dimensional fiber electrodes provide richer and unique configurations that can be
generally classified into three main categories: coaxial, twisting, and interlaced (Figure 3 a).
For the coaxial configuration, one fiber electrode serves as
the first core electrode, and the active layers or gel electrolyte
and the second electrode are sequentially deposited onto it.
For photovoltaic or lighting devices, the key is to produce
continuous active and transparent electrode layers on the
curved fiber surface.[40, 41] The active layer typically needs to
be very thin for effective charge separation and transport, and
the outer electrode layer should be transparent to guarantee
sufficient light absorption or high light emission. For energystorage or sensing fiber devices, the electrochemically active
or sensing materials can be much thicker, for example, tens to
hundreds of micrometers,[42–44] allowing them to be easily and
effectively prepared with a continuous fabrication process.
For almost all kinds of fiber devices, the sheath electrode
can be changed to another fiber electrode, thereby forming
the twisting configuration. One fiber electrode is first coated
or incorporated with active materials and then wound with
the second fiber electrode. For photovoltaic or lighting
devices, the second fiber electrode should be flexible enough
to guarantee close contact with the active layer for effective
charge separation and transport at the interface and should
prevent the active layer from breaking when subjected to
deformations during use. To this end, nanostructured carbon
fibers can suitably meet the above requirements.[45] For
energy-storage and sensing
fiber devices, there are no
specific requirements for
the intra-fiber contact, but
the fibers should have high
specific surface areas to
achieve high loadings of
active materials.[10, 46]
Fiber devices are often
woven into electronic textiles for large-scale applications. For both coaxial and
twisting fiber devices, two
electrodes are connected at
one end for use after being
woven into a textile.[16, 47] A
possible challenge lies in
that once a short part of
a long fiber device fails, the
whole electronic textile
Figure 2. The interface design of fiber electrodes. a)–c) Assembly of primary fibers to form large fibers and
breaks down. One means
finally larger spring-like fibers. d)–f) Scanning electron microscopy images of the different sizes of gaps
of overcoming this problem
formed in (a–c). g) The infiltration of the dispersion into the spring-like fiber through the large and small
is weaving many fiber devigaps. h) Fluorescence micrograph showing rapid transport of the labeled dispersion along the spring-like
ces with the same length
fiber. Reproduced with permission from Springer Nature from Ref. [39].
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tion.[49, 50] However, it is still
impossible to determine the
optimal diameter and density of the counter electrode
in photovoltaic textiles.
Moreover, there are much
fewer studies on the interlaced configuration than the
coaxial and twisting configurations.
The other configurations, such as hybrid fibers
with multimaterials co-deposited inside polymer fibers by thermal drawing
technique, are particularly
attractive to multifunctional
devices, such as photodetectors and LEDs for optical
communication.[51]
Fiber devices share
promising properties or advantages compared with
bulk and planar counterparts based on their unique
configuration. Taking the
coaxial configuration as an
Figure 3. The three primary configurations of fiber-shaped electronic devices with unique charge transport
pathways and properties. a) Coaxial (left), twisting (middle), and interlaced (right) configurations. b) Charge
example (Figure 3 c), to hartransport pathways in the three configurations. c) Unique properties endowed by the fiber shape in energyvest sunlight, a fiber device
harvesting (for example, harvesting sunlight at 3608), energy-storage (for example, a metal–air battery with
may absorb light from 3608
oxygen diffusion at 3608), sensing (receiving stimuli at 3608), and lighting (emitting light at 3608) devices,
with its cylindrical shape,
exemplified by the coaxial configuration.
and it also offers a highly
stable power supply that is
not affected by the angle of the incident light.[40] Therefore,
organized in parallel together[42] so that the electronic textiles
could work even if one or a few fiber devices fail; another
for practical applications, the resulting photovoltaic textile
method consists of arranging the cathode and anode fibers as
can output stable electricity to effectively power electronic
warp and weft yarns during weaving. In other words, the fiber
devices under deformations such as bending and twisting. For
electrodes are assembled into devices during the weaving
energy storage with O2 in air as the reactant, a 3608 solid–
process.[48] For large-scale production, the resulting interlaced
liquid–air interface enables enhanced ion transfer in the fiber
device.[43] Of course, a fiber device can emit light at 3608,
configuration is compatible with the well-developed textile
technology. For the coaxial and twisting configurations in the
which is important for applications in biomedical fields such
textile, one anode contacts just one cathode. In contrast, in the
as optogenetic stimulation of peripheral nerve bundles.[52] It
interlaced configuration, one anode contacts several cathocan illuminate the entire nerve bundle in all angles, suggesting
des, and vice versa. The charges separate and transport
its potential as a powerful tool for biological research and
through the contact points between two kinds of fiber
diagnosis. The fiber device may also receive stimuli, particelectrodes.
ularly biological signals from the environment, at 3608 with
The charge transport pathways differ among the three
both high sensitivity and stability.[15] Upon implantation, the
configurations (Figure 3 b), which is especially important for
fiber sensor can accurately and stably detect chemical signals
structural design in fiber optoelectronics. The interlaced
of the target tissue.
configuration is more favorable for light-harvesting and lightemitting devices. To harvest solar energy, for instance, the
counter electrode collects photocarriers along not only the
4. Fiber Devices and Applications
circumferential direction but also the neighboring longitudinal area. Therefore, the diameter and density of the counter
Fiber devices are mainly classified into four categories
electrode are critical for power conversion efficiency. This
based on function, that is, energy harvesting, energy storage,
effect is similar to that in the interdigitated metal contacts in
sensing, and lighting devices, of which the recent progress and
commercial planar photovoltaics, where the width and spacchallenges will be discussed below.
ing of the interdigitated contacts are carefully designed to
reach a balance between light absorption and charge collecwww.angewandte.org
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Energy-harvesting fiber devices are expected to be woven
into fabrics and blended into daily clothes to convert energy
from the environment and human body into electricity and
function as the power supply for next-generation wearable
devices. Therefore, compared to the other types of fiber
devices, they face more stringent requirements, such as high
power conversion efficiency (PCE), safety, flexibility, and
stretchability.
A variety of energy sources, including sunlight, mechanical movement, heat and water, have been converted into
electricity in fiber devices. Photovoltaics started from dyesensitized solar cells in a coaxial configuration with very low
PCEs.[53] Thus, the main efforts made were to enhance the
PCE by developing fiber counter electrodes from metal
wires[54] to nanostructured carbon fibers[45] and finally to
nanostructured composite fibers[55] with higher specific surface areas and improved interface contacts. Accordingly,
PCEs were increased from 2.78 % to 5.64 % and finally to
8.45 %. A further improvement in the available active
electrochemical surface through hydrophilic modification of
the counter electrode produced the highest PCE of 10 % to
date.[56] The microstructure of TiO2 on the photoanode is also
critical, and perpendicularly aligned nanotubes outperformed
TiO2 nanoparticles owing to the shorter transport pathways of
charges.[57]
In the above cases, liquid electrolytes are typically
required; however, effective encapsulation to prevent the
leakage of liquid electrolytes remains a challenge and may be
a safety concern for wearable applications. Gel or solid
electrolytes were proposed but have much lower PCEs than
liquid electrolytes,[58] so many efforts were made to fabricate
all-solid-state polymer solar cells in the fiber shape. Despite
the growing interest in increasing PCEs of planar polymer
solar cells,[40, 59] the maximum PCE of the fiber-shaped
polymer solar cell remains relatively low (3.27 %),[40] possibly
because it is difficult to produce the desired thin and
continuous photoactive layer (typically 100–400 nm)[60] of
semiconducting polymers on a curved fiber surface. With the
rapid advancement in perovskite solar cells, promising
examples of the realization of highly efficient all-solid-state
fiber-shaped photovoltaic devices with a PCE of 9.49 % have
appeared in just the past several years.[61] The large perovskite
crystals formed were the key to the high performance and
may be optimized for even higher PCEs in the future.
Mechanical energy, which is ubiquitous and closely
related to body movements, can be harvested by two kinds
of devices, namely, piezoelectric and triboelectric nanogenerators. A typical fiber piezoelectric nanogenerator consists of
core fiber and sheath electrodes with piezoelectric materials
sandwiched in between.[62] As the piezoelectric effect arises
from the breaking of the central symmetry of the crystal
structures in materials under an external force,[63] the
selection of piezoelectric materials and the design of device
architectures are two key factors in improving its performance. ZnO and polyvinylidene fluoride are recognized as
two promising candidates, as they have good piezoelectric

Angew. Chem. Int. Ed. 2019, 58, 2 – 13

constants and can be easily grown/coated on curved fiber
electrodes.[64, 65]
Regarding the device architecture, the main efforts made
were to increase the deformation and polarization of the
piezoelectric layers under deformation.[64]
Triboelectric nanogenerators, which derive from the
combination of triboelectrification and electrostatic induction,[66] typically consist of two materials with different
electron affinities, allowing them to generate an electrical
potential at the interface when contact friction occurs. The
surface charge density and morphology of the friction
materials are the key factors determining the performance.[64]
The fiber triboelectric nanogenerator shows the same structure as the fiber piezoelectric nanogenerator, with active
materials sandwiched between the core fiber and sheath
electrodes.[67] Nanoscale roughness is generally introduced to
the tribo-surfaces to improve the output power density. For
example, with the introduction of different nanopatterns on
the polydimethylsiloxane layer, the power density followed
the trend of film < line < cube < pyramid.[68] The design of
nanostructured or microstructured active layers may represent an important strategy for achieving high power outputs in
the future.
The human body is a permanent heat sink, so the
conversion of body heat to electricity in various textiles
through the use of fiber generators is appealing. Typically,
there are two ways to make wearable thermoelectric (TE)
fabric: printing TE materials onto textiles[69] or embedding
TE materials inside fibers.[70] Besides, the energy stored in
aqueous solutions such as sweat and blood with various forms,
including flowing ionic water, stationary water and moisture,[71] can also be harvested and converted into electricity.
For instance, the mechanical energy of flowing water can be
converted into electricity with a high PCE of 23.3 %.[72]
Although there are several successful examples, the development of both thermoelectric and water-to-electricity generators is at an early stage. Efforts should be made to enhance
the PCEs by synthesizing new active materials and designing
novel assembly techniques.

4.2. Energy Storage
As the current output of energy-harvesting fibers is
largely dependent on the environment, energy-storage fibers
are designed to work as a power source or to be integrated
with energy-harvesting fibers to provide a stable and efficient
power supply for wearable electronics.
Fiber-shaped capacitor appeared first, possibly because it
was relatively easier to fabricate them.[73] Dielectric materials,
such as poly(vinylidene fluoride), separated two electrodes
made of conducting polymers. These materials were thermally
drawn into capacitor fibers.[74] To improve the energy-storage
capacity, supercapacitors were then developed. For instance,
two identical CNT fibers whose surfaces were coated with
a gel electrolyte were twisted together to produce a fibershaped electric double-layer capacitor with an energy density
of 0.6 Wh kg 1.[30] After modifications to the CNT fibers, such
as the introduction of nitrogen-doped reduced graphene
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oxide sheets that may interconnect the neighboring CNTs to
provide larger specific surface areas and higher electrical
conductivities, an improved energy density of 6.3 mWh cm 3
was achieved.[75] Other active materials capable of providing
pseudocapacitance, such as conducting polymers[76] and metal
oxides,[77] have also been incorporated into the fiber electrode
to further enhance their energy density.
For increased energy densities, fiber-shaped lithium-ion
batteries in which two fiber electrodes were twisted together
and served as skeletons supporting active materials for both
the cathode and anode were proposed.[78, 79] For nanostructured carbon fiber electrodes,[80] active materials with high
loadings up to 90 % and an energy density of 17.7 mWh cm 3
or 27 Wh kg 1 were incorporated. Later, metal–air batteries,
such as lithium–air[44] and zinc–air batteries,[81] were developed to further improve the energy density. These batteries
were typically made in a coaxial configuration with a metal
wire as the inner anode, polymer gel as the electrolyte and
carbon-based film as the outer cathode. Obviously, the use of
metal electrodes may lead to serious safety problems and
reduce device flexibility. Accordingly, alternate anodes such
as lithiated silicon/CNT hybrid fibers[43] were used to replace
the metal wire to produce lithium-ion air batteries with an
energy density of 512 Wh kg 1.
Fiber-shaped energy-storage devices can tolerate various
deformations, such as bending, twisting and tying; for
example, the storage properties remained almost unchanged
after bending for tens of thousands of cycles.[43] They are also
made stretchable by incorporating a spring-like structure,
such as by over-twisting several aligned CNT fibers together
into coiled loops[82] (Figure 2 c). Compared with their planar
counterparts that need elastomeric substrates, stretchable
fiber batteries do not require substrates. With the decrease of
the volume and weight, the energy densities dramatically
increased. The flexible energy-storage devices were woven
into soft textiles to power wearable electronics.[39] Aqueous
fiber-shaped energy-storage devices can also efficiently power
medical devices needing low electricity to function in vivo and
use body fluids as the electrolyte.[83] To this end, they may be
injected into the body in a minimally invasive way with
reduced pain and cost, advantageous over conventional
surgery.

4.3. Sensing

8
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Sensing fibers are expected to provide real-time monitoring of physiological activities and are promising for mobile
electronic engineering and public health. Typically, they can
be divided into two main categories, that is, in vivo and in
vitro detection. For in vivo detection, sensing fibers efficiently
penetrated into various tissues without complex surgeries or
obvious damage to the film sensors. Decades ago, metal
wires[84] were developed to detect electricity signals of
neurons and monitor brain activities. They enabled important
discoveries in neuroscience, ranging from the discovery of
grid cells to the mapping and stimulation of the motor cortex.
However, rigid metal electrodes often lead to acute foreign
body reactions and cause damage to surrounding tissues
www.angewandte.org

Chemie

during use, including neuronal death and glial scarring around
the probe.[38]
Low-modulus elastomers showing reduced mechanical
mismatches with biological tissue were thus developed to
obtain more stable and effective interfaces. For example,
a polymer-based elastomeric composite with a Youngs
modulus five orders of magnitude lower than that of its
tungsten counterparts can be extruded. Improved neuron
attachment and viability were observed during an electrophysiology experiment.[85] Another effective method is to
design of nanostructured or microstructured fiber electrodes
to achieve better electronic–tissue interfaces. For example,
the bond between the probe and tissue could be greatly
enhanced by forming nanometer-sized curves and micrometer-sized needles on a silicon fiber.[86]
Multifunctional and high-density recording[87, 88] represents another trend of fiber sensors in vivo. With the
advancement of optical fibers and genetic engineering, optical
function was introduced to fiber probes and has boosted their
optogenetic capabilities.[89] By using a hybrid optical fiber, we
may simultaneously record signals and selectively turn
specific neurons on or off via light. To integrate more
functions, thermal drawing had been widely explored. It
allowed multimaterials or devices in one fiber with the
various shapes, positions, structures and interfaces to be well
defined. The as-fabricated fiber devices realized multiple
functions, for example, dense recording, physiological monitoring, stimulation, and drug delivery.[90–92] Additionally,
because of the many different encapsulation materials
applicable, a wide range of elasticities can be obtained; for
example, up to 500 % elastic deformation has been demonstrated by the utilization of thermoplastic elastomers.[93]
For in vitro detection, optical fibers also initially enhanced
the development of physical sensors starting from acoustooptic interactions,[94] and a number of fiber-optic sensors for
both typical[95] and multiplex[96] detection have been widely
explored. Fiber sensors were further assembled into textiles to
monitor a variety of physiological signals, such as muscle
motion, heart rate, vocal cord vibration, body temperature,
and biomarkers in sweat. Those mechanical strain sensors
have been most widely explored. Under a slightly varying
force, such as a pulse beat, a change in electrical resistance,[97]
capacitance,[22] or the piezoelectric[98] effect on the fiber
sensor may occur, and physical signals are thus transformed
into electrical signals for output. Apart from physical signals,
different kinds of sensing fibers were woven into textiles to
simultaneously detect concentrations of chemical signals such
as glucose; Na+, K+, and Ca2+ ions; and pH in sweat.[42]

4.4. Lighting
For application in vivo, the advancements in lighting
fibers promote the development of implantable devices,
especially in optogenetics or bio-optical treatments. To be
used in vitro, lighting fibers can be woven into wearable fabric
displays, which may revolutionize display technology.
Organic light-emitting diodes represent one of the most
widely explored kinds of light-emitting devices and were first

 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These are not the final page numbers!

Angewandte

Angew. Chem. Int. Ed. 2019, 58, 2 – 13

Angewandte

Minireviews

4.5. With Other Functions
Fiber devices with the other functions, for example,
transistors as key components in electronic systems, have
also appeared.[104] For a typical fiber transistor, the source and
drain contact patterned on one fiber electrode were connected by active materials, and the second fiber electrode was
interlaced with the channel between the source and drain
contact, serving as the gate.[105] After modification of the
above architecture, further effort was subsequently made to
construct preliminary logic circuits by assembling individual
fibers coated with active transistor components into a fabric
with the designated junction realized by an electrolyte.[7]
However, developing fiber transistors into sophisticated logic

Angew. Chem. Int. Ed. 2019, 58, 2 – 13

circuits remains challenging, despite the promising prospective of adopting this approach for micro-electronics.

4.6. Integration of Fiber Devices
Fiber devices may achieve complex integrations that are
difficult or even impossible for their planar counterparts. On
the one hand, several of the same type of devices, such as
supercapacitors, can be connected in series along the sharing
fiber electrode to output high voltages in a manner that
mimics the electric eel,[106] or they may be connected in
parallel to produce high electrical currents.[46, 47] On the other
hand, different types of devices, such as energy-harvesting
and energy-storage devices, may be integrated in series to
harvest and store energy at the same time.[107] Furthermore, it
is also possible to design a core-sheath structure with an
energy-harvesting sheath and energy-storage core.[108] Generally, supercapacitors show a high power density but a low
energy density, while the opposite is true for lithium-ion
batteries. Interestingly, three fiber electrodes incorporated
with battery-active and capacitor-active materials were twisted together to produce both high energy and power densities
in one device.[109]
The integration of fiber devices into textiles is also
effective in realizing intended applications. Two kinds of
energy-harvesting fibers, photovoltaic and piezoelectric fibers, have been effectively integrated into one fabric through
a conventional weaving process for simultaneously harvesting
solar and mechanical energy in textiles.[110] Attempts have
also been made to integrate electronic fibers with different
functions into fabrics for novel applications, for example,
thermally drawn light-emitting and light-receiving fibers have
been woven into one piece of fabric to obtain a wearable
optical communication system that can monitor physiological
status in real time.[111]

5. Outlook
In recognition of the growing importance of flexible, soft,
wearable, and breathable electronic systems, electronic devices in a fiber shape are being developed at an unprecedented speed. Generally, the active materials widely used in
bulky and planar devices are directly transferred to fiber
devices.[40, 42, 52, 80] It is rare to synthesize new materials to
specifically fit fiber electronics, while the curved surface of
the fiber electrode does differ from the flat surface. There is
also a lack of deep understanding of the difference between
curved surface and flat surface in terms of microstructure and
functionality, and further design is needed to optimize the
interface for high performance. More importantly, although
some unique phenomena are observed for fiber electronics,
systematic investigation of the underlying mechanism and
rules, critical for guiding further development of fiber
electronics, is rare.
The fiber electronic devices can be used in many fields.
For one example, scaling up the production of fiber batteries
is underway. These fiber batteries are then woven into flexible
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made into a fiber shape with lengths of millimeters by thermal
vacuum deposition.[99] Later, with a solution-based dip-coating process, organic active materials were coated on the fiber
electrode, followed by evaporation of a metal contact on one
side of the cylindrical fiber as the outer electrode, leaving the
other side as a light-emitting area.[41, 100] Similar to the fibershaped organic solar cell, it is challenging to obtain thin yet
continuous organic active layers on curved surfaces; thus,
further development in compatible new fiber electrodes and
active materials along with more effective coating methods is
required.
In contrast to the active layers in organic light-emitting
diodes, which have a multi-layered structure, the polymer
electroluminescent layer in PLECs will form an in situ p-in junction for charge injection from electrodes,[101] relieving
the device from the requirements of exquisite band alignment
and surface roughness and thus making it more feasible for
them to be constructed on a fiber electrode. As a proof of
concept, the fiber-shaped PLEC in a coaxial configuration
with an electroluminescent polymer layer sandwiched between the cathode and a transparent anode was made.[52] The
development of fiber-shaped PLEC has just started and needs
more systematic studies to realize long lifetimes and continuous production.
For the above organic materials, the resulting thin active
layers, typically at tens to hundreds of nanometers, are
vulnerable to friction, twisting, or squeezing force during use,
and the organic luminescent materials are sensitive to oxygen
and humidity. Therefore, fiber-shaped lighting devices should
be carefully sealed for high stability. Alternatively, fibershaped lighting devices with inorganic active materials such as
ZnS-based phosphors are also widely studied.[102] A typical
ZnS-based lighting fiber with an outer electroluminescent
layer and two inner parallel hydrogel electrodes was prepared
via an extrusion process.[103] As each inorganic luminescent
particle may act as an independent light-emitting center
under an alternating electric field, the mechanical robustness
of the fiber was installed by the polymer matrix. The fiber was
also flexible and stretchable. Inorganic material-based lighting fibers need relatively high operating voltages and have
short lifetimes, so additional efforts should be made to
explore novel phosphors to lower operating voltages.
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textiles to power wearable
electronic products and biomedical facilities, which remains challenging for the
current bulky batteries. For
another example, fiber sensors are found to play a critical role in implantable biomedical devices. The relatively low bending stiffness
and 3608 interacting interface offer the advantages of
deep penetration and longterm non-destructive detection in vulnerable organs
such as the brain, which is
hard to achieve for the planar electrodes.
From the application
viewpoint, the developments of general and effective fabrication methods are Figure 4. Broad applications of fiber electronics in the future. For instance, they can be used for power
urgently needed to bring sources, information technology, the internet of things, artificial intelligence, public health, and space
fiber electronics out of the exploration.
lab and into large-scale production. In particular, enhot daytimes and cold nights. Similarly, fiber sensors can be
capsulating fiber devices remains challenging in terms of both
injected to simultaneously monitor health conditions, detect
materials and technology. When traditional encapsulation
severe diseases at an early stage and administer treatment.
materials and technologies are used, the stability of the fiber
The roles that fiber electronics can play in our future lives are
device is lower than that of its planar counterparts.[61]
enormous.
Conventional potting process, which consists of immersing
the electronic parts in liquid resin in a confined mold and
curing, presents new challenges for one-dimensional cylindrical structures in terms of consistent quality and scalability.
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Fiber electronics, a new multidisciplinary
direction in applied chemistry, is presented. The unique properties of a new
family of fiber-shaped electronic devices
are summarized. The focus is on fiber
electrode materials based on a onedimensional configuration and their distinctive interfaces, various devices, and
promising applications.
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