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Summary
Traditional heavy and rigid electronics, mostly based on metallic or semiconductor
materials, are short of desirable sensitivity and flexibility, unsuitable applied as
emerging flexible electronics devices in the aspect of mechanical sensors, wearable
joule heating devices, conductors, optoelectronics, transistors, organic artificial
synapses and energy harvesting and storage devices. The fiber-based structures and
assemblies are highly demanded in wearable electronic devices, because of their
expected to be flexible, lightweight, long-lasting, and shortening the carrier
transportation pass in the way axial direction. The combination of high conductivity,
desirable mechanical properties, breathability, optical transparency and low cost, gives
the fibrous system a high possibility to be utilized in the next generation of flexible
electronic devices.
This dissertation aimed to develop conductive systems based on electrospun polymer
fibers simultaneously presenting excellent portability, mechanical flexibility and
electrical conductivity, which could be utilized for emerging flexible electronics. To
overcome the inherently non-conductive nature of conventional polymeric fibers, the
underlying concept was to construct the advanced conductive system consisting of
polymer fibers and conducting additives, or directly employing conductive carbonized
polymer fibers, by the design of novel structures of dual-sided and sandwich-like
membrane or porous sponge. These mechanically flexible fiber systems have been
demonstrated for various wearable devices, such as wearable strain/pressure sensors
and personal thermal management devices.
Breathable and flexible dual-sided nonwovens with tailored electrical and thermal
properties are promising as smart textiles for personal thermal management. The dualsided nonwoven consisting of polyimide (PI) electrospun nonwoven and silver
nanowire (AgNW) networks presented significant differences of physical, electrical,
3
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and thermal properties on the two sides, which can be tailored by using the amount of
AgNW. The resultant dual-sided nonwoven possessed very low electrical resistance of
0.23 Ω sq-1 and excellent IR reflectance of more than 80 %, far higher than the normal
textile. In addition, it could be integrated into a thermal management device by applying
low current, realizing both functions of reducing heat dissipating into ambient air and
heat compensation to the human body. Besides, the dual-sided membrane showed
outstanding flexibility under different deformations, such as bending and crumpling
deformations, as well as washing stability without sacrificing electrical resistance, very
promising for next-generation wearable devices.
To improve the stretchability of conductive systems for strain sensors, we proposed a
new strategy to fabricate sandwich-like electrically conductive membranes with very
low electric resistance by employing elastic electrospun thermoplastic polyurethane
(TPU) nonwovens as substrates. The sandwich-like conductive membrane consisted of
an AgNW network sandwiched between two porous electrospun TPU nonwovens.
Polycaprolactone (PCL) short fibers acted as glue and provide a strong interface
between the three layers. Our membranes showed a high stretchability (breaking
elongation more than 700 %) and very low initial electric resistance, as low as <0.1 Ω
sq-1 depending upon the amount of AgNWs. The mechanoresponsive conductivity
endows a potential for use as a strain sensor to monitor body movement and to be
integrated into smart wearable devices to collect body movement signals using a
connected personal computer or mobile phone in the future.
Furthermore, we explore ultralight carbon sponges by carbonizing graphene oxide (GO)
-coated PI composite sponges. Intermediate modification with a polycation proved to
be necessary for getting a stable and uniform GO coating on polymer precursor fibers.
The resultant sponges demonstrate ultralow density, prominent mechanical flexibility,
high electrical conductivity, and high thermal insulation as well as attractive
mechanoresponsive electrical and thermal properties. Based on these advantageous
characteristics, our sponge demonstrated a novel application for multifunctional
wearable sensing systems with an advanced modality of thermal management.
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In conclusion, advanced conductive systems have been fabricated in forms of flexible
membrane and sponge composed of electrospun nanofibers and conducting additives.
These advanced conductive systems demonstrated a variety of applications in flexible
electronics, such as for strain/pressure sensors, flexible conductors and thermal
management devices. The issues such as achieving high conductivity and flexibility,
precise fabrication, and developing multifunctional portable devices are still to be
improved.
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Zusammenfassung
Herkömmliche schwere und starre Elektronik, die meist auf metallischen oder
Halbleitermaterialien basiert, bietet nicht die gewünschte Empfindlichkeit und
Flexibilität und ist daher ungeeignet für die Anwendung als aufstrebende flexible
Elektronikgeräte in Form von mechanischen Sensoren, tragbaren Joule-Heizgeräten,
Leitern, Optoelektronik, Transistoren, organischen künstlichen Synapsen und Geräten
zur Energiegewinnung und -speicherung. Faserbasierte Strukturen und Baugruppen
sind in tragbaren elektronischen Geräten sehr gefragt, da sie flexibel, leicht und
langlebig sind und den Transportweg der Träger in axialer Richtung verkürzen. Die
Kombination aus hoher Leitfähigkeit, wünschenswerten mechanischen Eigenschaften,
Atmungsaktivität, optischer Transparenz und niedrigen Kosten gibt dem Fasersystem
eine hohe Wahrscheinlichkeit, in der nächsten Generation flexibler elektronischer
Geräte eingesetzt zu werden.
Ziel dieser Dissertation war es, leitfähige Systeme auf der Basis von
elektrogesponnenen Polymerfasern zu entwickeln, die gleichzeitig eine hervorragende
Tragbarkeit, mechanische Flexibilität und elektrische Leitfähigkeit aufweisen und für
neu entstehende flexible Elektronik genutzt werden könnten. Um die nichtleitende
Natur konventioneller Polymerfasern zu überwinden, bestand das zugrunde liegende
Konzept darin, ein fortschrittliches leitfähiges System zu konstruieren, das aus
Polymerfasern und leitenden Additiven besteht oder direkt leitfähige karbonisierte
Polymerfasern verwendet, indem neuartige Strukturen aus doppelseitigen und
sandwichartigen Membranen oder porösen Schwämmen entworfen werden. Diese
mechanisch flexiblen Fasersysteme wurden für verschiedene tragbare Geräte, wie z. B.
tragbare Dehnungs-/Drucksensoren und persönliche Wärmemanagementgeräte,
demonstriert.
Atmungsaktive und flexible doppelseitige Vliesstoffe mit maßgeschneiderten
elektrischen und thermischen Eigenschaften sind als intelligente Textilien für das
persönliche Wärmemanagement vielversprechend. Der doppelseitige Vliesstoff, der
aus einem elektrogesponnenen Polyimid-Vliesstoff (PI) und Silbernanodraht6
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Netzwerken (AgNW) besteht, weist auf beiden Seiten erhebliche Unterschiede in den
physikalischen, elektrischen und thermischen Eigenschaften auf, die durch die Menge
an AgNW maßgeschneidert werden können. Das daraus resultierende doppelseitige
Vlies hatte einen sehr niedrigen elektrischen Widerstand von 0.23 Ω sq-1 und eine
hervorragende IR-Reflexion von mehr als 80 %, die weit über der von normalen
Textilien lag. Darüber hinaus konnte es durch die Anwendung von Schwachstrom in
ein Wärmemanagementgerät integriert werden, wodurch beide Funktionen, die
Verringerung der Wärmeabgabe an die Umgebungsluft und der Wärmeausgleich an den
menschlichen Körper, realisiert werden konnten. Außerdem zeigte die doppelseitige
Membran eine hervorragende Flexibilität bei verschiedenen Verformungen, wie z. B.
Biegen und Zerknittern, sowie Waschstabilität ohne Einbußen beim elektrischen
Widerstand, was für tragbare Geräte der nächsten Generation sehr vielversprechend ist.
Um die Dehnbarkeit leitfähiger Systeme für Dehnungssensoren zu verbessern, schlugen
wir eine neue Strategie zur Herstellung sandwichartiger elektrisch leitfähiger
Membranen mit sehr geringem elektrischem Widerstand vor, indem wir elastische
elektrogesponnene

thermoplastische

Polyurethanvliese

(TPU)

als

Substrate

verwendeten. Die sandwichartige leitfähige Membran bestand aus einem AgNWNetzwerk, das zwischen zwei porösen elektrogesponnenen TPU-Vliesstoffen
eingebettet war. Kurze Fasern aus Polycaprolacton (PCL) fungierten als Klebstoff und
bildeten eine starke Schnittstelle zwischen den drei Schichten. Unsere Membranen
zeigten eine hohe Dehnbarkeit (Bruchdehnung von mehr als 700 %) und einen sehr
niedrigen elektrischen Anfangswiderstand, der je nach Menge der AgNWs nur <0.1 Ω
sq-1 betrug. Die mechanoresponsive Leitfähigkeit bietet das Potenzial, als
Dehnungssensor zur Überwachung von Körperbewegungen eingesetzt zu werden und
in

Zukunft

in

intelligente

tragbare

Geräte

integriert

zu

werden,

um

Körperbewegungssignale über einen angeschlossenen Computer oder ein Mobiltelefon
zu erfassen.
Außerdem erforschen wir ultraleichte Kohlenstoffschwämme durch Karbonisierung
von GO-beschichteten PI-Verbundschwämmen. Eine zwischenzeitliche Modifikation
mit einem Polykation erwies sich als notwendig, um eine stabile und gleichmäßige GO7

Summary/Zusammenfassung
Beschichtung auf den Polymervorläuferfasern zu erhalten. Die so entstandenen
Schwämme weisen eine sehr geringe Dichte, eine hohe mechanische Flexibilität, eine
hohe elektrische Leitfähigkeit und eine gute Wärmeisolierung, sowie attraktive
mechanisch-flexible, elektrische und thermische Eigenschaften auf. Aufgrund dieser
vorteilhaften Eigenschaften erwies sich unser Schwamm als geeignet für neuartige
Anwendung für multifunktionale, tragbare Sensorsysteme mit einer fortschrittlichen
Art des Wärmemanagements gezeigt.
Zusammenfassend kann gesagt werden, dass fortschrittliche leitfähige Systeme in Form
von

flexiblen

Membranen

elektrogesponnenen

und

Nanofasern

Schwämmen
und

hergestellt

leitfähigen Additiven

wurden,

die

bestehen.

aus
Diese

fortschrittlichen leitfähigen Systeme haben eine Vielzahl von Anwendungen in der
flexiblen Elektronik gezeigt, z. B. für Dehnungs-/Drucksensoren, flexible Leiter und
Wärmemanagementgeräte. Die probleme, wie das Erreichen einer hohen Leitfähigkeit
und Flexibilität, die präzise Herstellung und die Entwicklung multifunktionaler
tragbarer Geräte, müssen noch verbessert werden.
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1. Introduction
1.1 Overview
Rapid progress in wearable technology allows us to imagine a large number of concepts
related to the “Internet of things”, such as electronic paper, wearable displays,
electronic skins, implantable bioelectronics and smart gloves. Just as circuit
miniaturization revolutionized the electronics industry in the 1905s, flexible electronics
might also reshape the world in the future – if they have the flexibility desired, fulfilling
the deformation requirements in daily life.[1,

2]

Soft, skin-mounted electronics, for

instance, that incorporate high-bandwidth, miniaturized motion sensors, enable digital,
wireless measurements of mechanoacoustic signatures of both core vital signs (heart
rate, respiratory rate and temperature) and underexplored biomarkers (coughing count)
with high fidelity and immunity to ambient noises, have recently demonstrated their
capability in continuous monitoring of COVID-19 infections in sick and healthy
individuals in hospital and the home.[3] Flexibility can mean various properties to both
manufacturers and users. As a mechanical characteristic, it is conveniently classified
into three categories: (1) bendable or rollable, (2) permanently shaped, and (3)
elastically deformed. Thus, currently most of fabrications is done on a flat workpiece
that is shaped only as late as possible in the process, which benefits from the technology
established by the planar integrated circuit and display industries.[4] Thus, the key
building blocks of flexible electronics and sensing elements are capacitors, resistors,
inductors, thin-film transistors, electrochemical elements and their combinations. The
materials composed must possess remarkable tolerance to duplicated mechanical
deformations. Most conventional high-performance electronic materials, such as metal,
are stiff and heavy, whereas materials that are flexible and lightweight, such as
conducting polymers, present undesirable electric properties. Utilizing the rational
design of electronic circuits from both perspectives of material and structure, emerging
flexible electrodes can perform high conductivity of metal level, have light weight, low
9
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power consumption, low cost and are multifunctional under/in contact with various
environments.[5-7] An essential property for flexible electronics with uses for human
physiological health and physical movement monitoring is mechanical stress tolerance
of the devices and their material constituents. These functional materials include the
active semiconductor, the gate/interconnect dielectric, the charge injection/extraction
promoting material and the conductor, as well as passive ones, such as the substrate,
adhesion promoters, planarization and passivation materials, all of which are critical
for the proper functioning of devices.[8-12] However, the conductor as a vital component
of device integration is the dominant element in all electronic building blocks to
determine the reliability and the bulk flexibility to mechanical stresses of the system.
Conventional metallic wires have mechanical flexibility but poor deformation ability,
endowing limited rigid circuit mechanical compliance to stress, resulting in severe
limitation for integration in flexible devices due to an extreme mismatch of mechanical
properties, because metals have typically > 100 –1000 times larger Young’s moduli
than those of common plastic substrates and human skin.[13, 14] Therefore, in order to
construct reliable flexible conducting elements and minimize mechanical mismatches,
a variety of strategies, such as the engineering design of the conducting lines (by using
sputtering technology with mask, photolithographic processes or various printing
technologies), employing conducting polymers (e.g. polypyrrole [PPy], polyaniline
[PANi], poly(3,4-ethylenedioxythiophene) [PEDOT] and poly(styrene sulfonate)
[PSS]), and structuring conductive nanostructures with conductive nanoscopic
materials (e.g. metal nanoparticles, metal nanowires (NWs), carbon black, carbon
nanotube (CNT), graphene, transition metal carbides), enable them to have a high
tolerance to cracking and delamination upon stress.[2] The main challenge in flexible
electronics is to incorporate the materials with the properties desired into the integrated
systems whilst preserving the character of each component. Nanotechnology can play
a role in achieving flexible systems with desirable functions. One-dimensional (1D)
nanomaterials, such as nanorods, NWs, nanotubes and nanoribbons, are proven to be
the most promising candidates as they can function as an electron pathway in the axial
orientation, improve the carrier collection and shorten the carrier transport path.
10
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Moreover, their prominent mechanical properties are essential for atomic-scale
manipulation and further physiochemical properties. Thanks to the large surface area,
1D nanomaterials provide a high possibility to interact with a variety of inorganics at
the surface.[15-17] Hence, fiber-based structures are highly demanded for wearable
devices, which are expected to be flexible, lightweight and long-lasting. A large number
of fibrous structures have been fabricated by well-established textile processing
technologies under ambient surroundings. The hierarchical nature of fiber systems
indicates that they are particularly suitable for the fabrication of flexible wearable
devices. Multifunctional and multidimensional electrospun fibers can be engineered to
have specific functions, for instance, surface hydrophobicity, electrical conductivity,
antibacterial properties, antiwrinkle properties, selective light guidance and scattering,
and thermal management. Such materials can be achieved by surface coating, patterning,
filler mixing, freezing-dry, or foaming technologies.[18-20] Electrospun fibers enable the
effective shortening of the carrier transportation path and enhance the carrier collection
ability by functioning as an electron expressway in the axial direction. The combination
of this merit and other unique features, such as light weight, high specific surface area,
prominent mechanical properties, breathability, optical transparency and low cost, give
the fiber system a great possibility of being utilized in the next generation of flexible
electronic devices (Figure 1-1).[21-25]
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Figure 1-1. Features of electrospun polymer fibers and their diverse applications for
flexible electronics. Reprinted with permission from ref[26] (Copyright © 2019,
American Chemical Society), ref[27] (Copyright © 2020, The Royal Society of
Chemistry), ref[28] (Copyright © 2019, WILEY-VCH), ref[25] (Copyright © 2019,
American Chemical Society), ref[29] (Copyright © 2019, The Royal Society of
Chemistry), ref[30] (Copyright © 2019, American Chemical Society), ref[31] (Copyright
© 2017, WILEY-VCH), ref[32] (Copyright © 2017, American Chemical Society), ref[33]
(Copyright © 2017, Elsevier), ref[34] (Copyright © 2013, IOP), respectively.
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1.2 Electrospinning technology
1.2.1 History of electrospinning
William Gilbert first observed that when a suitably electrically charged piece of amber
was brought near a droplet of water it would form a cone shape and small droplets
would be ejected from the tip of the cone in a study as early as the 17th century, which
is the first recorded observation of the interaction of liquid droplets with the charged
object.[35] In 1745, Bose demonstrated that water could be sprayed to form an aerosol
with electrostatically charges.[36] Then in 1885, Lord Rayleigh systematically studied
the behaviors of charged droplets and reckoned the maximum amount of charges which
rejected a liquid droplet from the surface of liquid jets.[37] In 1887, Charles V. Boys
discovered that viscoelastic liquid could be used to draw fibers by an apparatus
consisting of an insulated disk in an external electric field, which demonstrated that a
viscous liquid, such as beeswax and collodion, could be stretched into fine fibers at the
edge of the disk.[38] In 1902 and 1903, John Francis Cooley described methods and the
apparatus for dispersion of fluids by means of electrostatic force in several patents.
Meanwhile, W. J. Morton proposed most of spinning methods with the assistance of
using indirect and direct electric charging. Between 1931 and 1944, Anton Formhals
made significant progresses to the development of electrospinning through a series of
patents on aspects of the process taken out in America, France, the United Kingdom
and Germany.[39] During this period, the cellulose acetate fibers were processed by
electrospinning for the first time. He also investigated and introduced many other
methods for composite fiber production in 1940.[35] In 1952, Bernard Vonnegut and
Raymond L. Neubauer investigated the production of liquid jets by electrostatic
force.[40] They noted the formation of uniformly sized droplets and estimated the size
of the droplets. Between 1964 to 1969, Sir Geoffrey Ingram Taylor produced a
significant advance in the theoretical underpinning of electrospinning by
mathematically modeling the shape of the cone formed by the fluid droplet under the
influence of an electric field, which is now known as the Taylor cone.[41] In 1971, Peter
13
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Karl Baumgarten devised a method for photographing electrospun fibers in flight, and
in the course of investigating the effects of solution viscosity, surrounding gas, voltage
and jet radius on fiber diameter and jet length.[42] However, these early discoveries had
not stimulated widespread interest in the industry, despite some explorations on filter
applications were reported.[43]
From 1990, Darrell Reneker, Gregory Rutledge and a couple of other groups restarted
focusing on the electrospinning technique by employing electronic microscopes to
make it possible to access the features down to the nanoscale.[44-50] It was reported by
those researchers that a variety of polymers could be used to fabricate nanofibers via
this technique, which was termed electrospinning. Those studies gave a new life to
electrospinning, by which continuous fibers with a nano-diameter were eventually
produced. Notably, at the beginning of the 21st century, it attracted increasing attention
and fiber composites prepared via electrospinning consisting of a mixture of organic
and inorganic materials lead to the opening of a new world based on this technique.[51,
52]

Additionally, as the fabricating technique improved dramatically, aligned fibers,

coaxial fibers and yarns were developed, demonstrating the feasibility of tailoring the
size, structure, porosity, composition and morphology of fibers[52-56], which greatly
enhanced their applications, such as in the field of energy, environment, electronics,
and biomedicine.
1.2.2 Principle of electrospinning
Electrospinning is a very simple and versatile way to fabricate fibers with a diameter
in the range from nanometer to micrometer scale. The basic setup of electrospinning in
a laboratory scale is shown in Figure 1-2a, consisting of a reservoir of polymer solution
fed by an injecting pump, a high-voltage source connecting to the nozzle and the
grounded collector. Polymer solution or melt is pumped to feed through a thin nozzle
serving as an electrode, to which a high voltage (100 – 500 kV m-1) is connected. A
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Figure 1-2. (a) Schematic diagram of electrospinning in laboratory. (b) Diagram
depicting the pass of an electrospun jet. (c) Characteristic interference colors observed
in the straight segment of a jet comprised of aqueous poly(ethylene oxide) (PEO),
providing live information about the jet diameter and length of straight segment as a
function of the applied voltage. (d) Schematic illustration of the forces acting on a
charged jet. (FDO: downward and outward force; FUO: upward and outward force; FR:
radial direction force.). (e) Stereographic image showing the instantaneous position of
the bending jet during the different stages of bending instabilities. (b, c and e) Reprinted
with permission from ref[57]. Copyright © 2006 American Chemical Society. (d)
Reprinted with permission from ref[58]. Copyright © 2008 Elsevier.
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collector with a substrate, usually serving as a counter electrode, is placed at a distance
of 10 – 25 cm to collect the fibers produced. In principle, electrospinning involves an
electrohydrodynamic process[57, 58], during which a viscous liquid droplet is electrified
to form a jet, followed by stretching and extending in the electrical force to generate
fibers, and can execute vertically or horizontally. During electrospinning, the polymer
solution or melt is extruded to form droplets at the tip of the nozzle, which further
evolve into a Taylor cone upon electrification, and then produce a liquid jet. The jet
initially extends in a straight line and then undergoes violent whipping motions due to
bending instabilities to stretch into a thinner diameter and solidifies into fibers
deposited on the grounded collector. The diagram is shown in Figures 1-2b to 1-2e.
1.2.3 Materials of electrospinning
In theory, any soluble or fusible polymer can be processed into fibers by the
electrospinning technique via adjusting molecular parameters (such as solubility, glasstransition temperature, melting point, crystallization velocity, molecular weight,
molecular weight distribution, entanglement density, solvent vapor pressure, and pH
value) and the process parameters (such as concentration, electrical conductivity,
surface tension, feed rate, electrode separation and geometry, temperature, and relative
humidity).[43] When taking sol-gel chemistry into consideration, varieties of composite
materials containing nanoscale components, such as nanoparticles, nanorods, NWs,
nanotubes and nanosheets, provide more feasible candidates to produce nanofibers by
electrospinning. These diversified candidate materials could be illustrated into
macromolecules, small molecules, colloids and composites.
a). Macromolecules
Most of the macromolecules, including both natural and synthetic materials, can be
processed into fibers by electrospinning. Synthetic macromolecule (e.g. polystyrene,
poly(vinyl chloride) and PEO) has currently been reported to produce electrospun
nanofibers for environmental protection. Polycaprolactone (PCL), polylactic acid (PLA)
and poly(lactic-co-glycolic acid) and other biodegradable materials are utilized to
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fabricate tissue scaffolds via electrospinning in biomedical applications. Moreover,
natural materials, for example, gelatin, collagen, chitosan, chitin and silk fibroin, are
more widely used to produce nanofiber-related devices in biomedicine and demonstrate
a lower biotoxicity than synthetic materials. Conductive materials, such as PANi, PPy,
PEDOT and PSS, could also be electrospun into fibers, and are commonly applied in
electronics and energy.[59] In addition, poly(tetrafluoroethylene) and poly (vinylidene
fluoride) (PVDF) are reported to be electrospun into fibers for designing
nanogenerators due to their excellent piezoelectric and/or pyroelectric properties.
b). Small molecules
When molecular chains significantly entangle and overlap in solution to stabilize the
electrified jet, those small molecules can be processed directly into fibers by
electrospinning. Presently, amphiphiles and cyclodextrin derivatives are reported to be
electrospun into fibers in a suitable solvent system and concentration (usually
surpassing critical micelle concentration).[60, 61] Matthew G. McKee firstly reported
highly entangled lecithin solution in a 70/30 wt% mixture of chloroform and
dimethylformamide at a concentration of 43 wt% which was used to continuously
electrospun fibers.[62] In addition, other small molecules, such as surfactants and
peptides, can also be electrospun into fibers. Similarly, even though the cyclodextrin
derivatives are amorphous small molecules, Asli Celebioglu produced cyclodextrin
nanofibers/nanowebs in good mechanical integrity as free-standing materials.[63]
c). Colloidal materials
In sol-gel chemistry, a colloid with sufficient entangled particles to maintain a
continuous jet is also a candidate for electrospinning. Typically, metal oxides, such as
NiO, Co3O4, and a mixture of Al2O3 and ZnO, have been reported to process ceramic
fibers by direct electrospinning with diameters in several micrometers. Additionally,
dispersions of metal nanoparticles in high concentration could be used to produce a
spinnable mixture initially, followed by thermal annealing to weld into metal fibers.
However, the difficulty in preparing highly concentrated suspensions of metal particles
makes it extremely restrictive to electrospun fiber by this method. In another study, the
aged silica sols prepared in a system of tetraethyl orthosilicate, distilled water, ethanol
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and HCl was used to electrospin into nanofibers with a diameter in the range of 0.4 –
1.0 μm, and can further decrease to thinner than 400 nm by tuning the aged sols.[64, 65]
d). Composite materials
In order to prepare functional fibers, solutions containing certain or multiple
nanocomponents

are

normally

used

for

electrospinning.

Zero-dimensional

nanoparticles (AuNP, AgNP, SiO2 NP, TiO2 NP), 1D nanorods or NWs (Au nanorod,
AuNW, AgNW, CNT) and 2D nanosheet (graphene, nanoclay, Mxene, WS2 ) are widely
reported to be prepared as an electrospinning solution by intense stirring or ultrasonic
shaking nanocomponents.[66-70] The electrospinnability of composite solutions relies
critically on the concentration, shape and size of the components integrated, which
greatly affect the morphology of the resultant fibers. A stable and well-dispersed system
is beneficial for forming nanofibers consisting of homogenously distributed
nanocomponents. However, if those nanocomponents aggregate during the
electrospinning process, nonuniformed fibers with numerous parts of aggregated
nanocomponents form easily.[68] The surface modification of nanocomponents is an
effective way to stabilize a composite solution consisting of nanocomponents. The size
and concentration of nanocomponents also influence the dispersity and the resultant
fiber morphology. Regarding the nanoparticle system, if the size of the particle is far
smaller than the fiber diameter, particles are inclined to be encapsulated inside
completely, forming a smooth surface of fiber. On the contrary, fibers prepared from a
composite solution consisting of larger particles present a rough surface or necklacelike morphology of fibers.[71] This situation is also the same for fibers consisting of
nanosheets, of which the size plays a significant role similar to the fiber morphology.
The 1D nanocomponents with anisotropy are usually well-oriented parallel along the
fibers as the impact of stretching during the electrospinning process.[69] Additionally,
metal-organic framework (MOF), covalent organic framework, zeolitic imidazolate
frameworks nanofibers emerge and attract a lot of attention, by precursor
electrospinning and then conducting a sol-gel reaction.[72-74] Depending on the target
MOF and different applications, the MOF-polymer system has been optimized,
involving choosing of a suitable polymer solution, MOF slurry property and
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electrospinning condition. The polymer phase in MOF composite fibers acts as a binder
to endow flexibility to the fibers. However, the redundant polymer phase could block
the pore structure and reduce the functional surface, causing poorly applied
performance.
1.2.4 Methods of electrospinning
Classical electrospinning usually equipped with a single-nozzle, depicted in Figure 16a, is typically conducted in a far-field mode (height: 5 – 15 cm) in a laboratory scale
for generating nanofiber. In this case, it is hard to precisely control the deposition of
electrospun fibers as designed due to the drastic whipping instability. However, in the
situation of near-field mode (500 μm – 5 cm), the polymeric liquid jet will be directly
written onto the collector before approaching unpredicted whipping instability, which
makes processing patterned fibers possible even in both the X and Y-axis directions.[75,
76]

During this process, it is extremely critical to use a low voltage (0.60 – 3.00 kV) to

keep the liquid jet stable and a lower extruding rate of liquid (0.01 – 1.00 mL/h). As the
polymeric liquid jet cannot be stretched in the electrical field, the fibers achieved are
normally thicker than those produced in a standard process, in the diameter of
microscale. In order to improve the low yield of laboratory scale, a multiple-needle
electrospinning system is put into the effort to replace the single needle system. An
array-needle system is designed to achieve this goal. The productivity of nanofiber is
significantly enhanced but the instability of multiple jets in the electrical field causes
some problems for the electrospun nanofibers, such as undesirable reactions, poor fiber
distribution in the collector or a bonding reaction among fibers. This has been observed
in previous studies and needs further investigation in order to be resolved.[77] In order
to improve the instability, a secondary electrical field between the needles and the
electrode generated by auxiliary electrodes is introduced to neutralize the repulsion
among the needles.[78, 79] Additionally, various types of spinneret, such as solid pin, flat
plate, metal string, and a hollowed tube with holes allowing multiple jets to eject
simultaneously for electrospinning, have been designed to enhance the yield of
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nanofiber as well.[80-82] However, it is still hard to control the flow rate of liquid to
emanate uniform jets precisely. Using a moving spinneret can solve this issue, such as
in one example of using a rotating disc with a sharp edge to eject uniform jets.
Compared to typical single needle electrospinning, the coaxial electrospinning
technique is often used to fabricate nanofibers of nonsingular components via a
designed coaxial needle, which usually consists of a bigger external needle and one or
smaller internal needle(s) in the coaxial configuration, driven by corresponding
connected pumps. Coaxial electrospinning allows the fabrication of nanofibers by
defined components in a core-shell structure, even regarding those uneasily spinnable
materials, such as oligomers, metal salts, oils, crystal particles, or even living
components

(protein/RNA/DNA/cells/bacterial/viruses)

encapsulated

into

nanofibers.[83-86] When a core or shell component is removed by solvents (not dissolving
the other component), hollow nanotubes or thinner nanofibers can be achieved. In
addition, side-by-side electrospinning by a spinneret comprising a split of outlets sideby-side is often to produce fibers with different components.[87] Unlike coaxial
electrospinning, a nanofiber of side-by-side electrospinning allows both components
with equal surface exposure to the environment, expressing the distinguished properties
of each component of the fiber.
Different types of collectors have been developed to prepare nanofibers in terms of a
need to replace the grounded conductive plate, mainly including solid and liquid bath
setups. Those solid collectors can be designed with different materials (insulator,
semiconductor and conductor) and into specific patterns (aligned or radical columns,
raised or sunk microstructure) in order to obtain a better distribution of the electrical
field and fiber deposition.[88-90] Moreover, a movable collector (horizontal, vertical or
rotating movement) will be employed to generate well-aligned fibers.[91] Additionally,
a rotating drum or funnel can be used to fabricate twisted yarn.[92, 93] Based on a similar
principle, a liquid bath, greatly enhancing the solidification of the jet, was demonstrated
to collect nanofibers on a liquid surface and then twisting into yarn by a vertex action
and collected by a rotating drum, in which the vertex plays the role of a rotating
funnel.[94, 95]
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1.2.5 Short electrospun nanofiber
Electrospinning is a versatile technology to produce continuous nanofibers. However,
short electrospun fibers have enhanced and extended the applications of electrospun
nanofibers extensively. Short electrospun nanofibers can be currently produced by
different methods. Direct electrospinning is a one-step method to prepare short
electrospun fibers. A number of key factors, such as the polymer structure (linear or
branched), molecular weight, solvent system, and solution concentration, should be
taken into higher consideration when directly electrospinning short fibers.[96,

97]

In

addition, the effect of concentration and surface charges of the nanoparticles
incorporated into the electrospinning solution also concerns factors that affect the
length and morphology of the short fibers. Photolithography was also reported to
produce short fibers. Either polymers with double bonds with a photocross-linker and
photoinitiator or known photochemistry of coumarin without the addition of the
photocross-linker and photoinitiator was utilized for preparing short electrospun fibers
from long electrospun fibers. A mask with a defined slit width can be utilized to control
the length of the short fibers targeted. Short fibers could be derived from those insoluble
parts of long fibers exposed to ultraviolet light b removing those non-cross-linked parts
in an appropriate solvent.[98] The mechanical cutting technology is the most popular
way to prepare short electrospun fibers at present, including the simple blade cutting
and ultrasonic homogenization method. A razor is usually employed to chop long fibers
into short ones manually, which is a time-consuming and low-efficiency method of
preparation, merely fitting for small-scale preparation. Another method is by employing
a homogenizer or motor-driven blades to cut electrospun membrane into short fibers.
In this method, liquid nitrogen is generally used to assist the cutting by decreasing the
temperature of dispersion. Short electrospun fibers have various applications regarding
those assemblies in different dimension formations from 1D to 3D assemblies or as
filler to prepare composites, such as using them as reinforced components to
significantly enhance the mechanical property[99,

100]

, incorporating them into a

hydrogel to mimic a natural tissue scaffold[101] or embedding into an injectable hydrogel
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for various biomedical applications[102, 103].
In order to produce economic nanofibrous flexible devices, electrospinning technology
is a suitable candidate because various materials and conductive additives have been
successfully fabricated from conductive nanofibers and/or conductive nanofiber
composites. The nanofibers or nanofiber composites obtained present high porosity,
exciting mechanical properties, a large surface area, ultrahigh flexibility and excellent
conductivity, whilst being cost-effective, efficient and have the ability to be prepared
on a large-scale preparation. In addition, diverse nanofiber assemblies are crucial to
fabricate diverse sizes, of soft, breathable, lightweight and conformable wearable
devices. Moreover, the electrospun nanofibers derived from biocompatible materials
achieve substrate for flexible electronics directly interfacing with cells, tissues and
organs.[104-106] Thus, the nanofibrous flexible system holds great promise for application
in smart wearable devices at the frontiers of science.

1.3 Materials for flexible electronics
1.3.1 Conducting materials
a). Metal NWs
The growth of metallic NWs[107], such as copper (Cu), silver (Ag) and gold (Au), has
already been widely reported in the past few decades. These metallic NWs have been
prepared mainly by the template, electrochemical, wet chemical and polyol methods.
Among them, AgNW is particularly attractive due to the prominent electrical properties.
The AgNWs synthesized with the polyol method generally possess a typical diameter
of 20 – 150 nm and a length in the range of a few to several hundred micrometers. The
high electrical conductivity makes it more popular in the electronics industry compared
to other materials, such as carbon-based materials or conductive polymers.
Nevertheless, mechanical and electrical stability issues remain a challenge for applying
them in the electronics industry. In order to fabricate conductive two-dimensional (2D)
networks with high mechanical flexibility and stability, using flexible polymers as
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substrates can well resolve this issue to construct composites combined with AgNWs
by employing the techniques of spinning, drop-, spray, dip, or Mayer rod coating, and
roll-to-roll lamination production.[108] In addition, printing technologies, such as ink-jet,
screen printing gravure, and three-dimensional (3D) printing have been applied in
AgNW 3D-network preparation, which makes large-scale manufacturing with low
costs possible.[109, 110] Moreover, 3D pure AgNW network could be constructed by the
ice templated method, without combining with a polymer matrix, which allows
structural control of the 3D AgNW networks and presents lower AgNW content without
degrading the density of the AgNW networks, resulting in significantly improving the
conductivity and stretchability.[111] Nevertheless, 3D pure AgNW networks have unique
anisotropic microporous structures, low density, high conductivity, but exhibit elastic
stiffening behavior with Young’s modulus inducing low mechanical flexibility, which
would limit its application in flexible devices.[112] In order to overcome the issue of poor
flexibility, a strategy is to induce a polymer or other flexible matrix, constructing 3D
AgNW networks composites.[113-115] Previous research has indicated that when the
AgNW diameter approaches the mean free path of electrons in the bulk material, the
proportion of electrons undergoing surface scattering increases, resulting in an increase
in AgNW resistivity. Using longer AgNWs helps to construct higher electrically
conductive networks since it allows one to reduce the number of junction points
involved in electrical percolating webs.[116] In this case, transparent electrodes
combined with longer AgNWs show higher transparency, which fits for meeting the
fabricating criteria in optoelectronic devices.[117]
The AgNW has been proved to have superior performance in flexible electronics, but
the high price of Ag has limited the intensive use of this appealing approach. Whereas,
CuNW has been explored as a potential substitute for Ag for applications in electronics
because of its abundant amount and cheap cost, which makes it economically
fascinating for applications. The CuNW can be currently prepared by following two
methods: (1) Ethylenediamine-mediated synthesis or (2) alkylamine-mediated
synthesis. Regardless of the synthesis method, the unifying principle of synthesis
involves the reduction of Cu ions to their metal state in the company of the capping
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agents which induce 1D growth. As a kind of active metal in air, the CuNWs fabricated
need to encapsulate an extra layer of hydrophobic polymers, such as poly(methyl
methacrylate), polyamide, and polydimethylsiloxane (PDMS), to prevent CuNWs from
an oxidation reaction in a harsh environment.[118] Apart from using polymer
encapsulation, graphene coating has also been demonstrated to alleviate the oxidation
of CuNWs efficiently.[119] Methods such as thermal annealing, photonic welding or
laser-induced welding can be used for improving conductivity by reducing the
adjunction resistance for large-scale fabrication.[120-122] Up to date, the CuNWs have
been widely investigated for various applications, such as transparent conductors,
nanogererators, joule heaters and sensors using fabrication methods including
sputtering , printing, spinning/blade coating and vacuum filtration.[123-126]
Intensive recent works have reported Ag- and Cu-NWs in applications for flexible
electronics thanks to their high conductivity, excellent flexibility, simple synthesis
method and low cost. However, some disadvantageous features such as easy to
oxidation or rust, resulted in poor conductivity, which limits their applications in harsh
environments. These issues could be conquered by importing inert metal, such as Au or
platinum NWs.[127,

128]

However the high cost of these novel metals restricts their

applications, especially in large-scale fabrication.
b). Carbon material
Apart from metal materials, carbon materials have been considered as prominent
candidates to be utilized for flexible electronics, including CNT, graphene and its
derivatives, graphite, carbon black and carbon materials derived from natural-material.
Carbon materials, compared to other candidates, present unique advantages, such as
high chemical and thermal stability, low toxicity, good electrical conductivity, and are
an easily functionalized property, endowing them with great promising applications in
flexible electronics. The basic properties of carbon materials are illustrated in Table 11. Based on these unique superiorities, carbon materials have been developed as
functional components for flexible wearable devices, such as stretchable/pressing
mechanical sensors, temperature/humidity sensors, electrochemical devices, wearable
healthcare systems and energy devices (e.g. nanogenerators, supercapacitors and Li
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batteries).[129-132]

Table 1-1. Comparison of basic properties of carbon materials and metal materials.[133]
Materials

Carbon
0.17-2.0×107 (CNTs);
~108 (graphene);

Electrical conductivity/ S m-1

2.0-3.0×105 (graphite);
1.25-2.0×103 (amorphous)

Metal
6.3×107 (Ag);
5.96×107 (Cu);
4.10×107 (Au)

Chemical /thermal stability

Superior

Inferior

Chemical modification

Yes

No

Metallic or semiconductive

Metallic; semimetallic;
semiconductive

Metallic

Morphology variety

Rich

Poor

Lightweight

Good

Poor

Additionally, advanced integrated wearable systems for the comprehensive diagnosis
of personal healthcare and the simultaneous monitoring of physical actions and
physiological indicators are highly demanded, serving as an integrated multifunctional
platform. Hence, the integration of various flexible electronics based on carbon
materials are exploited for physical, physiological and biochemical sensing devices
combined with flexible power functionality. Various carbon materials have been
exploited to date in the design and controlled preparation with designed architecture in
forms of fiber, yarn, film and the 3D porous architecture of sponge, foam and aerogel,
for application in flexible electronics leading toward smart wearable devices.[134-137]
c). Conducting polymer
Conducting polymers are of particular interest within a wide range of conducting
materials because of their electrical and optical properties which are similar to those of
metals or inorganic semiconductors. Thanks to the advantageous properties, such as
facile synthesis, structural diversity and flexibility, light weight and cost-effectiveness,
conducting polymers have offered great potential applications in emerging flexible
electronics. Due to their conjugated p-electron system, conducting polymers possess
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fascinating chemical and physical properties and their oxidation level is readily
influenced by chemical and electrochemical doping/dedoping mechanisms, leading to
a change of inherent conductivity.
Conducting polymers, including PANi, PPy, polythiophene (PTh), and PEDOT, with
their structures shown in Figure 1-3, have attracted a great deal of interest in recent
years. Due to their particular doping/dedoping behavior, conducting polymers have
been widely used for electronic devices in batteries, supercapacitors, sensors and
advanced flexible electronics.[138,

139]

Various morphologies, including nanofibers,

nanotubes, NWs, nanorods, nanorings and nanoarrays, have been reported by using
oxidative

polymerization,

electrochemical

polymerization

and/or

processing

approaches such as seeding, soft-template-assisted and post-synthesis electrospinning.
The availability of diverse conducting polymers provides great promise for preparing
flexible energy storage devices. However, these devices generally present
unsatisfactory cycle performance, induced by their volume change during the
doping/dedoping process, resulting in poor electrochemical performance. These
challenges can be resolved by rationally designing microstructures, optimizing the size
of pores or channels and preparing conducting polymer composites.[138, 140, 141]

Figure 1-3. Chemical structure of (a) PANi (x + y = 1), (b) PPy, (c) PTh, and (d) PEDOT.
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In addition, studies on conducting polymers have aimed to improve the conductivity
and chemical stability of thin films for use in applications of flexible electronics.
However, the conducting polymers have rarely been investigated on deformable
electronics since they generate cracks when folded or stretched, leading to an
irreversible reduction of conductivity. This drawback can be improved by blending
plasticizers with numerous methods, including post-cast polymerization, purification,
freeze-drying, re-dispersing, infiltration and curing, involved in the use of waterinsoluble elastomers, such as PDMS and polyurethane (PU), and the blending
of PEDOT:PSS dispersion with waterborne PU (WPU) constitute an easier and more
effective way of making elastic composites while preserving the advantages of waterprocessability.[142-147] For example, a free-standing elastic highly conductive
(σdc > 140 S cm−1) and highly stretchable (εf > 600 %) PEDOT:PSS ionic liquid (IL)WPU composites were obtained via solution casting of aqueous blends. The high
conductivity and mechanical properties were attributed to the introduction of IL,
because in comparison to the PEDOT:PSS-WPU composite without IL, the
PEDOT:PSS-IL-WPU composites exhibit a 46-times larger elongation at break, a 35times lower elastic modulus and are six orders of magnitude higher σdc.[148]
d). Other conducting materials
Except for fore mentioned materials and fabrications, the sputtering and evaporation of
metals via shadow masks and photolithographic methods on soft substrates are another
intensively used method to fabricate flexible circuits.[149] Metal oxides (i.e. indium tin
oxide) are often used for optoelectronic applications because of their excellent
conductivity and transparency, whereas they exhibit limited flexibility due to their
brittle nature.[150] Nanoparticles blending with polymer matrices have been utilized to
produce printable inks for the preparations of conductive circuits and patterns,
addressing the brittle and conductivity challenges. These conductive inks can be
processed to desirable conductive structures with various printing techniques, such as
ink printing, melting printing and 3D printing technologies.[151-153] The emerging 2D
materials, the thriving family of transition metal carbides, nitrides or carbonitrides
(MXenes), standing out for their unique combination of metallic conductivity, solution
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processability, high-aspect-ratio, and widely tunable properties, are also widely
explored in soft electronics and are used in various forms from 1D fibers to 3D porous
structures for a variety of applications including sensing, energy harvesting,
electromagnetic interference (EMI) and optoelectronics.[154] Gallium-based liquid
metals display remarkable conductivity, high thermal conductivity, high surface tension,
excellent biocompatibility and adjustable adhesion. In addition to these prominent
properties, liquid metal has a remarkable deformation ability, which offers novel
strategies for innovation applications in soft machines and soft electronics.[155, 156]
1.3.2 Substrate materials
The current trend in flexible electronics aims to make these devices soft, bendable and
even stretchable to achieve better mechanical conformability at the interface between
electrical active material and substrates. Therefore, flexible electronics must possess
the conformal integration of electrodes with curving matrices to accommodate various
mechanical deformations in a dynamic environment.[157] To date, a variety of polymeric
materials, such as poly(methyl methacrylate), polystyrene, polyacrylonitrile (PAN),
polyimide (PI), poly(vinyl alcohol) (PVA) and poly(4-vinylphenol) have been applied
as dielectrics and substrates in flexible electronics.[158] Polymeric substrates[159], such
as parylene, and polyimide-based polymers have made vast progress in
wearable/implantable electronics in recent decades. In addition, PIs are widely applied
in electronics as mechanically and thermally robust insulators.[158] The PI used most
extensively, Kapton (DuPont), strongly absorbs shorter visible wavelengths, endowing
it a characteristic hue. Therefore, commercial PIs are not typically applied for
transparent matrixes in light-emitting or soft display devices. Lab synthesized PIs were
demonstrated to be suitable as a chemically, thermally and mechanically stable,
substrate-cum-transparent electrode[160] or gate dielectrics[161] for flexible electronics.
Moreover, the superior heat-resistant performance enables it to be applied in hightemperature plastic electronics.[162] However, the limited stretchable ability of PIs
restricts their intensive applications in stretchable electronics.
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Elastic substrates play a vital role in advanced stretchable wearable/implantable
electronics. Silicon-based elastomers, such as PDMS, are attractive for stretchable
electronics, especially due to cost-effectiveness, robustness, excellent flexibility, and
chemically inert and feasible microfabrication techniques.[163,

164]

Silicones provide

desirable mechanical properties particularly for bioelectronics, including the tunable
Young’s modulus, high extensibility, and bulk hydrophobicity, making them continue
to serve as the gold standard for substrates of bioelectronics because of additional
outstanding biocompatibility.[163, 165]
Polyurethane is another favorable elastic polymer used as a substrate material for
flexible electronics. Regarding diverse molecular constituents and structures, the
appealing mechanical properties of PU, including prominent flexibility and superior
elasticity, permit them excellent conformability when serving as substrates of wearable
electronics, such as in e-skin and e-textile. Additionally, good solubility provides more
feasible processing possibilities, such as coating, plastic shaping, electrospinning and
various printing processes. Moreover, their diverse active functional groups endow
plenty of novel properties. which endows PU with another appealing functionality as
the substrate in wearable devices.[166, 167] For example, the side-chain quaternized PU
exhibits excellent mechanical flexibility and additional antibacterial performance.
PVDF and its copolymers, as the most flexible piezoelectric polymer materials, have
been intensively concerned and appealed as the research hotspot due to their excellent
flexibility, strength, easy processing and low cost. The piezoelectric property of PVDF
is attributed to the existence of polar crystalline phases, including β phase and γ phase,
and its piezoelectric performance is majorly determined by the β phase because of its
largest electric dipole moment among all crystalline phases.[168, 169] Thus, the PVDF
containing a high amount of β phase is widely used in the development of highperformance devices, such as piezoelectric sensors, soft actuators and other flexible
energy harvesters.[170]
In order to avert the decomposition issue by using traditional plastics, various
biomaterials are chosen based on their mechanical properties, biocompatibility,
biodegradability

and

eco-friendly

features.
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polydopamine, silk fiber, cellulose, and chitin are used in flexible electronics for
improving the biocompatibility and progressing of eco-friendly development.[171] An
organic transistor, for instance, based on a three‐arm stereocomplex PLA as dielectric
and substrate materials, is thermally stable up to 200 °C, and it polar groups of the
dielectric are demonstrated to significantly enhance the temperature sensitivity of the
device. The integrated skin‐like temperature sensor array was successfully
demonstrated based on such three‐arm stereocomplex PLA transistors, which also
exhibited good biocompatibility in cytotoxicity measurement.[172] These types of
devices with combined advantages of transparency, flexibility, thermal stability,
sensitive and fast response, crucial degradability and biocompatibility are highly
promising for applications in flexible wearable/implantable electronics.

1.4 Fabrication strategies of nanofibrous flexible conductive systems
A variety of nanofibers, including polymeric, ceramic, carbon, metallic nanofibers, and
inorganic composite nanofibers, have been increasingly applied in soft electronics for
items such as flexible conductors, transparent electrodes, transistors, sensors,
optoelectronics and energy devices. Accordingly, diverse methods have been developed
to engineer electrospun nanofibers as passive components (e.g. functional substrates,
precursors and templates) and active components (e.g. sensing layer for sensor, friction
layer for nanogenerator, electrolyte separator for supercapacitor/battery) for flexible
wearable devices.
Single electrospun semiconducting nanofibers exhibit good mechanical properties and
high carrier mobility, thus have been applied as channel materials for flexible transistors.
A large number of electrospun nanofibers, such as poly(3-decylthiophene)/poly (3hexylthiophene) (P3HT) copolymer, P3HT, fused thiophene diketopyrrolopyrrole/PEO
copolymer, and core-shell P3HT/PEO copolymer, have been currently reported to be
fabricated into single nanofiber flexible transistors.[27, 173, 174] Compared to conventional
filmwise semiconducting devices, single electrospun nanofiber from conjugated
polymer present the following attractive features: (1) Larger contact area with a
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dielectric layer, (2) better inherent flexibility, (3) easier patternability via direct printing
technology, (4) the capability of engineered nanostructure for better responsiveness,
and (5) more efficient and easier fabrication in scale-up.[175]
The micro/nanofiber manufactured by dry, force, melting and wet spinning methods
have been widely investigated for e-textile application, but it is difficult to scale up
production.[176] Consequently, various nanofiber bundles or yarn-shaped flexible
conductors have been fabricated by electrospinning. Diverse conductive additives, such
as graphene, CNTs, metal wires, and metal particles, are loaded in the fiber elements to
obtain highly conductive yarns, which are generally utilized as highly sensitive strain
and pressure sensors with a large working range.[177-180]
Apart from the single semiconducting nanofibers and yarns mentioned above, highly
orientated nanofiber from conjugated polymers, which can be obtained by adjusting the
spinning conditions regarding the molecular weight of the polymer used, the
concentration of the spinning solution, flow rate and collector during the spinning
process, have been employed as channel materials. In addition, highly aligned carbon
nanofibers (CNFs) can be used to construct a stretchable multidirectional strain sensor
via a facile, low-cost, and scalable electrospinning technique. The sensor prepared
presented semitransparency, good stretchability of over 30%, outstanding durability for
over 2500 cycles and an excellent anisotropic strain-sensing performance.[28]
In addition, electrospun nanofiber can be typically employed as temporary templates to
fabricate transparent electrodes. The porous conductive mesh can be prepared by
thermal decomposing or solvent dissolving to remove the nanofiber templates which
tunes the properties by changing the parameters of the nanofibers used. Such mesh can
be used for preparing transparent electrodes with both high transparency and high
conductivity. Furthermore, a substrate-free, breathable, flexible, on-skin mesh-type
conductor can be readily obtained by dissolving PVA nanofibers with a water mist after
attachment.[181-183]
Flexible electronics devices are generally structured by embedding conductive
elements into a film-type flexible matrix, such as PDMS, PI, poly(ethylene
terephthalate), Ecoflex, parylene, latex rubber or paper, or by depositing conductive
31

Introduction
elements onto them.[184, 185] However, the inherent mechanical mismatch between the
polymeric matrix and employing electrical conductive elements will restrain their
applications in wearable electronics for durable and continuous detection. The flexible
substrates based on electrospun nanofibers, by contrast, can not only endow outstanding
mechanical flexibility but also good breathability, greatly enhancing the wearing
comfort of wearable devices.[181] The electrospun nanofibrous substrates, with their
high pore volume and large surface area, are beneficial for loading a large amount of
electrical additives, especially fitting for fabricating highly sensitive flexible
devices.[186] The wearable devices derived from the electrospun membrane can be
lightweight, breathable, flexible, conformable, highly sensitive and comfortable to wear.
Someya recently reported a layer-by-layer structure of nanofiber/NW conductor which
exhibited high conductivity (9190 S cm−1), high stretchability (310 %), and good
durability (82 % resistance increase after 1000 cycles of deformation at 70 % tensile
strain). The good adhesion between the electrically active material and the nanofiber
substrate enabled the as-prepared conductor to have excellent mechanical flexibility,
indicating that it can be utilized as a breathable strain sensor for continuous
electrophysiological signal recording.[187] The nonconductive electrospun nanofibrous
membrane can typically serve as sensing-supporting, packaging layers in wearable
devices, as well as be used as electrolytes and separators for batteries and insulating
layers.[188, 189] Semiconducting nanofiber membranes are applied as channel materials
in flexible transistors, friction layers in flexible nanogenerators and active layers in
flexible sensors. Conducting nanofiber membranes are generally employed as active
functional components in flexible conductors, electrodes, sensors and smart textiles.[175]
The nanofiber nonwovens composed of short electrospun fibers by wet-laid method
(also known as vacuum filtration) are more feasible in order to control the parameters,
such as thickness, diameter, mechanical property, air permeability and homogeneity,
and components to be fit for complicated applications, such as water treatment, energy
storage devices, wearable devices and biomedical applications.[190-194] In order to
achieve a conductive wet-laid sample, various additives including carbon fiber, carbon
nanotube, graphene, nanoclay sheets, nanoparticles and NWs, are often integrated into
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nonwovens. The weak mechanical property is also a disadvantage when perceived as a
product. Therefore, postprocessing treatment, such as hot pressing or gluing, is
necessary to enhance the mechanical stability of nonwovens. Researchers in a previous
study fabricated a versatile electrical heater base on aramid short nanofibers and
AgNWs by combining wet-laid and hot-pressing approaches. The resultant
nanocomposite papers exhibited ultraflexibility, ultralow sheet resistance (minimum
resistance of 0.12 Ω/sq), excellent thermal resistance, desirable mechanical properties,
and fast electroheating performance, which are attributed to the partial embedding of
AgNWs into the aramid short nanofiber substrate and the abundant hydrogen-bonding
interactions, indicating their great promise for emerging smart wearable devices.[24]
Another work was reported by our group: A flexible polymer nanofiber nonwoven of
PAN, PCL and AgNWs with metal-like electrical conductivity was fabricated with a
wet-laid and following hot-pressing approach. The superior conductivity of the
nonwoven prepared was attributed to the dense AgNW percolation network and the
length of the AgNWs.[195] Moreover, it is easy to manufacture multilayer membranes
composed of diverse constituents and obtain property as desired. Flexible conductive
Janus, Sandwich and multilayer membranes have been widely constructed for
electronics applications by employing the wet-laid method.[24, 196-198]
Moreover, the conductive 3D monolithic structure (sponge/aerogel) assembled from
short electrospun nanofibers represented an emerging research attraction in the flexible
electronics field owing to its super-high porosity, excellent flexibility and structural
stability. Inspired by conventional building blocks, such as graphene sheets and carbon
nanotubes, to prepare functional aerogels, cut short electrospun nanofibers were
reported in 2015 to construct the ultralight sponge (density < 3 mg cm-3) with excellent
uptake for hydrophobic liquid and cells growing successfully after hydrophilic
modification, indicating a high potential in tissue engineering as a cell scaffold.[199]
Since then, a variety of works on nanofibrous sponges have been developed and
investigated leading to explosive growth, and especially in recent years attracted a lot
of attention in different fields, such as biomedicine, pharmaceuticals, energy,
environment and electronics, thanks to the 3D porous structure, ultralow density, high
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surface area ratio, prominent flexibility and outstanding thermal properties.[200] Highly
compressible, mechanically robust and highly conductive 3D sponge/aerogel can be
constructed by using inherent conducting material (CNF or conducting polymer) or
combining electrical elements (e.g. AgNWs, graphene, CNT, MXene), and is
extensively applied in wearable devices.[115, 201-205] Owing to the large surface area, high
porosity, excellent conductivity, high thermal/chemical stability and prominent
mechanical properties, CNF sponges have been considered as the most promising
candidate for supercapacitors, in which the interconnected porous architecture provides
the continuous pathways for ions, greatly shortening the transport distance. Thus, they
allow for fast electron transport. Thanks to the excellent conductivity and outstanding
mechanical robustness, 3D porous and conducting materials, such as a conductive
aerogel/sponge of CNT and graphene composites, have recently been investigated as
pressure sensors. Their hierarchical pore structures process a wide range of size
distribution from micro to macro scale, which is desirable for building sensors with a
wide working range. In a recent study, PI-derived CNF aerogels exhibited high fatigue
resistance, remarkable compressible flexibility and fast responsiveness to pressure, and
demonstrated a promising application as a piezoresistive strain sensor.[206] In another
study, a flexible triboelectric nanogenerator composed of highly porous cellulose
nanofiber/polyethyleneimine aerogel film paired with polyvinylidene fluoride
nanofiber mats shows remarkable triboelectric outputs, resulted in not only enhancing
the mechanical properties but also improved the power density by 14.4 times due to the
increase of tribopositivity.[207]

1.5 Application of fibrous flexible electronics
1.5.1 Mechanical sensor
Traditional electronic sensors, mostly based on metallic or semiconductor materials, are
usually heavy and rigid, very limited in sensitivity and flexibility, and, thus, unsuitable
for monitoring human physical signals. In comparison to traditional electronic sensors,
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the emerging flexible wearable sensors have mostly overcome the problems and
exhibited a variety of advantages, such as lightweight, prominent flexibility, good
biocompatibility and real-time response, and are mostly applied to detect all kinds of
human daily activities, such as joint movements, emotions, phonations and respirations,
and other types of physiological signals such, as electromyography and
electrocardiography.[133, 164, 169, 171, 208, 209]
The working mechanism of a mechanosensor function typically by converting a
mechanical deformation into an electrical signal, divided into capacitive, resistive and
piezoelectric types. Among them, the resistive type and capacitive type sensors are in
favor of static measurements, intrinsically causing inconvenience to detect highfrequency movements, whereas which could be detected by a piezoelectric sensor.[210]
A typical capacitive sensor is constructed in a sandwich structure of a flexible dielectric
central layer and with an electrically conductive layer on either side, serving as an
electrode to transmit electrons (Figure 1-4). This kind of sensor generally has good
strain-capacitance linearity, which could be expressed as the following equation:
𝐶 = 𝜀0 𝜀𝑟 𝑆/𝑑 (1),
where 𝜀0 denotes the vacuum dielectric constant, 𝜀𝑟 is the relative dielectric constant
of the matrix, 𝑆 represents the overlap region of the two electrodes, and 𝑑 is the
thickness of the matrix. When an external force is applied to a capacitive sensor, a
variation of capacitance induced by mechanical deformation from a spatial change,
reflected in the change of 𝑆 or 𝑑, could be transferred into a real-time electrical signal,
enabling the detection of external stimuli intensity. The void structure of the nanofiber
membrane, an effective way to enhance sensitivity, is becoming more and more favored
in capacitive pressure sensors. Thanks to the high porosity of the electrospun nanofiber
membrane, when external pressure is applied, the membranes are easy to generate a
compressive deformation, which leads to the decrease in the electrode distance of the
sensor and increases the equivalent dielectric coefficient at the same time, thus the total
capacitance will dramatically change.[211] For instance, a capacitive sensor consisting
of electrospun PVDF nanofiber membrane displayed high sensitivity ~0.99 kPa-1, fast
response ~29 ms and outstanding cyclic stability.[212] This kind of sensor can be
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integrated into a functional sensor array to detect the spatial distribution and the
magnitude of tactile pressure, indicating a high potential for application in soft robotics
and electronic skin.[31, 213]

Figure 1-4. The schematic working mechanism of a strain-capacitance sensor.
Reprinted with permission.[213] Copyright © 2019 Elsevier

A resistive sensor can convert external stress into an electrical signal, derived from
resistance variation induced by structure deformation (Figure 1-5). The resistance
formula of
𝑅 = 𝜌𝐿/𝐴 (2),
where 𝜌 is the resistivity of the materials, and 𝐿 and 𝐴 are the length and the crosssection area of the materials, respectively, expresses the mechanism of a resistive-type
sensor. Generally speaking, 𝜌 is a constant at a constant temperature for most of the
materials. Material deformations induced from external stress result in a change of 𝐿
or 𝐴, causing the bulk resistance change, which enables the detection and conversion
into visualizable electrical signals. The gauge factor (GF) is the ratio of relative change
in electrical resistance to mechanical strain, which is a crucial factor to evaluate sensor
except for sensitivity, defined as:
𝐺𝐹 =

∆𝑅⁄𝑅 ∆𝑅⁄𝑅
∆𝜌⁄𝜌
=
= 1 + 2𝜈 +
(3),
∆𝐿⁄𝐿
𝜀
𝜀

where ∆𝑅 , 𝑅 , ∆𝐿 , 𝐿 , 𝜀 , 𝜈 , ∆𝜌 and 𝜌 are resistance variation, resistance without
applying strain, length variation, original length, strain, Poisson’s ration, resistivity
variation, and original resistivity, respectively, which is determined by the geometric
effect of the materials (1 + 2𝜈) and the intrinsic factor (∆𝜌⁄𝜌 /𝜀). The Poisson’s ratio
of the polymer is usually between 0.35 and 0.5, so, the geometric contribution to GF
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should be between 1.7 and 2. Therefore, a GF value less than 2 may be attributed to the
geometric contribution, while a value greater than 2 may be due to the inherent
resistivity change and the deformed strain of the composite. A large number of studies
are being investigated currently regarding diverse kinds of sensors derived from
electrospun nanofiber assemblies, including single fiber, yarn, membrane and 3D
structures, which were utilized as strain/pressure sensors to monitor various physical
movements, because of their specific advantages such as short response time, high
sensitivity and low power consumption. By employing elastic polymer fiber as a
substrate, such as the most often used TPU and PDMS, the sensors fabricated have great
liner sensitivity and a large GF upon the strain applied. A TPU/NTs/AgNWs/PDMS
strain sensor, for example, possessed a large GF of 1.36 × 105 and a wide working range
of 38 to 100 %, demonstrating excellent sensing performance.[214] Conductive
nanofibrous 3D structures (sponge, aerogel and foam) are generally used for pressure
sensors due to their excellent elastic resilience and mechanical properties. They can be
constructed directly from conductive fibers, such as carbon fiber, or by blending
graphene, for example, carbon nanotube and AgNWs, conducting additives to obtain
changeable conductivity upon applied pressure.[115, 215, 216]
A piezoelectric sensor is a device that uses the piezoelectric effect to measure changes
in pressure, acceleration, temperature, strain, or force by converting them to an
electrical potential. It presents advantages of high sensitivity and fast response to
external stress. Once piezoelectric materials undergo stress, the neutrality of the charge
in the crystals starts breaking, inducing an electric field across the material boundary.
The electricity induced by stress can be reduced to the following function:
𝜎
𝐷𝑖 = 𝜀0 𝜀𝑖𝑗
𝐸𝑖 + 𝑑𝑖𝐽 𝜎𝑗 (4),
𝐸
𝛿𝐼 = 𝑆𝐼𝐽
𝜎𝐽 + 𝑑𝐼𝑖 𝐸𝑖 (5),

D , E , σ , δ , ε0 , d , εσ and SE represent the electric displacement, the electric field, the
stress, the strain, the free-space electric permittivity, the piezoelectric coefficient, the
electric relative permittivity and the mechanical compliance matrix, respectively. I, J, i
and j are indices. D and E are (3 × 1) tensors for directional coordination, and σ and δ
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are (6 × 1) tensors for stresses or strains. Since d31 and d33 are generally strong among
piezoelectric coefficients, they are the most common elements to explain piezoelectric
phenomena. The d33 is known as the longitudinal piezoelectric coefficient, which means
that the electric polarization is aligned in the direction of the stress applied. The d31 is
known as the transverse coefficient, which means that the electric polarization is
aligned in the direction perpendicular to the stress applied.

Figure 1-5. The schematic working mechanism of an ultrasensitive piezoresistive
pressure sensor. Reprinted with permission.[217] Copyright © 2020, American Chemical
Society

Piezoelectric inorganic materials have typically been used for sensor applications
because of the strain-dependent charge change. However, they generally lack flexibility
and are only suitable for the detection of small deformation less than 5 %, due to the
features of piezoelectric materials. Organic polymer piezoelectric materials, such as
PVDF and polytetrafluoroethylene, possess not only desirable flexibility, which enables
to make up the fragile nature of inorganic materials, but also a simple fabrication
process. Electrospun PVDF nanofibers have been intensively explored for piezoelectric
sensors. The electrospinning method can generate polarize PVDF into β-phase with the
highest polarization rate, avoiding the extra polarization process. Additionally, the high
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porosity of nanofiber membranes fabricated by electrospinning makes them more
favorable for pressure sensing devices, compared to film-type PVDF. By combining the
traditional PET/indium-tin oxide composite electrode, PVDF nanofiber-based flexible
piezoelectric sensors can possess high flexibility and sensitivity. The sensors can be
utilized to detect quantitative pressure signals and monitor real-time human physical
activities (Figure 1-6), such as joint bending, vocal vibration, and so on.[218]

Figure 1-6. An all-organic high-performance piezoelectric sensor with multilayer
assembled electrospun nanofiber mats. Reprinted with permission.[219] Copyright ©
2018, American Chemical Society

Apart from the capacitive, piezoresistive and piezoelectric sensor, a transistor-based
nanofibrous sensor is also demonstrated to be applied for biosignal detection. For
example, a nanomesh sensor based on an organic electrochemical transistor (Figure 17) composed of electrospun nanofibers enables the device to be comfortably laminated
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on human skin and simultaneously achieve local amplification. The maximum
transconductance of the nanomesh organic electrochemical transistor can be controlled
from 0.38 to 0.88 mS, with a fast response time of less than 1 ms, paving a way for onskin electrodes that acquire high-quality biosignals.[220]

Figure 1-7. (a) Schematic of the nanomesh organic electrochemical transistor. (b)
nanomesh organic electrochemical transistor laminated on the skin surface of a finger
with a wiring Au pad on 2 μm-thick parylene film (scale bar: 5 mm). (c) Enlarged photo
of nanomesh organic electrochemical transistor on the skin surface (scale bar: 1 mm).
(d) Scanning electron microscopy (SEM) image of the channel part of the nanomesh
organic electrochemical transistor (scale bar: 200 μm). (e) SEM image of PEDOT:PSS
on the nanomesh (scale bar: 50 μm). Reprinted with permission[220]. Copyright © 2020
American Chemical Society

Polymer nanofibers have gained considerable attraction for sensors due to their
desirable mechanical properties and flexibility, easy processing, lightweight, low cost
and excellent sensing performance. Nanofibers for flexible sensing devices possess
advantageous features compared to bulk samples. The active sensing components, for
example, are typically embedded in the bulk, resulting in heavy and stiff performance,
which restricts the flexibility, efficiency and sensitivity of the sensors. Nanofibers
provide a high surface area which is beneficial for realizing highly flexible and sensitive
sensors.[217, 219] Additionally, the nanofiber-based devices have demonstrated desirable
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breathability, washability, durability and even attractive antibacterial property.[197, 221]
1.5.2 Wearable Joule heating device
The conventional thermos heating system consumes a vast amount of energy and is
generally not portable due to the heavy weight and a lack of enough flexibility.
Wearable Joule heating devices have been intensively investigated for balancing
personal thermal management and thermal therapy.[222] The most important key
parameter for high-performance Joule heaters is the value of resistance. A low
resistance value ensures the heating device is enabled to generate considerable Joule
heat to increase the temperature of substrates to a saturated value in economic energy
input. Flexibility is also a crucial factor concerning the wearable heating device due to
diverse deformations, such as stretching, folding and crumpling deformations, often
faced during wearing. In addition, electrical and thermal stability under mechanical
deformations is another essential criterion to be applied to next-generation wearable
heating devices.[223]
An electrospun fiber membrane has a tunable pore size and porosity and outstanding
flexibility, which displays advantageous features for wearable devices. Remarkable
achievements based on fiber systems have been made in high-performance wearable
joule heating devices so far by composing of conducting filler such as AgNW, graphene,
CNT, carbon NP, MXene. The flexible TPU/ polydopamine/AgNW/MXene fibrous
film, for example, has excellent Joule heating ability with a temperature up to 80 °C by
applying a voltage of 1V, which could be applied for thermal therapy. Apart from the
Joule heating function, the flexible TPU/polydopamine/AgNW/MXene fibrous mat
displayed outstanding EMI shielding and highly sensitive resistance-deformation
responses, without sacrificing its flexibility and permeability. Such a smart and
wearable TPU/polydopamine/AgNW/MXene fibrous film is promising for application
in high-performance electromagnetic wave protection, electrical therapy and humanmachine interaction, especially for the protection of pregnant women.[224] Similarly,
multilayered MXene/PLA membrane also achieved high EMI shielding performance
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and fast joule heating function.[225]

Figure 1-8. (a) Schematic illustration of the stretchable and transparent heater
composed of an AgNF random network. (b) A photograph of the stretchable, wearable
heater with a wristband-type wireless operation device. The scale bars represent 2 cm.
(c) IR images of the stretchable wearable heater integrated with the wireless operating
system. The scale bars represent 2 cm. Reprint with permission.[226] Copyright © 2017,
The Author(s)

Electrospun nanofibers also serve as electrical conductive elements in wearable Joule
heaters. Using electrospun ultra-long Ag nanofibers (AgNFs) constructed transparent
heating electrodes (Figure 1-8) displayed low sheet resistance of ~ 1.3 Ω sq-1 and high
optical transmittance of ~ 90%. Thanks to the low resistance, the resulting heater
presented a remarkable power efficiency of 0.65 W cm-2 (with the temperature reaching
250 °C at a low DC voltage of 4.5 V) and demonstrated an ~10 times better performance
than that of a conventional indium tin oxide-based heater.[226] Furthermore, the heater
composed of ultra-long Cu nanofibers (CuNFs) via a coaxial electrospinning process
demonstrated better performance on both resistance (0.8 Ω sq-1) and transmittance
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(~91 %). The CuNF heater generated a higher temperature of around 300 °C than that
of an AgNF heater, and displayed a lifetime > 90 min at 800 °C under alternating current,
indicating a promising advantage for next-generation wearable electronics.[227]
1.5.3 Flexible conductor
Flexible conductors are a critical constituent in soft electronics since they meet the
requirement of undergoing various deformations happening in daily life. Thus, the basic
features of a flexible conductor need to retain high conductivity under all kinds of
mechanical deformations. Thanks to the outstanding mechanical strength and flexibility
of electrospun nanofiber networks, a variety of studies have reported on flexible
conductors based on electrospun fibers. The Someya group, for example, reported a
simple and effective fabrication process to produce substrate-free on-skin electronics
by using water dissolvable PVA nanofibers. The electrospun nanofiber networks with
an Au layer of 70 – 100 nm in thickness were fabricated by deposition processing
assisted by a shadow mask. By utilizing the treatment of spraying water mist, PVA
nanofibers were completely removed and left Au networks attached to the skin,
demonstrating a good conformable conductor due to its ultrathin network structure.
Thanks to the porous network, the resultant substrate-free Au nanomeshes perform
remarkable flexibility and breathability, which improved wearing comfort significantly
without inducing rashes and other inflammatory skin reactions. Moreover, the Au
nanomesh conductor exhibited excellent stretching durability, surviving under 10,000
cycles of finger bending in ~40 strain. On the other hand, electrospun nanofibers can
be utilized as supporting materials. The AgNWs are often employed as a typical 1D
conducting material to construct soft electronics because of their prominent inherent
conductivity. The NWs/nanofibers composite conductors) present not only remarkable
flexibility of the nanofiber membrane but also high conductivity, reaching even metallevel.[195, 228] The resultant nanofiber-based conductor, by using elastic polymer, such
as PU fabricating electrospun nanofiber, exhibited outstanding stretchability in a large
strain of > 300 %, high conductivity (9190 S cm−1) and good durability (82 % resistance
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increase after 1000 cycles of deformation at 70 % tensile strain). Except for AgNW,
other conducting additives, such as graphene, carbon nanotube, carbon black, metal
nanoparticle and metal NW, can be prepared directly by electrospinning.[229] It was
found that the conductivity of the resulting nanofibrous assemblies can be increased by
one to several orders of magnitude by removing the polymeric substrate of
nanofibers.[230] Moreover, nanofibers derived from conductive polymers, such as
PANi/PEO, PPy/PEO, pure PANi and PPy, poly(3- hexyl-thiophene)/PEO and
PANi/PEO/CNTs, have been reported as applications for transistors, sensors and
energy-relevant devices.
1.5.4 Other applications
Apart from applications mentioned above in the fields of mechanosensor, wearable
Joule heating devices, conductors, other applications such as in optoelectronics,
transistors, energy harvesting and storage devices[33, 231], organic artificial synapses[232],
photodetectors, bio/chemical sensors[233], optical encoded sensors, EMI shielding
materials[234] and soft actuators[235], have been investigated. By blending photosensitive
semiconducting oxide materials, such as SnO2, In2O3, CdS, CuO, WO3, ZnTe, ZnS,
ZnGa2O4, WS2, ZnO and TiO2–ZnTiO3 and their heterostructures, the polymeric
nanofibers enable one to obtain enhanced photoconductivity, which could be used as a
flexible photoconductor with a vast range of applications in the ultraviolet and visible
light regions in environmental and biological research, finger-print detection system,
optical communication and the sensing field.[236-243]

1.6 Dissertation Objective
The aim of this dissertation is to develop advanced electric functional materials based
on polymer fibers with advantageous features of lightweight, mechanically flexibility
and excellent conductivity. In order to obtain both desirable flexibility and conductivity,
novel structures are designed as dual-sided and sandwich-like film-type or 3D porous
spongy structures by composing flexible polymer fibers and conductive additives.
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Additionally, the certain structure endows the advanced conductive systems not only
the excellent electric properties but also other unique mechanical, thermal, or optical
properties, which are expected to be applied for emerging flexible electronics and
wearable devices.
For this purpose, a dual-sided nonwoven with thermal regulating functionality is
promising for personal body-temperature management. As a warm functional textile,
the dual-sided nonwoven is expected to regulate temperature from both aspects,
reducing body heat loss and compensating heat according to the requirement. PI
electrospun nonwoven, providing outstanding mechanically flexibility and robustness,
and thermal and chemical stability, is promising to be used as a substrate. AgNW is of
high conductivity and ultralow emissivity, which is an ideal additive to construct the
conductive system with heat function. Thus, to combine advantageous properties of PI
and AgNW, a dual-sided structure will play a crucial role in the system. Additionally, if
using elastic substrate (e.g. TPU nanofiber membrane) replaces PI nonwoven, a
conductive system will be presented highly stretchable features and accompanied with
mechanoresponsive conductivity, which is very interesting for the wearable strain
sensor. In order to maintain the stability of the AgNW network during stretching, the
encapsulation of a sandwich-like structure will provide desirable support to conductive
AgNW networks from both sides, and a strong physical bond with hot-melt polymers
will play a significant role to prevent the occurrence of delamination. Such a highly
stretchable conductive system simultaneously with desirable mechanoresponsive
conductivity can be used as a strain sensor for monitoring physical movements. Apart
from the strain sensor, the piezoresistive sensor is also highly demanded using as a
wearable device to detect diverse personal activities. Thus, aiming at developing highly
compressible sponges with excellent piezoresistivity is a feasible strategy to realize this
goal. Meanwhile, an additional heating feature will endow the sensor's
multifunctionality, significantly broadening its applications. A strategy to fabricate such
a promising sponge is to carbonize polymer nanofiber one. By incorporating GO
nanosheets, the carbonized sponge simultaneously presented high compressibility and
conductivity, based on which it can be utilized as a pressure sensor with heating
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function.
In the subsequent section, a summary of the individual topics pertaining to this research
and detailed experiments, analysis, results will be presented.
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2. An overview of the Dissertation

Figure 2-1. Context of this dissertation combining three subjects: (i) IR reflecting dualsided nonwoven, (ii) stretchable sandwich-like membrane, (iii) mechanoresponsive 3D
carbon sponge.
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This dissertation contains two publications and one manuscript in Section 2.1 to 2.3.
The context of this dissertation is exploring flexible conductive systems based on
electrospun polymer fibers for flexible electronics, which are summarized in the above
Figure 2-1 and the following sections. The main contents involve the preparation of
conductive systems, characterizations of their mechanical, electrical and thermal
properties, and explorations of diverse applications for wearable devices.
In section 2.1, the flexible dual-sided nonwovens were fabricated with PI nanofiber
nonwoven and AgNWs. The dual-sided nonwovens exhibited adjustable electric and
optical properties by tuning the amount of AgNWs. A wearable thermal management
device consisting of stacked double layer of dual-sided nonwovens demonstrated
desirable body warming performance based on the thermal requirement. In addition, in
section 2.2, the work explored a stretchable conductive system composed of elastics
TPU nanofiber substrate and AgNWs with a sandwich-like structure, which indicated a
great promise for wearable strain sensors. The last section (Section 2.3) aimed to
construct ultralight sponges with mechanoresponsive features of electrical and thermal
conductivities. The mechanoresponsive sponges were derived from PI/GO composite
sponge by a carbonization process, which could significantly improve its electrical
conductivity. Thanks to its excellent mechanical and electric properties, the conductive
sponges could be applied as an advanced pressure sensor with intriguing warm
functionality.
The details of each work will be displayed in the following section from Section 2.1 to
2.3.
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2.1 Breathable and flexible dual-sided nonwovens with adjustable
infrared optical performances for smart textile

This work has been published in:
Q. Gao, T. Lauster, B. A. F. Kopera, M. Retsch, S. Agarwal, A. Greiner. Breathable and
Flexible Dual-sided Nonwovens with Adjustable Infrared Optical Performances for
Smart Textile. Adv. Funct. Mater. 2021, 2108808.

Contribution list to the work:
Qiang Gao conducted the main parts of the work, including preparing the dual-sided
nonwovens, characterizations of pore size, air permeability, mechanical property, most
of the electrical properties and thermal properties, and discussed results. Qiang Gao
also wrote the manuscript. Tobias Lauster measured and discussed emittance,
transmittance, and reflectance, effusivity, and passive radiation. Bernd A. F. Kopera
conducted some the characterization of AgNW’s thermal stability, and IR reflection
properties. Prof. Markus Retsch proposed and discussed experiments on radiative
transport and thermography and revised the manuscript. Prof. Seema Agarwal gave
many suggestions on conducting experiments and characterizations of the dual-sided
nonwovens and revised manuscript. Prof. Andreas Greiner proposed and discussed the
experiment scheme with Qiang Gao and revised the manuscript.
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In this part of the work, a dual-sided nonwoven consisting of PI and AgNWs are
designed for thermal management devices. The resultant membranes had dual sides
(Figure 2-2a): the AgNW network side (silver gray) and the PI nanofiber layer side
(yellow) (Figure 2-2b). TPU (blue regions in Figure 2-2c) physically linked AgNWs
into a mesh and bonded them with the PI membrane, as confirmed by energy-dispersive
X-ray-scanning electron microscopy (EDX-SEM) (Figure 2-2d). The dual-sided
membranes were breathable and as strong as the pristine PI membrane (18 MPa in
tensile strength, 77 % in strain) without any significant effect of TPU or AgNWs.
The sheet resistance of the dual-sided membranes could be tuned to as low as 0.2 Ω sq1

using appropriate amounts of AgNWs (Figure 2-2e). In the circuit with

PI/TPU/AgNW-500, there was insignificant variation in luminance of the lightening
Light-emitting diode (LED) bulb with the membrane undergoing bending and twisting
deformations (Figure 2-2f) compared to that of the virgin state. Additionally, the dual
side membrane possessed high durability, cyclability to withstand non-tensile
deformation and high thermal stability of resistance.
The dual-sided nonwoven demonstrated strong IR reflectance, which depended on the
AgNW concentration, whereas the reflectance of PI is constant at ~30%. In the major
range of human body radiation, a low emittance (~20%) on the AgNW side was
observed, leading to less thermal losses. The pure PI electrospun nonwoven and the PI
side of the dual-sided nonwoven showed higher emittance and are consequently
expected to emit more radiation than the AgNW side, which was adverse to passive
heating. The differences between pure PI and the PI side of the dual-sided nonwoven
in the mid IR range (> 10 µm) have apparently no significant influence on the overall
heat exchange. Therefore, the PI side facing towards skin (AgNW side facing towards
outside) was the desirable wearing orientation.
The dual-sided nonwoven with less amount of AgNW (PI/TPU/AgNW-25) presented a
rapid increase of the apparent surface temperature from room temperature to the
equilibrium state within 5 seconds. The apparent temperature could even go as high as
230 ℃ on increasing the current to 0.37 A, indicating an excellent active heating
performance.
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Figure 2-2. Preparation route (a) and (b) digital photographs of the dual-sided
membrane (sliver gray: AgNW networks side, yellow: PI side). (c) Photoshop colored
SEM image of AgNW networks with TPU: TPU colored in green. The Digital
photograph of the AgNW water suspension was shown in the green frame at the left
corner. (d) EDX-SEM image of the dual-sided membrane of PI/TPU/AgNW-500. The
purple area presented the AgNW networks. (e) Sheet resistance of the dual-sided
membranes prepared using different volumes of AgNW dispersion (17 g L-1). PI and
PI/TPU are labeled on the graphic without AgNWs for comparison. (f) The luminance
of LED bulb under different deformations of the dual-sided membrane. Resistance
change of PI/TPU/AgNW-25 and PI/TPU/AgNW-500 on repeated.

In order to take advantage of both active Joule heating and low radiation losses, we had
integrated a nonwoven as a heating electrode (PI/TPU/AgNW-25) and another as a
radiation insulator (PI/TPU/AgNW-500) in the form of a double layer. PI/TPU/AgNW25 and PI/TPU/AgNW-500 stacked together act as a thermal management device for
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heat compensation (Figure 2-3a). The PI side of the double layer was towards the skin.
Already by applying 0.1A current the apparent temperature loss due to the low
emissivity of the AgNW top layer is compensated (Figure 2-3b). As expected, the
apparent surface temperature increases even further with a higher DC. This result
indicated our thermal management device has a prominent heating function combining
passive heating and active electric heating.

Figure 2-3. (a) Schematic diagram of the smart textile for thermal management. The
smart textile was composed of PI/TPU/AgNW-500 (top layer), to reduce thermal
emissivity, and PI/TPU/AgNW-25 (bottom layer), to exhibit substantial Joule heating.
(b) Thermal images of the thermal management device by the applied different current.

In conclusion, we successfully prepared a breathable and flexible dual-sided nonwoven
with tailored electrical and thermal properties that are promising as smart textiles for
personal thermal management. The dual-sided nonwoven consisting of PI electrospun
nonwoven and AgNW networks, presented significant differences of physical,
electrical, and thermal properties on the two sides, which could be tailored by using the
amount of AgNW. More AgNW was prone to form dense AgNW networks, which
possessed very low electrical resistance of 0.23 Ω sq-1 and excellent IR reflectance of
more than 80%, far higher than the normal textiles. The dual-sided nonwoven with the
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AgNW facing to the outside demonstrated a desirable effect for a contribution to
passive warming. It could be integrated into a thermal management device by applying
low current, realizing both functions of reducing heat dissipation to the ambient
environment and Joule heating to the human body. Besides, the dual-sided nonwoven
showed outstanding flexibility under different deformations as well as washing stability
without sacrificing electrical resistance. Such a dual-sided nonwoven can be used as a
multifunctional flexible conductor and personal thermal management device to keep
warm or smart textile escaping IR detection, which is very promising for nextgeneration wearable devices.
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2.2

Breathable

and

flexible

polymer

membranes

with

mechanoresponsive electric resistance

This work has been published in:
Q. Gao, B. A. F. Kopera, J. Zhu, X. Liao, C. Gao, M. Retsch, S., Agarwal, A. Greiner.
Breathable and Flexible Polymer Membranes with Mechanoresponsive Electric
Resistance. Adv. Funct. Mater. 2020, 30, 1907555.

Contribution list to the work:
Qiang Gao conducted the main parts of the work, including preparing the sandwich
membrane, characterizations of pore size, air permeability, mechanical property, most
of the electrical properties, and discussed results. Qiang Gao also wrote the manuscript.
Bernd A. F. Kopera conducted thermal diffusivity experiments, anisotropic analysis of
stretching membrane and discussed the results. Jian Zhu took SEM images and
discussed the results. Xiaojian Liao assisted with the mechanical test of the sample and
discussed the results together with Qiang Gao. Prof. Chao Gao revised the manuscript.
Prof. Markus Retsch proposed and discussed experiments on thermal diffusivity,
anisotropic analysis, stretching thermography and revised the manuscript. Prof. Seema
Agarwal provided suggestions on conducting experiments and characterizations of the
sandwich membrane and revised manuscript. Prof. Andreas Greiner proposed and
discussed the experiment scheme with Qiang Gao and revised the manuscript.
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In this section, we aim to fabricate stretchable and breathable electrically conductive
membranes composed of electrospun TPU fibrous membrane and AgNWs, which
enables be applied for strain sensors to monitor body physical activities. As illustrated
in Figure 2-4a, first, we prepared TPU nanofiber nonwovens via electrospinning. The
TPU nonwovens consist of randomly oriented fibers. We then used the porous TPU
membranes as a filter for the filtration of AgNWs mixed with a PCL short-fiber
dispersion. After filtration, the AgNWs and short PCL fibers generated a double
network-type structure due to percolation. Afterward, we covered the AgNW/ PCL
layer with another layer of TPU nonwoven by electrospinning. Finally, we hot-pressed
the three-layer stack at 75 °C for 30 min to melt the PCL and increase the adhesion of
the layers. PCL short fibers served as the role of glue to provide good adhesion between
the AgNW networks and the TPU layers (Figure 2-4b). The as-resulted membranes
were constructed of two layers of TPU membrane outside and conductive AgNW layer
inside, presenting a typical sandwich structure, which was demonstrated by SEM-EDX
image (Figure 2-4c).
The sandwich membranes with different amount of AgNWs had excellent stretchability,
which could be stretched to over 700% (Figure 2-5a). They can tolerate considerable
strains with a moderate increase in resistance depending upon the amount of AgNWs.
The sample with the highest content of AgNWs (TPU-2.0AgNW/PCL-TPU; 8.5 wt%)
changed its resistance by only two orders of magnitude at a strain of ≈150%. In contrast,
the sample with the fewest AgNWs (TPU-0.25AgNW/ PCL-TPU; 1.2 wt%) showed a
comparable increase in resistance already at a strain of only 60%. The network was
sparse due to fewer AgNWs in TPU-0.25AgNW/PCL, which led to a higher initial sheet
resistance and a stronger increase in resistance during stretching. This resistance change
introduced by the cracks generated from stretching deformation, resulted in an islandlike fashion (Figure 2-5b) which caused a significant increase in resistance. The
separated islands and cracks restricted the flow of electricity and in turn created hot
spots by joule heating at the bottlenecks. The hotspots shifted with increasing strain and
highlight the dynamic changes within the AgNW network upon stretching.
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Figure 2-4. Schematic of preparing the TPU-AgNW/PCL-TPU membrane by
sandwiching a network of AgNWs between TPU layers. (b) SEM image of the
electrospun TPU nonwoven layered with AgNWs and PCL after heating. (c) Crosssection of EDX overlapped SEM image of as-prepared sandwich membrane of TPUAgNW/PCL-TPU with PCL short fibers.

The sandwich membrane also presented some degree of anisotropy evolves by
stretching, which leads to a thermal diffusivity decreases compared to the unstretched
state, due to the decrease in electronic thermal conductivity in the AgNW layer.
Additionally, an evolution of anisotropic heat spreading was observed in sandwich
membrane.
The membranes, even with very high amounts of AgNWs (TPU-2.0AgNW/PCL-TPU),
showed excellent stretchability and bending stability. The samples were subjected to
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100 cycles of stretching and bending. The RC of TPU-0.25AgNW/PCL-TPU with only
1.2 wt% of AgNWs significantly increased after only 60 stretching cycles, the RC
was >20 000 under 50% strain. However, the same sample showed much better bending
stability (bending curvature from 0° to 150°) without a significant change in resistance.
The RC of TPU-0.25AgNW/PCL-TPU after 100 bending cycles was merely 1.32. The
sample TPU-2.0AgNW/PCL-TPU with a dense network of AgNWs showed both
excellent bending and stretching stability. No significant change in the RC was
observed for bending tests. During strain testing RC increased by only a factor of ≈20
after 100 cycles. An LED was utilized to demonstrate the flexibility of the prepared
sandwich membrane under various mechanical loads during working conditions. TPU0.25AgNW/PCL-TPU was connected to a circuit, as shown in Figure 2-5c, and was
bent and twisted. The LED maintained almost the same brightness. However, after 50%
strain stretching, the brightness of the LED could hardly be observed. This behavior
corroborates the formation of a very high RC of TPU-0.25AgNW/PCL-TPU after
stretching. When using a more highly concentrated AgNW network (TPU2.0AgNW/PCL-TPU) twisting, bending, and stretching (50% strain) are tolerated and
the brightness of the LED remained almost unchanged.
In conclusion, we proposed a new strategy to fabricate sandwichlike electrically
conductive membranes with very low electric resistance. Our material consists of an
AgNW network sandwiched between two porous electrospun TPU nonwovens. PCL
short fibers act as glue and provide a strong interface between the three layers. Our
membranes showed good bending and stretching stability, high stretchability (breaking
elongation more than 700%) and very low initial electric resistance, as low as <0.1 Ω
sq−1 depending upon the amount of AgNWs. This composite structure shows potential
for use as a strain sensor to monitor body movement. Additionally, the membrane
possessed gas permeability and low thermal diffusivity. Furthermore, our material has
the potential to be integrated into smart wearable devices to collect body movement
signals using a connected personal computer or mobile phone in the future.
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Figure 2-5. (a) Resistance of sandwich membranes with different amounts of AgNWs
with different strains. (b) Optical images of TPU-2.0AgNW/PCL under different stains.
Note the appearance of white spots at 150% strain due to cracks in the AgNW layer.
(scale bar: 500 μm) d) EDX-SEM image of TPU-2.0AgNW/PCL at 100% strain. (scale
bar: 50 μm) Ag is indicated in purple. (c) Digital image of LED brightness by different
operation of nonwoven TPU-0.25AgNW/PCL-TPU and TPU-2.0AgNW/PCL-TPU.
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2.3 Ultralight heat-insulating, electrically conductive carbon fibrous
sponges for wearable mechanosensing devices with advanced warming
function.

This work has been submitted to ACS Applied Materials & Interfaces.
Q. Gao, T. Tran ,X. Liao, S. Rosenfeldt, C. Gao, H. Hou, M. Retsch, S. Agarwal, A.
Greiner. Ultralight heat-insulating, electrically conductive carbon fibrous sponges for
wearable mechanosensing devices with advanced warming function.
Contribution list to the work:
Qiang Gao conducted the main parts of the work, including preparing the sponges,
characterizations of chemical, physical, electrical properties and thermal properties,
analysis of results, and drafting the manuscript. Thomas Tran measured the real-time
resistance in the sensing application together with Qiang Gao and discuss the results.
Dr. Xiaojian Liao conducted the carbonization of sponge, EDS-SEM measurement,
discussed results of physical and chemical characterizations and manuscript. Dr.
Sabine Rosenfeldt conducted XRD, XPS, SAXS characterizations, discussed the results
and manuscript. Prof. Haoqing Hou and Prof. Chao Gao revised the manuscript. Prof.
Markus Retsch discussed the sensing part and revised the manuscript. Prof. Seema
Agarwal provided many suggestions on characterizations of the work and revised
manuscript. Prof. Andreas Greiner proposed and discussed the experiment scheme with
Qiang Gao and revised the manuscript.
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In this section, a mechanically flexible and robust nanofibrous carbon sponge (NCS)
derived from GO coated PI sponge are explored for pressure sensors. We enhance its
mechanoresposive conductivity by pyrolyzing treatment with a high temperature. The
procedure starts with the preparation of short electrospun PI fibers by mechanical
cutting of long as-spun fibers followed by coating with GO, freeze-drying and
carbonization. Since the surfaces of GO and PI are both negatively charged, an
intermediate step of modifying the surface of PI short fibers with cationic PU is carried
out to get a strong interface between PI and GO and subsequently a homogenous GO
coating (Figure 2-6a). The transmission electron microscopy (TEM) (Figure 2-6b) and
SEM (Figure 2-6c) investigations of the surface layer of GO coated fibers revealed a
rough surface due to immobilized GO nanosheets. After thermal treatment, the surface
of PIPUGO fibers exhibited even more wrinkles (Figure 2-6d). The NCS presented
typical black color (Figure 2-6a) of carbon materials and showed shrinkage of ~ 14.6%
in volume. In addition, the NCS with high porosity of 99.7% showed typical cellular
porous structure and homogeneous graphene coating on the surface of fibers.

Figure 2-6. (a) The mechanism of surface interactions for the assembly of PIPUGO
fibers. (b) TEM and (c) SEM images of PIPUGO fiber. (d) SEM image of PIPUGO
fiber after carbonization. (e) The digital images of resulted PIPUGO sponge (f) and
NCS (II). Scale bar 1 cm.
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Figure 2-7. (a) Schematic illustration of elastic deformation of NCS. (b) The sensing
performance of the NCS sensor for real-time detection of finger, elbow, wrist and knee
movements. (c) The mechanoresponsive heating upon different compression strains
under 1 V given voltage. (d) The thermal conductivity (TC) of NCS upon different
compression strains.

Physically robust and mechanically stable looking sponge was subjected to a multicompression test with a compression load up to 80%. As depicted in Figure 2-7a, when
the NCS was compressed, the fiber skeletons are bent by force instead of breaking.
When removing the force, the elastic fiber skeletons recover to original shape, resulting
in the shape recovery of the NCS. Thanks to the outstanding reversible compressibility
and mechanosensitive electrical conductivity, the NCS sponge can be integrated into a
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simple wearable pressure sensor (Figure S14a) which could be used to monitor subtle
joint movements (Figure 2-7b). The NCS sponge sensor was used to monitor multiple
bending movements of the index finger, elbow, wrist, and knees, respectively, where it
could be remarkably and regularly identified bending (peak) and straight (valley) states
of joint movements in the consistent real-time electrical signal, demonstrating NCS
sensor a highly potential candidate in wearable sensors. Furthermore, our NCS
displayed an advanced mechanoresponsive Joule heating performance upon loading
compression. It demonstrated a linear relationship with different loading compression
strains under 1 V given voltage and realized a widely tunable temperature range from
room temperature to 81 °C by giving a compression strain from 0 to 50% as shown in
Figure 2-7c. The mechanoresponsive heating behavior of NCS allows heating devices
to work in a more energy-saving heating modality. The NCS displays thermal
conductivity 0.029-0.037 W m-1 K-1 depending upon the compressing strain from 0 to
50% (Figure 2-7c), which are measured by a HotDisk instrument. This means even
though our sponge was even under a high compression state and increased density, it is
still a prominent thermal insulating material.
Additionally, both thermal conductivity and electrical conductivity of NCS are
adjustable in accordance with density. Changing density from 6.4 mg cm-3 to 29.1 mg
cm-3, although led to a change of thermal conductivity from 0.027 W m-1 K-1 to 0.038
W m-1 K-1, still maintained a very low value. In comparison the thermal conductivity of
some common materials are: natural sheep wool (0.039 W m-1 K-1), cotton (0.040 W m1

K-1), commercial fiber insulating board (0.048 W m-1 K-1), most of other type

commercial insulation materials (0.035-0.160 W m-1 K-1) (Figure 2-8). Depending on
its interesting thermal properties including mechanoresponsive electric Joule heating
and outstanding thermal insulation performance, the NCSs suggest a high promise for
the application as wearable devices for the thermal management keeping the human
body warm. This means our sponge based on the fore-mentioned combination
properties, could serve as an ultralight electrical conductor and a high-performance
thermal insulator, which could be very promising for wearable electronics. Furthermore,

73

An Overview of the Dissertation
the intriguing electric heating feature can be used for heat compensation and heat
therapy to wearers.

Figure 2-8. Comparison of the electrical conductivity (EC) and thermal resistivity (TR)
versus other materials.

In summary, we explore ultralight carbon sponges by carbonizing GO-coated PI
composite sponges. The resultant sponges demonstrate uniform GO coatings on fibers,
ultralow density, prominent mechanical flexibility, high electrical conductivity, and
high thermal insulation, as well as fire-retardant property. Our sponge displays
attractive mechanoresponsive electrical and thermal properties. Based on these
advantageous characteristics, our sponge demonstrated a novel application for
multifunctional wearable sensing systems with an advanced modality of thermal
management. Additionally, the excellent thermal stability endows our sponge's fire
retardant characteristic, which is a crucial safety factor to wearers.
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3. Conclusion and Outlook
The advanced electrically conductive system refers to electrospun polymer fibers,
which can interact with the user/environment. The convergence of polymer fibers and
flexible electronics has demonstrated to combine the advantages of each technology:
the computational feasibility of modern electronics with the wearable, flexible and
easy-processable fiber assemblies. In this dissertation, we have explored advanced
electrically conductive systems, which are derived from nonconductive but flexible
polymer fibers. By designing novel structures, including dual-sided, sandwich-like and
3D spongy types, these conductive systems are endowed discrepant mechanical, optical,
thermal and conductive performance, based on which operations with different
purposes, such as for thermal management and physical activities monitoring, are
successfully demonstrated to be utilized as flexible electronic devices. Thanks to the
ultralow density of electrospun fiber assemblies, the obtained conductive systems
presented ultralight character, which is greatly beneficial for the improvement of the
device's portability. Additionally, the inherent pore structure derived from nanofiber
assemblies improves the breathability of systems, significantly improving the wearing
comfortability.
Although electrospun fibers have been intensively used in the field of flexible
electronics, there are still some challenges involved in improving the device
performance. (1) The first challenge is the poor electrospinnability of the conducting
polymer. Although flexible electronic devices have been reported consisting of
conducting polymeric (e.g. PANi, PPy, PEDOT:PSS, P3HT) nanofibers or conducting
composite nanofibers, spinnable conducting polymers are still very limited. Therefore,
developing novel conducting polymer and improving the spinning system are highly
required to achieve the construction of high-performance nanofibrous flexible devices.
(2) Another challenge is the issue of the conductivity degradation of composite fiber.
Conducting fibers are generally developed by blending conductive additives, such as

75

Conclusion and Outlook
metal NP, NW, graphene or CNT. However, the conductivity of the resulting
composited fiber decreases significantly compared to that of pure additive, induced by
the blending of a large amount of polymer. Reducing the amount of polymeric
component in the fiber can improve the conductivity, but another issue of the significant
reduction of mechanical property will come up. Hence, it is crucial to generate new
strategies to conquer this problem. (3) In addition, some electrospun materials such as
CNFs and inorganic oxide nanofibers, present limited flexibility, resulting in the
inferior mechanical deformation ability of the devices. (4) The effects of precise
structure patterning and controllability on the device performance are vital to the
devices. Thus, it is urgent to tune the assembly and orientation device of the fiber more
precisely, in order to achieve a high-performance device. (5) It is very important to
develop integrated and portable flexible devices. A combination of multifunctionality
is highly desirable regarding the next-generation flexible electronics, which integrate
mechanical and temperature sensing, physiological index analyzing, wireless data
collecting and processing, and self-powering function. We believe that such a
multifunctional device will bring new chances and challenges into our future lives.
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