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An efficient charge extraction strategy for high-performance piezoelectric
nanogenerators via a 3D nanostructured conductive network

Jing Yan, Lingling Wang, Yuebin Qin, Weimin Kang *, Guang Yang

State Key Laboratory of Advanced Seperation Membrane Materials, School of Textile Science and Enginesring, Tiangong University, Tianjin 300387, PR Ching

ARTICLEINFO ABSTRACT

Keywords:

Pieroelectric nanogeneratoe
3D conductive network
Charge extraction

High performance

Energy harvesting

Flexible piezoelectric nanogenerators (PEMGs) have emerged as a promising technology for energy harvesting
and wearable sensing applications. However, their output power is aften low due to high inherent impedance and
inefficient charge transfer. Herein, an efficient charge extraction strategy is proposed for developing high-
performance PENGs by integrating a three-dimensional (3D) nanostructured conductive network within piezo-
electric nanofibers. This 3D conductive netwaork, compased of aligned antimony tin oxide (ATO) nanofibers and
im situ grown carbon nanotube (CNT) bridges, facilitates internal instantaneous charge transfer and significantly
improves the output performance of PENGs. Consequently, the fabricated barium titanate (EaTiOs) nanofiber-
hased PEMNG with the 3D conductive netwark exhibits a voltage of 64.4V and a current of 29.4 pA, corre-
sponding to 8.8-fold and 12.7-fold improvements, respectively, compared to a PENG with neat BaTiO; nano-
fibers. Additionally, this versatile charge extraction strategy can be applicable to other piezoelectric materials,
such as PbZrpszTin.ss03 and (BanssCag15)(TipeZro1 03 nanofibers, achieving remarkable energy output. The
application of the developed PENG has been demonstrated in a wearable emergency communication system,
highlighting its ability to achieve high-resolution in signal transmission. This work offers an effective and broadly
applicable charge extraction strategy for boosting the output of PENGs, greatly expanding their applications

acros various domains.

1. Introduction

The rapid development of flexible electronic devices in the fields of
health monitoring, human-computer interaction, and artificial intelli-
gence has underscored a critical challenge of ensuring a reliable and
efficient energy supply [1,2]. Piezoelectric nanogenerator (PENG),
which possess the capability to capture ambient, irregular mechanical
energy and convert it into electrical energy, present a promising solution
to this enduring power supply dilemma [3,4]. Despite their significant
potential, the output performance of FENGs remains constrained, pri-
marily due to low energy conversion efficiencies [5). Therefore,
enhancing the output performance of PENGs is an essential area of
research to fully harness their potential in powering flexible electronics.

Perovskite ceramics with high piezoelectric coefficient dominate the
landscape of piezoelectric materials [6]. The structural features of these
materials, including their physical morphology and arrangement, are
intimately linked to the piezoelectric performance of corresponding
PENGs. Aligned piezoelectric materials have demonstrated considerable
promise in improving the performance of PENGs by enabling more

31

efficient stress transfer and enhancing energy harvesting capacity [7.5].
Several studies have shown that the polymer composites incorporating
aligned piezoelectric materials, such as lead zirconate titanate (PZT)
nanafibers [9), barium titanate (BaTiO) nanofibers [10] and barium
caleium rirconate titanate (BCTZ) nanofibers [11,12], exhibit superior
piezoelectric properties compared to their randomly ariented counter-
parts. However, a critical issue persists that under mechanical
compression, only charges near the interfaces between the composite
and the electrodes are efficiently utilized, whereas those in the deep
piezoelectric regions remain inactive or dissipate due to the insulating
nature of the polymer matrix. Consequently, a significant portion of the
piezoelectric charges are not effectively captured, limiting the overall
energy output [13-15].

One of the most effective strategies to address this charge utilization
issue is the incorporation of conductive materials within piezoelectric
composites. Conductive fillers, such as carbon nanotubes (CNTs) [16,
17], copper (Cu) nanorods [18], silver nanowire [19), ete., establish
conductive pathways between the piezoelectric elements, reducing in-
ternal resistance and facilitating charge transfer, ultimately enhancing



ADVANCED
FUNCTLDNAL
MATERIALS

www.afm-journal.de

Engineering Aramid Aerogel Fibers with Core-Shell Structure
for High-Performance Thermal Protective Textiles

Yinghe Hu, Zhifeng Yan, Guang Yang,* Ming Jiang, Chang Liu, Heyi Li, Chuxin Yue,
Gongyu Zhang, Chuqing Tang, Vitali Lipik, Youwei Ma,* and Xupin Zhuang*

Overcoming the trade-off between thermal protection and mechanical strength
in aerogel fibers represents a significant challenge. To address this, it has
structurally engineered aramid aerogel fibers (SEAAFs) with a hierarchical core-
shell structure through a two-step coagulation treatment in wet-spinning. The
treatment involves the rapid gelation of aramid nanofiber (ANF) spinning sol
precursor in acid, forming a rigid and highly ordered shell, followed by a slower
gelation process in water, which results in an amorphous and porous core.
This structural design enhances the mechanical robustness and preserves
high porosity of SEAAFs, properties that can be further optimized by adjusting
key spinning parameters, including the type and concentration of acid

used, as well as the ANF precursor concentration. Upon optimization, SEAAFs
achieve a high stress at break of up to 64.3 MPa and an ultralow thermal
conductivity of 28.3 mW m~" K~ The excellent mechanical property then
enables the successful fabrication of a SEAAF fabric demo with a dimension
of 1 % 0.2 m (/ x w) on an automatic rapier loom. Moreover, the 0.8 mm-thick
aerogel fabric demonstrates excellent thermal insulation performance,
comparable to significantly thicker conventional insulating materials under
both high temperature (200 °C) and low temperature (—15 °C) conditions.

imperative and significance of personal
thermal protection ! Of many thermal pro-
tection approaches is the development of
thermal protective textiles, which can en-
sure both comfort during regular use and
human safety in extreme environments,
particularly in the scenarios involving in-
tense heat radiation and fire hazards!**|

Various high-performance fibers with
ultrafine, hollow, coarse, andfor hetero-
geneous structures have been employed
to prepare thermal protective textiles and
provided effective protection against heat-
related injuries!™"| However, these mate-
rials sometimes show vulnerability when
dealing with harsh conditions (such as
fire scenes and metalworking industries)
due to their limited insulation capability
andfor bulkiness [*l Aerogels, characterized
by a 3D porous structure, ultralight weight
and exceptionally low thermal conductiv-
ity, have garnered considerable attention
for thermal insulation applications ™"
The thermal insulation performance can
be further enhanced when the aerogels

1. Introduction

Temperature-related risks are prevalent for individuals who work
ot live in high- and for low-temperature environments.!! Accord-
ing to the statistics from International Labour Organization in
2020, overheated work environments cause around 22.87 mil-
lion occupational injuries each year, including 18 970 fatalities
and 2.09 million “disability adjusted life years”, underscoring the

are used in fiber form, since it offers them extra processing capa-
bility to fabricate porous wearable aerogel textiles !**!

To date, a plethora of materials have been explored for the
fabrication of aerogel fibers, with the examples of silica !l
graphene "™ cellulose "7l polyimide "] to name a few
Among them, aramid nanofibers (ANFs), also known as Kevlar
fibers, are of our particular interest, given their excellent
thermal insulation, high-temperature and flame resistances.

¥. Hu, G. Yang, C. Liu, H. Li, C. Yue, G. Zhang, C_ Tang, X. Zhuang
State Key Laboratory of Advanced Separation Membrane Materials
School of Textile Science and Engineering

Tiangong University

Tianjin 300387, China

E-mail: gyang@tiangong.edu.cn; zheupin@tiangong.edu.cn
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M. Jiang

Yantai Tayho Advanced Materials Co., Ltd
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High-performance, breathable and flame-retardant moist-electric generator =55
based on asymmetrical nanofiber membrane assembly

Renguan Xing , Ying Liu, Jing Yan, Run Wang , Xupin Zhuang *, Guang Yang ™
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ARTICLE INFO ABSESTRACT

Eeywords: Boist-eleciric generators (MEGs), which are capable of spontanesusly generating emergy from whiguitous

Mist-clevtsic malsture, are considered as a potential power supply candidate for wearable electronics. Howevwer, the apphi-

mh; catian of the MEGs in the wearable field s still challenging due to the low eleciric output and the lack of

r!" wearable artribuses sisch as breathability and flame retardancy. Herein, we demonsirated a wearable MEG with

high power-output, breathability and flame retardancy, which was fabricated by designing an asymmetrical

hie : manafiber assembly using hydrophidlic palywinyl aleohol/phytic acd (PYASPA) and hydrophobic polyvinylidene

diffuoride (FVDF) nanofiber membranes. Owing to the synergistic effects of strong water absorption, enhanced
ion release and numerous micro-nane transport channels, a single MEG of 1 cm® could constantly generate kigh
direct-current {DC) power, Le., a voltage of 1.0 ¥, a current of 15.5 pA, and a power density of 3.0 gW cm™,
outperforming other reported nancfiber-based MEGs. More importantly, the asymmetric nanofiber strochare
ensured the maoisture circulation inside MEG and thus produced a sustdned voliage output for 7 days withow
any deterioration. The MEG also showed good flexibdlity, air/maisoure bility and flame dancy, which
give it necessary wearable attributes. Furthermore, large-scale integration of MEG units could be readily realized
to fabricate a power source device for driving different ponable electranics, while the moisture sensitivity made
the MEG well used for sensing applications (e.g., respiration menitoring, fire warming).
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High-performance textile-based triboelectric nanogenerators with damage i
insensitivity and shape tailorability

Jing Yan ', Jingjing Liu ', Yafang Li, Kaibo Wang, Weimin Kang ", Guang Yang

Srate Key Loboarmiory of Seporati and Processes, Notional Center for International Joint Ressarch an Separation Membranes, School af Textile
Science and Ergineering, Tiangong University, Tianjin 3003587, PR China

ARTICLEINFO ABSTRACT

Keywords:
Triboelectric nanogenerator
Dualsfaced triboelectric fabric

Texiile-based triboelectric n (TENGS) r a groundbreaking advancement in the field of
wearable technology for supplying sustainable energy. In this study, a knitted dual-faced textile-based TENGs
‘was proposed to address the existing challenges of low energy output and poor wearability. The fabric, composed

1““""‘3}‘:“:“""33' af polytetrafluoroethylene (FTFE) yamn and silver-plated yam, features a unique intermeshed structure that
wﬂ,.:u! H,::;sm enhances the corresponding TEMG's output performance by increasing the contact area between the tribo-

material and elecirode. Such textile-based TENG have demonstrated an ability to attain open-circuit voltage,
short-cireuit eurrent, and power density up to 133.8 V, 21.9 pA, and 0.53 W/m?, respectively. More importantly,
the dual-faced wriboelectric fabric exhibited exceptional damage insensitivity and shape tailorability, making it
sustainable for long-term use in wearable devices. The textile-based TENG can power various microelectronic
devices, including LED arrays and calculators, showecasing their potential as reliable energy sources for wearable
elecironics. Furthermaore, a real-time wireless direction indication system integrated into a smart garment was
developed, demonstrating the TENG's versatility in applications beyond energy harvesting, potentially in nav-
igation assistance. The advent of the dual-faced triboelectric fabric signifies an important step forward in
wearable technology, promising enhanced performance and expanded applications in both energy collection and

sensing technology.

1. Introduction

In the realm of modern wearable technology, one of the most
pressing challenges is the provision of a sustainable and efficient energy
supply [1). The increasing popularity of wearable devices has height-
ened the demand for compact, lightweight, and flexible energy sources
[2]. Traditional batteries, often bulky and with limited lifespan, poses
significant limitations in this context [2,4]. Triboelectric nanogenerator
(TENG), an innovative energy-harvesting device that converts me-
chanical energy into electrical energy based on the triboelectric effect
and electrostatic induction, offers a promising solution to this challenge
[5]. Specifically, the daily activities of the human body can be collected
and converted into electrical energy, providing an effective solution for
the energy supply of wearable devices [G]. By exploiting the natural
maotion of the human body, it is necessary to develop wearable TENGs.

Textile-based TENGs have garnered increasing attention due to their
flexibility, lightweight, and potential integration with clothing [7.8].

These innovations open up exciting possibilities for powering wearable
devices in a more efficient and user-friendly manner, heralding a new
era in wearable technology. However, the output performance of
textile-based TEMGs currently remains relatively low, necessitating
further improvements for practical applications [9-12]. Textile-based
TENGs come in multiple forms, including weaving [12-17], knitting
[18,19], and non-woven [20-22], having been explored to create
effective energy-generating fabrics. Knitting, as a standout method
among textile-based TENG fabrication techniques, has attracted
considerable interest recently, primarily for its streamlined process,
adaptable structural design, and suitability for mass production [10,
23-26). The power generation efficiency of these devices is primarily
determined by materials used, surface properties, and structural design
[27]. The performance improvement of the TENGs were mainly focused
on the tribo-dielectrics, such as increasing the friction area, creating the
surface microstructure, and designing various structures to fit human
motion. Comparatively, the electrodes, another crucial component of
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Thermally robust hierarchical nanofiber triboelectric yarns for efficient
energy harvesting in firefighting E-textiles

Jing Yan ", Haoxuan Wang , Kaibo Wang, Weimin Kang, Guang Yang "

M

State Key Labaratory of Separati and
Science and Engineering, Tiangong University, Tionjin 300387, PR China

National Center for International Joint Research On Separation Membranes, School of Textile

Pr

ARTICLE INFO ABSTRACT

Keywords: Textile-based tribpelectric nanogenerators (TENGs) face challenges in achieving high performance and fulfilling
Triboelectric nanogenerator functional requirement for special applications. This paper presents the development of a high-performance,
Hierarchical nanofiber yam thermally robust hierarchical palyimide (PI} nanofiber triboelectric yarns with a charge-trapping interlayer for
Cln] !':E'r; ping intertayer application in firefighting E-textiles. The hierarchical nanofiber yarns, comprising a stainless-steel core electrode,

a Pl/MXene interlayer and P1 outer tribo-layer, exhibit enhanced triboelectric performance due to the charge-
trapping capabilities of MXene, which preventing the recombination of triboelectric and induced charges.
‘When the MXene content in the charge-trapping interlayer reached 1 wi%, the corresponding TENG achieved its
optimal cutput performance, with an output voltage of 153 V and a current of 13.13 pA and a peak power density
of 0.84 W/m® under optimal conditions. It also demonstrates exceptional thermal stability, maintaining stable
output at temperatures up to 400 °C_ The integration of the TENG into E-textiles enables real-time monitoring of
firefighters’ physical activities and location tracking, significantly enhancing their safety and operational effi-
ciency in fire scenarios. Additionally, the TENG powers electroluminescent yamns, improving visibility in dense
smaoke and dust environments. This research opens new avenues for the application of smart wearable systems in
high-temperature environments, providing effective sirategies for ensuring the safety of firefighters in fire rescue

Thermal robustness

operations.

1. Introduction

Fire has been a fundamental element in human civilization, sym-
bolizing progress and serving as a crucial source of energy. It provides
light and warmth, facilitating the societal advancement and significantly
contributing to the development of human communities [1,2]. However,
the dangers posed by uncontrolled fires highlight the need for effective
firefighter monitoring [3,4]. Firefighters often face environments filled
with toxic fumes, obscured visibility, and extreme heat. Therefore,
enhancing real-time activity monitoring is essential for their safety and
operational efficiency. The invention of the triboelectric nanogenerators
(TENGs), capable of converting human-induced micro-energy move-
ments into electricity through triboelectrification and electrostatic in-
duction, presents a novel approach to improve firefighter safety in
challenging conditions [5-9]. In this context, wearable smart sensing
systems based on TENGs are expected to monitor the activity of fire-
fighters and provide rescue information timely [10-12].

For wearable applications, textile-based TENGs are preferred due to

their inherent advantages such as flexibility [13], breathability [14],
and seamless integration with clothing [15]. Traditional textile-based
TENGs feature a multilayer configuration, incorporating both fabric
and electrode components, which require precise alignment and adhe-
sion between the triboelectric layer and electrodes throughout the
fabrication and operation. However, maintaining such precision is
challenging over time, leading to reduced efficiency and reliability
[16-18]. Additionally, the electrical performance of textile-based
TENGs is often limited by restricted active contact areas at textile in-
terfaces [19]. In contrast, TENGs constructed with core-spun nanofiber
yarn offer a superior resolution to these challenges. The core, serving as
the internal electrode, typically employs flexible conductive materials,
surrounded by a tribo-layer consisting of commerdially available yam
bundles and micro- or nanofibers. These fibers or yarns, tightly twisted
or wrapped around the electrode, ensure thorough and effective mate-
rial engagement [20). This core-spun structure not only ensures a
consistent and ample contact between the tribo-layer and the electrode,
providing robust structural stability, but also enhances charge collection
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Thermal-Triggered “On-Off” Switchable Triboelectric
Nanogenerator Based on Two-Way Shape Memory Polymer

Guang Yang,* Haigiong Li, Renquan Xing, Mengdie Lv, Chongqgi Ma, Jing Yan,*

and Xupin Zhuang*

Developing multifunctional triboelectric nanogenerators (TENGs) with
special intelligence is of great significance for next-generation self-powered
electronic devices. However, the relevant work on the intelligent TENGs,
especially those spontaneously responsive to external stimuli, is rarely
reported. Herein, an intelligent TENG with thermal-triggered switchable
functionality and high triboelectric outputs is developed by designing a
movable triboelectric layer, which is driven by a two-way shape memory
polyurethane. The resultant TENG device can be spontaneously switched
on/off in response to the environmental temperature change, i.e., switching
on at 0 °C and off at 60 °C. At the “on™ state, the developed TENG exhibits
excellent triboelectric performance with a maximum output power density
of 5.15 W m™2 at a pressure of 30 kPa due to the unique advantages of
micro-fnanofiber triboelectric surfaces. Furthermore, the great potential

of the switchable TENG in intelligent wearable electronic applications

is demonstrated, which can serve as not only the sensing element for
monitoring human movement and physical condition in a cold environment
but also the thermal-driven switch for turning on foff the heating function
on demand. The intelligent “on—off" switchable TENG combined with
excellent triboelectric performance may provide new opportunities for future
self-powered wearable electronics.

Compared to conventional power sources
such as capacitors or batteries, TENGs
show great superiority in the weight,
volume, personal safety, material diversity,
and environmental friendliness, which
lead to great potential in a variety of fields
such as electronic skins, sensing systems,
soft robots, and human-machine inter
faces. ¥ So far, most researches focus on
the triboelectric output enhancement of
TENGs, and many efforts aiming to this
end have been made, e.g., the micro-fnano-
structure construction, the surface modi-
fication, the combination of functional
materials, etc.* Consequently, the devel-
opment of high-performance TENGs has
made tremendous progress, broadening
their application fields. However, with the
ever-growing demands for applying the
TENG devices into more advanced and
complicated occasions, it is highly desir
able to develop novel TENGs with intelli-
gence and rmultifunction, which will be of
great significance for next-generation self-
powered electronic systems.[2=16]

The polymers, as the key components
of TENGs, play an important part in deter-

1. Introduction

Recently, triboelectric nanogenerators (TENGs) have attracted
much attention and are widely used as sustainable energy har-
vesters and self-powered sensors since they are capable of effec-
tively converting various surrounding mechanical energies into
electrical energy and signals based on the combined actions
of the contact electrification and the electrostatic induction.[=3

G. Yang, H. Li, R. Xing, M. Lv, C. Ma, ]. Yan, X. Zhuang

State Key Laboratory of Separation Membranes and Membrane
ProcessesMational Center for International Joint Research on
Separation Membranes

School of Textile Science and Engineering
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mining the performance and the function of the devicel7-*1 It
is regarded that the polymer materials that have unique char-
acteristics will bring additional functions and features to the
TENG devices. Therefore, a promising and feasible strategy
of developing the intelligent and multifunctional TENGs is to
employ smart polymers as the core materials P Following
this principle, several intelligent and multifunctional TENGs
have been reported based on shape memory polymers (SMPs),
which are a class of stimulus-responsive materials capable of
preserving a temporary shape and recovering their original
shape ¥ By taking advantage of unique properties of SMPs,
the resultant TENGs exhibited the microstructure retention
capability for the lifetime improvement and the shape-adapt-
ability for the good object surface fiting %! For example,
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ABSTRACT: High performance is always the research objective
in developing triboelectric nanogenerators (TENGs) for future
versatile applications. In this study, a flexible ethyl cellulose/
thermoplastic polyurethane (EC/TPU) nanofiber triboelectric
layer with barium titanate (BTO) nanoparticles is proposed for
high-performance TENGs, in which electrospun EC/TPU nano-
fiber membranes supply the high-roughness friction surfaces and
piezoelectric BTO nanoparticles are further incorporated to boost
the electric outputs by the synergistic effect of piezoelectricity and
triboelectricity. Consequently, when the content of the BTO
nanoparticle is 8 wt % in the EC/TPU (1:4 in weight ratio)
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nanofibers, the composite membrane displayed a stress of 9.25 MPa and a strain of 275.2%. The corresponding TENG achieves
electric outputs of 125.8 V, 34.1 A, and 1.68 W/m?, much higher than those of an individual piezoelectric nanogenerator or TENG.
The TENGs are potentially used to supply energy for commercial LEDs and microelectronics and as self-powered sensors to
monitor human physical training conditions. This research provides a guideline for developing TENGs with high performance,

which is crucial for their long-term use.

KEYWORDS: triboelectric nanogenerator, electrospun nanofiber, barium titanate, ethyl cellulose, thermoplastic polyurethane

1. INTRODUCTION

Wearable electronics have significantly improved the quality of
human life in health monitoring, physical training, and
entertainment."”” At the same time, their energy supply
problems also raise great concerns. Traditional batteries have
the shortcomings of nonflexibility, limited service life, and severe
environmental pollution, reslrictin$ their further application in
the field of wearable electronics.” The emergency of nano-
technology and nanoenergy proposes a new pathway for
supplying sustainable and renewable energy. The triboelectric
nanogenerator (TENG) is one of the novel nanoenergy
harvesters capable of converting universal mechanical energy
into electric power based on the combination of triboelectricity
and electrostatic induction.’ Due to their diverse applicable
materials, broad applicability, easy operation, and so on, TENGs
have received enormous attention and experienced rapid
development in the past 10 years.” In addition, TENGs can be
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promising approach to developing high-performance TENGs.
Nanofiber membranes prepared by electrospinning have the
remarkable characteristics of micro/nanostructures, large
specific surface area, and high porosity, which reveal their
unique advantages in boosting triboelectric performance such as
high roughness, large active areas, and good charge storage
abj]ity.’ However, according to our fundamental research, the
most widely used polymeric materials in nanofibrous structures
like poly(vinylidene fluoride) (PVDE), polyimide, ete., are not
durable to withstand intense and cyclic friction actions resulting
in rapid performance deterioration. Thermoplastic polyurethane
(TPU) possesses the characteristics of high flexibility, good
abrasion resistance, and excellent mechanical robustness”
However, its triboelectricity is not strong enough for high-
performance TENGs and needs to be strengthened sufficiently.”
Mixing a tribo-positive material on the top rank of the
triboelectric series such as ethyl cellulose (EC) with a strong
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ABSTRACT: Flexible strain sensors that mimic the properties of
human skin have recently attracted tremendous attention. However,
integrating multiple functions of skin into one strain sensor, e.g,
stretchability, full-range motion response, and self-healing capa-
bility, is still an enormous challenge. Herein, a skin-like strain sensor
was presented by the construction of hierarchically structured

carbon nanofibers (CNFs), followed by encapsulation of elastic self- Stretehability Sensibility Healability
healing polyurethane (PU). The hierarchical sensing structure was = |

composed of diversified CNFs with orientations from highly aligned e (7] [ =

to randomly orented, and their different fracture mechanisms g, : wd
enabled the resultant strain sensor to successfully integrate key .'I\LUIH_ J"‘--J\"- I."l'-.l |y

sensing properties including high sensitivity (gauge factor of 90), . — ¥
wide sensing range (~B0% strain), and fast response (52 ms).
These properties, combined with high stretchability (870%) and
excellent stability (>2000 cycles), allowed the sensor to precisely detect full-range human motions from large joint motions to subtle
physiclogical signals. Moreover, the strain sensor had spontaneous self-healing capability at room temperature with high healing
efficiencies of 97.7%, while the healing process could substantially be accelerated by the natural sunlight (24 h — 0.5 h). The healed
sensor possessed comparable stretchability, sensing performance, and accurate monitoring ability of subtle body signals with the
original sensor. The biomimetic sel-healing functionality along with skin-like sensing properties makes it attractive for next-
generation wearable electronics.

T
Tim s

KEYWORDS: strain sensor, carbon nanofiber, sensing performance, self-healing, motion monitoring

1. INTRODUCTION requirements for conducting networks: high sensitivity

originates from drastic electrical network deformation under

Flexible sensors as the key component of wearable electronic
devices are recently attracting enormous attention, which have
been demonstrated in personal health monitoring,'™ body
motion detection,™® artificial skin,® human—machine inter-
face,"” etc. Skin-like features have always been highly desirable
for strain sensors."” To this end, sensitivity and sensing range
are the two primary parameters to be considered in assessing
the sensing performance of a strain sensor. The former
represents the response ability of a flexible strain sensor to
subtle strain variation, while the latter directly determines the

subtle strains, whereas wide sensing range should keep
conductive pathways from destruction until large strains are
applied."* Consequently, it seems to be challenging to integrate
high sensitivity and wide sensing range in one single flexible
strain sensor.

To address this issue, considerable efforts have been made
with varied successes. One strategy is to combine multiple
conductive networks and utilize their different ductility to
control the growth of microcracks. For example, Peng et al."”
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Charge-Boosting Strategy for Wearable Nanogenerators Enabled by
Integrated Piezoelectric/Conductive Nanofibers
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ABSTRACT: The surface charge density enhancement by incorporating conductive paths PENG Ferfummace
into organic/inorganic piezoelectric composites is considered to be an effective way to i ]
achieve high-performance piezoelectric nanogenerators (PENGs). However, it is — | f i £l

challenging to boost the charge density of aligned piezoelectric nanofibers due to the ___' f‘il j %‘ o e B L R A0
difficulty in efficiently building well-distributed conductive paths in their dense structure. In I i

this work, a charge boosting strategy was proposed for enhancing the surface charge density =~ st e e
of aligned piezoelectric nanofibers, that is, synchronously preparing piezoelectric/ Rl applicadoss fe
conductive hybrid nanofibers to realize the effective conductive paths for transferring the | ﬁ
underlying charges to the surface of the PDMS/BaTiO; composites. To this end, AN ~
antimony-doped tin oxide (ATO) conductive nanofibers and barium titanate (BaTiO,) = e -
piezoelectric nanofibers with the same preparation conditions were selected and 1) @ / !
synchronously prepared by the polymer template electrospinning technology, followed s Sl %

by the calcination process. Benefiting from the well-distributed conductive paths for

transferring the charges, the open-circuit voltage and short-circuit current of a PENG with 12 wt% ATO in hybrid nanofibers
reached 46 V and 14.5 pA (30 kPa pressure), respectively, which were much higher than the pristine BaTiO;-based PENG. The high
piezoelectric performance of the developed PENGs guaranteed their great potential applications in powering wearable
microelectronics and monitoring human activity. This charge boosting strategy via the piezoelectric/conductive hybrid nanofibers
may inspire the further development of high-performance energy harvesting technology.

KEYWORDS: piezoelectric nanogenerator, conductive nanofiber, electrospinning, energy harvesting, motion monitoring

1. INTRODUCTION BaTi(),) composite to improve its piezoelectric property, in
which MWCNTs could form conductive paths reducing the
internal resistance of the PENG for charge transfer, thus
improving the output performance. By adding 1 wit%
MWCNTS, the generated open-circuit voltage (V) increased
from 0.17 to 3.2 V under the continual bending/unbending
cycles. Similarly, Sun et al." reported a flexible PDMS/Zn0O
PENG with MWCNTs as the “nano-electrical bridge” among
Zn0 nanoparticles for transferring the induced charge. V. was
as high as 7.5 V compared to 0.8 V for the control sample.
Based on these research works, it can be concluded that
conductive paths play an essential role in the charge transfer
for the performance enhancement of organic/inorganic flexible
PENGs.

Compared to their particle forms, regularly arranged

The piezoelectric nanogenerators (PENGs) that can convert
mechanical vibration to electrical energy have been studied
extensively as sustainable energy suppliers and self-powered
sensors.” Since its invention by Prof. Wang in 2006, PENGs
have received significant attention from various research fields
due to their strong universality, small size, portability, high
sensitivity, and durability.™” Owing to their potential
applications in energy harvesting, health diagnosis, motion
monitoring, and so forth, PENGs must have good flexibility to
respond to complex strains from bending, stretching, or
tudsti.ng."‘ Based on the fact that most materials with relatively
high piezoelectric coefficients are fragile ceramics and easily

broken upon deformations, it is therefore necessary to embed
miaraalactds  caramice inbn lavikle aalvmere ba devalae
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Highly sensitive, direction-aware, and transparent strain sensor based on
oriented electrospun nanofibers for wearable electronic applications
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ARTICLE INFO ABSTRACT

Keywords:

‘Wearahle strain sensoss have made great progress in sensing performance, stretchability and durability. How-
ever, practical applications of these sensors are still guite challenging because they are incapable of detecting

Elestrtupttn ictunfibér multi-degree-of-freedom strains due to the interference of multidirectional strains. Herein, a high-sensing-
Drection . Bnition performance, direction-aware and transparent strain sensor is reported based on antimony-doped tin oxide

ariented nanofiber (ATO-0ONF) films prepared by electrospinning. The monolayer ATO-ONF strain sensor shows
remarkable anisotropic sensing performance, namely GFs of 250 and 1.2 for the nanofiber orientation and its
transverse directions, suggesting the realization of the unidirectional sensing capability of the strain sensor, Le.,
aonly responding to strains along the nanofiber direction. In addition, this strain sensor also exhibits high
transparency with a light transmittance of ~ 80%, and excellent sensing performance including high sensitivity,
high linearity, low hysteresis, good repeatability and durability (=2000 cycles). Based on these superior sensing
properties, the direction-aware biasial strain sensor is designed by orthogonally stacking ATO-ONF films, by
which the predicted magnitude and direction of the tensile strains agree well with those of the actual strains,
Furthermore, the multi-degree-of-freedom applications of direction-aware strain sensors in human motion
monitoring and human-machine interaction are demonstrated, showing a great application potential in next-

Wearable electronics

generation wearable electronics.

1. Introduction

Flexible strain sensors that convert mechanical deformations into
measurable electrical signals have attracted tremendous attention and
their potential applications in diverse fields were fully developed, such
as human motion detection [1-4], soft roboties [5-7), personal health
monitoring [8-10], and human-machine interaction [11-13]. Accord-
ing to working mechanisms, there are several types of flexible strain
sensors, including resistive, capacitive, piezoelectric, and triboelectric
sensors [14-17]. Owing to the advantages of ease of fabrication, good
readability, and tunable sensitivity, resistive-type strain sensors exhibit
a greater potential in wearable sensing devices. In most cases, direc-
tional recognition of multi-degree-of-freedom motions is essential for
strain sensors, especially in some specific fields such as e-skin, direction
indicators, et [15.19]. However, although a great progress has been
made in the sensing performance enhancement of wearable strain sen-
sors [ 20-22), these strain sensors are only able to detect the strain in the
preset direction without the ability of distinguishable detection of multi-
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ability originates from strong coupled variations of electrical resistance
in the principal strain direction and the transverse direction. Therefore,
once the off-axial strains occur, the electrical signals of the strain sensors
will be affected, leading to inaccurate calculation of the strains.

In order to meet application requirements of specific areas that need
to guantitatively determine sophisticated strains, designing a single
strain sensor with the reliable direction recognition capacity is indis-
pensable. So far, several efforts have been made to achieve decoupled
electrical properties via unique anisotropic structural design, which
effectively avoids the interference among various stimuli for realizing
multidirectional sensing. One strategy of preparing these direction-
aware strain sensors is to design stiffness-variant stretchable matrices
combined with a cross-shaped conductive network [23]. The resultant
strain sensors could efficiently distinguish the strains of various di-
rections with high selectivity (Le., a maximal difference in gavge factor
(GF) of = 20 between the orthogonal axes). Another strategy is to design
anisotropic structures of the sensing elements for anisotropic electro-
mechanical behaviors. The first demonstration of this strategy was re-



Chemical Engineering Journal 426 (2021) 131931

Chamica
Contents lists available at ScienceDirect _ rginemers
- = = -
; Chemical Engineering Journal ﬁ
|

journal hamepage: www.glsevier.comflocatel/ce|

ELSEVIEI

»

O
wpcm

Toward high-performance multifunctional electronics: Knitted fabric-based
composite with electrically conductive anisotropy and self-healing capacity
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ARTICLEINFO ABSTRACT

Keywords: Textile-hased electronics characterizing easy integration into textile garments and good wearability have
Multzfunctional electronis received considerable attentions. However, it is still a huge challenge to integrate multiple functions into single
Anistoopic cooductiie: compotite electronic device, especially for those having different even opposite requirements in electrical properties. In this
i’:ﬂw waork, an anisotropic elecirically conductive composite was prepared by encapsulating conductive knitted fabric
Self-healing function {CKF) into polyurethane (PU). Based on anisotropic electrical conductivity, i.e., exiremely low and siable re-

sistivity in the coursewise direction and significant variation of resistivity in the walewise direction during tensile
strains, the composite could efficiently integrate the electro-heating and strain-sensing functions that required
opposite electrical properties. When applied for electro-heating applications in the coursewise direction, the
CKF/PU composite exhibited fast thermal response, ultrahigh electrie-thermal conversion (140 *C at 4 V), and
stable electrothermal performance under a large strain (40%) or after long-term use (>1000 stretching cycles).
‘When applied for strain-sensing applications in the walewise direction, the composite showed good sensing
performances, including high sensitivity (GF of —8.1 at a 5% strain), low hysteresis, good reproducibility and
stability (1000 cycles), which enabled the device as a wearable sensor to accurately detect human joint
maovements and subtle motions. Furthermore, the self-healing function was exploited for the CKF/PU electronic
device, by which the abnormal sensing property could be fully repaired at human body temperature. This work
may shed new light on the future development of high-performance multifunctional wearable electronics with
the anisotropic conducting feature.

1. Introduction wearable electronics are easily woven into complex fabrics during the

weaving process and become a part of the cloths themselves. This

Wearable electronics featuring high flexibility and stretchability
have attracted tremendous attention due to their great potentials in
diverse fields, such as artificial skin [1-3), human activity detection
[4.5], health monitoring [6.7], and human-machine interactions [8,9].
Compared with conventional electronics that are almost rigid, flexible
wearable electronics are able to work under stretching, bending, and
torsion states, effectively meeting the demands for wearing [10,11].
Textiles as a common necessity in human life have flexible, breathable,
structurally controllable, and industrial-scale producible features [12],
which allow them to be ideal materials/supports for wearable elec-
tranics. Nevertheless, a majority of the wearable electronics are mono-
lithic films in geometry and thus they are integrated into smart textiles
by attaching to the textiles rather than being a part of the textile
structure, which may result in easy performance deterioration and un-
comfortable feeling for human body [13-15]. In contrast, textile-based
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characteristic offers the benefits unparalleled by other electronic ma-
terials [16,17]. One common approach for achieving textile-based
electronics is to coat conductive components onto existing fabrics
[18,19]. However, the coated textiles are usually faced with a challenge
of cycling stability and durability. Because most conductive materials do
not have strong interactions with the fabrics, large deformation and
long-term use easily change the state of the conducting path, resulting in
the deterioration of electronic functionalities [14.20). Another way to
achieve textile-based electronics is to weave or knit 1D conductive fil-
aments or yams into a 2D textile pattern [21,22]. Compared with the
former coating method, the latter would offer higher strain durability,
better long-term stability, and independently designed textile style
Therefore, this approach has a great potential in the electronic textile
field.

Textile-based electronics have been applied in various fields,



