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Piezoelectric polymers have aroused tremendous attention in self-powered flexible wearable electronics.
However, conventional plate-like piezoelectric devices demonstrated insufficient output power and
monotonous piezoelectric energy harvesting performance only in one direction, failing to accommodate
the complex multi-dimensional stress field. In this study, a poly(vinylidene fluoride) tube featuring all-
directional piezoelectric energy harvesting performance with excellent rebound resilience was prepared
via a fast industrial extrusion. Benefitting from the isotropic hollow tubular structure, the piezoelectric
tube experienced large deformation at a small external load and thus exhibited a strong load-amplifying
function to generate the optimized output power at multi-stresses from any direction, with sensitive
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a robust energy harvester was evaluated by harvesting small energy from irregular human motions. This
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1. Introduction

Wearable electronics, including electronic watches, smart
sneakers, and electronic glasses, offer great convenience and
good experience to our lives for their predominance in porta-
bility and in-time feedback of human health information such
as steps, state of motions, heart rates and some other functions
of human bodies.** However, the power source is still from
traditional batteries, the utilization of which is inevitably
restricted by limited capacity, inconvenient recharging and
intractable problems of recycling.>® In order to solve the issues,
piezoelectric energy harvesting devices are proposed to inte-
grate with wearable electronics to achieve the self-powering by
converting wasted mechanical energy from human motions
into electrical power.”® The application of self-powered devices
in wearable electronics was put forward by Wang in 2006,
where the conception of nanogenerators was first realized via
the nanoarray-structural design of zinc oxide. The current
piezoelectric energy harvesting devices are made from inorganic
piezoelectric materials such as PZT,"* BaTiO3,"”* and ZnSn0O;."
The brittle nature makes them hardly biocompatible to irreg-
ular motions of human bodies, including bending and twisting,
leading to structural failure and deteriorated piezoelectric
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for multi-directional mechanical energy harvesting applications.

performance.™ On the other hand, piezoelectric polymers are
characterized by flexibility, mechanical robustness and ease of
processing, and thus are considered as promising alternatives
in flexible wearable self-powered devices,*'>* but a large load is
often required to achieve a high power output due to the low
piezoelectric constants relative to inorganic ceramics.'”'®
Therefore, the reconciliation balance between highly-efficient
electromechanical conversion and mechanical durability still
remains to be unsolved.

The piezoelectric performance of a given material is not only
determined by the intrinsic piezoelectric attributes of polymer
materials but also depends on the level of the imposed stress,
which is, in turn, governed by the geometry of the corre-
sponding device.'***** Compared to the traditional piezoelectric
film with flat-surface, some unique geometries, such as
porous,* array** and pyramid-shaped structures,” exhibited
strong strain-amplifying function to maximize mechanical
deformation, generating optimized output power. In fact, the
first piezoelectric device composed of ZnO nanoarrays was
a typical case of piezoelectric output enhancement via the
structured design of the lever principle. However, the
construction of special structures often involved complex pro-
cessing techniques such as template growing,** chemical vapor
deposition,” or photolithography,> with efficient
production.

Recently, Jung et al. demonstrated that curved geometry can
intensify the applied stress on a piezoelectric device to enable
a higher voltage output than the flat-type one.”” When external
force was acted on the curved surface, large deformation could

low
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be generated at the direction of imposed force due to the
concentrated stress. Yang et al. successfully utilized the curved
structure to obtain increased piezoelectric output from ~1 V to
~2 V.”® Though effective in stress amplification and piezoelec-
tric enhancement, the preparation of a curved structure is
a multi-step process with low efficiency: first, the piezoelectric
film was prepared and then prestrained to maintain the curved
structure.>***** More importantly, this curved structure can
gradually return to the plain structure at increased loading
cycles and only works at vertical loading perpendicular to the
curved surface, unable to accommodate the complex stress field
from all directions in practice applications.

It is well-known that a tubular structure is naturally curved in
any direction and can be formed directly via industrial contin-
uous extrusion featuring highly-efficient production. Accord-
ingly, the piezoelectric tube is expected to exhibit promising
potential in piezoelectric conversion. Herein, we chose poly(-
vinylidene fluoride-co-hexafluoropropene) (P(VDF-HFP)) as
a model polymer because the presence of hexafluoropropylene
exerted a large steric hindrance to the PVDF chain to facilitate
the formation of all-trans conformation and obtain electro-
active B-crystals in normal melt-processing. Then, the conven-
tional extrusion of the polymer tube was adopted to prepare
a tubular piezoelectric device. The piezoelectric performance of
tubular devices and working mechanisms were systematically
investigated based on experiment and finite element simulation
analysis. Compared to traditional plate-like structures, the
tubular device possessed a smaller load threshold of piezo-
electric output and was successfully utilized for harvesting
energy from different human motions. This study provides
a structure designing strategy for the preparation of highly-
efficient piezoelectric devices.

2. Experiment section

2.1. Materials

PVDF-HFP was purchased from Sigma-Aldrich Co., Ltd. The
weight-average molecular weight was ~400 000 g mol ", with
a piezoelectric coefficient of ~20 pC N~ '3

2.2. Sample preparation

PVDF-HFP pellets were fed into a conventional tube extruder
with a screw and die with temperatures of 220 °C and 230 °C,
respectively, obtaining the tube with an outer diameter of
4.36 mm and a wall thickness of 0.27 mm. The length of the
tube was controlled to 10 mm for the following testing.

As a control, PVDF-HFP pellets were thermal-compressed
into a plate-like sample with a thickness of 0.27 mm at
230 °C. Then, the size was cut to an area ~140 mm?, comparable
to the value of the 10 mm-long tube.

2.3. Characterization

Measurement of piezoelectric performance. To evaluate the
piezoelectric performance and energy harvesting prospect, the
output voltage signals were recorded by a Keithley-6514 system
electrometer. The impact force was exerted by a BOSE 3220
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SERIES II universal testing machine (BOSE, Co., USA). The
measured frequency was 1 Hz. The corresponding displace-
ment-stress curves and output voltages were recorded.

In addition, the charging measurement circuit was devel-
oped by integrating a tubular piezoelectric device, a rectifier,a 1
WF capacitor and CHI660E 413054 electrochemical workstation
(Shanghai Chen Hua Co., Ltd, China). The charging energy was
recorded by the electrochemical workstation.

Simulation of vertical compression. To provide detailed
research on mechanical behaviors, the finite element analysis
was conducted using the Abaqus CAE 6.14 software. The
Young's modulus and Poisson's ratio used for simulation were
900 MPa and 0.4, respectively. The sample model was placed
between a rigid body and a fixed rigid plain. Vertical loading was
exerted on the rigid body. The resultant visualization of stress
distribution was then recorded.

3. Results and discussions

3.1. Stress and piezoelectric behaviors at different
compressing loads

It is well known that the piezoelectric output highly relies on the
applied stress as determined by structural features. The piezo-
electric loading threshold triggering piezoelectric output
generation reflects the sensitivity of a piezoelectric device to an
external load and is a key factor for determining the successful
application for harvesting low-frequency mechanical energy
from the daily human motion. In order to verify the amplifica-
tion effect of the tubular structure on the piezoelectric output,
a compression load was imposed on the plate- (FS) and tube-like
(TS) samples, and the corresponding compression displace-
ment with stress and piezoelectric signals were recorded
synchronously, as shown in Fig. 1. Although the two samples
had similar instantaneous remnant polarization (the corre-
sponding information is available in the ESI, Fig. S1f), the
different piezoelectric properties were investigated. For the
plate-like sample, no distinct piezoelectric signals appeared at
an external load less than 1 N, except for some noise from static
electricity in the air;** the load threshold was 1.25 N, where the
mutational piezoelectric signal with an open-circuit voltage of
~0.3 V, was generated. On the contrary, the tubular sample
exhibited a lower load threshold of 0.3 N, with a high piezo-
electric output of ~0.4 V. One can notice that the two samples
had similar compression displacement at the critical loads:
0.45% for the plate-like sample and 0.52% for the tubular
sample. This sufficiently demonstrated the stress amplification
effect of the tubular structure, allowing for large deformation
generated at a smaller load. This amplification mechanism
should be analogous to the reported curved structure.®
Further, the finite element analysis (FEA) was carried out to
reveal the structural dependence of mechanical deformation.
Under a compression load, the plate-like sample experienced
homogeneous deformation with part stress concentration at the
edge and the stress concentrated 8-9 kPa at the load threshold
of 1.25 N, which was consistent with the average value of 9 kPa
calculated based on the simple stress equation, ¢ = F/S (the
corresponding information is available in the ESI, Fig. S2t). On
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Fig. 1 Study on the critical loading threshold of piezoelectric signals: schematic of the piezoelectric output test (a); vertical compression model
of FS (bg) and TS (co); the stress—strain curves of FS (by) and TS (cy) under different lateral compression loads; the corresponding piezoelectric
performance of FS (b,) and TS (c,); load—displacement curves (do) of PVDF tube, wherein dark dots from the experimental data were consistent
with the simulated value (red line); two-dimensional stress distribution pattern (dj), the stress as a function of angle in a quarter area (d,) and
statistical results of stress distribution (ds) at the corresponding load threshold of 0.3 N.

the contrary, the tubular sample exhibited different stress
characteristics. It can be seen from Fig. 1d, that with the
increase in the external load, the PVDF tube experienced elastic
and plastic deformation. As the plastic deformation affected the
dimensional stability and the final application, the experi-
mental results deviated from the simulation. However, the
load-displacement relationship during the elastic deformation
stage of 12% displacement fitted well with the simulated result,
verifying the validity of FEA. When a compression load was
imposed on the tubular sample, asymmetric stress distribution
was generated along the hoop direction: maximum stress
appeared at the top and bottom sides, followed by a lower value
at the left and right sides with minimum deformation at £45°
and +225° off the meridian, as reflected by the stress distribu-
tion in a quarter area as presented in Fig. 1d; and 2. The
statistical results of stress distribution at the load threshold of
0.3 N indicated that ~40% area of the tubular sample was
subjected to a higher stress of =9 kPa, which was critical stress
initiating piezoelectric output, as shown in Fig. 1d;. This
amplification of local deformation should be responsible for
the enhanced piezoelectric sensitivity at a small external load,
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beneficial for harvesting mechanical energy from human
motions.

3.2. Piezoelectric features of tubular devices

Compared to a single working mode of the conventional curved
piezoelectric device limited under vertical load, a PVDF tube can
equally accommodate multi-stresses from any direction in
practice application due to the isotropic nature of the tubular
structure. As presented in Fig. 2a, the stress value and distri-
butions were the same under different loads along with the
vertical, oblique and lateral directions. The adaptability of
multi-directional stress ensured the PVDF tube to effectively
harvest energy in a complex stress field, as referred to by the
same piezoelectric signals in all directions. Moreover, one can
notice that the tubular harvesting device presented a rapid
response towards external force with stable output due to well
rebound resilience. Inset in Fig. 2b showed the piezoelectric
output after one cycle. The response time to the piezoelectric
signal was calculated to be ~81 ms based on the time span from
10% to 90% of the piezoelectric peak, which was comparable to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Studies on piezoelectric features of TS: visualization of stress at the vertical, oblique and lateral direction with a piezoelectric output at the
corresponding compression direction (a); the piezoelectric performance after 500 cycles with the inset of the piezoelectric output after one

cycle (b).

the value obtained from reported sensitive piezoelectric struc-
tures.”®*** Due to the rapid response towards external force at
small loading, the PVDF tube was mechanically robust and
could sustain stable output performance for over 500 cycles of
repeated mechanical deformation, suggesting the potential for
a long-term application. Accordingly, it can be concluded safely
that benefitting from the unique hollow tubular structure the
PVDF tube is characterized by a sensitive piezoelectric perfor-
mance at low load, quick response at any direction, mechanical
robustness, providing the possibility of robust energy harvest-
ing application from complex stress occasion.

3.3 Energy harvesting applications

Finally, the practical potential of the PVDF tube as a robust
energy harvester was evaluated by harvesting small energy from

(a) (b)

irregular motions of different body regions. Accordingly, the
PVDF tube was attached to different parts of human bodies, as
shown in Fig. 3a. It can be noticed from Fig. 3b-d that the
distinct piezoelectric outputs were generated by tensile and
compression loads from wrist bending, finger bending and
walking, successfully verifying that the as-prepared PVDF tube
indeed adapted to various loads and generated effective piezo-
electric outputs. In addition, a capacitor of 1 uF was used as an
energy storage system and the charging energy was studied by
deforming the piezoelectric tube (Fig. 3e). By periodically
bending of finger or wrist and walking, the capacitor was
charged to ~1.2 V by wrist bending, 0.7 V by finger bending or
walking for 100 s. These charging characteristics demonstrated
that tubular devices possessed a promising prospect for energy
harvesting in wearable devices and energy harvesting at
complex external load.

—_—
(]
~

04
% Finger bfnding 2 wrist bendin;
) - % ;
= 0.3 : £ 34
s : s -
£ 02 g2
o <)
Wrist bending g, £ 014 ’ £
A . " > 3
~ Finger bending 2 £ o
o S 00 &
[ ] J . . \ : . El Y , . y
e 0 5 10 15 20 25 0 10 20 30
[ d Time (s) ( Time (5)
€
0 0.6 Walking > finger

0.4+

Open-circuit Output Voltage (V)

Walking ~

: M"
0.0

T

2

0.6 a

0.3 o @’6’“
.. ?“\'w ‘
0.0 9'5 + T !._:0

Potential (V)
©
e

’ N
=
4 @
0.9 a°°
T T T
4 6 8

T
120
Time (s)

T T T
] 60 180

Time (s)

Fig. 3 Piezoelectric energy harvesting application of TS on the human body: potential mechanical source generated by movement (a);

piezoelectric performance at finger bending (b), wrist joint bending (c),
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4. Conclusions

In this study, the isotropic tubular structure of PVDF-HFP was
designed for energy harvesting at a multi-dimensional stress
field via melt extrusion. The FEM and experimental results
showed that the tubular structure exhibited the load-amplifying
function, leading to a smaller piezoelectric loading threshold of
0.3 N, which was far lower than 1.25 N for the plate-like sample.
This stress amplification effect and isotropic nature of the
tubular structure ensured the equal accommodation for multi-
stresses from any direction with a quick response and
mechanical robustness. Finally, the as-prepared piezoelectric
tube was successfully applied to harvest small energy from
irregular human motions, demonstrating that the tubular
structure is a promising candidate for preparing a high-
performance piezoelectric device.
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