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Unexpected piezoelectric properties of
electrospun polyimide nanofibers for application
in an extreme environment

Liangkang Huang, a Jianwei Li,*ab Shuting Chen,a Bilin Zhang,a Shengping Li,a

Wei Fan,c Qiangli Zhaoa and Xuman Wanga

Developing a piezoelectric polymer with high-temperature resistance is crucial for fabricating flexible

piezoelectric sensors that can be used under extreme conditions. Herein, we for the first time found the

piezoelectric properties of polyimide (PI) nanofibers and further enhanced their output voltage

characteristics by introducing a fluorine-containing hexafluorodianhydride (6FDA) unit into the PI

nanofibrous matrix. The as-fabricated sensor can produce a stable piezoelectric output of 10 V with a

478.72 mV N�1 sensitivity. The response and recovery times are 15 ms, respectively, and the output can

remain stable after 10,000 cycles at 15 Hz/10 N, demonstrating excellent durability. Meanwhile, the

10–30 V piezoelectric output signals generated by different actions can be accurately identified for

wearable applications. Furthermore, it is found that fluorinated polyimide (FPI) prepared by electrospin-

ning can maintain structural stability before 500 1C, and its thermal decomposition temperature is above

550 1C. Moreover, the surface morphology with high porosity and the low surface energy of F atoms

endow the nanofiber film with excellent superhydrophobic properties with a water contact angle of

139.61. This work presents PI nanofibers with high-temperature resistance and outstanding piezoelectric

properties, laying a potential foundation for their application in wearable and flexible electronic devices

that can be used in extreme environments.

Introduction

Piezoelectric materials can convert mechanical stress into an
electric field, which makes them widely used in sensors and
energy-collection devices.1 Traditional piezoelectric materials, such
as some ceramic materials, lose their piezoelectric properties at
high temperatures, limiting their use in some application scenar-
ios that need high-temperature operation.2 High-temperature-
resistant piezoelectric materials have various potential applications
in extreme environments, covering aerospace, oil and gas, auto-
mobile, metallurgy, and other industries. The reliability and effec-
tiveness of these materials will help improve equipment
performance, ensure safety and efficiency, and promote the devel-
opment of related technologies. A high-temperature resistant
piezoelectric polymer is a material that can maintain good piezo-
electric properties in a high-temperature environment.3 Research

into high-temperature resistant piezoelectric polymers mainly
focuses on improving the thermal stability of the materials.4,5

In addition, studies also involved developing new polymers and
adjusting the structure and chemical composition of the exist-
ing piezoelectric polymers, such as polyvinylidene fluoride
(PVDF) and polyacrylonitrile (PAN).6–11 With the development
of materials science and polymer chemistry, many high-
temperature resistant piezoelectric polymers or composites to
meet special industrial applications were fabricated.12,13 The
improvement of these materials can not only expand their
application scope but also improve the reliability and efficiency
of equipment in extreme environments.

PVDF is a widely used piezoelectric polymer material with
excellent chemical resistance, wear resistance, aging resistance,
and piezoelectric properties.14,15 It is a semi-crystalline polymer
with high crystallinity and molecular weight, and can be made
into films, nanofibers, and plates by drawing, electrospinning, or
calendering. Guo et al.16 prepared a flexible PVDF/BaTiO3 three-
dimensional porous composite foam with a melting temperature
of about 145 1C by supercritical carbon dioxide (scCO2) foaming
technology and surface modification. The piezoelectric output is
increased to 12.5 V and 150 nA, and the peak output power
density is 0.15 mW cm�2, which is 25 times that of a flat film.
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Song et al.17 reported that a layered nested network was con-
structed in PVDF foam using solid-state shear crushing and salt
leaching technology. The melting temperature of the prepared
bubble is 170 1C, and the maximum piezoelectric output voltage
reaches 11.84 V and 217.78 nA, respectively. Because the crystal-
line orientation of PVDF began to weaken at a melting point of
170 1C, it lost its original structure, so the piezoelectric proper-
ties started to decline at 80 1C.18 To sum up, the PVDF material
has specific temperature-resistant piezoelectric properties, and it
can still maintain its piezoelectric properties at medium and low
temperatures, so it has broad prospects for piezoelectric applica-
tions and can be applied in some medium and low-temperature
environments.

PAN is also one of the polymers reported to exhibit both
high-temperature resistance and piezoelectric properties.7,19 PAN
is a polymer material with good piezoelectric performance.6,20

PAN has a highly polarized structure, which gives it excellent
piezoelectric and mechanical properties.21,22 Its piezoelectric
properties can be adjusted by changing the structure of the
material and adding specific additives, making it widely used
in electronics, communications, medical care, and automobiles.
It also provides essential support for modern science and tech-
nology development. Fu et al.20 reported that an electrospun PAN/
BaTiO3/MXene nanofiber membrane with a decomposition tem-
perature of 230 1C was obtained by introducing BaTiO3 and
MXene (Ti3C2) PAN, which had significantly enhanced piezo-
electric properties compared with those of a pure PAN nanofiber
membrane. Zheng et al.23 reported that a thermally stable PAN
nanofiber membrane prepared by electrospinning and heat
treatment procedures can effectively and stably convert thermo-
acoustic waves into considerable electric energy at temperatures
as high as 450 1C. In contrast, the non-heat-treated PAN nanofi-
ber membrane becomes unstable after working for only 40 s at
200 1C. For amorphous polymer PAN, the order of dipole groups
decreases at Tg temperature, and the piezoelectric properties
become weak due to the conformation transformation. To sum
up, PAN has a specific high-temperature piezoelectric resis-
tance, and is suitable for piezoelectric applications and testing
within a particular range of medium and high-temperature
environments.19,24 However, selecting the appropriate materials
according to specific high-temperature conditions and require-
ments is necessary to ensure the stability and reliability of
piezoelectric properties.

To sum up, developing a new type of piezoelectric polymer
that can resist high temperatures and produce piezoelectric
signals is essential. PI is a high-performance polymer that has
attracted much attention due to its excellent high-temperature
resistance.25,26 It has excellent thermal stability and shows stable
physical and chemical properties at extreme temperatures.27,28

This kind of material not only has exceptional properties that
common polymer materials cannot match but can also be widely
used in aerospace, electronics, and many other fields.29,30 It has
also become a critical material for promoting scientific and
technological progress.31,32 Therefore, a novel piezoelectric poly-
mer fluorine-containing polyimide (FPI) with a thermal decom-
position temperature higher than 500 1C was prepared by

introducing a polar atom, fluorine, into polyimide (PI).33,34 In
addition, FPI is not only high-temperature resistant but also has
piezoelectric characteristics. A piezoelectric signal of 10–30 V can
be generated using the FPI nanofiber membrane. The FPI nano-
fiber membrane has excellent chemical stability and mechanical
and electrical properties simultaneously. It is an ideal material
choice for various fields that need high-temperature resistance.
Therefore, the research of high-temperature resistant nanofibers
for application in wearable and flexible sensors is of great sig-
nificance to advancing science and technology and will provide
new solutions for monitoring extreme high-temperature environ-
ments in medical treatment, health monitoring, and intelligent
wearable devices.

Experimental section
Materials

Monomer 4,4 ether (ODA, Z98.0%), 3,30,4,40-benzophenone
tetramethyl acid dianhydride (BTDA, Z99.0%), and 4,40-(hexa-
fluoroisopropylidene) phthalic anhydride (6FDA, Z99.0%) were
used. N,N-Dimethylformamide (DMF, Z99.5%, AR) was pur-
chased from Shanghai Aladdin Industrial Co. Ltd (Shanghai,
China). All reagents are analytically pure and have not been
further processed before use.

Preparation of polyimide nanofiber films and their sensor

The nanofiber membranes prepared in this work are fluorine-
containing polyimide (FPI) with different fluorine contents.
Firstly, a fluorinated polyamic acid (FPAA) prepolymer solution
for electrospinning was prepared. 40 mL of DMF and 0.015 mol
of ODA were added in a three-necked flask and stirred for
30 minutes until ODA was fully dissolved. Subsequently, 6FDA
and BTDA in a total quantity of 0.015 mol were added, and the
reaction was conducted in an ice-water bath for 12 hours,
forming the FPAA solution. Five kinds of spinning solutions
with different fluorine contents were prepared by adjusting the
molar ratios of BTDA to 6FDA of 1 : 0, 8 : 2, 6 : 4, 4 : 6, and 0 : 1,
respectively. The obtained FPAA solution was transferred to a
10 mL syringe for electrospinning. The spinning voltage was
20 kV, the spinning speed was 1 mL h�1, and the spinning
distance was 15 cm, respectively. Finally, the spinning film was
heated to 260 1C in an oven by gradient thermal imidization to
form FPI, and its fabrication process is shown in Fig. 1b. The
fluorine-containing nanofiber membranes with different pro-
portions were named PI-0, FPI-0.2, FPI-0.4, FPI-0.6, and FPI-1.0,
respectively, according to the relative content of 6FDA.

The flexible nano piezoelectric sensor prepared in this paper
comprises a sandwich structure with five layers. First, an FPI
nanofiber membrane slightly more extensive than 3 � 3 cm2

and two 3 � 3 cm2 copper foils (with a thickness of 50 mm) is
taken, and wires are connected to the two copper foils. Then,
the nanofiber membrane is sandwiched between two pieces of
copper foil so the charge can be smoothly extracted from the
two copper electrode plates. Finally, a layer of the Kapton PI
film slightly more extensive than 3 � 3 cm2 was pasted on the
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copper electrode in the same method, and a piezoelectric
sensor was fabricated (Fig. 1a).

Characterization

The microstructure of the FPI nanofiber membrane was ana-
lyzed using a scanning electron microscope (SEM, TESCAN
MIRA, Czech Republic). The distribution and content of ele-
ments in the FPI nanofiber membrane were analyzed using an
X-ray energy spectrometer (EDS, OXFORD XPLORE-30, UK). The
chemical structure of the FPI nanofiber membrane was char-
acterized using a Fourier transform infrared spectrometer (FT-
IR, TENSOR-27, Bruker, USA). The scanning wave number was
400–3000 cm�1. An X-ray diffractometer (XRD, DX-2700 BH,
Haoyuan Instrument) was used to record the X-ray diffraction
patterns of the nanofiber membrane. A universal testing
machine was used to test the tensile properties of the nanofiber
films. A thermogravimetric analyzer (TGA, STA 449 F5, Ger-
many) was used to test the thermal stability of the nanofiber
membrane. An electrometer (Keithley 6514) was used to collect
the voltage signals generated after the vibration exciter excited
the sample.

Results and discussion
The fabrication and structure of nanofibrous films

Electrospinning is an effective technique for preparing nanofi-
brous membranes.35,36 This preparation method is simple in
operation, low in cost, and fast in preparation, so it has been

widely used in the field of materials science. The nanofiber
membrane prepared using this method has a large specific
surface area and porosity, making it has a significant applica-
tion value in sensing. Moreover, adjusting the spinning voltage,
speed, distance, temperature, and humidity can customize the
nanofiber’s diameter, density, and performance. Fig. 2a shows
the cross-sectional micro-morphology of the obtained PI-0
nanofiber membrane. It can be found that the nanofibers have
an apparent multilayered structure. On the one hand, during
the spinning process, the PAA solution is subjected to an
electric field, and the arrangement direction of molecular
chains is affected by the electric field force, leading to nanofi-
bers’ formation. Due to the high humidity in the spinning
process (60–70%), PAA on the surface of nascent nanofibers can
be precipitated due to moisture, resulting in the rapid for-
mation of nascent PAA nanofibers in a unit of time. Besides,
with the continuous rotation of the collection drum, nanofibers
are piled up layer by layer on the drum, and the nanofiber
membrane is gradually solidified in a certain period, thus
forming this multilayered structure.

Fig. 2b and c show the surface morphology of the PI-0
nanofiber membrane. As the rotation direction of the collecting
cylinder is always the same during spinning, it can be seen that
the nanofibers are arranged in the same direction as a whole. At
the same time, the direction of the molecular chains is influ-
enced by electric field force, and a small number of nanofibers
also show a staggered arrangement.37 Moreover, these stag-
gered nanofibers on the surface present a rich micro–nano
structure. These abundant micro-morphological characteristics

Fig. 1 Schematic diagram of preparation and application of a flexible nano-piezoelectric sensor. (a) Preparation of a flexible sensor by electrospinning.
(b) The reaction principle of synthesizing FPI. (c) Testing of wearable applications.
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reflect the complex hydrodynamics and electric field effect in
the spinning process and directly affect the crucial properties of
the membrane material, such as pore structure, specific surface
area, and wettability. The morphology of the PI-0 single nano-
fiber is displayed in two dimensions (Fig. 2d). As can be seen,
the surface of the prepared nanofibers is smooth, there are no
beaded droplets, and the diameters are all around 450 nm.
Compared with FPI (Fig. 2h), the introduction of fluorine
influences the fiber diameter. Of course, these changes are also
closely related to electrospinning parameters. The structural
characteristics of fluorine can affect the viscosity and fluidity of
the electrospinning solution, thus affecting the spinning pro-
cess and the final fiber morphology of the nanofibers.

Fig. 2e shows the cross-sectional micro-morphology of the
FPI nanofiber membrane. Due to the same spinning process,
the cross-sectional micro-morphology of the FPI nanofiber
membrane and the PI-0 nanofiber membrane is very similar
and shows stratification characteristics. Fig. 2f and g show the

surface micro-morphology of the FPI nanofiber membrane.
Compared with the morphology of PI-0, the arrangement of
nanofibers of the FPI nanofiber is more chaotic. Because of the
introduction of fluorine-containing groups and the influence of
the electrostatic field, the force between nanofibers increases,
which makes the arrangement and orientation of FPI nanofi-
bers more chaotic. Fig. 2h shows the element distribution of N,
F, and O in a single FPI nanofiber. It can be seen that the
elements are evenly distributed on the nanofiber, in which N
belongs to the amino group in ODA. F belongs to the –CF3

group in 6FDA. The content of the N element in the whole
molecular chain is shallow. It is observed from the distribution
of the F element in the nanofiber that the F element has been
successfully introduced into the polyimide molecular chain.
Fig. 2i shows the EDS energy spectra of PI-0, FPI-0. 2, FPI-0. 4,
FPI-0.6, and FPI-1.0. The energy spectra for comparing the
F-element content were scanned for four elements: C, N, O,
and F. Among them, the content of element C is the highest,

Fig. 2 Microscopic characterization of the FPI nanofiber membrane. (a)–(g) Scanning electron microscopy (SEM) images show the micro-morphology
of the composite nanofiber membrane of FPI-x. (h) The distribution of elements in the FPI nanofiber membrane. (i) EDS energy spectrum of the FPI
nanofiber membrane. (j) XRD spectra of the FPI nanofiber membrane. (k) The FT-IR spectrum of the FPI nanofiber membrane.
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which is attributed to the C main chain of organic matter. With
the gradual increase of the 6FDA content in the molecular
chain, the content of the F element shows an increasing trend,
further proving that the F element has been successfully
introduced into the polyimide molecular chain.

The loose molecular chain stacking observed in PI resin
significantly affects its solubility. This loose packing is mainly
due to –CF3 substituents in the dianhydride, which increases
the distance between molecular chains.38,39 These structural
characteristics make the nanofiber membranes amorphous.
The polymer backbone with a plurality of –CF3 groups reduces
chain–chain interactions and chain stacking effects, which
prevents the polymer from crystallizing. The XRD results in
Fig. 2j show that two X-ray absorption peaks are observed in the
scattering angle (y) range of 10–601 for all samples. The FPI
spun film shows a broader scattering peak at 2y = 15–201,
revealing an amorphous structure in the FPI nanofibers. A
distinct diffraction peak appeared at 2y = 22.571, corresponding
to the (110) crystal plane. This result suggests that the FPAA
solution was subjected to high stretching during electrostatic
spinning and polarized under high-voltage electric field condi-
tions, transforming the molecular chains of the otherwise loose
FPI nanofibers toward a crystalline structure.

The chemical structure of the prepared sample was analyzed
by FT-IR (Fig. 2k). The peak near 1780 cm�1 belongs to the
asymmetric stretching vibration of CQO. The peak near
1720 cm�1 belongs to the symmetric stretching vibration of
CQO. The peak at 1500 cm�1 belongs to the stretching vibra-
tion of the resonant CQC double bond on the benzene ring.
The peak at around 1560 cm�1 belongs to the N–H telescopic
vibration. The peak near 1374 cm�1 belongs to the stretching
vibration of C–N.40 The peak near 1145 cm�1 belongs to the
stretching vibration of the C–F bond on the benzene ring in
6FDA. The comparison of the peak heights of the C–F bond
shows that the absorption peak near 1145 cm�1 is more and
more significant with the increase of the fluorine atom
content.41 Moreover, the characteristic absorption peak of
PAA is not observed, which indicates that PAA was completely
cured to polyimide.

The mechanical and thermal properties

Nanofibers are widely used in bio-sensing and other fields, and
their mechanical properties directly affect their stability and
reliability.42 The study of the mechanical properties of nanofi-
bers can facilitate a better understanding of their properties and
potential for various applications.43 Therefore, the mechanical
tensile strength of FPI nanofiber films with different fluorine
percentages was tested, and the tensile stress–strain curves are
shown in Fig. 3a. The figure shows that all the FPI nanofiber
membranes exhibit typical plastic deformation behavior during
the tensile process and all present a rapid increase in stress.44

Among them, PI-0 and FPI-0.2 show higher elongation at break.
With the increase of the –CF3 content, the elastic modulus of the
sample shows a downward trend (Fig. 3c). In addition, with the
increase of the –CF3 content, the tensile strength of the sample
gradually decreases, showing a downward trend (Fig. 3b). This

phenomenon is mainly due to the molecular chains’ stacking
arrangement degree and reduced molecular weight. Upon
increasing the 6FDA content, the solid electron-absorbing effect
of –CF3 makes the reactivity of the dianhydride not strong, and
thus, the molecular weight of the system is low, and the
molecular chain is short.38 On the other hand, with the increase
of the fluorine content in the system, –CF3 hindered the
accumulation of molecular chains, making the distance
between molecular chains larger. Therefore, the slighter inter-
molecular force and the lower packing density lead to a down-
ward trend in elastic modulus and tensile strength.45

The excellent mechanical strength and thermal stability
make PI an indispensable engineering plastic with high per-
formance. However, it is necessary to comprehensively test the
thermal characteristics of PI nanofibrous films to ensure their
reliability and service life under different operating conditions.
As a standard thermal analysis technology, differential scan-
ning calorimetry (DSC) can be used to effectively test and
evaluate the thermal behavior of polyimide, including the glass
transition temperature, thermal stability, and other vital para-
meters, as shown in Fig. 3d. The results demonstrate that the
glass transition temperature (Tg) of the FPI prepared in this
study is slightly higher than 260 1C. Compared with PVDF and
PAN, FPI prepared in this study has a higher Tg value, indicat-
ing that it is suitable for a higher-temperature environment.
Through comprehensive analysis of the test data, the thermal
properties of PI can be accurately determined, which provides
valuable insights for the optimization design and performance
prediction of polyimide in high-performance applications.
High-temperature resistance analysis is a crucial tool for asses-
sing the performance of PI materials under extreme conditions,
and studying their thermal stability provides a comprehensive
understanding of their performance in high-temperature envir-
onments. The correlation thermogravimetric analysis (TGA)
curves of FPI thin films were obtained under a N2 atmosphere
(Fig. 3e). It can be seen that before 500 1C, the thermogravi-
metric curve is relatively flat, indicating that there are fewer
small molecules in the FPI nanofiber film and the thermal
imidization is more thorough. Fig. 3f demonstrates the DTG
curves of PI-0 and FPI-0.4, and FPI shows that their fastest
thermal decomposition temperatures are 588 1C, 609 1C, and
557 1C, respectively. According to Fig. 3f, the nanofiber mem-
branes have good thermal stability, reaching 500 1C at most.
Analyzing high-temperature resistance can provide a scientific
basis and technical support for the design and application of PI
and promote its development and application in various fields.

The high density and slender shape of nano-scale nanofibers
make the film able to withstand significant elongation when
stressed. In addition, nanofiber membranes have excellent sur-
face flatness and uniformity, making them perform better in
practical applications. The FPI nanofibrous film produced by
electrostatic spinning is shown in Fig. 3g. Due to the layer-by-
layer accumulation of abundant nanofibers generated during
the spinning process, the surface is very flat and uniform,
accompanied by abundant micro-nanostructures. Fig. 3h illus-
trates that after curing at 260 1C, the FPI nanofibrous
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membrane can still be bent at will. Its excellent flexibility
enables it to adapt to complex surface shapes while maintaining
stability and reliability. The water contact angle for FPI nanofi-
ber membranes is presented in Fig. 3i. The figure shows that the
nanofiber membranes with varying fluorine contents exhibit
substantial contact angles, with an increase in the contact angle
corresponding to the increase in the fluorine content. It can be
seen from the Cassie–Baxter equation that the contact angle of
the droplets should be increased. Efforts should be made to
increase the value of the roughness factor r, which usually
requires the preparation of micro-and nano-structures on the
object’s surface.46 Fig. 2f demonstrates that the spun films
prepared in this study are characterized by high-density micro
and nano-structures, as proved by the test result of 128.191. In

contrast, fluoropolymers show low surface tension, low surface
energy, and chemical inertia. The critical surface tension of
–CF3 is 6 mN m�1, much lower than that of ordinary alkyl
groups. The low surface energy of the fluorinated polymer is
mainly due to the unique chemical properties of elemental
fluorine.47 Fluoride is the most electronegative element. This
is due to the significant difference in electronegativity and the
lone pair on the fluorine atom. The bond energy of the C–F
bond (485 kJ mol�1) is much greater than that of the C–H bond
(413 kJ mol�1). The shielding effect of fluorine atoms makes the
fluoropolymer highly chemically inert. With the introduction of
fluorine atoms, the contact angle of water increased signifi-
cantly from 128.191 to 135.591 and then increased to 139.591
with the increase of the fluorine atom content. FPI nanofiber

Fig. 3 Characteristics of the PI nanofiber membrane. (a) Tensile test of different FPI nanofiber films. (b) and (c) Tensile strength and modulus of different
FPI nanofiber membranes. (d) DSC curves of different FPI nanofiber membranes. (e) and (f) TG and DTG curves of nanofiber membranes. (g) and (h) The
photograph shows the optical appearance and flexibility of the nanofiber film. (i) Water contact angle of different FPI nanofiber membranes.
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membranes have great potential for application in the field of
hydrophobic materials.

The piezoelectric properties of nanofibrous films

Piezoelectric sensors based on polymeric nanofibers have been
extensively studied recently.48,49 Piezoelectric sensors can con-
vert external mechanical stimuli into electrical signals and have
diverse applications across numerous fields.50,51 In addition,
the sensitivity and response speed of the sensors can be
effectively improved by using nanofibers as sensitive materials.
The piezoelectric properties of nanomaterials are related to the
total dipole moment of the materials.52 By expanding molecu-
lar polarization,53 the piezoelectric output of the nanocompo-
site films can be improved, which is also applicable to FPI-
based piezoelectric nanocomposites.54,55 As shown in Fig. 4a,
the sensor test equipment includes a signal generator and a
power amplifier, which cooperate to adjust the excitation
behavior generated by the mode vibrator. An electrometer
(Keithley 6514) captures the voltage signal the applied pressure
generates when the oscillator vibrates the sample.

In their natural state, all kinds of particles inside are in
irregular motion, which is not manifest as external electrical
properties. However, this paper uses electrostatic spinning to
prepare an FPI nanofiber membrane so that the electric dipole
inside the material rotates and keeps the same direction as the
rotating electric field, thus forming a dipole charge inside the
dielectric. Conversely, element F is the most electronegative
and active element in nature, exhibiting an electron-inducing
solid effect. Therefore, it plays a vital role in enhancing the
electronegativity and electron-trapping ability of the FPI nano-
fiber membrane. An increase in the polar atom content will
attract more external electrons, and the increase in the electron
number will lead to more significant potential differences.
PENG introduced in this paper consists of a substrate, FPI
nanofiber membrane, and copper electrodes on both sides. The
working mechanism of the encapsulated PENG is shown in
Fig. 4b. When an external force acts on the PENG, the FPI
nanofiber membrane is induced to produce dipole polariza-
tion. The regular arrangement of the dipoles will attract elec-
trons, thus creating a potential difference.

In summary, this work investigates the piezoelectric response
law of polar atoms with different concentrations. The d33 value of
FPI-1 is 3.4 pC N�1. Under the same excitation (10 N, 10 Hz), the
piezoelectric signals generated by FPI sensors with varying fluorine
contents are shown in Fig. 4c and g. It can be seen that the
electrical signal sensitivity of FPI sensors increases with the
increase of the concentration of fluorine-containing functional
groups under the same external mechanical stress. This is because
–CF3 in the 6FDA molecule inside FPI itself has a steric hindrance
effect, resulting in a large number of free volume inside the
molecule. Due to the free volume of –CF3, the FPI nanofiber
membrane is more polarized than the non-fluorinated PI nanofi-
ber membrane when subjected to the same external mechanical
stress. The output piezoelectric signal of the non-fluorinated PI
nanofiber membrane is 6.3 V. Due to the introduction of fluorine
atoms, the nanofiber membrane’s ability to attract external

electrons is increased, and the output piezoelectric signal gradually
increases to 10 V. The current signal also increases from
40 nA to 100 nA with the increase of the fluorine content. The
piezoelectric signals generated by the FPI sensors under different
pressures at 10 Hz are shown in Fig. 4d and h. The influence of
molecular chain polarization is more evident at higher pressures,
which will attract more electrons. With the gradual increase in
pressure, the output piezoelectric signal is also more intense,
increasing from 6.3 V to 10 V. The current signal also presents a
rising process. Fig. 4e and i show the piezoelectric response of the
FPI sensor under the excitation of different frequencies of 10 N.
The faster the excitation, the quicker the polarization of the
materials. The more dipoles produced, the more electrons
attracted and the stronger the piezoelectric signal output. How-
ever, due to the tunnelling current effect, the material limits the
velocity of electrons, so the piezoelectric signal will also have a
threshold.

Sensitivity, response/recovery time, and stability are the
characteristics of the sensor’s response to mechanical forces.
The sensitivity curve of the FPI sensor is shown in Fig. 4f. The
piezoelectric response of the FPI sensor was tested in the
pressure range of 5 N to 10 N. The sensitivity obtained by
fitting the test data is 478.72 mV N�1. Fig. 4j shows the piezo-
electric response and recovery time of the FPI sensor under the
excitation of 10 Hz/10 N for 15 ms each time, indicating that the
sensor can quickly respond to and recover from piezoelectric
signals. Fig. 4k shows a stability test of the FPI sensor for 10 000
cycles. The test results show no deviation, which shows that the
sensor has good stability and long-term running potential.

Flexible piezoelectric sensors can convert pressure or pres-
sure changes into electrical signals and have many applications
in many fields.56 Fig. 5 shows the application of the FPI
nanofiber piezoelectric sensor prepared in this paper for wear-
able and movement monitoring. The finger-bending signal
measured by the sensor is shown in Fig. 5a. When the sensor
is attached to the outside of the index finger, the different
piezoelectric signals generated by the finger bending and
straightening can be read. Fig. 5b shows the wrist bending
signal measured by the sensor. When the wrist bends, the
sensor will detect the pressure generated by the wrist muscles
and then generate the piezoelectric signal. Fig. 5c shows the
elbow flexion signal measured by the sensor. During elbow
flexion, the elbow presses against the sensor surface. The sensor
can accurately read the piezoelectric signal produced by each
elbow flexion. From the test, the fabricated sensor will signifi-
cantly help patients rehabilitate when used in the medical field.

Fig. 5d illustrates the sensor’s signal acquisition for three
modes of motion: walking, running, and jumping. Because
each movement mode produces different frequencies and
pressures, it can be observed that different movement modes
will produce different signals. When walking, the frequency is
slow, and the frequency of the piezoelectric signal generated is
slow. However, the piezoelectric signals generated during run-
ning are faster than those generated during walking, indicating
that the FPI nanofiber piezoelectric sensor prepared in this
work can sense different frequencies. In addition, the peak
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Fig. 4 Dynamic response test of the piezoelectric sensor. (a) FPI sensor signal testing equipment. (b) Schematic diagram of the working principle of the
FPI sensor in the pressure/release state. (c) Output voltage responses of different fluorine content sensors under 10 Hz/10 N excitation. (d) The
piezoelectric output voltage response of the FPI sensor under different pressure excitations of 10 Hz. (e) Output voltage response of the FPI sensor to
varying frequencies of 10 N. (f) Sensitivity curve of the FPI sensor. (g) Output current responses of sensors with different fluorine contents under 10 Hz/
10 N excitation. (h) The piezoelectric output current response of the FPI sensor under different pressure excitations of 10 Hz. (i) The output current
response of the FPI sensor to 10 N changing frequency. (j) Response time and recovery time of the FPI sensor under 10 Hz/10 N excitation. (k) The
durability of the FPI piezoelectric sensor under 10 Hz/10 N excitation.
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value of the piezoelectric signals produced by high jump is
higher than that produced by walking and running. This is
because the human body produces a significant momentum
during the process of falling, resulting in pressure exceeding
the self-weight of the human body. In comparison, it has been
found that the FPI nanofiber piezoelectric sensor can identify
the pressure at different frequencies and the pressure at
different sizes. Integrating the flexible piezoelectric sensors
prepared in this paper into intelligent wearable devices will
facilitate monitoring the user’s physical activity, sleep quality,
physiological indicators, and other pertinent information for
health status monitoring and fitness guidance.

A schematic diagram of the sensing of different parts of the
test body, including the hand, the wrists, the elbows, the knees,

the movement of the joints, and the soles of the feet, is
presented in Fig. 5d. Fig. 5f illustrates the piezoelectric signal
collected at the knee during deep squatting. When a person
squats, the stretching and bending of the skin on the surface of
the knee makes the sensor attached to the skin surface press.
The sensor will have a significant and promising application in
electronic skin. The piezoelectric signals produced by the toe,
foot, and heel pressure sensors are shown in Fig. 5g and i,
respectively. A comparison of these three pictures reveals the
significant differences in piezoelectric signals generated at
different positions of the sole. From the perspective of human
body mechanics and balance, when a person is standing, the
toes, the foot, and the heel are subjected to different pressures,
with the majority of weight concentrated in the heel and the

Fig. 5 FPI sensor testing for wearable applications. (a) Finger bending test. (b) Wrist bending test. (c) Elbow bending test. (d) Walking, running, and
jumping motion tests. (e) Schematic diagram of sensing on different parts of the human body. (f) Deep squat test. (g) Toe press test. (h) Foot press test. (i)
Heel press test.
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foot. Therefore, the piezoelectric signals measured in the heel
and sole are stronger. Flexible piezoelectric sensors can be used
to develop hand or foot movement monitoring equipment. This
approach can yield significant benefits if applied in intelligent
wearable devices, such as controllers with gesture-based inputs,
prosthetics, and other applications. Generally speaking, flexible
piezoelectric sensors are widely used in medicine, health
monitoring, and intelligent wearable technology.

Conclusion

We for the first time found the piezoelectric properties of FPI and
fabricated a series of FPI electrospun nanofiber membranes. The
fabricated FPI nanofibers exhibit outstanding thermal stability
with a thermal decomposition temperature of 550 1C and Tg of
B260 1C. Moreover, the electrostatic spinning of FPI leads to the
formation of nanofiber membranes with distinguishable piezo-
electric properties. The polarization effect of fluorine-containing
functional groups can further enhance the piezoelectric signal.
The FPI sensor prepared in this work can generate piezoelectric
signals above 10 V under external excitation and be used as the
power supply device for wearable devices. It can quickly respond
and recover to external stimuli in 15 ms, and its sensitivity is
measured to be 478.72 mV N�1. Under excitation and after 10 000
cycles, the output can remain stable and has the potential for long-
term operation. In addition, FPI has excellent moisture and water
resistance with a superhydrophobicity of 139.591, which facilitates
its stability in complex circumstances for application in a wearable
sensor. This work offers a promising candidate for developing
high-temperature-resistant nanofibers and piezoelectric nanofi-
bers, which could significantly contribute to advancing high-
temperature-resistant flexible wearable devices for energy harvest-
ing in extreme environments.
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