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A B S T R A C T

Interactive human-machine interface (iHMI) is a bridge connecting human beings and robots, which has an
important requirement for perceiving the change of pressure and bending angle. Here, we designed a flexible
self-powered piezoelectric sensor (PES) based on the cowpea-structured PVDF/ZnO nanofibers (CPZNs) for re-
mote control of gestures in human-machine interactive system. Due to the synergistic piezoelectric effect of
hybrid PVDF/ZnO and the flexibility of polymer, this PES exhibited excellent bending sensitivity of
4.4 mV deg−1 ranging widely from 44° to 122°, fast response time of 76ms, and good mechanical stability.
Besides, the PES could operate under both bending and pressing mode, show ultrahigh pressing sensitivity of
0.33 V kPa−1, with response time of 16ms. When integrated in iHMI, the PES could be conformably covered on
different curve surfaces, demonstrated accurate bending angle recording and fast recognition for realizing in-
telligent human-machine interaction. On this basis, the application of remote control of robotic hand was suc-
cessfully realized in form of acting the same gesture as human hand synchronously. This CPZNs-based self-
powered PES is distinct and unique in its structure and fundamental mechanism, and exhibits a prospective
potential application in iHMI.

1. Introduction

An interactive human-machine interface (iHMI) enables humans to
control hardware and collect feedback information, which is a bridge
between human and machine, have attracted extensive attentions and
developed rapidly in recent years [1–10]. Generally, iHMI is a bidir-
ectional electronic system that connects human and machines, allowing
for the effective transfer of human intentions to the machine and the
collection of feedback information from the machine [11,12]. In iHMI,
flexible pressure and bending angle sensors are considered as the most
important components in the applications like soft robotics [13] and
gesture recognition [14]. Currently, pressure sensors are developing
quickly, but there are few reports about bending angle sensors, espe-
cially, those can be used for quantitative measurement with wide range.
Furthermore, when these sensors are integrate into the iHMI to mimic
the comprehensive properties of human skin, they need to be con-
formably covered on the human body, and even be integrated with
skin-like battery or self-sustainable power source [15–22].

Presently, the pressure and bending angle sensors are mostly based

on the mechanism of force-induced change in one typical parameter, for
example resistance [23], capacitance [24], piezoelectric output
[25,26], or triboelectric output [27–29]. Around different working
principles, different materials such as metal nanowires [30–32], carbon
nanotubes- or graphene-based materials [33–35], and conducting
polymers [36] have been proposed for pressure and bending angle
measurement. Although these sensors could detect the actions produced
by human activities, voltage supply to operate these sensors is in-
evitable [37], which is one critical obstacle for wearable sensors in
iHMI [38]. Among them, piezoelectric sensor that can directly generate
electrical signals in response to mechanical force, facilitating the rea-
lization of a self-powered sensor system, has been considered as one of
the most promising candidates to solve the power consumption issue of
wearable electronic devices. However, traditional piezoelectric
PZT [39] and AlN [40] based pressure sensors are not compatible with
flexible substrates due to the high fabrication temperature and inherent
brittleness, which can hardly achieve bending measurement. Although
new fabrication process [25] was adopted to fabricate the flexible
sensors based on the inorganic piezoelectric ceramic, the ability to
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measure bending angle is still limited to its intrinsic instability. Besides,
polymer-based [41] piezoelectric sensors, such as poly (vinylidene
fluoride) (PVDF), have also been reported with good flexibility, but
they exhibit low sensitivity because of intrinsically poor piezoelectric
properties. In addition, current reports on the detection of bending are
mostly qualitative measurements [42–45], just judging whether there is

a bending or not, but less quantitative detection of bending angles [46].
Hence, to realize quantitative measurement of bending angle with self-
powered ability in iHMI is still a big challenge.

In this study, we presented a flexible self-powered piezoelectric
sensor (PES) for the quantitative measurement of bending angle based
on CPZNs with the unique cowpea structure via electrospinning

Fig. 1. The structure design of the CPZNs-based self-powered PES. (a) The schematic diagram of the developed smart sensor applied in the field of iHMI. The sketch of
the device (b), NFs film (c) and a single NF (d). (e) The photograph of the fabricated sensor under bending mode. (f) The SEM image of the NFs. (g) The TEM image of
a single NF. (h) The result of the FEM simulation. (i) The application of robot hand remote control based on the PES.
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technology, and successfully demonstrated the application of PES for
remote control of gesture in iHMI. The performance of PES was sys-
tematically studied both theoretically and experimentally. As a result,
the designed PES could operate under both bending and pressing
modes, and the sensitivity of PES could be easily regulated through the
ratio of ZnO to PVDF. The optimum bending sensitivity of 4.4mV deg−1

with a fast response time of 76ms can be achieved ranging from 44° to
122°. On this basis, the fabricated flexible PES was respectively at-
tached on the spring-grip and book to detect the power of gripping and
the bending angle under the stage of opening or closing a book.

Moreover, when the PES integrated with signal processing circuit, the
real-time wireless control of the robot hand was successfully realized.
This work brings a novel cowpea-structured PVDF/ZnO nanofibers-
based self-powered PES to the application field of interactive human-
machine interface, and it will be believed to be an excellently pro-
spective application for meeting the future challenges of iHMI.

2. Results and discussion

The structure design of the CPZNs-based self-powered piezoelectric

Fig. 2. Illustration characterizing the CPZNs of PES. (a) The fabrication process of PVDF/ZnO flexible sensor. The SEM image of PVDF/ZnO with ZnO content of 0 wt
% (b), 1 wt% (c), 3 wt% (d), PVDF/ZnO 5wt% (e). (f) The EDS images of PVDF/ZnO NFs. (g) The XRD patterns of PVDF/ZnO NFs. (h) The Raman spectra of PVDF/
ZnO NFs. (i) The FTIR spectra of PVDF/ZnO NFs.
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sensor is shown in Fig. 1. As illustrated in Fig. 1a, the designed PES
schematically realized the gesture remote control in human-machine
interactive system. These as-fabricated PESs (Fig. 1b) are fixed on the
inner side of human finger knuckles, and the robot fingers will be
controlled to do the same bending action as human fingers based on the

relationship between the electrical output and the bending angle of the
PES. To achieve this function, we innovatively designed a PVDF/ZnO
nanofiber (NF) with the unique cowpea structure, and its detail struc-
ture design is schematically illustrated in Fig. 1d, where the ZnO na-
nospheres are well wrapped in PVDF NF like cowpea. And the results of

Fig. 3. Electrical characteristics of the designed PES. (a) The schematic diagram showing the measurement of PES under pressing model. Dependence of the open-
circuit voltage (b) and short-circuit current (c) of PES with different force ranging from 0.35 N to 8.75 N. (d) The enlarge view of the open-circuit voltage under
pressing in one period with different forces. (e) The rise/fall times of PES during the pressing model. (f) The mechanical durability test of PES under repeated
pressing/unpressing conditions with force of 4.67 kPa for 5000 cycles. (g) The schematic diagram showing the measurement of PES under bending model.
Dependence of the open-circuit voltage (h) and short-circuit current (i) of PES with different angle (φ) ranging from 122° to 44°. (j) The enlarge view of the open-
circuit voltage under bending in one period with different angles. (k) The rise/fall times of PES during the bending model. (l) The mechanical durability test of PES
under repeated bending/unbending conditions with angles of 97° for 5000 cycles.
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scanning electron microscope (SEM, Fig. 1f) and transmission electron
microscopy (TEM, Fig. 1g) further confirmed the designed cowpea-
structure of NFs. On this basis, the fabricated PVDF/ZnO NFs film
(Fig. 1c) and flexible MXene (Ti3C2) electrode were constructed the
sandwich-like PES as demonstrated in Fig. 1b. Due to the flexibility of
polymer and electrode, the fabricated PES exhibited good mechanical
flexibility as shown in Fig. 1e. To further investigate the performance of
this unique piezoelectric material, a bending-induced piezoelectric
model was constructed to theoretically analyze the electrical output
and the stress distribution through finite element method (FEM). As
shown in Fig. 1h and Fig. S1 (Supporting information), it is easy to find
that when device is bending under the external force, the stress is
mainly concentrated at the bending position of the device and the
voltage potential is generated on the opposite sides of the device.
Therefore, the bending sensing can be theoretically realized based on
the piezoelectric effect. Taking advantage of this performance, the self-
powered PESs were stuck on human fingers to remotely and real-timely
control the robot hand to do the same gesture as human fingers. As
illustrated in Fig. 1i, when the human hand give a gesture of ‘Two’, the
robot hand will then complete the same action.

In order to prepare high-performance nanofibers, a facile and effi-
cient electrospinning technique was selected to produce CPZNs. Fig. 2a
illustrates the fabrication process of the flexible self-powered piezo-
electric sensor based on the CPZNs. First, a certain proportion of ZnO
and PVDF are dispersed in the mixture of acetone and dimethylaceta-
mide (DMAC), and then the obtained mixture are used as precursors for
electrospinning. Afterwards, the water solution of Ti3C2 is sprayed on
both sides of the spun film to be served as electrodes (The detail was
shown in Experimental section). Notedly, the films prepared by elec-
trospinning are usually porous, if the electrode is prepared by con-
ventional evaporation or magnetron sputtering, the breakover between
the upper and lower electrodes can easily occur in such sandwich
structure. While many MXene and MXene-based composite films have
been reported as electrodes for energy storage devices, and its con-
ductivity is almost not affected by mechanical deformations, even
bending or twisting [47]. In this regard, combining the unique hydro-
phobicity of PVDF [48], we spray the MXene water solution on the
surface of the spun film as a stress-match electrode, which effectively
overcomes the short circuit problem of traditional electrode. Finally,
after extracting the electrode by copper wire, the device is completed.

The surface morphology of the electrospun PVDF/ZnO piezoelectric
NFs is examined using scanning electron microscopy and energy dis-
perse spectroscopy (EDS). The continuous fiber sheets with ZnO content
of 0%, 1%, 3% and 5% (weight ratio) were successfully obtained, as
shown in Fig. 2b–e, respectively. From the SEM images, it can be seen
that all the proportions of the mixed solution can be electrospun into a
film and all the ZnO nanospheres (SEM image was shown in Fig. S2) are
distributed uniformly in the PVDF matrix with no agglomeration. Fur-
thermore, this conclusion is further confirmed by the TEM image
(Fig. 1g) and EDS image (Fig. 2f). From Fig. 1g, it is explicit that the
ZnO nanoparticles are well wrapped in PVDF NF, which is very similar
to cowpea in structure. Especially, EDS image (Fig. 2f) reveals clearly
that the zinc and oxygen elements are well distributed in the PVDF
matrix. And the as-spun NF of 5 wt% provided a fiber diameter about
0.5 µm, which is originated from the statistical results of Fig. S3
(Supporting information).

The structural properties of the as-spun hybrid PVDF/ZnO fibers
and its components were characterized by X-ray diffraction technique
(XRD) and the obtained patterns are shown in Fig. 2g and Fig. S4
(Supporting information). From Fig. S4, it can be seen that all the dif-
fraction peaks are well matched with the joint committee on powder
diffraction standard (JCPDS: 99-0111) which indicates the wurzite
structure of the ZnO. Compared with Fig. 2g, it is easy to find that the
relative intensity of the diffraction peak of 36.2° (indicative of ZnO)
increases with the increase of ZnO concentration. The peak at 20.6°
(200/110) corresponds to the β-crystalline phase of PVDF, which is

consistent with the literature report [49]. However, it is not clear
whether the increase of ZnO concentration enhanced the β-phase of
PVDF/ZnO. Hence, the crystallinity of PVDF/ZnO NFs were further
analyzed by Raman spectra and Fourier transform infrared (FTIR)
spectra. As shown in Fig. 2h, the Raman spectra of hybrid PVDF/ZnO
NFs exhibits an obviously enhanced peak located at 1147 cm−1 with
the increase of ZnO concentration, which is one characteristic peak of
ZnO. Compared with the pure PVDF NF, the relative intensities of the
bands at 839 cm−1 (indicative of β-phase) has increased from 1 to 2.9 in
the hybrid PVDF/ZnO NF when the content of ZnO is 5 wt%. The more
detailed comparison is further explicated in Fig. S5 (Supporting in-
formation). Additionally, the FTIR spectra is represented in Fig. 2i.
Their vibrational peaks are observed at 1270, 840, 878 cm−1, corre-
sponding to the β-phase crystalline structures [50]. It is also clear from
the FTIR spectra that the peak intensities at 1270, 840, 878 cm−1 for
the doped samples is correspondingly higher than those of neat PVDF
NFs. These results are also in excellent agreement with the reported
literature [51]. Furthermore, both the increase of ZnO concentration
and the β-phased PVDF are conducive to the improvement of PVDF/
ZnO NFs electrical performance. On one hand, the additional ZnO na-
nospheres will enhance the locally electrical field during the electro-
spinning process, which induces the greater amount of β-phase crys-
talline compared with the neat PVDF NF [52]. On the other hand, the
synergistic piezoelectric effect of ZnO and PVDF will also promote the
better electrical performance of the device. As expected, the higher the
content of β-phased PVDF and ZnO concentration, the better the elec-
trical output of PES. So, we chose different proportions of the electro-
spun hybrid PVDF/ZnO fiber mat to verify the performance of sensors
during the subsequent experiments.

In order to further investigate the electrical output performance of
the as-fabricated PES, an electromechanical platform was used to si-
mulate external compressive forces under different working modes of
pressing and bending, and the schematic diagram of the test system is
shown in Figs. 3a and g, respectively. While the force loading is in-
creasing on the as-fabricated sensors, the quantitative electrical output
of the sensor could be acquired through a measuring meter and a data
acquisition system. The detailed schematic diagram was shown in Fig.
S6 (Supporting information). Specifically, in pressing mode, Fig. 3d
plots representative open-circuit voltage response curves of the PES
under different compressive forces with the frequency of 1 Hz. Here, it
is obvious that the output voltage of the PES increased with the com-
pressive force. Based on these results, the electrical output perfor-
mances of PES with different component proportions as a function of
loading forces were illustrated in Figs. 3b and 3c. From the results, both
the open-circuit voltage and the short-circuit current show the same
trend, that is, both the voltage and current increase with the increase of
external force, even if the component proportion of the sensor are
different. The voltage sensitivity of the device, (S = ΔV/ΔP, where ΔP
is the relative change of applied pressure, and ΔV is the relative change
of output voltage), can be obtained by the linear slope of the plot [53],
and the highest sensitivity of 0.33 V kPa−1 can be achieved when the
content of ZnO was 5 wt%, which is obviously superior to the other
literature [54]. At ranges of pressing force between 0.35 and 8.75 N,
corresponding pressure of 1–30 kPa, the devices show good sensitivity
and linearity. And the open-circuit voltage and short-circuit current of
the devices with different contents of ZnO were further detailed shown
in Figs. S7 and S8 (Supporting information). While in bending mode,
the electrical output performances of sensors as a function of bending
angles were illustrated in Fig. 3j. It is clearly observed that the output
voltage increases with the decrease of the bending angle. The further
experimental results show that the open circuit voltage and short-cir-
cuit current have the same trend as pressing mode when the device is
bending, as exhibited in Figs. 3h and 3i. Meanwhile, it can be seen that
the higher the content of ZnO, the better the electrical performance of
the device, when the bending angle ranging from 122° to 44°, with
different bending radii of 22.65–9.16mm. Analogous to pressing mode,
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we can also define the sensitivity of bending mode, (S = ΔV/Δφ, where
Δφ is the relative change of bending angle, and ΔV is the relative
change in output voltage), which can be obtained by the linear slope of
the plot. It is resulted that the highest sensitivity of 4.4 mV deg−1 can
be achieved by the ZnO content of 5 wt% sample. Based on this re-
lationship between the output voltage and bending angle, the PES could
achieve quantitative measurement of bending angle. The further detail

about the open-circuit voltage and short-circuit current of the PESs with
different contents of ZnO can be found in Figs. S9 and S10 (Supporting
information). As expected, according to analysis of material properties,
the higher the content of β-phased PVDF and ZnO concentration, the
better the electrical output, which was verified by the results of the
experiments under both pressing and bending modes. In addition, when
the response time of the PES were defined as the rise time (Tr) of the

Fig. 4. The applications of the designed PES for iHMI. (a) Photograph of the PES conformably attached on the spring-grip to detect the power of gripping. (b) Short-
circuit current output of PES under different grip strength. (c) Photograph of PES placed on the book to detect the angle of the opening/closing book. (d) Short-circuit
current output of PES under the stage of closing (red area) and opening (blue area) a book. (e) Schematic diagram of a human-machine remote control system. Several
simple electric modules were adopted to realize the gesture remote control. (f) The application of the gesture remote control based on PES.
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voltage increasing from 10% to 90% or the fall time (Tf) of the voltage
decreasing from 90% to 10%, from the relationship of open-circuit
voltage versus time, it can be observed that the Tr/Tf were about 16/
16ms (pressing mode, Fig. 3e) and 76/85ms (bending mode, Fig. 3k),
whose results are comparable to the recently reported self-powered
sensors [25,53]. Moreover, the mechanical durability of the sensor was
verified by a dynamic loading test for 5000 cycles under the pressure of
4.67 kPa at 2 Hz (Fig. 3f) and a bending test for 5000 cycles with
bending angle of 97° at 2 Hz (Fig. 3l) respectively. Both the generated
output voltages display no noticeable fluctuation during the repetitive
loading tests, evidently revealing that the fabricated device has good
mechanical and electrical stability, which are attributed to the good
mechanical flexibility of PVDF and the synergistic piezoelectric effect of
CPZNs.

The excellent electrical performance, mechanical stability and
flexibility of the CPZNs make them good candidates to be integrated
into various self-powered sensors in iHMI. In the following section, we
further demonstrated potential uses of the presented CPZNs based self-
powered piezoelectric sensors in various applications including real
time grip strength measurement, bending angle monitoring, and human
finger gestures remote control. Fig. 4a shows the photograph of the
fabricated sensor used for real time grip strength measurement, and the
PES was conformably attached on the spring-grip as shown in the inset
of Fig. 4b. When a certain pressure was applied on PES, the corre-
sponding electrical signal converted by the PVDF/ZnO NFs will be de-
tected. From Fig. 4b, we can see that when the applied pressure in-
creased/decreased, the output voltage of the PES changes accordingly
with a very high sensitivity. The related video can be found in Movie S1
(Supporting information). Such an accurately strength measurement
provides a great potential application value in tactile sensing [3]. Fol-
lowing, we further examined the as-fabricated PES as a bending motion
sensing device, which is fixed on the folding line of a book as shown in
Fig. 4c and the enlarge view of the application was shown in the inset of
Fig. 4d. In detail, the electromechanical properties of PES were in-
vestigated by measuring the electrical output at different bending
angle. The short-circuit current of PES was examined by opening the
book at 10°, 30°, and 60° step by step and then closing gradually from
60° to 30° and 10° with different frequency. The relative change of
short-circuit current was recorded in Fig. 4d. As can be seen, the PES
could quantitatively distinguish the changes of bending angle and fre-
quency with a quick response. The related video was shown in Movie S2
(Supporting information).

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2018.10.049.

Due to the excellent performance of the bending response, the as-
fabricated PES can monitor the motion of human fingers to realize the
remote control of the robotic palm. As depicted in Fig. 4e, the fabri-
cated sensors adhered to the inner side of finger knuckles can perceive
the bending motion of human finger thus generate quantitative pulse
signal, which is able to realize the wireless control of the robotic palm
to do the same gesture as human fingers through the peripheral circuit
modules including a signal processing module, an emitter, a receiver, a
comparison circuit, and an executive module. To begin with, if there is
a motion of human fingers, the original bending motion of human
fingers will be converted to be quantitative analog signals by PES, and
then the analog signals are acquired and processed including ampli-
fying and filtering. These amplified signals are then fed into an analog-
to-digital converter (ADC). The micro-controller would receive the di-
gital signals from ADC module for further data processing and further
pass the signals to the emitter. On the terminal of robotic hand, the
receiver received the signals from the paired emitter and transmitted
the signals to another micro-controller. If the amplitude of the received
signals is higher than a specific threshold, the micro-controller will
make decision and send a specified command to the executive module,
which will control the robotic hand to do the same motion as human
fingers. On basis of these circuits, it could realize gesture recognition

and remote control. The demonstration of the fabricated PES used for
human-machine remote control are shown in Fig. 4f, which exhibited
various gestures wireless synchronization between human fingers and
robotic hands. As can be seen, the robotic hands accurately reflect the
user's real hand posture such as different numbers (One, Two, Four, Six)
or catchwords (OK, Fighting). The related video can be found in Movie
S3 in Supporting information. Notably, both the pressing and bending
test results indicated that this CPZNs based flexible self-powered sensor
can provide a facile and efficient method for the quantitative mon-
itoring of multiple stress/strain parameters in real-time, especially for
elaborate human-machine interactive remote control.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2018.10.049.

3. Conclusion

In summary, we successfully fabricated the cowpea-structured
PVDF/ZnO nanofibers through electrospinning and demonstrated its
application of serving as a flexible self-powered piezoelectric sensor for
pressure sensing and bending motion monitoring. The fabricated PES
could work under both pressing and bending modes without external
power supply, exhibited good flexibility and high sensitivity. The best
pressing and bending sensitivity of the fabricated PES could achieve up
to 0.33 V kPa−1 with response time of 16ms, and 4.4mV deg−1 with
response time of 76ms, respectively. Besides, the PES shows good
mechanical stability within 5000 cycles under both working modes.
Furthermore, the flexible PES could be conformably attached on the
surface of spring-grip and the folding line of a book to demonstrate the
ability of quantitatively detecting the grip strength and bending angle.
More interestingly, a self-powered real-time gesture remote control
system was further successfully implemented by wirelessly transmitting
the pulse signal from human fingers to robotic palm based on PES.
What's more, due to the excellent performance of PES, they can be
easily integrated into measuring system, which offers great potential for
physical signal monitoring, gesture sensing, and other applications in
iHMI.

4. Experimental section

4.1. Preparation of ZnO nanospheres

ZnO nanospheres are prepared by improving solution precipitation
method [55]. The dimethylsulfoxide (DMSO) solution (30ml) con-
taining zinc acetate (3 mmol) was mixed with ethanol solution (10ml)
containing tetramethylammonium hydroxide (TMAH, 5.5mmol), after
stirring for 24 h, adding ethyl acetate (40ml) and ethanolamine
(160 μl), then separating the ZnO nanoparticles with the centrifuge
(10,000min−1) and dried in an oven at 60℃.

4.2. Preparation of hybrid PVDF/ZnO nanofibers

First, the appropriate amount of ZnO was added to the mixture of
acetone and dimethylacetamide (DMAC), after ultrasonic dispersion for
2 h, the PVDF was added, and the obtained mixture was continued to be
bathed for 6 h at 45℃ to be used as precursor solution of spinning.
After the prepared solution poured into syringe, a 20 G metal needle
was connected to the outlet of the syringe. And the syringe was
mounted on a syringe pump, which provided a constant flowrate of
30 μl min−1. Electrospinning was performed at 17 kV, with a fixed
distance of 15 cm between the tip of the spinneret and the collector.
Then, the fabricated films were annealed for 2 h at 140℃.

4.3. Sensor fabrication

The powder of Ti3C2 (0.2 g) is added to the deionized water (25ml),
and the precursor solution is obtained after ultrasonic dispersion for
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1 h. Then, the obtained precursor solution is centrifuged for 1 h at
3500min−1, and the upper solution is sprayed on the both surfaces of
as-spun film for 1 h with a designed mask under the spraying pressure
of 0.1MPa. After the copper wire is used to extract the electrode, the
device is encapsulated by polyurethane (PU) film.

4.4. Materials characteristics

Field emission scanning electron microscope (FESEM, JSM-7800F)
and Transmission electron microscope (TEM, JEM-2100) were em-
ployed to observe the morphology of synthesized materials. The
structural properties of the as-spun film were obtained from X-ray dif-
fraction technique (XRD, X Pert Mpd pro). The Raman spectrum was
obtained by utilizing confocal Raman spectroscopy (RM2000) at room
temperature. The crystallinity of PVDF/ZnO NFs was further analyzed
by Fourier transform infrared (FTIR, AVATAR360) spectra.

4.5. Measurement of electric performance

The output voltage signals of PES were measured by a low-noise
voltage preamplifier (Keithley-6514 system electrometer). The output
current signals of PES were measured by a low-noise current pre-
amplifier (Stanford Research SR570). And then the signals were col-
lected and analyzed by the Data Acquisition Card (NI PCI-6221).
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