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confined stress amplified all-fiber
piezoelectric nanogenerator for self-powered
healthcare monitoring†

Biswajit Mahanty, ‡ab Sujoy Kumar Ghosh, ‡§a Santanu Jana,‡c Zinnia Mallick,d

Subrata Sarkara and Dipankar Mandal *d

In this work, an all-fiber piezoelectric nanogenerator (A-PNG) is designed by using ZnO nanoparticles (NPs)

reinforced poly(vinylidene fluoride) (PVDF) electrospun nanofibers as the active layer and interlocked

conducting microfiber composite mats as electrodes to convert the mechanical energy into electrical

power. Theoretical simulation using finite element analysis on stress distribution shows that the external

stress can be concentrated to deform ZnO nanoparticles by 7.2 fold of magnitude compared to the

surrounding neat PVDF, improving the stress-induced large polarization in the resulting PVDF–ZnO

composite nanofibers, thus enabling improved generation of electricity. Nano-scale investigation

revealed superior generation of ferro- and piezo-electricity using the PVDF–ZnO composite nanofibers,

showing an excellent piezoelectric charge coefficient of d33 ¼ �32 pC N�1. As a result, the A-PNG

shows a high electrical throughput, with 18 V of open-circuit output voltage, 26.7 mW cm�2 of output

power density, and 11.52 � 10�12 Pa�1 for the piezoelectric figure of merit (FoM). In addition, the

excellent mechanical to the electrical energy conversion efficiency of 91%, means that the system is

suitable for driving a range of consumer electronics components, such as capacitors and light-emitting

diodes (LEDs). The quick response time of 10 ms means it is feasible for ultra-fast signal detection in

a healthcare monitoring system. Owing to the skin conformable functionality on different body parts,

such as wrists, fingers, throat, and knees, the A-PNG was found to be attractive for application in

detecting the pulse rate, muscle behavior, and coughing signal characteristics in order to monitor health

conditions. The robust device structure means the A-PNG can be used as a weight monitoring sensor as

it is able to predict the weight of a person in a weight range between 45 and 80 kg.
1. Introduction

In modern lifestyles, monitoring biomedical systems in real-
time has provided signicant medical breakthroughs in which
standard essential evidence, including vital signs, the respira-
tory rate, body temperature, muscle behavior, coughing signals,
blood pressure measurements, and the main physiological
measurements, can be easily collected by health professionals
to provide basic knowledge about the human body.1,2 However,
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existing medical equipment for the continuous monitoring of
human health has serious disadvantages, including inexible
structures,3 a high power consumption,4 and limited function-
ality,5 causing problems in everyday life, and these issues have
prevented medical applications. To solve this challenge,
a tremendous amount of on-going research is being performed
on the development of ductile medical sensors that present
conformal and ultrasensitive functionality with wireless
human–machine interactions.6,7 In this context, researchers
have developed exible pressure sensors that are dependent on
different transduction methods such as piezoresistive,8,9

capacitive,10,11 electromagnetic,12 and optical types.13 These
sensors are operated using a constant power supply,14 which is
one of the main barriers to the use of wearable/internet of
things (IoT) based sensors.15,16 The regular replacement of
batteries is tedious and they contain chemicals and metals that
are toxic, as well as a threat to the environment and to human
health, therefore the removal of batteries is tightly regulated. In
this scenario, the self-powered pressure sensor is a suitable
remedy to solve the power consumption related issues for
wearable/IoT based sensors. To achieve this goal it is proposed
Sustainable Energy Fuels
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that piezoelectric17,18 and triboelectric19–21 material-based pres-
sure sensors, which generate electricity from environmental
mechanical vibrations, could be suitable and could facilitate the
accomplishment of a self-powered sensor system. Thus, the
sensor behaves as an energy harvester, and is termed a nano-
generator. However, the triboelectric based pressure sensors
have some drawbacks compared to those of the piezoelectric
based pressure sensors, such as: (i) susceptibility to humidity;
(ii) abrasion resistance; and (iii) limited use in bio-signal
detection as two dissimilar materials need to effectively
interact with each other.22 Pressure sensors based on inorganic
piezoelectric materials23 have been developed and those re-
ported to date exhibit promising mechanical pressure sensing
performances. However, the brittleness, and the complicated
and cost-intensive processability, as well as the use of a toxic
lead (Pb) constituent as an initial precursor, limit the fabrica-
tion of pressure sensors.24 Organic piezoelectric materials,
particularly poly(vinylidene uoride) (PVDF) (chemical formula:
–(CH2–CF2)n–) and its copolymers are some of the best candi-
dates owing to their exibility, light-weight, lm-forming
capabilities, and chemically stable polymer materials, as well
as their suitability for fabricating large surface area and ductile
clothing sensors, actuators, energy scavengers, energy sources,
and biomedical equipment.25–27 In this regard, electrospinning-
based PVDF nanobers are in situ poled and spatially conned,
which generates a higher piezoelectricity in comparison to
electrically poled PVDF lms.28 In addition, the nano-ller
reinforced PVDF nanobers possess the synergistic enhance-
ment of the piezoelectric output.29 Nevertheless, fabricated
nano-ller-induced PVDF nanobrous devices still have a low
piezoelectric coefficient (d33) and output efficiency. To solve this
issue, inorganic nano-llers can be used, in particular, low-cost
ZnO, which is a biocompatible, non-toxic, easy to grow
compound that is abundant in nature, and the shape of which is
easy to tailor in all substrates. ZnO a very interesting material
owing to the wide range of outstanding electrical and optical
properties.30,31 To date, there have been several reports on nano-
llers (such as, ZnO and BTO) that have been incorporated into
PVDF nanober composites to improve the electroactive phase
content of PVDF, and these are mainly considered as being
responsible for the generation of a higher piezoelectric
energy.18,32–35 Still, the overall output performance (in terms of
the output voltage, power, efficiency and sensitivity) of the re-
ported devices has not yet reached the required level. An
important feature of the energy harvesting device is the elec-
trode. In most of the studies, electrospun ber based devices
were prepared using metal foil electrodes or metal coated thin
lm electrodes as charge collectors that limit the lifetime of the
device under extended cyclic stress.18,32–37 In addition, the metal
electrodes made the devices bulky which restricts the applica-
tions of the device for self-powered wearable physiological
signal monitoring uses. There were a few more limitations
observed, including the fact that the poor fatigue resistance
causes early failure of the metal foils, and the huge mismatch in
the Young's modulus and Poisson's ratio of the metal coating
electrode and the active thin lm. However, owing to the pro-
longed period of application, a loss of mechanical integrity and
Sustainable Energy Fuels
electric connectivity occurs. As a result, the stress concentration
effect38 between the high modulus ZnO nanoparticles (102.6
GPa)39 and the low modulus PVDF nanobers (9 MPa)29 is oen
neglected and has not been explored until now. To date, no
reports have been published on the stress concentration effect
biased improved piezoelectric performance on the PVDF–ZnO
nanocomposite based all-ber textile sensor.

In this work, the limitations of existing devices are avoided
by the fabrication of a durable and efficient all ber nano-
generator three layered structure, in which the piezoelectric
active component and electrodes are both composed of exible
and so ber arrays. We have explored the stress concentration
effect, which induced a very large piezoelectric coefficient, d33 �
�32 pC N�1, in the PVDF–ZnO nanocomposite. As a result,
stress-induced large polarization was achieved in the PVDF–
ZnO nanocomposite, rendering a high piezoelectric
throughput. Along with this, a facile and cost-effective approach
is presented to design a highly ductile, subtle, and self-powered
wearable pressure sensor. As a proof of concept, the possibility
of real-time physiological signal monitoring was demonstrated
using our epidermal sensor.
2. Results and discussion
2.1. Theoretical investigation

Fig. 1a exhibits the nite element method (FEM) based theo-
retical simulation in which a PVDF–ZnO nanoparticles (NPs)
based composite nanober shows a strong stress concentration
effect in comparison to neat PVDF and PVDF–ZnO nanorods
based composite bers. The details of the simulation process
are discussed in the ESI, Text S1.† A vertical stress amplitude of
18 kPa was applied to the nanobers as all the boundary
conditions are the same in both nanobers. As stress is mainly
concentrated on the higher modulus ZnO (NPs) and trans-
mitted to the overall nanober, thus, the overall stress ampli-
tude is amplied in comparison to the applied stress amplitude.
An interesting point is that the ZnO nanoparticles concentrated
more stress than the ZnO nanorods at the same Young's
modulus. For example, the amplied maximum stress ampli-
tude in the PVDF–ZnO NPs based composite nanober was
2 MPa, which is higher than that of the PVDF–ZnO nanorod
based composite nanober (�0.75 MPa) and the neat PVDF
nanober (�0.28 MPa). In the case of the neat PVDF nanober,
the applied stress is quickly attenuated to the lower electrode
region, and themaximum stress is amplied to the lower part of
the nanober, not to the overall nanober. To quantify this
stress concentration effect, we estimated the stress concentra-
tion factor (Kt), which is the ratio of the amplied stress

generated (sg) to the applied stress (sa): Kt z
sg

sa
. The Kt value of

approximately 111 for the PVDF–ZnO nanoparticle composite
nanober is 2.7 fold higher than that of the PVDF–ZnO
nanorod-based composite nanober (Kt � 41.7) and 7.2 fold
higher than that of the neat PVDF (Kt � 15.5) nanober.
Considering a single interaction point of the ZnO NP and PVDF
ber, it has been observed that this stress amplication
phenomenon is linear and much higher in higher stress
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Theoretical simulation of the stress concentration effect. (a) Internal generated stress in the PVDF–ZnO composite nanofibers, PVDF–
ZnO nanorods, and neat PVDF nanofibers. (b) The variation of the applied stress versus the generated stress of the PVDF–ZnO composite
nanofibers, PVDF–ZnO nanorods, and neat PVDF nanofibers. (c) Internal generated polarization in PVDF–ZnO composite nanofibers, PVDF–ZnO
nanorods, and neat PVDF nanofibers with applied stress. (d) The polarization versus applied stress for PVDF–ZnO composite nanofibers, PVDF–
ZnO nanorods, and neat PVDF nanofibers.
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regions, as shown in Fig. 1b. Accordingly, the stress-induced
large polarization is achieved in the PVDF–ZnO NPs based
composite nanober (�9.75 mC m�2), in comparison to the
PVDF–ZnO NRs based composite nanober (�8.5 mC m�2) and
the neat PVDF nanober (�4.5 mC m�2) (Fig. 1c). In this case,
the polarization was higher in the nanober region than that in
the ZnO region. In addition, a linear improvement of the
polarization was noticed with the increase in pressure, consid-
ering one interaction point in the ber (Fig. 1d). This stress-
induced polarization in turn contributes to the overall energy
harvesting process. As a result, this theoretical investigation
provides evidence of the suitability of the ZnO NPs as effective
llers for improving the energy harvesting process in the PVDF
nanobers based energy harvesters.
2.2. Structural assessment

In order to investigate the suitability of this theoretical predic-
tion, an all-ber piezoelectric nanogenerator (A-PNG) was
prepared (Fig. 2a) using copper (Cu)–nickel (Ni) plated inter-
locked microber based polyester fabric (Fig. 2b) as the top and
bottom electrodes for charge collection and PVDF–ZnO NPs
This journal is © The Royal Society of Chemistry 2021
based composite nanobers as an active piezoelectric compo-
nent (Fig. 2b). The transmission electron microscopy (TEM)
image of the PVDF–ZnO composite nanober (Fig. 2c) shows
that ZnO NPs were nicely accommodated within the PVDF
nanober. To fabricate the PVDF–ZnO composite nanober, the
ZnO NPs were rst synthesized using a low temperature
hydrothermal synthesis route (details and processes are
explained in the experimental section). The X-ray diffractometry
(XRD) patterns for the ZnO nanoparticle powder (Fig. S1a, ESI†)
correspond to the hexagonal wurtzite structure (JCPDS card no.
36-1451).18 Additionally, the TEM image of a single ZnO nano-
particle shows directly visualized lattice d-spacings of 0.26 nm
corresponding to the (101) lattice planes. Additionally, from the
eld emission scanning electron microscopy (FE-SEM) images
(Fig. S2, ESI†), it has been observed that the PVDF–ZnO
composite nanobers possess a reduced ber diameter (�150
nm) compared to that of the neat PVDF nanobers (�289 nm).
This generally occurs as a result of the increase in viscosity and
conductivity of the PVDF solution aer mixing the nano-llers.18

The decrease in the ber diameter indicates more spatially
conned polarization, which is promising for energy harvesting
Sustainable Energy Fuels
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Fig. 2 (a) Schematic diagram of the all-fiber A-PNG. (b) Micro-fiber based conducting fabric electrode. (c) TEM images of the PVDF–ZnO
composite nanofiber as an active material. (d) AFM topography image of the overlapping nanofibers (scale bar: 5 mm), and (e) the corresponding
line scan showing the diameter of the nanofibers. (f) FT-IR spectra of neat PVDF and the PVDF–ZnO composite nanofibers mat in the wave-
number region from 1600 to 400 cm�1. (g) XRD patterns and their curve deconvolution for neat PVDF and the PVDF–ZnO composite nanofibers
mat. The dotted points show the experimental data and the solid lines correspond to the best curve fit. (h) Schematic diagram of the interfacial
interaction between the positive surface charge of the ZnO nanoparticle and the –CF2– dipoles of the PVDF chain.

Sustainable Energy Fuels This journal is © The Royal Society of Chemistry 2021
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applications.29 Furthermore, the AFM topography image
(Fig. 2d), along with the line scan (Fig. 2e), on the PVDF–ZnO
composite nanobers illustrates the mutual adhesion and
overlapping of the bunch of nanobers in the electrospinning
process, as marked and separated by consecutive dotted lines. It
is worth mentioning that the average ber diameter was found
to be around 147 nm from the AFM topography scan, which is
consistent with the results of the SEM image based statistical
data analysis. The line scans on several other nanobers (ESI,
Fig. S3†) provide direct evidence that the ber diameter of an
individual ber is less than 200 nm. As the nanobers are
cylindrical in nature, the ber diameter can be estimated as the
vertical height difference from the substrate. Considering the
horizontal distance does not give correct results, as the elec-
trospinning process forces overlapping of the bers during
generation and collection yielding mesoscopic joints and
a signicantly enhanced mechanical robustness.28 In most
cases, bers are arranged in groups in which mutual adhesion
through formation of these joints takes place. The effect of the
ZnO NPs was further observed by the removal of the non-polar
a-phase (764 cm�1) and the increment of the electroactive b-
(1275 cm�1) and g-phases (1236 cm�1), as shown in Fig. 2f. The
PVDF–ZnO composite nanobers possess a higher content of
electroactive phases (�70%) in comparison to that of the neat
PVDF nanober (�54%). The electroactive phase content was
calculated using the Beer–Lambert law,

FEA ¼ A841�
K841

K762

�
A762 þ A841

� 100% in which, A762 and A841
Fig. 3 Measurement of the ferro- and piezo-electricity output of the PV
mm) (a) topography image, and (b) phase image (scale bars � 5 mm). (c)

This journal is © The Royal Society of Chemistry 2021
represent the absorbencies at 762 and 841 cm�1 respectively,
K762 ¼ 6.1 � 104 cm2 mol�1 and K841 ¼ 7.7 � 104 cm2 mol�1,
representing the absorbance coefficient corresponding to the
wavenumbers.40–42 The electroactive phase content can be
further improved with increased amounts of the ZnO nano-
particles, as observed previously.18 Also, the ZnO NPs improved
the degree of crystallinity (cct) in the PVDF–ZnO composite
nanobers (�63%) compared to that of the neat PVDF nano-
bers (�45%). The degree of crystallinity was evaluated using
the well-established curve deconvolution method based on the
XRD pattern (Fig. 2g) and calculated using the equation,

cct ¼
P

AcrP
Acr þ

P
Aamr

� 100% in which
P

Acr and
P

Aamr are

the total integral area resulting from the crystalline peaks and
the amorphous halo, respectively.42 The XRD results were found
to be in good agreement considering the presence of the elec-
troactive phases and those obtained using Fourier transform
infrared spectroscopy (FT-IR) analysis as well. The enhanced
electroactive phase content and crystallinity are attributed to
the interfacial interaction phenomena42 between the positive
surface charge of the ZnO nanoparticle43 and the –CF2– part of
the PVDF chain, as depicted schematically in Fig. 2h.

2.3. Ferroelectric and piezoelectric properties

The ferro- and piezo-electric properties of the PVDF–ZnO
composite nanober were probed using piezoresponse force
microscopy (PFM). The atomic force microscope (AFM)
topography image is shown in Fig. 3a. It consists of several
DF–ZnO composite nanofiber using PFM. AFM (scan area: 20 mm � 20
PFM phase–voltage and (d) the amplitude–voltage butterfly loop.

Sustainable Energy Fuels
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overlapped nanobers (with an average diameter of 165 nm)
revealing a hump like prole in the line scan prole as shown
in Fig. S3a (see ESI†). The corresponding phase image
(Fig. 3b) indicates that all dipoles in the middle and along the
length of the nanober are in-phase, whereas the dipoles at
the periphery of the nanober are out of phase with respect to
the applied AC modulating signal of 6 V, revealing a white
and black contrast, respectively. The polarization switching
behavior (i.e., ferroelectricity) has been investigated by
acquiring the piezoresponse phase versus the bias voltage
(Vdc) hysteresis loop (Fig. 3c), while the DC sweeping voltage
was applied to the sample. It was found that the dipolar
orientation was switched from 167� (�10 V) to 25� (+10 V) with
the gradual increase of Vdc. Additionally, a sudden dip close
to the switching voltage appeared owing to an internal bias
eld inside the materials and/or a difference in the work
function between the top electrode (Pt coated conducting
probe) and the bottom electrode (ITO) and/or the humidity
effect (in this case relative humidity �45%).44 The difference
between the two coercive voltages was found using the
equation: DVc ¼ Vc(+) � Vc(�) ¼ 1.373 V. Furthermore, the
electric eld stimulated amplitude change (i.e., piezoelec-
tricity) in the PVDF–ZnO composite nanober was studied
using the amplitude versus the applied bias graph featuring
the buttery curve (Fig. 3d). It has been observed that upon
increasing and decreasing the bias voltage the amplitude was
gradually increased and decreased, respectively, owing to the
synchronous elongation and contraction of the nanobers
with the electric eld. This is due to the converse piezoelec-
tric effect. Under the applied electrical eld, the converse
piezoelectric phenomena generates a mechanical strain with
a magnitude 3p within the ber as, 3p ¼ d33E, in which E is the
applied electric eld and d33 is the piezoelectric coefficient.45

The calculated d33 coefficient of the PVDF–ZnO composite
nanober from the slope of the buttery loop was calculated
as �32 pm V�1.
2.4. Piezoelectric energy harvesting

Owing to the stress concentration effect, the PVDF–ZnO
composite nanober-based A-PNG possesses a signicantly
enhanced output voltage compared to that of the neat PVDF
based A-PNG (shown in Fig. S4, ESI†). Thus, the overall
piezoelectric energy harvesting performance of the PVDF–
ZnO composite nanober-based A-PNG is demonstrated in
Fig. 4. Fig. 4a shows the output voltage of 18 V generated from
the A-PNG under a pressure amplitude of 18 kPa by repeated
movement of a human nger. Further theoretical simulation
reveals that the experimentally measured output voltage was
almost consistent with the simulated output voltage (ESI,
Fig. S5†) which enables our fabricated nanogenerator to be
operated according to basic piezoelectric theory. It is impor-
tant to mention that the working mechanism of the PVDF–
ZnO based A-PNG can be properly explained by the synergistic
effect between the piezoelectric ZnO nanollers and the
electroactive b-crystals of PVDF.18 For the neat PVDF based A-
PNG, the voltage was generated from the electroactive phases
Sustainable Energy Fuels
only (�54%). On the other hand, a higher voltage was gener-
ated from the PVDF–ZnO based A-PNG owing to the syner-
gistic effects of the higher electroactive phases (�70%) of
PVDF, the piezoelectric charges from the ZnO nanoparticles
and the stress concentration effect between the ZnO and
PVDF, as observed from the theoretical simulation shown in
Fig. 1. We can see that an equal amplitude of positive and
negative voltages was generated under pressing and releasing
the same force because of the switching of the oriented
dipoles. The generation of the output voltage from A-PNG
depends on the applied input imparting a pressure ampli-
tude because the ionic charge displaced within the crystal
structure depends on the applied mechanical energy. The
energy harvesting performance of the A-PNG under different
pressure amplitude (sa) values from 3–18 kPa is shown in
Fig. 4b. Here we have applied a nger imparting technique to
examine the piezoelectric energy harvesting performance of
the PVDF–ZnO composite nanober-based A-PNG. The
average amplitude of pressure has been applied under human
nger imparting, this is consistent with previously reported
works.46–48 The output open-circuit voltages (Voc) were found
to increase linearly with the increase in the input pressure,
which is consistent with the piezoelectric theory (Fig. 4c).43

The linear tting was performed using the equation, y ¼ 0.98x
+ 2, in which the standard error in the slope was 0.233, the
Pearson correlation coefficient was 0.9248 and the adjusted R-
squared value was 0.80701. We found that an applied pressure
amplitude of 18 kPa is sufficient to reach the limiting value of
ionic displacement for crystal deformation of our ZnO nano-
particles added PVDF polymer-based energy harvester. Thus,
no signicant change was found in the output generated
voltage when the applied pressure amplitude exceeds 18 kPa.
The mechano-sensitivity (SM), dened as, SM ¼ (DVoc/DP), has
been determined to quantify the dynamic mechanical stimuli
sensing ability, in which DVoc and DP are the differences in
the output voltage and pressure respectively.37 The average
mechano-sensitivity (SM) of the A-PNG is approximately 1.0 V
kPa�1 over a wide pressure range of (3–18 kPa), which is
higher than the previously published high-performance
nanogenerators (Table S1, ESI†) owing to the striking role of
the ZnO nanoparticle incorporated PVDF nanobers. There-
fore, it is important to mention that our A-PNG can precisely
distinguish a small change in the mechanical impact pre-
senting discernible output responses. This result indicates
the suitability of using the A-PNG as a sensible self-powered
biomedical wearable sensor.

The higher sensitivity of the A-PNG arises as a result of the
superior piezoelectric gure of merit FoM ¼ g33d33 ¼ 11.52 �
10�12 Pa�1 of the PVDF–ZnO composite nanobers in compar-
ison to the neat PVDF ber (FoM ¼ 7 � 10�12 Pa�1).47 Here, the
piezoelectric voltage coefficient (g33) was estimated using

g33 ¼ d33
303r

¼ 0:36 V m N�1, in which, 30 is the permittivity of

free space (8.85 � 10�12 F m�1) and 3r z 10 is the dielectric
constant of the PVDF–ZnO composite nanobers.49 Moreover,
Fig. 4d shows the output performance of the A-PNG at different
frequencies ranging from 1–5 Hz under a constant mechanical
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Energy harvesting characterizations of the PVDF–ZnO composite nanofiber based A-PNG. (a) Measured open-circuit output voltage
under a repeated pressure amplitude of 18 kPa. (b) Pressure dependent output voltage. (c) Study of the output voltage with applied pressure. (d)
Performance characterization of the A-PNG under different frequency conditions. (e) The expanded view of the output positive voltage (press)
and negative voltage (release) pulse signal of the marked cycle in (d). (f) Variation in the output voltage with external load resistances. (g) Study of
the nature of the output voltage change with different load resistors. (h) Instantaneous power output as a function of the external load resistance
and the glowing array of blue LEDs resulting from direct finger touch as shown in the left and right insets. (i) Capacitor charging performance of
the A-PNG. A schematic diagram of the charging and output voltage measurement circuit as a function of the external load is given in the lower
right inset.
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pressure of 18 kPa. The output signal from the A-PNG is almost
constant in the frequency range up to 5 Hz.49 Interestingly,
Fig. 4e shows the expanded view of the positive voltage pulse
(press) and the negative voltage (release) signal of the rectan-
gular black dotted marked cycle of Fig. 4d. It was simulta-
neously found that the voltage pulse increases from zero to its
positive peak within a very short period of time, approximately
10 ms, and it returns to zero by approximately 17.0 ms, which
indicates the ultra-fast response time of the A-PNG demon-
strating that it is the most suitable sensor for ultra-fast signal
detection in sensory fabrication. Another way of demonstrating
energy harvesting capabilities of the A-PNG is by connecting the
device to an external load resistance (RL). Here, different load
This journal is © The Royal Society of Chemistry 2021
resistors (RL) values were applied to estimate the voltage output
and the change in the output voltage with an external load
resistor is shown in Fig. 4f under constant pressure conditions
(sa � 18 kPa). As the load resistance increased, the generated
voltage became larger due to Ohm's law which is evident from
Fig. 4g. The instantaneous output power density (P) of the A-

PNG was calculated as P ¼ 1
A

VL
2

RL
, in which A is the effective

surface area (�1 cm2), and VL is the voltage drop across the load
resistance RL. Fig. 4h displays the variation in the output power
density (P) with respect to the load resistance (RL). As per the
result, it was found that the highest instantaneous power
density (P� 26.7 mWcm�2) from the A-PNG was observed at a RL
Sustainable Energy Fuels
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of approximately 10 MU under repeated human nger impart-
ing conditions at a constant pressure amplitude of sa � 18 kPa.
Beyond a load resistance of 10 MU, the generated power density
of A-PNG shows a decreasing trend. This ensures that the 10 MU

load resistance is the complete load matching resistance to A-
PNG needed for obtaining the maximum power density, as
described by the maximum transfer power theorem in circuit
and network theory, hence RL ¼ Ri ¼ 10 MU (internal resistance
of the device).47 The achieved piezoelectric output performance
is higher than that of the previously reported all-ber based
nanogenerators (Table S2, ESI†) and also the previously re-
ported PVDF–ZnO composites (Table S3, ESI†). Therefore, our
work is superior to previous reports in terms of device and
materials aspects. It is noted that this high power output is
sufficient to operate an array of ve commercially available
light-emitting diodes (LEDs) (le upper inset of Fig. 4h) when
subject to mechanical pressure without using a storage system.
Furthermore, to prove the practical applications of the A-PNG
the output voltage was rst rectied through a bridge rectier
circuit and used to charge a commercially available capacitor
with a maximum capacitance of 2.2 mF under a pressure
amplitude of sa � 18 kPa. The charging characteristics of the
capacitor are shown in Fig. 4i and the corresponding circuit
diagram is shown in the inset of Fig. 4i. The A-PNG could charge
the capacitor up (C ¼ 2.2 mF) to a steady-state voltage of
approximately 7.5 V within 70 s. The value of the time constant
(s) for the capacitor is calculated as the time required to recover
to (1 � 1/e) or 63% of the steady-state voltage and is approxi-
mately 24 s. The capacitor charging performance of the A-PNG is
signicantly superior to that of the previously reported all-ber
nanogenerators (Table S4, ESI†). Finally, the efficiency (hpiezo),
as the ratio of the generated output electrical energy (Eelec) and
the input mechanical energy (Wmec), were estimated. The input
total mechanical energy per cycle was calculated using:
Wmec ¼ F � 3 � L ¼ 0.26 mJ. In which, F is the applied force
(�1.8 N corresponds to sa � 18 kPa), 3 is the developed axial
strain, and the total thickness of the device was L ¼ 43.5 mm.

The generated axial strain is given by, 3 ¼ sa

Y
¼ 3:3� 10�3 , in

which Y � 5.45 MPa is the Young's modulus of the PVDF–ZnO
composite nanobres.50 The optimum resistance (10 MU) was
connected to the A-PNG to derive the optimized output perfor-
mance and the output voltage per cycle was measured instan-
taneously, as shown in Fig. S6, in the ESI.†

Eelec ¼
ðt2
t1

VðtÞ2
R

dt

The evaluated output energy was found to be Eelec ¼ 0.237 �
10�6 J.

Thus, the instantaneous piezoelectric energy conversion
efficiency of the A-PNG can be written as

hpiezo ¼ Eelec

Wmec
� 100% ¼ 91% under 18 kPa of pressure ampli-

tude. The energy conversion efficiency of A-PNG is very prom-
ising and is superior to previously reported results.51–54
Sustainable Energy Fuels
2.5. Human physiological signal monitoring

The piezoelectric sensing performance of the A-PNG was further
applied to monitor human daily activities. In order to achieve
human physiological signal monitoring, the A-PNG was
fastened to different parts of the body to record the data
depicted in Fig. 5a. For example, the device was attached to the
throat. Our device exhibits a reproducible sensing capability
with regards to thoracic pressure originating from vibration of
the tissue around the vocal cord during repeated coughing
actions, as depicted in Fig. 5b. The short-time Fourier transform
(STFT) of one coughing signal shows the vocal cord vibration is
within 400 Hz, which is consistent with a previous report (see
right inset of Fig. 5b).55 Therefore, the A-PNG can be used as
a self-powered sensor to monitor and compare throat or vocal
cord related issues for normal human patients.

In addition to that, our designed pressure sensor was
adhered to the wrist, just above the radial artery as this area is
generally used in arterial tonometry and sphygmography.56,57 It
is important to mention that the most crucial social care should
be taken against the prevalence of cardiovascular diseases
(CVD) which can be much affected even by COVID-19.17 Thus,
advanced observation and continuous monitoring of arterial
blood pressure and heart rate are important. Here, the sensor
was used to distinguish the subtle pressure changes between
arterial blood pressure in three different situations (as shown in
Fig. 5c). From the recorded graphical data analysis wrist pulses
(each peak denotes one pulse) under normal rest conditions
(�80 bpm (beats per minute)), aer smoking (�100 bpm) and
aer running condition (�110 bpm) were recorded. A more
detailed explanation of these three signals is provided in the
enlarged view in Fig. 5d and e, in which the health conditions of
the same person were analyzed to determine their wellbeing.
Here, P0 represents the diastolic pressure, and the conventional
pressure waveforms consist of three peaks, these are P1(t1):
percussion wave (P-wave), P2(t2): tidal wave (T wave) and P3(t3):
diastolic wave (D-wave), which are generally seen in the diastole
region.56,57 It was noted that due to the superposition of the
reected blood waveform in the lower limb, as well as the
emerging blood waveform from the le ventricular contraction,
the pulse pressure shape (PPS) was generated. Three main
important parameters can be derived from Fig. 5d, such as: (i)
the difference in time between the two successive peaks (Ds¼ t2
� t1); and (ii) the radial augmentation index (AIr ¼ P2/P1) which
was applied as an index for vascular aging related to the diag-
nosis of arterial stiffness and increased pulse wave velocity
(PWV). The average radial augmentation index (AIr) was found
to be 0.65 with a Ds value of approximately 0.13 s under resting
conditions, whereas for smoking conditions, AIr ¼ 0.82 and the
Ds value were approximately 0.14 s, and aer running these
were AIr ¼ 0.87 and an Ds value of approximately 0.19 s. The
estimated AIr and Ds quantities in the static state were found to
be in good agreement for an individual in their older twenties,
as described by Nichols via tonometry and in the previous
reports.57,58 Regarding the above calculated different parame-
ters, it was found that the peak P2 in the PPS and the AIr value
were reduced during the course of the smoking and running
This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a) Real time application of the A-PNG as a self-powered wearable sensor in different parts of the human body for measuring biomedical
activity. Output voltage generation from the A-PNG used tomonitor different humanmotions such as (b) vocal cord vibrations: coughing action,
(c) pulse monitoring: the radial artery of the wrist, and the enlarged view of a single cycle in (c) are shown in (d) in the normal or rest condition and
(e) under smoking and running conditions, respectively. (f) Robotic prosthesis: bending and stretching motions of individual fingers (order from
top to bottom: little, ring, middle, index and thumb). (g) Sports performancemonitoring: bending and stretchingmotions of the kneemuscles. (h)
Weight monitoring: walking/standing on A-PNG.
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situation. The estimated value of AIr was applied as an impor-
tant parameter to diagnose vascular aging-related issues, as well
as being signicantly related to the physiological condition of
the human cardiovascular system. This shows prospective
applications for use as a portable and wearable sensor, enabling
real-time human physiological signal monitoring.

Importantly, it is also useful for monitoring ultra-ne phys-
iological signals, such as human nger motions, as shown in
Fig. 5f in which it is used as a robotic prosthesis control. In this
case, the wearable sensor was smoothly fastened in a particular
position on a person's body using medical tape, owing to the
very low weight and highly exibility of the sensor it resulted in
minimal restriction to normal skin/body movements. Here the
external pressure is applied periodically by different human
nger movements to obtain the piezoelectric output response
from the A-PNG. To demonstrate the practicability of the A-PNG,
it was adhered to human ngers to observe themovement of the
This journal is © The Royal Society of Chemistry 2021
ngers and the corresponding voltage output resulting from the
bending and stretching motion of each nger was measured.
The voltage waveforms produced by different human nger
movements were also different, which could enable the move-
ments of a nger to be perceived in a musician's dystonia for
example, or to enable the master-hand of a robot to remotely
execute surgical procedures (tele-surgery) or to enhance safety
and speed in mine clearance activites.59,60 Thus, the sensor
displays distinct patterns of output signals by determining the
voltage changes combined with changes in the bending and
releasing of all ve ngers, which could pave the way towards
remote health care monitoring information from sick patients
being transmitted to the mobile phones of health workers. Our
fabricated device can also be used for monitoring sports
performance. As a proof-of-concept, the A-PNG was xed onto
a human knee, as shown in Fig. 5a. The response of the A-PNG
on the bending and releasing of the knee muscle with excellent
Sustainable Energy Fuels
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sensitivity is demonstrated in Fig. 5g. It mimics the motions of
the human knee (bending and releasing) leading to a measur-
able output signal (i.e., voltage). The output response for the
physiological signals of human knee motions can be easily
tailored to monitor different types of human motions and does
not restrict motions, in contrast to conventional rotary
encoders, and would therefore be benecial for user friendly
rehabilitation.61 This sensory information obtained from
a wearable A-PNG attached to the skin is helpful for the analysis
of body movements in the course of sports activities and
exhibits its potential for use as an epidermal device for moni-
toring the motion of the skin. Therefore, it can be concluded
that the A-PNG can be used as a strain sensor to exhibit
distinguishable output signals with different patterns related to
numerous stimuli from synovial joints, such as the knee.

In addition, the promising and fast output responses of the
A-PNG under different forces and pressures has inspired us to
fabricate a weight sensor by using A-PNG for weight monitoring.
The weight sensing performance of the A-PNG was investigated
by recording the output voltage (Voc) under several weights (W in
kg). We have characterized ve people of different weights and
ages in order to assess the weight sensing capabilities. Here, we
measured the Voc of a person when they were standing on an A-
PNG. The recorded voltage responses for ve different people
within a weight range of 45–80 kg are shown in Fig. 5h. The
variation in the output voltage (Voc) with weight (W) is presented
in the right upper inset of Fig. 5h and the graphs have been
tted using the linear equation. It was concluded that the value
of Voc increased linearly withW (in kg) in the range of 45–80 kg.
Therefore, it is worth mentioning that the unknown weight of
any person lying between 45 and 80 kg can be predicted by
measuring the Voc only with the developed device. Overall, the A-
PNG has been successfully demonstrated as an ultrasensitive
healthcare monitoring sensor that can report a wide range of
health status information.

3. Conclusions

In summary, we have demonstrated an all-ber ZnO-
nanoparticles conned stress amplied PVDF electrospun nano-
bers based piezoelectric nanogenerator that demonstrates an
excellent performance to harvest mechanical energy from human
movements. The electrospinning process enables simple, low-
cost, scalable and large-scale production of composite piezoelec-
tric nanobers. In addition, a high fraction of the piezoactive b-
phase is induced which indicates a further processing step,
therefore a post electrical poling treatment can be avoided. Finite
element analysis of the stress distribution showed that a signi-
cant amount of external stress is concentrated to deform the ZnO
nanoparticles, improving the stress-induced large polarization in
the PVDF–ZnO composite nanobers, thus allowing effective
generation of electricity. The nanogenerator made using ZnO-
nanoparticles embedded in PVDF composite nanobers
exhibits an open-circuit output voltage up to approximately 18 V
when an applied pressure amplitude of approximately 18 kPa is
imparted with a 91% energy harvesting efficiency. The A-PNG
shows a fast response time of 10 ms under an imparting
Sustainable Energy Fuels
frequency of 5 Hz which is the most suitable for fast signal
detection in sensory systems. The PVDF–ZnO composite nano-
bers possesses an enhanced piezoelectric charge coefficient
d33 ¼ �32 pC N�1 and a superior gure of merit FoMz 11.52 �
10�12 Pa�1 compared to a neat PVDF nanober-based nano-
generator. As a result, the device can successfully operate several
consumer electronic devices. Owing to the fast response time, the
device is suitable for use in human physiological signal moni-
toring applications. The adaptability of the fabricated sensor
makes it easy and comfortable to wear or adhere to the human
body and shows promise for application of the device for the
constant monitoring of respiratory and pulse data from patients.

4. Experimental
4.1. Materials

The followingmaterials were obtained, poly(vinylidene uoride)
(PVDF) pellets ( �Mw � 275 000, Sigma-Aldrich, USA). ZnO-
nanoparticles (99% of purity and particle size � 70 nm), N,N-
dimethyl formamide (DMF, 99.5% of purity), acetone (Merk
Chemical, India), and Ni–Cu plated polyester fabric (DE2-280C,
EMS Inc., Korea). All materials were utilized without any further
purication.

4.2. Synthesis of the ZnO nanoparticles

In order to synthesize the ZnO nanoparticles, stock solutions of
Zn(CH3COO)2$2H2O (0.1 M) were prepared in 50 ml deionized
(D.I.) water under vigorous stirring. To this stock solution, 25 ml
of NaOH (0.5 M) solution prepared in D.I. water was added under
continuous stirring in order to obtain reactants with pH values
between 8 and 11. These solutions were transferred into Teon
lined sealed stainless steel autoclaves and the temperature was
maintained at 120 �C for 12 h under autogenous pressure. It was
then allowed to cool naturally to room temperature. Aer the
reaction was completed, the resulting white solid products were
washed with D.I. water three times, ltered and then dried in air
in a laboratory oven at 60 �C for 12 h.

4.3. Fabrication of the electrospun nanobers

To prepare a PVDF solution (12 wt%), PVDF was dissolved in
a mixture of DMF and acetone (mass ratio of 6 : 4) at 60 �C and
magnetically stirred for 2 d. Aerwards, the 0.5 wt% ZnO-
nanoparticles were added to the PVDF–DMF and acetone solu-
tion and magnetic stirring was continued for 2 d. The homo-
geneous solution was then transferred into a hypertonic syringe
with a 0.8 mm diameter needle for electrospinning. The
homogeneous solution was placed in a 10 ml plastic syringe
tted with a stainless steel needle with tip-dimensions of 1.20�
38 mm. A high-voltage power supply (10 to 12 kV) was applied to
the solution with respect to the collector, and the distance
between the nozzle and the collector was varied from 12 to
14 cm. A syringe pump was used to feed the polymer solution
into the needle tip at a rate of 0.6 ml h�1. All experiments were
performed at room temperature and at a relative humidity of 43
� 5%. To obtain a stable nanobers mat, we allowed the fresh
composite electrospun nanobers mat (shown in the inset of
This journal is © The Royal Society of Chemistry 2021
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Fig. S2, ESI†) to dry at 60 �C for 12 h to eliminate the remaining
solvents prior to characterization and fabrication of the device.

4.4. Fabrication of all-bers A-PNG

The details of the fabrication process of our proposed all-bers A-
PNG have been discussed in the results and discussion section
and details of the device structure are shown in Fig. 2a. Here,
a copper (Cu)–nickel (Ni) plated interlocked micro-ber-based
polyester fabric was used as the top and bottom electrodes, and
PVDF–ZnO composite nanobers were used as an active layer.
Finally, the A-PNG was further encapsulated with PDMS (Sylgard
184, Dow Corning Corp., USA) for protection from environmental
hazards such as, dust and water and to give a compact structure
to the fabricated device. The thickness of the PVDF–ZnO
composite nanobers mat was approximately 3.5 mm and the
effective contact area of the A-PNG was 1 cm2. The total thickness
of the device is 43.5 mm. The PDMS encapsulation was prepared
by mixing the base and curing agents at a ratio of 10 : 1 and this
was placed in a vacuum desiccator to eliminate air bubbles. A
pair of conducting copper wires was attached to the top and
bottom electrode to enable connection of an external circuit.

4.5. Characterization

The XRD patterns and the crystalline phases of the composite
nanobers were obtained using an X-ray diffractometer (Bruker,
D8 Advance) with a Cu Ka (linc z 1.54 Å) radiation source under
an operating voltage and current of 40 kV and 40 mA, respec-
tively. The crystalline phases of the composite nanobers were
further conrmed using the FT-IR (Bruker, Tensor II) results.
The morphologies of the electrospun nanobers were observed
using FE-SEM (FEI, INSPECT F50) operated at an acceleration
voltage of 20 kV. The vertical piezoresponse of the fabricated
ZnO-PVDF composite nanober was probed using a Pt coated
conducting probe (k ¼ 3 N m�1) in an AFM (Bruker Multimode
8) equipped with a built-in lock in amplier and SAM III voltage
amplier module. 6 V of AC modulating voltage was applied to
the probe and the corresponding lock-in frequency was selected
as 12 kHz. The TEM images were recorded at 200 kV (JEM 2100,
JEOL). Image J soware was used to measure the diameters of
the electrospun nanobers. The repeating human nger touch
and release responses and the bio-signal response were recor-
ded in terms of the open-circuit output voltage from the
nanogenerator using a digital storage oscilloscope (Agilent,
DSO3102A). The capacitor charging performance was obtained
using a typical rectier bridge circuit unit. All measurements
were carried out at room temperature.
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