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ARTICLE INFO ABSTRACT
Keywords: Flexible electrospun fiber-based piezoelectric nanogenerator (PENG) has attracted a lot of interest
Polyvinylidene fluoride due to its ability of generating electrical energy from mechanical energy sources. The present
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work aims to improve the piezoelectric output of PENG devices based on electrospun poly-
vinylidene fluoride (PVDF) doped with nickel oxide nanoparticles (NiO NPs) in different con-
centrations (2, 4, 6, 8 and 10 wt.-%). Crystalline phase changes and p-crystalline content in
electrospun fibers were evaluated using XRD and FTIR-ATR, respectively. Surface morphology
and surface roughness of the electrospun fibers were observed using FE-SEM and AFM, respec-
tively. The hydrophobic nature of the fibers was analyzed using a wettability test. PENG output
voltage and short-circuit current performance of neat PVDF and PVDF doped with NiO (PN)
composite electrospun fibers were calculated using a customized variable-pressure setup with an
optimized force of 1.0 kgf and 1.0 Hz frequency. Neat PVDF-based PENG exhibited only 1.7 V and
0.7 pA, whereas, PVDF doped with 6 wt.-% NiO NP (PN-6) based PENG generated a high output
voltage of 5.5 V and 1.83 pA current. The optimized PN-6 PENG device is demonstrated for use in
wearable devices towards identifying certain body movements like tapping, wrist movement,
walking and running.

1. Introduction

In recent times, smart electronic devices with excellent receptivity have attracted the attention of industries focusing on smart
devices, flexible and portable sensors, electronic skins and wearable technology [1-4]. The challenge of finding a way to continuously
power these gadgets is still unanswered, despite the fast development of advanced electronic devices [5]. Conventional batteries fall
short of meeting the demands of contemporary electronic gadgets because of their low power density and limited life span. As a result,
studies on electronic gadgets with self-sustaining systems have sparked a lot of attention in recent years. A common example of
self-sustaining electronics is the piezoelectric nanogenerator (PENG) with excellent output voltage efficiency [6-9]. In general,
piezoelectric materials are classified under two distinct categories: inorganic and organic materials. The first type consists of lead
zirconate titanate [10], zinc oxide (ZnO) [11], barium titanate (BaTiO3) [12] and potassium niobate [13]. The second type consists of
cellulose [14,15], nylon-11, polyacrylonitriles [16], fluoropolymers such as polyvinylidene fluoride (PVDF) [17], copolymers like
PVDF-co-hexafluoropropylene (PVDF-HFP) [18,19] and PVDF-co-trifluoroethylene (P(VDF-TrFE)) [20]. Ceramic-based piezo mate-
rials are hard and extremely brittle, despite having high coefficients of piezoelectric and dielectric properties, making them unsuitable
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in piezoelectric energy harvesting applications. Some polymers with piezo properties can overcome this obstacle by being more
flexible and exhibiting better tensile strength [21].

A variety of PVDF-based sensors as energy harvesting systems have been reported due to their many advantages such as flexible
structure, ecological sustainability, strongly biocompatible, chemically inert, lower acoustic resistance and superior piezoelectric
characteristics [22,23]. PVDF is a thermoplastic polymer consisting of five different crystalline phases (a, 3, 7, § and ¢) [24], where
a-phase is the only non-polar crystalline phase [25]. Compared to other phases, the f-crystalline structure exhibits a significantly
higher dipole moment aided by the all-trans arrangement of F and H atoms along the carbon backbone [26,27]. Furthermore, a
variation in the value of electronegativity that exists between the atoms of H and F results in exceptional piezoelectric and ferroelectric
properties [28]. The polar f-crystalline phase can be obtained through a variety of methods like high-pressure crystallization [29],
uniaxial stretching [30], electric poling [31], annealing [32], electrospinning [33] and addition of nanofillers [27,34,35].

Over the last few decades, a wide range of methodologies for producing PVDF fibers have been established, and among them, melt-
spinning and electrospinning are the two most prevalent methods. Melt-spinning produces less porous fibers with highly regulated
fiber diameter but with randomly aligned molecular dipoles, which requires post-treatment. Electrospinning is a simple, rapid,
adaptable and effective process for producing nanofibers (NFs). To produce the fiber with appropriate size and morphology, exact
monitoring of operating parameters is required throughout the electrospinning procedure. The electrospun NFs exhibit unique
properties such as nanoscale fiber diameter, large surface area and highly porous fiber. During the electrospinning process, simul-
taneous unidirectional stretching and electrical poling on the polymer chain result in the favorable formation of the polar crystalline
phase, which is a key factor for enhancing the piezoelectric characteristics of the PENG device [36,37].

Recent studies have demonstrated that doping of several inorganic fillers like piezoelectric ceramics, metal and metal oxide
nanoparticles (NPs) leads to the enhancement of f-phase in PVDF. Dhakras et al. [38] reported improved piezoelectric properties in
electrospun PVDF fiber with the addition of NiCl,-6H20 hydrated salt. They found a 30 % increase in polar g-phase in the composite
fiber and a peak-to-peak output voltage (V) of 0.76 V. Chen et al. [39] developed graphene oxide doped PVDF electrospun nano-
composite fiber-based PENG having a high output voltage of 1.1 V. Using the electrospinning process, Bairagi and Ali [40] developed a
novel piezoelectric nanocomposite comprising ZnO and potassium sodium niobate (KNN) loaded PVDF. Based on their findings, both
KNN and ZnO-doped PVDF PENG have the highest voltage output than other combinations such as PVDF-ZnO and PVDF-KNN.
Yempally et al. [4] developed a self-powered PENG device using Zn-Fe;O3 doped PVDF electrospun fiber with a reported voltage
of 0.41 V for 3 wt.-% nanofiller doped fiber. Dutta et al. [41] developed a lightweight and flexible NiO/PVDF solution casted film for
EMI shielding applications. In another study, they reported NiO@SiO2-doped PVDF nanocomposite film for EMI shielding and UV
protection applications [42]. However, these film-based TENGs are not flexible and are highly brittle. Among the NPs used in earlier
studies, PVDF doped with NiO NP exhibits exceptional capacity to adjust magnetic, mechanical and electrical behavior without
impacting fiber flexibility. Superior storage capacitance and transport characteristics of NiO are the main driving force for its wider
application in wearable sensors. Venkatesan et al. [43] reported NiO/PVDF electrospun fiber-based TENG for energy harvesting ap-
plications. As per our knowledge, there aren’t any studies on electrospun NiO-doped PVDF PENG for wearable applications, and we
didn’t use any difficult synthesis methods or other surface treatments. The synthesis of NiO NP and NiO-doped PVDF electrospun fiber
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Fig. 1. (a) Graphic illustration of the synthesis of NiO NP and (b) fabrication of NiO-doped PVDF-based electrospun fiber.
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is the main objective of the study. Ultimately, the fibers were utilized in the fabrication of PENG and in wearable applications.

Motivated by these findings, we focused on preparing varying weight % of NiO NP-doped PVDF electrospun fiber for use as a PENG
sensor. Doping of NiO NP in PVDF results in enhanced polar electroactive f-phase compared to neat PVDF along with improved
piezoelectric properties in both longitudinal and transverse directions. The PENG device is fabricated by stacking the nanocomposite
fiber layer between two electrodes. By applying a force of 1.0 kgf, the sensor gave V},, of 5.5 V which is 3.5 times higher than that of the
neat PVDF-based PENG. Additionally, the PENG is used to identify and distinguish between various human body movements like
walking, running, kicking, finger tapping and wrist bending. This finding shows that the developed PENG has a wide range of practical
applications for self-sustaining wearable smart textiles.

2. Experimental section
2.1. Reagents

PVDF powder (M,, = 370,000 g mol }) was bought from Solvay, Korea. 98 % sodium hydroxide (NaOH) and nickel acetate
hexahydrate (Ni(CoH302)2-6H20) were purchased from Sigma Aldrich. Dimethylformamide (DMF) and acetone were purchased from
Merck. The polyester-based Ni—Cu electrode was bought through Solueta Co. Ltd. Korea. All materials were stored in a clean, dry well-
ventilated area and the containers were kept well closed. All the reagents were employed in the studies without further purification.

2.2. Synthesis of NiO NP

A simple chemical co-precipitation approach was used in the synthesis of NiO NPs. Ni(C;H302)2,06H,0 was mixed with double
distilled water to prepare 0.1 M solution and kept under continuous stirring at room temperature for 2 h. Further, 0.1 M NaOH solution
was added into the Ni solution till the pH reached around 14 and left undisturbed for 24 h. The formed precipitate is recovered by
centrifugation and rinsed multiple times with distilled water to reduce the pH to 7. The resultant product was subsequently dried for
12 h at 80 °C in a hot air oven and further calcined for 5 h at 550 °C in a muffle furnace (Fig. 1(a)). The final product was examined
through Field emission-scanning electron microscopy (FE-SEM), X-ray diffraction (XRD) and Fourier transform-infrared spectroscopy
(FTIR) techniques [44,45].

2.3. Fabrication of NiO-doped PVDF nanocomposite fiber

Initially, five different wt.-% of NiO NP (2, 4, 6, 8 and 10 wt.-%) were dispersed in DMF/acetone (6:4) solvent mixture for 30 min
under magnetic stirring. PVDF powder was added to the NiO suspension, and the resulting solution was thoroughly dispersed with
magnetic stirring over 3 h at 40 °C. The concentration of PVDF was set at 12 wt.-% in all the prepared solutions. The fibers were
fabricated using the simple and facile electrospinning technique. The homogeneous polymer nanocomposite solution was filled in a
syringe fitted with a 23 G needle and injected at a flow rate of 1.2 ml/h during electrospinning. A DC power source was used to apply a
high voltage of 20 kV to the needle tip, which results in the transformation of the solution into a Taylor cone. The formed NFs were
collected upon a Teflon sheet that was covered around the cylindrical drum that rotates at a speed of 70 rpm and placed 10 cm away
from the tip of the needle. After 6 h of spinning, the NF is collected and used for further measurements. Fig. 1(b) depicts the steps
involved in the preparation of the NFs.

2.4. Characterization

The crystalline phase structure and particle size of NiO NP were analyzed from XRD patterns measured at room temperature using
Cu-Ka radiation with a wavelength of 1.54 A and 20 range of 20°~90°. The presence of functional groups in NiO NP was verified using
FTIR technique. Surface morphology of the synthesized NP was analyzed using FE-SEM and EDS mapping. Crystalline structure of the
electrospun neat PVDF and its composite fibers were characterized using XRD and FTIR. FTIR spectrum was acquired within 400-4000
cm™! wavenumber regions. FE-SEM and EDS mapping were used to examine the morphological and elemental composition of the
electrospun fibers. Topography of the electrospun NFs was analyzed using atomic force microscopy (AFM). Water contact angle (WCA)
of the electrospun fibers were analyzed using the sessile drop method coupled with KRUSS ADVANCE software. Sessile drop method is
used to study the behavior of liquid drops over solid materials, and is correlated with KRUSS ADVANCE software for easier drop shape
assessment and contact angle analysis. To generate a piezoelectric signal, a custom-made dynamic compression study configuration
was used on the fabricated sensors with a minimum force of 0.1 kgf to the highest force of 3.0 kgf. The piezoelectric signals produced by
the sensors during repeated loading and unloading process sessions were recorded in V},, form using an input impedance of 100 M,
20 dB gain and frequency range of 0.1-1.0 Hz. The optimized voltage was measured at 1.0 kgf force and 1.0 Hz frequency. Data
collecting, recording and analyzing were accomplished using an NI-DAQ device linked to a computer via LabVIEW software. Piezo-
electric signals captured during human body movements were obtained as a coefficient of time by employing a BIOPAC MP-150
recording system under identical conditioning parameters such as 100 MQ and 20 dB gain, and recorded in the system using
Acknowledge 4.2 software.
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2.5. Fabrication and mechanism of PENG device

Initially, the fabricated NF was sliced into little pieces having a 2 x 2 cm? effective working surface. Then, the fiber membrane was
sandwiched between two flexible Ni—Cu electrodes. Finally, the complete device was wrapped using a PET sheet to protect it from
external disturbances and improve output efficiency. Fig. 2(a and b) depicts the material arrangement in PENGs. After polarization, a
reversible charge develops along the corresponding top and bottom sides of the piezoelectric material layers.

Fig. 2(c) depicts the working mechanism of PENG. Piezoelectric effect is the basis for the working of piezoelectric transducers when
tension or deformation is applied to a crystalline polarized material. The molecular geometry of a material is subsequently altered by
the stress, which either creates or modifies the polarity of the material and is comparable with dielectric effect. This happens when the
movement of electrons within an insulator generates a charge. Pg represents polarity and the vector’s length denotes its strength.
Current flows in the same direction as the polarity of the crystal when the polarity is decreased, and the current flows in the opposite
direction when the polarity is increased [46,47].

3. Results and discussion
3.1. Characterization of NiO NP

Fig. 3 (a,b) shows the SEM image of NiO NP under two different magnification scales (300 nm and 500 nm) with a spherical and
uniformly distributed morphology. Fig. 3(c and d) shows EDS mapping of the prepared NiO NP with an average size of 20 nm as
observed through the histogram in Fig. 3(e). Fig. 3(f) depicts the XRD pattern of NiO NP. The intensity peaks found at 37.2°, 43.2°,
62.8°, 75.4° and 79.3° agreed with the Miller indices patterns of crystallographic peaks (101), (012), (110), (113) and (202) which
suited with the JCPDS card number 00-004-0835. Mean particle size of the NP was computed using Scherer equation as shown in Eq.
(D.

Dhk1 = 0.9M (B, cos©) 1)

Where, 0.9 is shape factor value; ) is the employed X-ray beam wavelength (~1.54 A); © is the diffraction angle; and f is the diffraction
peak’s full width at half maximum [42]. The average particle size of NiO NP corresponding to the highest peak exhibited in XRD was
calculated to be around 18 nm, which correlates with the particle size analyzed from the histogram study. The formed NP was in a very
pure state, and the XRD pattern shows significant structural peaks as well as particles having diameters less than 100 nm range.

Fig. 3(g) shows the FTIR spectra of NiO NP, which confirms the O-H stretching absorption band at 3400 cm ™! and C-H stretching
band at 2885 cm L. Hydroxyl group absorption was observed at 1600 cm ™! and the presence of carbonates were detected by bands at
1378 cm ™! and 1104 cm ™. The absorption at 830 cm ™ is assigned to the bending of C-H bond and the Ni-OH stretching band appears
at 615 cm ™. The characteristic peaks were very similar to the values reported in earlier literature [41]. From XRD and FTIR results we
confirmed the successful synthesis of NiO NP with a desirable particle size.

3.2. Characterization of NiO NP doped PVDF electrospun fiber

3.2.1. XRD analysis
XRD analysis verified the increase of the p-crystalline phase in NP-doped PVDF fiber relative to the undoped PVDF fiber. The
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Fig. 2. (a,b) Graphic depiction of the layer alignment and (c) Charge generation process in the PENG device.
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Fig. 3. (a-b) FE-SEM images under two different magnification scales (300 nm and 500 nm), (c-d) Elemental mapping, (e) Histogram profile, (f)
XRD structural characterization and (g) FTIR pattern of NiO NP.

diffraction peaks of PVDF electrospun fiber with and without NP doping are shown in Fig. 4(a). The fibers exhibited a strong diffraction
peak at 20.4° corresponding to the polar g-phase. A faint peak at 18.4° related to the existence of the non-polar a-phase, although its
strength is reduced corresponding to the increased doping of NP into PVDF. This can be attributed to the nucleation effect facilitated by
the incorporation of NP in PVDF, which encourages the transition from a-to f-phase in PVDF. The charged NiO NP shifts the dipole
patterns of PVDF from trans-gauche-trans-gauche conformation to all-trans conformation during the process of f-phase nucleation. NiO
NP doped fibers showed two additional minor peaks at 37° and 48°, proving the presence of NP in PVDF fiber. But the addition of 10
wt.-% NiO NP in PVDF showed a combined peak rather than two distinct peaks, which could be attributed to NP clustering within the
PVDF fiber. The crystalline nature of the fibers and the enhanced p-phase were confirmed after the doping of NiO NP.

3.2.2. FTIR-ATR analysis

FTIR spectroscopy was used to study the crystalline nature of the fabricated NP-doped PVDF electrospun fiber. FTIR studies
confirmed the formation of polar f-phase in the PVDF composite electrospun fibers as shown in Fig. 4(b). The spectra of neat PVDF
fiber exhibit predominantly non-polar a-crystalline phase band at 490 cm ™! assigned to the CF, bond waging, 530 cm™! band assigned
to the bending of the CF, bond, peaks at 615 and 765 cm ™! responsible for the skeletal bending of CF5, and CH;, rocking responsible for
the absorption bands at 796 and 975 cm ™. The addition of NiO NP into the PVDF matrix results in the total reduction of non-polar
a-crystalline peaks. Development of bands observed in the NiO/PVDF fibers at 510, 600, 840 and 1278 cm™! corresponds to the
deformation of CFy bonds, CFy stretching, CF, wagging and CH; rocking, respectively. These bands confirm the formation of the
p-crystalline phase [48,49]. 1072 cm ™~ represents the thickness-related peak. Using Beer-Lambert law, the percentage of p-phase (F(8))
in the fabricated fibers were computed as given in Eq. (2).

F(B) = [(Ap/((1.26 x Ag) + Ap)] x 100 @

Where, A, and Ay represent the absorption bands for 765 em™! and 840 cm™), respectively. The estimated F(5%) is shown
graphically in Fig. 4(c) and Table S1 in Supporting information (SI). A maximum of 70 % increase in the $-phase was obtained with the
addition of 6 wt.-% NiO NP in PVDF matrix (PN-6). From the FTIR study, the percentage increase of the S-crystalline phase was
confirmed.

3.2.3. FE-SEM of NiO-PVDF fiber
Fig. 4(d-f, h, j, 1 and n) illustrates the FE-SEM images of NiO NP doped PVDF electrospun NF materials of compositions PN-0, PN-2,
PN-4, PN-6, PN-8 and PN-10, respectively. Histogram analysis of the neat and composite fibers is shown in Fig. 4(e-g, I, k, m and o).
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The PN-O fiber shows an average fiber diameter of 197 nm, and thereafter, the average fiber diameter varies from 173 nm to 114 nm.
With increasing weight % of NiO NP in the PVDF matrix, the electrospun NF’s average diameter decreased, which could be due to the
rise in polymer solution’s conductivity with increasing concentrations of NiO NP [50]. The NF thickness could also be reduced due to
the change in viscoelastic characteristics of the spinning solution with increasing NiO wt.-% in PVDF. Fig. 4(j) exhibits an even fiber
arrangement, and the uniform dispersion of NiO NP in the surface of PVDF was confirmed using EDS mapping from Fig. 4(q).
Increasing the doping of NiO NP wt.-% in PVDF matrix from 8 to 10 resulted in the formation of agglomerated NF as shown in Fig. 4(1
and n). Agglomeration frequently happens in composite electrospinning when the polymer solution has a large concentration of
particles. The dispersion stages performed in the preparatory procedures before fiber production determine these agglomerations. The
surface morphology of the fibers and their diameter were measured from the FE-SEM analysis. After the doping of the NiO NP the
diameter became less, and the NP doping in the PVDF surface were also confirmed.

3.2.4. AFM study of NiO-PVDF fiber

With the help of 2-D and 3-D images of AFM, we were able to assess and compare the surface roughness of neat PVDF and PN
composite NFs (Fig. 5). The surface roughness (R,), root mean square roughness (Rg), valley depth (Ry) and peak height (R) of neat
PVDF and PN composite NFs are listed in Table S2 of SI. PN-0, PN-2, PN-4 and PN-6 showed R, values of 170 nm, 282 nm, 357 nm and
1908 nm, respectively. Increasing NP addition in PVDF leads to an increase in R, value. These findings demonstrate that the PN-6 fiber
has a higher R, value than all other fabricated fibers. This could have resulted in an effective increase of surface area with increasing
surface roughness, which may let more charges to accumulate over the surface and also produce additional charges on the surface.
After the doping of NP, an increased surface roughness was confirmed from the AFM analysis, which is a crucial factor for electrical
study.

3.2.5. WCA measurement

Materials having hydrophilic surfaces tend to absorb surrounding moisture air, resulting in the formation of a thin water molecules
layer that spreads across the fiber surface, which could affect its electrical properties. Therefore, the hydrophobicity/hydrophilicity of
the undoped PVDF and doped NP nanofibers were examined by WCA measurements. After being cut into 1 cm x 1 cm size, each fiber
was fixed to a slide, and 3 pL droplet of deionized water was poured over the fiber’s surface. WCA values were evaluated every 10 s and
Fig. 6(a—f) shows the WCA of neat and composite fibers. WCA measurements for PN-0, PN-2, PN-4, PN-6, PN-8 and PN-10 composite
NFs were 111°,117°, 121°, 124°, 128° and 130°, respectively. Fig. 6(g) displays the quantitative analysis of WCA. The nanocomposite
fiber’s increased contact angle shows that the hydrophobic nature of the PVDF fiber has been significantly enhanced with the addition
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Fig. 5. (a, b, ¢, d, e and f) High-resolution 2-D AFM images of PN-0, PN-2, PN-4, PN-6, PN-8 and PN-10. (a’, b’, ¢’, d’, €’ and f’) 3-D AFM images of
corresponding fibers.
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Fig. 6. WCA of (a) PN-0, (b) PN-2, (c) PN-4, (d) PN-6, (e) PN-8 and (f) PN-10 fibers. (g) Quantitative graph of the WCA measurement.

[51,52]. The wettability nature of the fiber is an important factor in day-to-day applications. The hydrophobic nature is the most

of NiO NP into the PVDF matrix. As a result, the fiber can also be utilized in humid environments. From the Wenzel model, it is
preferred one, which is confirmed using the WCA study.

concluded that the increased WCA for the PN-6 fiber is due to its high surface roughness, which in turn, increases its hydrophobicity

3.3. Mechanism of electroactive p-phase nucleation

From FTIR and XRD analysis of the composite fibers, doping of NiO NP into the PVDF surface boosts the enhancement of the polar
p-crystalline phase in PVDF. So, it is important to understand the interaction mechanism of NiO with PVDF matrix. During the NP

synthesis step,

NaOH was used to maintain the solution pH at 14. According to Xiang et al. [53], the zeta potential value of the NP will

vary with the pH of the corresponding precursor solution. The produced NP has a negatively charged surface, which is confirmed by

the zeta-potential value at a pH value of 14. The negative-charged NP surface acts as a substrate for the formation of #-phase when they
are introduced into the PVDF matrix during the solution stage. The negative-charged surface of NP and the partially positively charged

—CH;, dipoles have an electrostatic interaction that causes the PVDF chains to align in all-trans conformation on the NP surface, leading
to the generation of an electroactive p-crystalline phase. Thus, the NP’s negatively charged surfaces serve as the $-phase’s nucleation

sites. The ion

-dipole bonding mechanism between PVDF chains and NiO NP is schematically shown in Fig. 7.
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Fig. 7. p-phase formation mechanism in NiO-doped PVDF fiber.
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3.4. Electrical measurements

The fabricated piezoelectric devices were subjected to an impact under cyclic pressure provided by a customized setup. The
produced electrical charge in the conductive Ni/Cu electrodes is collected via an additional wire attached to the electrodes. Neat and
composite PVDF-based piezoelectric device’s V},, has been measured under constant force (1.0 kgf) and frequency (1.0 Hz). Since the
thickness of prepared fibers significantly affected the output voltage of the sensors, we normalized the V)., of the sensors. Neat PVDF
based sensor gave an output voltage of 1.0 V, and the composite fiber-based PENG devices gave output voltages (Fig. 8(a-f)) of 2.1 V
(PN-2), 2.7 V (PN-4), 3.9 V (PN-6), 2.8 V (PN-8) and 1.6 V (PN-10), and V,,, of 1.7 V (PN-0), 2.9 V (PN-2), 4.1 V (PN-4), 5.5 V (PN-6),
3.9 V (PN-8) and 2.0 V (PN-10). While doing electrospinning, synchronous poling happened because of the applied high voltage and
unidirectional stretching of polymeric chains, which results in an enhanced p-crystalline phase in the fibers. The 6 wt.-% of NiO NP
doping into PVDF achieved an 80 % rise in piezoelectric voltage output compared to neat PVDF, which demonstrates that the PN-6
piezoelectric sensor can be effectively used in energy harvesting devices.

Fig. 9(a) shows the quantitative results of the measured voltages. Fig. 9(b—e) shows the additional measurements taken for the
optimized device PN-6. Fig. 9(b and c) depicts the fluctuation in the generated voltage by applying a higher force ranging from 2 kgf to
3 kgf at a constant frequency rate of 1.0 Hz. Output voltage generated from increasing the frequency range from 0.1 Hz to 0.5 Hz at a
fixed force of 1.0 kgf is depicted in Fig. 9(d and e). The PENG generated 6.5 V and 9.0 V under 2 kgf and 3 kgf, respectively, and with
0.1 Hz and 0.5 Hz frequencies, the PENG generated 3.4 V and 4.4 V, respectively. Fig. 9(f) presents the short circuit current from the
different PENG devices. Compared to the PN-0 device (0.7 pA), the composite-based PENG devices showed better output current. PN-2,
PN-4, PN-6, PN-8 and PN-10 devices gave a short-circuit current (I.) of 0.8, 1.07, 1.83, 1.16 and 0.74 pA, respectively.

Additionally, Table 1 presents comparative analyses of our data with PENG sensors designed by other researchers, which indicates
better electrical performance of our PN composite PENG. Crystalline nature of the fibers after the electrical measurements is shown in
Fig. S1 of SI, which verified that the crystalline characteristics have not changed significantly after applying force. Fig. S2 of SI shows
the stability studies of PN-6 based PENG before and after the electrical measurements. The output voltage of PENGs was measured four
times continuously with 10-min intervals, and the output response of the PENGs did not show any significant changes, which confirms
the stability of the PENG device even after repeated measurements.
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Fig. 9. (a) Quantitative data of output voltage extracted from Fig. 6; V},, of PN-6 under (b) 2 kgf and 1.0 Hz, (c) 3 kgf and 1.0 Hz, (d) 1 kgf and 0.1
Hz and (e) 1 kgf and 0.5 Hz. (f) Short-circuit current of PN composite based PENG devices.

Table 1
Comparison of previous works of electrospun PVDF-based PENGs.
S. No. Material Output Voltage (V) I (pA) References
1. PVDF-HFP/HAP 1.1 0.50 [54]
2. PVDF-ZnO@3-Ag 1.2 - [55]
3. PVDF/PET 2.0 0.11 [56]
4. PVDF/Fe-ZnO 2.4 0.03 [57]1
5. P(VDF-TrFE)/ZnO 2.5 20.8 [58]
6. PVDF/Cu 2.5 0.37 [6]
7. PVDF/ZnO 3.0 0.25 [59]
8. PVDF/PMMA/BT NWs 3.4 0.32 [26]
9. PVDF/PU 3.8 0.65 [60]
10. PVDF/TBAHP 4.0 2.04 [61]
11. PVDF-GO 4.9 0.19 [39]
12. PVDF-HFP/NiFe;04 5.0 - [54]
13. PVDF-NiO 5.5 1.83 This work

3.5. Wearable applications

The overall circuit executed for measuring real-time health monitoring and body movements using the Biopac MP 150 instrument is
schematically depicted in Fig. 10(a). The optimized flexible PN-6 piezoelectric sensor is placed on a material or in external contact with
the human body such as the leg, elbow, fingers, pockets and shoe sole. The performance of piezoelectric sensors is measured at 100 MQ
and an input impedance of 0 Db. As shown in Fig. 10(b), the fabricated sensor produced 8.2V, 13.1V, 16.5 V and 10.5 V while tapping,
bending, twisting and rolling, respectively (Video S1 in SI). These findings indicate that this piezoelectric sensor reacted more
effectively to twisting compared to tapping, bending and rolling. The PENG device is attached to the elbow area for calculating the
output voltage produced by the periodic stretching of the arm. Fig. 10(c) depicts the variation in the output voltage during arm
movement from 0 to 30° and 0-180°. The output signal of PENG increases dramatically from 12.9 V to 16.4 V when the stretching
angle increases from 30° to 180°. Additionally, the device was used as an theft detection sensor as illustrated in Fig. 10(d). Fig. 10(e)
shows that an output voltage of 5.6 V measured during walking, and 12.0 V measured during kicking, which is almost two times higher
than the voltage measured from walking. Finally, we used the sensor for measuring voltage during walking (12.9 V) and running (15.8
V) by attaching the device to the shoe sole as shown in Fig. 10(f). In contrast to published results, Table 2 indicated that our NiO/PVDF-
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Fig. 10. (a) Graphical illustration of PENG measurement components. Wearable real-time applications of PN-6 PENG under (b) tapping, bending,
twisting and rolling, (c) elbow, (d) pocket, (e) leg and (f) shoe sole.

Table 2
Comparative study of the wearable applications of PVDF-based PENG devices.

Material Wearable application Output Voltage (V) Reference

P(VDF-TrFE)/BaTiO3 Walking 6.7 [20]
Running 7.2

PVDE/BaTiO3 Palm Tapping 5.2 [17]
Wrist tapping 2.4
Elbow tapping 1.9

PVDF/Core-shell structured BaTiO3 wrist bending 1.3 [3]
elbow bending 1.5

PVDF/ZnO Shoe sole 3.3 [11]

PVDF/Ce-Fe,03 ‘Wrist movement 0.15 [7]1

PVDF/BiCl3/Zn0O Elbow bending 3.0 [33]
Knee bending 0.6

PVDF/NiO Tapping 8.2 This work
Bending 13.1
Twisting 16.5
Rolling 10.5
Elbow bending 12.9
Walking 5.6
Running 15.8

based PENG devices provided superior output performance in wearable applications. From these findings, the proposed PENG device is
demonstrated to have wider applications in the area of neurological treatment, especially for facilitating hand recovery and training for
walking after stroke or any severe brain damage.

4. Conclusions

This paper discusses the synthesis of NiO NPs, electrospinning of NiO doped PVDF (PN-0 to 10), PENG device fabrication based on
the electrospun nanofiber and their wearable application studies. SEM analysis confirmed the uniform dispersion of NP in the PVDF
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matrix and the even structure of NFs. Studies from XRD and FTIR analysis established the influence of NiO NP towards enhancing the
p-phase in PVDF. Compared to neat PVDF fiber (58 %), doping of 6 wt.-% NiO NP in PVDF (PN-6) resulted in an enhanced polar phase
(70 %), and the percentage of polar f-phase starts to decrease for higher NiO content (PN-8 and PN-10). The role of NiO NP in
enhancing the PENG’s piezoelectric efficiency is demonstrated for real-time uses. V), of 5.5 V was obtained for PN-6, which is 3.5
times greater than the voltage generated from the PN-0 device (1.7 V) under a 1.0 kgf force and 1.0 Hz frequency. Also, the short-circuit
current of the PN-6 device (1.83 pA) is 2.5 times greater than that of the PN-0 device (0.7 pA). Up to now, PENG devices’ primary
drawback has been their low output performance. Lastly, the developed PENG devices were used to identify gestures like walking,
running, kicking, tapping and elbow movements. After comparing our sensor’s wearable performance with previously reported data, it
was determined that the PVDF/NiO PENG device displayed higher voltages. The developed PENG device can be used in the area of
neurological treatment, especially for facilitating hand recovery and training for walking after a stroke or any severe brain damage. On
that account, this device has versatile applications in the medical field.
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