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a b s t r a c t

Flexible electronic deviceswith flexible sensors have drawn enormous attention due to their

wide variety of applications, such as wearable health monitoring devices, bendable touch

screens, flexible storage devices, artificial skins, etc. However, themechanical and electrical

performance of devices should be enhanced bynewmaterials design or an innovative device

structure to fulfill the requirements for such applications. Here, a poly(vinylidenefluoride)

(PVDF) piezoelectric polymer-based hydrophilic nanocomposite (PHNC) sensing membrane

using carbon nanofibers (CNF) and poly-acrylamido-methyl-propane-sulfonic acid (PAMPS)

polyelectrolyte exhibiting enhanced mechanical and electrical performance is demon-

strated. The hydrophilic PAMPS intruded in the PVDF/CNF composition, triggering micro-

structural changes and facilitating a strong polar b-phase PVDF formation. A dc conductivity

of 0.43 S/cm and high electric current density (3.64 mA/cm2) were achieved from PVDF/CNF/

PAMPS (80/2/18) PHNC. The piezoelectric performance of the PHNC was investigated for

several bending cycles, and it generates themaximumpeakoutput voltage up to 3.65Vunder

the repeated bending-releasing test procedure. A wearable sensor application is demon-

strated by exposing it to different human bodymovements. During fingermotion and elbow

movements, the developed PHNC generated piezoelectric maximumpeak output voltage up

to 3.58 V at a bending angle of 180� for finger motion and 2.2 V for elbow movement. The

fabricated PHNC are highly flexible and exhibit outstanding reproducibility and reliability,

making them ideal for energy harvesting, the self-powered sensor in wearable electronic

devices, electronic skin (e-skin), and soft robotics applications.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
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1. Introduction

The rapid development of artificial intelligence (AI) and the

internet of things (IoT) emphasize the fabrication of wearable,

foldable, portable, and stretchable smart devices for human-

machine interaction applications. The highly efficient, flex-

ible, and wearable pressure sensors are the most significant

electronic device for human motion monitoring and human-

machine interface implementation in signal collection [1e8].

Various pressure sensors have already been described,

including piezocapacitive, piezoresistive, and piezoelectric

sensors [9e11]. However, for real-time sensing applications, it

is necessary to have not only the capacity to convert me-

chanical stimuli to electrical signals but also the capacity to

respond quickly and linearly along with good signal stability

[12], both of which are difficult to achieve with piezoresistive

and piezocapacitive pressure sensors [13e15]. Furthermore,

employing renewable energy sources to power such devices is

critical for energy and environmental sustainability. The

piezoelectric materials are a special type of materials; when

they are mechanically stimulated, they deform and change

polarization density immediately, electrical voltage induces in

the polar direction [16,17]. As a result, the mechanical pa-

rameters of piezoelectric polymer material are crucial in

improving their piezoelectricity and ensuring adequate stress

distribution during mechanical compression, which is gener-

ally overlooked. Although several studies have focused on the

piezoelectric sensing performance of polymers and the influ-

ence of Young's modulus on the piezoelectric capabilities of

polymers, mechanical parameters such as flexibility and

tensile strength require further consideration [18e20].

Organic piezoelectric materials have focused much inter-

est in developing flexible and wearable electronics devices for

pressure sensing applications because of their flexibility,

greater biocompatibility, lower density, lightweight, and ease

of processing than inorganic piezoelectric materials [10].

Because of its high piezoelectric coefficient, polyvinylidene

fluoride (PVDF) is the most extensively utilized organic

piezoelectric material. However, their piezoelectric coefficient

is substantially lower when compared to piezoelectric ce-

ramics, hindering itself-powered sensor operation [21]. PVDF

is a semi-crystalline fluoro-polymer made from H2C]CF2
monomer after polymerization; it has five crystalline phases,

namely a, b, g, d andε, because of the antiparallel orientation

of the dipoles, the a, and ε phases are non-polar. The a-phase

is the most stable, and it has TGTG’ (trans-gauche-trans-

gauche) conformation. Due to its all-trans chain structure

(TTTT), the dipole moments of the b-phase PVDF are the

highest and show excellent piezoelectric and ferroelectric

capabilities of all the polymorphs [22,23]. Thus, the b-phase

PVDF has grabbed the attention of many researchers in its

development and technological applications.

The b-phase PVDF can be obtained by two important

methodse(i) mechanical stretching and (ii) interfacial in-

teractions. The a-phase PVDF formed by mechanically

stretching the melt or blend can be directly converted to b-

phase PVDF; however, achieving high content b-phase of PVDF

crystal through traditional melt and solution processing is

typically difficult [22,24,25]. Another method for developing b-
PVDF is to develop a nanocomposite by investigating inter-

molecular interactions between PVDF matrix and nanofillers.

There are several studies on the fabrication of PVDF nano-

composites due to the wide variety of nanofillers and the ease

of mixing. In general, nanofillers are divided into two

typeseinorganic and organic. Various inorganic nanofillers

have been explored to improve the polar b-phase contents in

PVDF, for example, BaTiO3 [26e28], ZnO [29,30], aluminium

oxide [31], silver nanowires (AgNWs) [32,33]. The PVDF-

nanocomposite using these inorganic nanofillers has high b-

phase content, while these nanocomposites are brittle and

fragile. Thus, these are not suitable for wearable and flexible

devices.

As a result of excellent solution processability, non-toxic

and low-cost qualities, biodegradability, and good ferroelec-

tric capabilities, organic nanofillers have attracted extensive

interest, for example, graphene oxide (GO) [34] and reduced-

graphene-oxide (rGO) [35,36]. Rahman et al. [37] discovered

that PVDF/rGO flexible piezoelectric nanocomposite film has a

higher peakepeak sensing voltage (1.3 V) than PVDF/GO

piezoelectric nanocomposite film (0.9 V) and pure PVDF

piezoelectric film (0.7 V) due to the enhanced polarization by

adding reduced-graphene-oxide (rGO) in the PVDF. Yu et al.

[38] found that when CNT is added to PVDF, the piezoelectric

ability of the fibrous, flexible PVDF membrane was greatly

enhanced due to higher surface density and the higher

nucleation effect of carbon nanotube (CNT) for the b-phase of

PVDF. However, due to inadequate interfacial interaction be-

tween typical conductive fillers and PVDF molecular chains,

achieving a strong filleredipole interface and improving the

dipole polarization of piezoelectric PVDF is challenging. The

CNF is another carbon-based nanofiller to induce the b- PVDF

by forming a PVDF nanocomposite because CNF has superior

electrical conductivity, thermal stability, as well as high me-

chanical strength [39,40]. Because of its promising applica-

tions in electrostatic dissipation, the electrical conductivity of

a PVDF with carbon-based nanofiller has attracted research

interest. However, the insufficient dispersion of CNF in the

PVDF matrix challenges their use as nanofiller to form PVDF

nanocomposites. With the help of a chemical modification,

the dispersion of CNF in the PVDF matrix has been enhanced

[23,41].

In the present research, polyelectrolyte poly(2-acrylamido-

2-methyl-1-propanesulfonic acid) PAMPS is used to perform

chemical modification for homogenous dispersion of CNF in

the PVDF matrix. PAMPS has a strong anionic polyelectrolyte

property and good water permeability owing to the presence

of a hydrophilic sulfonic acid group [S(¼O)2eOH]. Sulfonic

groups are hydrophilic, which increases water sorption rather

than organic chemical sorption, desirable for chemical pro-

tective membranes [42]. Following that, the CNF/PAMPS is

blended with the PVDF matrix using the solution casting

process (see Fig. 1(a)) to fabricate the PVDF/CNF/PAMPS PHNC

rendering the CNF/PAMPS homogeneously dispersed in the

throughout PVDF matrix. This occurs when the sulfonic acid

groups of PAMPS are bound to the CNF. Interfacial interactions

between the CNF and the polymer matrix can also form

continuous proton transfer paths, indicating that the sulfonic

acid groups were evenly distributed on the surface of the

PVDF/CNF/PAMPS PHNC for proton exchange (see in Fig. 1(b)).
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Fig. 1 e (a) Preparation process, (b) Structural characterization, (c) Optical image of the PVDF/CNF/PAMPS PHNC, and (d)

Schematic diagram of the b-phase PVDF/CNF/PAMPS PHNC based sensor with the generation of voltage signal with bending

strain.
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This behavior is likely because CNF and PAMPS have relatively

strong hydrogen bond interactions. With an increase in the

concentration of PAMPS, numbers of sulphonic groups are

attached to the carbon network, increasing the surface

bonding and charge flow through the CNF conductive nano-

rods throughout the PVDF matrix. Therefore, the b-phase

improves in PVDF/CNF/PAMPS PHNC. Figure 1(b) shows the

chemical structure of PVDF/CNF/PAMPS PHNC. Figure 1(c)

shows the optical image of PVDF/CNF/PAMPS PHNC.

Figure 1(d) shows a schematic diagram of the b-phase PVDF/

CNF/PAMPS PHNC based sensor with the voltage signal gen-

eration with bending strain. The FTIR, XRD, and DSC results

were utilized to investigate the enhancement of polar b-phase

in PHNC. Furthermore, the piezoelectric response of the

PHNCs is examined by exposing it to various environments

such as bending machine vibrations with adequate bending

cycles and human body motions during finger motion and

elbow movements.
2. Materials and methods

2.1. Materials

PVDF was obtained from Sigma Aldrich under brand number

182702, with an average molecular weight (Mw) of 534,000 g/

mol and a density of 1.74 g/ml at 25 �C. Graphitized (iron-free)

Carbon nanofiber (CNF) has also been procured from Sigma

Aldrich (trade name 719,781) with 130 nm average diameter,

20 mm fiber length, and 1.90 g/ml density at 25 �C. PAMPS so-

lution (poly(2-acrylamido-2-methyl-1-propanesulfonic acid))

was also bought from Sigma Aldrich under the product name

191,973-100G, with an average molecular weight of 2,000,000

and a concentration of 15% in H2O. The solvent N, N-dime-

thylformamide (DMF) was obtained from Sigma Aldrich under

brand number 57457 and used to dissolve the PVDF, CNF,

PAMPS mixture and form a homogeneous solution. Sigma

https://doi.org/10.1016/j.jmrt.2022.02.075
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Aldrich has provided ethanol, an anti-solvent used to

neutralize the residual solvent.

2.2. Synthesis of PHNCs

The PHNC films were fabricated using a solution casting

method shown in Fig. 1(a). To prepare the PHNC film, the

different solute components (PVDF, CNF, and PAMPS) were

dissolved in DMF. A 100wt%homogeneous solutionwasmade

by combining the weight of 10% solute with 90% solvent to

make the final solution. The final whole mixture was dis-

solved in the homogeneous solution at ~80 �C on a hotplate

with a magnetic stir at 450 rpm for 6 h; then the blended so-

lution was poured into a petri dish and again heated at ~80 �C
for 10 h until the solvent was completely evaporated from the

PHNC film. Once the solvent was completely evaporated, the

Petri dish was left at room temperature for cooling. Lastly, the

PHNC film on the petri dish was tripped off. The dried filmwas

immersed in 95% technical grade ethanol, an anti-solvent for

DMF, for 24 h at 60 �C to remove residual solvent. A series of

PVDF/CNF/PAMPS PHNC films were produced under identical

conditions. Four different PHNC films were fabricated using

different weight ratios (w/w/w, PVDF/CNF/PAMPS), as follows:

(98/2/0), (90/2/8), (80/2/18), and (70/2/28).

2.3. Characterization

2.3.1. Morphological analysis
The morphological investigation (microstructure characteriza-

tion) of the fabricated PHNCmembrane was performed using a

field emission-scanning electron microscope (FE-SEM). In FE-

SEM, surface and cross-section images were acquired using a

secondary electron detector at a 15 keV acceleration voltage.

The FE-SEM machine (MIRA3b TESCAN, USA) was used to

examine the surface morphologies and microstructures of

fractured PHNC films. An energy dispersive spectroscopy (EDS)

analysis was performed to confirm the chemical formation of

nanocomposite films. EDS is a chemical technique employed in

conjunction with SEM used to identify the contents of each

material presented in the proposed membrane.

2.3.2. Crystallization analysis
The crystallization behavior of the sample membranes was

examined using an X-ray diffractometer (XRD, Rigaku Ultima

IV, Japan) with Cu Ka radiation (l¼ 0.1541 nm). The tests were

conducted at 40 kilo-Volt and 40mAwith a scanning rate of 2�

min�1 throughout the angle range 2q ¼ 5�e 90�. The degree of

crystallinity of PHNC is calculated by the following formula.

Crystallinity of PHNC ¼ Area of crystalline peaks inXRDpatterns
Area of all peaks inXRDpattern

(1)

2.3.3. FTIR analysis (chemical characterization)
The chemical composition of the nanocomposite membranes

was identified by Fourier Transforms Infrared Spectroscopy

(FT-IR, PerkinElmer L160000V) set at the following parameters

(ranges 400-4000 cm�1, resolution 4 cm�1, and diaphragm

diameter 1 cm). The formula is used to calculate the per-

centage fraction of b-phase F(b) in the PHNC.
FðbÞð%Þ¼ Ab�
Kb

Ka

�
Aa þAb

� 100 (2)

where, Aa and Ab are the absorbance value obtained at

764 cm�1 and 840 cm�1, respectively. The Ka ¼ 6:1� 104 and

Kb ¼ 7:7 � 104 are absorbance coefficient at 764 cm�1 and

840 cm�1 respectively.

2.3.4. Thermal analysis
Differential Scanning Calorimetry (DSC, EXSTAR Model-SII

6300 EXSTAR) is a thermal analysis method for PHNC films

that examines the thermal behavior of fabricated PHNC

membranes using approx. 15mg samples. The DSC analysis of

PHNCwas performed under nitrogen ambient with a flow rate

of 200 ml/min and a heating rate of 10 �C/min. The crystal-

linity (Xc) of the PHNC sample membrane using DSC thermo-

graph may be determined by equation (3):

Xcð%Þ¼ DHm

DH*m
� 100 (3)

where DHm is the melting enthalpy of the PHNC samples ob-

tained from the second melting curve, DH*m presents the

melting enthalpy when the crystallinity of the polymer is

100%, DH*m of PVDF mentioned in the literature are 104.5 J/g.

2.3.5. Mechanical analysis
The universal tensile testing equipment (Instron-3366) was

used to assess mechanical characteristics; tensile strength,

flexibility, Young's modulus, stiffness, durability, and tensile

strain of PHNC membranes. The mechanical behavior was

investigated using a tensile test with a 10 mm/min stretching

rate and a bending test with 5 mm/min at a 10 mm bending

radius. The bending strain (εb) was evaluated by equation (4),

where t symbolizes the thickness of the PHNCmembrane and

r signifies the bending radius of the membrane strip.

ε
b ¼ t

2r
(4)

The bending strain was calculated to be 0.009.

2.3.6. Electrical analysis
The electrical behavior of PHNC films was investigated at

room temperature by E4900A-impedance analyzer (Keysight

Technologies, Germany), operating at 20 Hz to 1 MHz fre-

quency band, and Teflon-coated stainless steel parallel plate

probes (16451B) were used to collect the data from it. The

value of capacitances and dielectric loss factor (tan d) of films

were a function of frequency and acquired directly from the

impedance analyzer, and dielectric constants (εÞ were

computed using the following relationship:

ε¼ C� t
ε0 �A

(5)

whereC, t andA denotes the capacitance, thickness and cross-

sectional area of the PHNC membrane, ε0 represents the

permittivity of vacuum (free space), the typical value ε0 is

8.854 �10�12 F/m. Further, the conductivity (sac) was calcu-

lated using equation (6) with angular frequency u ¼ 2pf rad/

sec, here, f signifies the operating frequency in Hz,

https://doi.org/10.1016/j.jmrt.2022.02.075
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sac ¼ u ε0 ε tand (6)

The dc conductivity (S/cm) of the PHNC membrane was

obtained using equation (7), as follows:

sdc ¼ t
R�A

(7)

where sdc is proton conductivity, t symbolizes the thickness of

the PHNCmembrane, and R is the resistance evaluated from a

complex impedance (Z*) or Nyquist plot of the real impedance

(Z0) axis versus the imaginary impedance (Z00) axis, and surface

area of membrane is denoted by A.

2.3.7. Water uptake (WUP)
The electrochemical analysis involved in the experiment

includes water uptake and contact angle test. The results

provide the hydrolytic property of the piezoelectric polymer-

based hydrophilic nanocomposite (PHNC) membrane. Before

measuring water uptake, the sample was placed in a vacuum

oven at 80 �C for 12 h to remove any retained moisture. The

weight of the dry PHNC membrane was then measured and

compared to the variations in water sorption over a 24-h im-

mersion period. Water uptake (WUP) is calculated as the dif-

ference between the weights of the dried and fully wet

membranes using equation (8):

WUP¼
�
Wwet �Wdry

�
Wdry

(8)

where Wwet and Wdry are the weights of the wet and dried

PHNC membranes, respectively.

2.3.8. Contact angle test
The Contact angle of the PHNC membrane surface is

measured by dropping a deionized water droplet over the

membrane surface andmeasured using a drop shape analyzer

(KRUSS-DSA25E). The value below 90� of the contact angle

represents the hydrophilic behavior of the membrane. Hy-

drophilicity refers to amembrane's tendency to allow liquid to

pass through its pores.

2.3.9. Sensing measurement
By applying certain pressure or mechanical bending to the

PVDF/CNF/PAMPS piezoelectric polymer-based- hydrophilic

nanocomposite (PHNC) films, generates voltage, measured by

a Digital Storage Oscilloscope (DSO, Keysight-DSO1052B). The

experimental setup for measuring a piezoelectric output

voltage from PHNC membranes is shown in Fig. S1, including

the DSO, bending machine, and control panel. In this setup,

the film is placed between the two electrode terminals of the

bendingmachine. Both electrodes are connected to the output

terminal of the control panel, to which DSO's probe was

externally connected. This DSO shows the sensing voltage

generated by the PHNC film. When moving a rotating knob on

the panel, the membrane attached between electrodes was

bent, generating an output voltage.

2.3.10. Cyclic current -voltage (CV) characterization
The cyclic spectrum of the current density and voltage of the

PHNC membrane were evaluated using Cyclic-Voltammeter
(Metrohm Autolab; PGSTAT204). The cyclic voltammetry (CV)

test is performed by applying a positive (charging) voltage

sweep dV/dt (scan rate) in a specific voltage range and then

immediately reversing (discharging) the voltage sweep polar-

ity after the maximum voltage is reached. Using CV, the

electrochemical behavior of a LiCl-dipped PVDF/CNF/

PAMPSPHNC membrane was investigated. The cyclic

currentevoltage graph was also used to calculate the capaci-

tance of the PHNC membrane using the following equation,

C¼ ji1 � i2j=2
dV=dt

(9)

where DI denotes total current (ji1 � i2j) and dV=dt is the

voltage scan rate (V/s) of the CV curve.
3. Results and discussion

3.1. SEM analysis of PHNCs

The surface and cross-sections SEM images of various com-

positions of the PHNCs were carried out to study the

morphological (microstructure) analysis of PHNC. The pure

PVDF film has a very smooth and clean surface with no im-

purities or porosity [43]. The surface images of the PVDF/CNF

(98/2) and PVDF/CNF/PAMPS (80/2/18) PHNC are shown in

Fig. S2(a) and Fig. S2(b), respectively. Fig. S2(a) reveals

randomly oriented CNFs in the shapes of nanorods dispersed

with smooth and uniform PVDF surfaces; the surface

morphology grew more packed and interconnected in this

picture, and the CNF Nanorods were confined within the

porous structure of PVDF. The SEM images of the PVDF/CNF/

PAMPS (80/2/18) PHNC are shown in Fig. S2(b). The PVDF/CNF/

PAMPS (80/2/18) PHNC has a layer of mulch on the surface,

indicating that PAMPS has been grafted into the membrane.

The grafting of PAMPS on the surface of the CNF nanorods

causes some agglomeration for membranes containing

PAMPS nanoparticles.

The cross-sectional SEM image of pure PVDF shows the

spherulitic structure that reflects the semi-crystalline a-phase

PVDF as reported in prior studies [43]. Figure 2(a)-(b) show the

cross-sectional SEM images of the PVDF/CNF (98/2) PHNC with

a magnification of 5kX and 40kX, respectively. From these im-

ages, it was observed that the CNF in the shape of nanorods

submerged in the PVDF polymeric matrix and well-

interconnected to create a conductive composite material,

which is responsible for increasing the conductivity of the

nanocomposites membrane. The white arrow shows the CNF

nanorods.With theadditionofCNF content in thePVDFmatrix,

spherulites are not formed (as observed in Fig. 2(a)), which in-

dicates that the blending of CNF with PVDF triggers the for-

mation of b-phase PVDF. The CNF served as conductive

channels and a binding agent to improve the mechanical

characteristics of the PHNCs. In addition to that, the spherulitic

crystalline structures in the PVDF matrix are transformed into

microfibrillar crystals found in SEM images of PVDF/CNF (98/2)

PHNC. The change from a-to b crystal PVDF is aided by such

crystal structural alignment. As a result, the CNF is in charge of

improving stiffness and conductivity sample 98/2/0.

https://doi.org/10.1016/j.jmrt.2022.02.075
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Fig. 2 e Fractured SEM images of PHNC membrane of (aeb) 98/2/0, (ced) 90/2/8, (eef) 80/2/18, and (geh) 70/2/28, in

magnification of 5kX and 40kX, respectively.
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Figure 2(c)e2(d) show the cross-sectional SEM images of

the PVDF/CNF/PAMPS (90/2/8) PHNC with a magnification of

5kX and 40kX, respectively, that exhibit a large porous struc-

ture between the CNF nanorods. The red arrow shows the
pores on the sample surface. The PAMPS microbeads are not

observed on the surface of 90/2/8 PHNC due to the low quan-

tity of PAMPS. Figure 2(e)e2(f) show the cross-sectional SEM

images of the 80/02/18 PHNC with a magnification of 5kX and

https://doi.org/10.1016/j.jmrt.2022.02.075
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Fig. 3 e (a) XRD and (b) FTIR spectra of PHNC.
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40kX, respectively. The yellow arrow shows the PAMPS

microbeads in these images. From these figures, the interfa-

cial interaction between CNF nanorods and PAMPS microbe-

ads is observed in the backbone of PVDF. Figure 2(g)e2(h) show

the cross-sectional SEM images of the 70/2/28 PHNC with a

magnification of 5kX and 40kX, respectively. The SEM image of

70/2/28 PHNC also shows the interfacial interaction between

CNF nanorods and PAMPS microbeads and is shown by the

arrows. The interfacial interactions between the CNF nano-

rods and the PAMPS microbeads help the formation of

continuous proton transfer paths, indicating that the sulfonic

acid groups of PAMPS were evenly distributed on the surface

of the PVDF/CNF/PAMPS PHNC for proton exchange. The pore

development and uniform distribution of PAMPS beads in

PVDF lead to strong intermolecular bonding between the

polymer and the polyelectrolyte.

Furthermore, increasing PAMPS concentration in 80/02/18

and 70/2/28 PHNCsmakes the pore density on themembrane's
surface denser. This behavior is likely because CNF and

PAMPS have relatively strong hydrogen bonding and interfa-

cial interaction due to the electron donor properties of CNF

and electron acceptor properties of PAMPS as observed by

FTIR analysis. The interfacial interaction of CNF was observed

with other polyelectrolytes [39,40,44]. With an increase in the

concentration of PAMPS, numbers of sulphonic groups beads

are attached to the carbon network, increasing the surface

bonding and charge flow through the membrane. As a result,

the existence of PAMPS and conductive filler CNF within the

polymeric PVDF matrix has been seen in Fig. 2(e)e(h), which

demonstrates strengthened allocation of PAMPS with CNF in

PVDF film, which improves the electrical properties and b-

phase content with greater flexibility and mechanical

strength of PHNC membranes.

Fig. S3 shows the EDX SEM images and elemental mapping

of 98/2/0, 90/2/8,80/2/18, and 70/2/28 PHNC that confirms the

presence of C, O, F, and S elements. Figs. S3 (a)-i and ii show

the SEM and EDX dot maps of the 98/2/0 based PHNC that

display the 9%, 1%, 24%, and 1% of the C, O, F, and S dots,

respectively. Figs. S3 (b)-i and ii show the SEM and EDX dot

maps of the 90/2/8 based PHNC that display the 11%, 1%, 25%,

and 1% of the C, O, F, and S dots, respectively. Figs. S3 (c)-i and

ii show the SEM and EDX dot maps of the 80/2/18 based PHNC

that display the 9%, 1%, 23%, and 1% of the C, O, F, and S dots,

respectively. Fig. S3 (d)-i and ii show the SEM and EDX dot

maps of the 70/2/28 based PHNC that display the 10%, 1%, 25%,

and 1% of the C, O, F, and S dots, respectively.

The count of elements as a function of the X-ray energy is

shown for 98/02/0, 90/02/08, 80/02/18, and 70/02/28 ratios

PHNCs in the EDX spectrum Fig. S4 (a), (b), (c), and (d),

respectively, and the elemental compositions were estimated

as weight% and atomic% in Table S1, which indicates that the

sample 90/2/0 shows the largest peak for F element. The

sample 70/2/28 displays the high peaks for C, N, O, and S el-

ements compared to the other blends.

3.2. XRD analysis of PHNCs

X-Ray Diffraction (XRD) methods were employed to investi-

gate the crystalline structure of the samples. Figure 3(a) shows

a comparative analysis of XRD patterns of PHNC films
produced using PVDF, CNF, and PAMPS. Past investigations of

XRD of pure PVDF have shown that two intense diffraction

peaks at 18.4 (020) and 20.0 (110), as well as a medium peak at

26.6 (021), reflects the monoclinic a-phase crystal, show that

pure PVDF is mostly composed of the non-polar a-phase and

indeed the pure PVDF functions as a dielectric material. The

diffraction peaks of pure PVDF are wide enough, suggesting

the semi-crystalline nature of the polymer [45,46]. In Fig. 3(a),

when the CNF was combined with PVDF in sample 98/2/0 and

to prepared the composite, a peak at 2q ¼ 20.24� and three

weak peaks at 2q ¼ 18.28, 26.52, and 39.20 were observed. The

peak at 2q ¼ 20.24� reflects the formation of polar b-phase on

CNF insertion in PVDF, allowing easy charge transport in the

whole membrane and is responsible for piezoelectricity and

the three weak peaks at 2 ¼ 18.28�, 26.5�, and 39.2� show that

there are few non-polar a-phase contents present. The

stronger and narrower peak at 2q ¼ 20.24� represents the

crystallinity of the polymer was enhanced by combining the

graphitized CNF with PVDF.

https://doi.org/10.1016/j.jmrt.2022.02.075
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Furthermore, the XRD spectra of PVDF/CNF/PAMPS mem-

branes (sample 90/2/8, 80/2/18, 70/2/28) show a peak at

2q ¼ 20.24�, indicating the presence of CNF. A weak peak at

2q ¼ 26.52�, with the disappearance of the peak at 2q ¼ 18.28�

and 39.20� indicates the decreasing content of a-phase.

Therefore, when PAMPS was inserted into PVDF, it only dis-

played peaks at 2q ¼ 20.24� in samples 90/2/8, 80/2/18, and 70/

2/28, indicating that the concentration of piezoelectric b-

phase of PVDF was improved due to the ions transmitted

through PAMPS polyelectrolyte. It also demonstrates that

PAMPS serves as an interface binder to alter the phase from a

to b and that CNF contributes to increasing the electrical

conductivity of the PVDF/PAMPS/CNF PHNC membranes. The

degree of crystallinity of PHNC membranes of PVDF/CNF/

PAMPS was 58.1%, which was 23.6% higher than pure PVDF

membranes. Therefore, the inclusion of PAMPS leads to in-

crease crystallinity in the PHNC membrane.

3.3. FTIR analysis of PHNCs

The corresponding FTIR spectrum (in Fig. 3(b)) agrees well

with the XRD data, indicating a strong a-phase PVDF. There

are two high-intensity peaks at 764 cm�1 and 532 cm�1

ascribed to non-polar a-phase and low-intensity peaks at

1275 cm�1representing the polar b-phase of Crystal, repre-

senting piezoelectricity. In general, the FTIR transmittance

peaks at 1275 cm�1, 840 cm�1, and 510 cm�1 reflect the

development of the piezoelectric b-phase, whereas the peaks

at 532 cm�1, 615 cm�1, 764 cm�1, and 976 cm�1 in the FTIR

spectrum are attributed to the non-polar a-phase in pristine

PVDF [45e47].

FTIR Peaks observed at 1681 cm�1, 1410 cm�1, 1180 cm�1,

and 876 cm�1 correspond to functional group C]O, CeF, CeC,

and ¼ CeH of pure PVDF, respectively. In contrast, a wide

spectrum at 3450 cm�1, 1140 cm�1, 1550 cm�1, and 1680 cm�1

was detected in pure PAMPS, corresponding to eOH (-SO3H),

SeO, CeN, and C]O,whichweremissing in pure PVDF [42,48].

According to the FTIR figure, a similar peak was also observed

at 3420 cm�1 in PVDF/CNF/PAMPS-based PHNCs, i.e., this peak

shifted from 3450 cm�1 to 3420 cm�1 for all PAMPS containing

PHNCs, indicating that the vibration peak of the eOH band in

PHNC expended more than pure PAMPS, confirming the cre-

ation of hydrogen bonding between CNF and PAMPS. Further,

the band at 1280 cm�1 in pure PVDF shifted to 1275 cm�1 in the

PVDF/CNF spectrum and shifted to 1247 cm�1 in PVDF/CNF/

PAMPSPHNCs, due to the vibration of the eCH2 groups evi-

dences a shift to 1247 cm�1 in the spectrum of the 80/2/18

PHNC. This peak shift indicates a probable interfacial inter-

action between PAMPS, CNF, and the eCF2 group of the PVDF
Table 1 e %b-phase content, Crystallinity measurement of sam

Sample
Name

%b-
phase
FTIR

Onset melt
Temp (�C) T

98/2/0 71.2 148.60

90/2/8 84.6 151.51

80/2/18 88.3 152.80

70/2/28 86.2 148.70
matrix. As a result, the orientation of dipoles in the PVDF

matrix contributes to the creation of the b-phase conforma-

tion. Figure 3(b) depicts a potential interaction mechanism of

PAMPS trigger CNF and PVDF in the PHNCs.

The transmittance spectra of samples 98/2/0, 90/2/8, 80/2/

18, and 70/2/28, as well as a spectrum of pure PVDF, are pre-

sented in Fig. 3(b). It was discovered that an identical peak

(1140 cm�1) was also detected in samples containing both CNF

and PAMPSwith PVDF, namely samples 98/2/0, 90/2/8, 80/2/18,

and 70/2/28. With the addition of PAMPS to the PVDF/CNF

compositions, the intensity of the peaks corresponding to a-

phase progressively declines while the intensity of the peaks

corresponding to b-phase (peaks at 510, 840, and 1247 cm�1)

gradually rises. In Table 1, the percentage fraction of b-phase

F(b) in PHNC is enhanced. F(b) is 71.2 percent for PHNC with a

98/2/0 ratio. F(b) in PHNC, on the other hand, increases with

the addition of PAMPS up to 18% and reaches a maximum

value of 88.3 percent; after that, it decreases. As a result,

gradually adding PAMPS to PVDF/CNF enhances the efficiency

of the polar b-phase of PVDF, which is responsible for the

piezoelectricity of PHNC membranes.

3.4. DSC analysis (thermal analysis) of PHNCs

Figure S5 depicts the DSC thermograph of PHNC samples. Pure

PVDF has a melting temperature (Tm) of around 167 �C,
ascribed to crystal-melt recrystallization [41]. The FTIR results

indicate that 98/2/0, 90/2/8, 80/2/18, and 70/2/28 PHNC sam-

ples include b-crystals; also, the previous studies show the b-

phase has a highermelting temperature value than that of the

PVDF a-phases [49]. When CNF is added to PVDF, a new peak

arises at a slightly higher temperature (167.75 �C), as seen in

Fig S5, however when PAMPS is added to PHNC samples, a

new peak occurs at a higher temperature, and as the con-

centration of PAMPS in PHNCs rises, the peak size grows. The

melting peak at 170.49C for the 90/2/8 PHNC sample is due to

the melting of the b-crystals in the PHNC. As a result, the

higher value of melting peaks in the thermograms above can

be referred to the b-phase PVDF. The melting temperatures of

a-and b-phases of PHNC samples are also presented in Fig. S5,

the first spike in Tm with PAMPS content is owing to the

excellent dispersion of CNF-PAMPS in PVDF matrix, which

results in a dense and higher melting crystal. With increasing

PAMPS, the melting temperature of the PHNC decreases (i.e

themelting peak at 169.92 �C and 169.61 �C for 80/2/18, 70/2/28

PHNC sample respectively) whichmay be due to the particular

interaction between CNF and PVDFmatrix during themelt. As

a result, PAMPS act as an excellent interfacial bonding mate-

rial between CNF and the PVDF matrix, which is needed for
ple membranes from FTIR and DSC thermograph.

Melting
emp. (�C)

DHm (J/g) Crystallinity (Xc) (%)

167.75 59.87 57.30

170.49 60.12 57.53

169.92 60.69 57.99

169.61 60.36 57.76

https://doi.org/10.1016/j.jmrt.2022.02.075
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homogeneous CNF dispersion in the PVDF matrix. All PHNC

samples had a crystallinity of ~58%, indicating that the crys-

tallinity had been maintained, which is approximately equal

(~58.1%) to the crystallinity measured by XRD patterns. The

crystallinity of the 98/2/0, 90/2/8, 80/2/18, and 90/2/28 ratios

PHNC samples are 57.30%, 57.53%, 57.99% and 57.76%

respectively. It can be considered b phase is more crystalline

as compared to a phase of PVDF. Hence, PAMPS grafted CNF

has more ability to strengthen the b phase in the PVDF matrix

because of high crystallinity. As a result of the interactions of

PAMPS and CNF in the polymer, the interfacial bonding is

stronger in the crystalline phase, the polymer's crystallinity

increases, and the mechanical properties of the samples

membrane improve. Table 1 summarizes the melting enthal-

pie (Hm), melting temperature (Tm) and crystallinity (Xc)

determined from the DSC spectrum.

3.5. Mechanical analysis of PHNCs

The mechanical properties of the PHNC sample, such as ten-

sile strength, Young's modulus, bending stiffness, and flexi-

bility, have been investigated by the stressestrain curve

shown in Fig. 4. The highest point of the stressestrain curve

represents a tensile strength of the material; hence, sample
Fig. 4 e (a) StresseStrain Curve, (b) Tensile strength, (c) Elo
98/2/0 demonstrated the maximum tensile strength of

52.2 MPa in comparison to others shown in Fig. 4(b). The

elongation on the stressestrain curve represents a fracture or

brittle point of materials, so the higher elongation of the

stressestrain curve shows more ductile or flexible material,

from Fig. 4(a). In comparison to the others, sample 80/2/18 is

themost ductile, while sample 98/2/0 is brittle because sample

80/2/18 has the most elongation, while 98/2/0 has the least.

The lack of PAMPS in sample 98/2/0 is noteworthy because the

elongation of samples improved with increasing PAMPS con-

centration. It should be noted that the excessive PAMPS

doping (>18 wt%) limited the elongation of the composite film;

therefore, elongation of 70/2/28 is declining as it sustains less

elongation just before failure shown in Fig. 4(c).

The bending stiffness of the sensing membrane is

measured using Young's modulus, which is described as the

ratio of stress along an axis to strain. The bending stiffness (B)

for a PHNC membrane; B ¼ EI/b, where E indicates Young's
modulus, and I represent the moment of inertia of flexible

membrane [12]. A high flexible material has a low Young's
modulus. Young's modulus results for PVDF/CNF/PAMPS

PHNC membrane with PAMPS content of 0 wt%, 8 wt%, 18 wt

%, and 28wt%were 1962.40 MPa, 1179.01 MPa, 803.36 MPa, and

558.944 MPa, respectively, as shown in Fig. 4(d). With a PAMPS
ngation, and (d) Young modulus of PHNC membranes.

https://doi.org/10.1016/j.jmrt.2022.02.075
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concentration of 28 wt% in sample 70/2/28, the bending stiff-

ness of PVDF/CNF/PAMPSmembrane is predicted to be higher,

and Young's modulus will be lower, making 70/2/28 more

flexible.

3.6. Electrical parameters analysis of PHNCs

The graph of dielectric constant (ε) and dielectric loss (tan d) of

all nanocomposite piezoelectric membranes with frequency

comprising 98/2/0, 90/2/8, 80/2/18, and 70/2/28 are shown in

Fig. 5(a) and dielectric loss (tan d) of all PHNC membranes

shown in Fig. S6(a). Due to the material's polarization effect,

all samples showed a reduction in the attributes of dielectric

constant (ε) and dielectric loss (tan d) as the frequency

increased. The polarization of atoms tends to follow the fre-

quencies at lower frequencies but not at higher frequencies,

which decreases the attributes of dielectric constant (ε) and

dielectric loss (tan d). Sample 80/2/18 had the greatest attri-

butes of dielectric constant (ε) and dielectric loss (tan d)

because of the uniform dispensation of the filler CNF and

polyelectrolyte PAMPS with PVDF (in Fig. 2(e-f)), which

increased the dipole-moment in the sample 80/2/18.

The concentration of PAMPS in sample 70/2/28 was high,

which resulted in agglomeration (see Fig. 2(g-h)), which

terminated the polarization of charge carriers and dropped

the ε and tan d. Since ac conductivity (sac) is proportional to
Fig. 5 e (a) Dielectric constant (ε) of PHNC, (b) AC conductivity (sa

2/0 and 90/2/8, and (d) Nyquist plot of PHNC of ratio 80/2/18 an
dielectric constant (ε) and dielectric loss (tan d), ac conduc-

tivity (sac) of all PHNC samples showed identical behavior

with frequency as dielectric constant (ε) and dielectric loss

(tan d) shown in Fig. 5(b) and Fig. S6(a). For sample 80/2/18, the

maximum value of sac was attained with frequency. The

change in capacitance of the samples caused by changing the

concentration of PAMPS in the presence of CNF is ascribed to

the properties displayed by the dielectric constant (ε) and

dielectric loss (tan d), confirming PAMPS as a suitable ionic

binder.

To calculate the dc conductivity of PVDF/CNF/PAMPS PHNC

membrane, imaginary impedance (Z00) versus real impedance

(Z0) plot for ratio 98/2/0, 90/2/8, 80/2/18, and 70/2/28 is shown in

Fig. 5(c) and (d); and broad-frequency range for 80/2/18, and

70/2/28 is shown in Fig.S6(b). The dc resistance of various

PHNCmembranes is examined in the high-frequency range to

calculate the dc conductivity. Due to the maximum dc con-

ductivity of this composition, the 80/2/18 PHNC membrane

has the lowest resistance (R ¼ 73 U) of the other compositions.

This implies the highest conductivity of the 80/2/18 blend than

that of the other blends (shown in Table 2).

3.7. Electrochemical analysis (water uptake) of PHNCs

The water uptake (WUP) and contact angle were used to

investigate the hydrophilic nature of the various PHNC
c) of PHNC membranes, (c) Nyquist plot of PHNC of ratio 98/

d 70/2/28.
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Table 2 e Electrochemical and electrical properties of PHNC membranes.

Sensing
Membrane
Ratio

WUP Contact
Angle

dc
conductivity

(S/cm)

Capacitance
(mF)

98/2/0 0.102 70.2o 0.019805 0.124

90/2/8 0.121 62.4� 0.005434 0.181

80/2/18 0.228 55.8o 0.436262 0.183

70/2/28 0.203 47.8o 0.046155 0.180
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membranes. The Contact angle of the PHNC membrane sur-

face is measured by dropping a deionized water droplet over

the membrane surface and measured using a goniometer.

Figure 6(a), (b), (c), and (d) illustrates the contact angle for 98/2/

0, 90/2/8, 80/2/28, and 70/2/18 PHNC blends, which are 70.2�,
62.4�, 55.8�, and 47.8�, respectively. A lower contact angle from

the surface of the PHNC blend implies hydrophilic nature. The

70/2/28 based PHNC membrane shows the lowest contact

angle of 47.8o implying the highest WUP (0.228) compared to

the other blends of 98/2/0, 90/2/8, and 80/2/18, owing to the

highest water absorber and PAMPS content. The 98/02/0 based

PHNC membrane exhibits the highest contact angle (70.2�)
and a lowest WUP value (0.102) than that of 90/2/8, 80/2/18,

and 70/2/28 blends. The value below 90� of the contact angle

confirms the hydrophilic behavior of the PHNC membrane.

The hydrophilic nature of PHNCs signifies that the dispersion

of CNF in the PVDF matrix has been improved due to the

presence of PAMPS [50]. Also, the contact angles have been

reduced from 70.2� to 47.8�, which implies that the porosity of

the PHNC membrane is enhanced, as shown in Fig. 2, which

improves the electrical and sensing performance (shown in

Table S2).
Fig. 6 e Contact angles of PHNC membranes with different sam
3.8. Piezoelectric performance of PHNCs

By bending the PHNC sample on the bending machine for

several bending cycles, the piezoelectric sensing capability of

PHNC membranes was investigated. The PHNC membranes

were bent and released repeatedly under a compressive force

of 9 N, which corresponded to mechanical stress of 0.09 MPa.

As a result, the output voltage is generated. To study the

piezoelectric capability of PHNCs, a series of PHNCs with

different PAMPS weight ratios, namely 0, 8, 18, and 28 wt%,

were developed and the output voltagewas recorded using the

same technique under the repeated bending-releasing pro-

cedure. The maximum peak output voltages of 98/2/0, 90/2/8,

80/2/18, and 70/2/28 PHNCs were 0.62 V, 1.20 V, 3.65 V, and

2.34 V, respectively, as shown in Fig. 7(a), which exhibits the

outstanding repeatability of the PHNCs for sensing applica-

tions. Fig. S7 shows digital images of PHNCmembrane sensing

performance with 0.009 bending strain. Table S2 shows the

maximum peak piezoelectric voltage of all PHNCs after WUP.

Figure 7(b) shows that the piezoelectric maximum peak

output voltage in PHNCs increases in direct proportion to the

concentration of PAMPS, which can be ascribed to increased
ple ratio: (a) 98/2/0, (b) 90/2/9, (c) 80/2/18, and (d) 70/2/28.
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Fig. 7 e (a) Output sensing voltages of PHNCs on bending machine with different sample ratio, (b) output voltage vs % wt of

PAMPS, (c) output voltage vs applied force, (d) human motion sensor for a finger at various angles using PHNC with 80/2/18

sample ratio, and (e) human motion sensor for an elbow movement.
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piezoelectricity. The concentration of PAMPS in sample 70/2/

28 was high as 28 wt%, which resulted in agglomeration (see

Fig. 2(e-f)) and comparatively low elongation than sample 80/

2/18 (see Fig. 4(c)), which reduced the polarization of charge
particles and dropped the dielectric constant and conductivity

of PHNC membrane. Hence, the desirable piezoelectric b-

phase of PVDF decreases, and output voltage becomes low

(highest recorded peak values reaching 2.34 V) than that of 80/

https://doi.org/10.1016/j.jmrt.2022.02.075
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Fig. 8 e (a) Cyclic currentevoltage analysis, (b) Power density of PHNC with different sample ratio.
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2/18. As a result, a simple, efficient, and cost-effective tech-

nique may be used to produce high-performance PVDF/CNF/

PAMPS with 18 wt% PAMPS nanocomposite piezoelectric

membranes using our approach. The piezoelectric nature of

PHNCs with converse connections is shown in Fig. S8.

The sensitivity test of all PHNC is shown in Fig. 7(c), with

applied force ranging from 2 to 14 N. The maximum peak

voltage output from PHNCs with ratios of 98/2/0, 90/2/8, 80/2/

18, and 70/2/28 was 0.74 V, 1.81 V, 3.87 V, and 2.84 V, respec-

tively. Compared to the other three PHNCs, the 80/2/18 PHNC

produces the highest peak voltage output under identical

operating circumstances. With increasing applied force, the

piezoelectric output voltage generated by all PHNCs grows

linearly. This causes stronger compressive forces on piezo-

electric materials, resulting in higher charge deformations, as

shown in Fig. 7(c). As a result, the 80/2/18 PHNC achieved the

greatest sensitivity of 0.38 V/N, demonstrating superiority

over different PVDF-based piezoelectric sensors, which is

excellent among the reported PVDF-based sensors [51]. The

linearity and sensitivity of the PHNC decline beyond 10 N,

hence the sensing range of this PHNC is up to 10 N.

The piezoelectric performance of PVDF/CNF/PAMPS PHNC

was also evaluated using a human motion test. Figure 7(d)

shows the generated voltage from 80/2/18 based PHNC placed

on the index finger at different angles. The output piezoelec-

tric voltage response was induced when the index finger was

periodically bent and straightened. With the degree of

bending of the index finger, the generated piezoelectric output

voltage increased, and the voltage reached a maximum of

approximately 0.45 V, 1.62 V, and 3.58 V at 45�, 90�, and 180�,
respectively. Furthermore, following elbow bending Fig. 7(e),

this 80/2/18 based PHNC generates around 2 V repeatedly,

demonstrating the outstanding repeatability of this PHNC; as

a result, this PHNC is suited for harvesting energy from small

human movements, as well as promising for a variety of

sensing applications with high sensitivity.

The reproducibility test of the PHNC was carried out over

two weeks using the bending and releasing procedure under

the force of 9 N using a bending machine. Figure S9 (a) shows

the maximum peak output voltage of 3.6 V for 80/2/18 based

PHNC. There are no noticeable variations after 3600 cycles in
1 h, showing that the PHNC is capable of long-term operation.

In addition, in the secondweek, the reproducibility of the 80/2/

18 based PHNC was tested for additional 3600 cycles under

identical circumstances (see in Fig. S9(b)). Compared to the

first week's measurement, the results demonstrate constant

output voltage with no obvious deterioration. That confirms

the exceptional reproductively in PHNC.

Furthermore, using the PHNC, we can efficiently check the

abnormal motion of human joints caused by injuries. PHNCs

can also monitor the situations of patients with Parkinson's
disease and quantify the recovery of those with a joint injury,

implying a huge potential for healthcare applications. The

PHNC's response time was less than 100 ms. Rapid response

ensured that the PHNC could catch the signals quickly, even

under the external mechanical stimulus. Moreover, the 80/2/

18 ratio PHNCmembrane was repeatedly bent and released in

over awide temperature range from20 �C to 100 �C; resulting in
the generation of approximate constant maximum peak

output piezoelectric voltage 3.65 V till 100 �C; that confirms

excellent thermal stability of PHNC, shown in Fig. S10 of sup-

plementary file. These findings indicated that the PHNC has

benefits such as high sensitivity to external stimuli, superior

flexibility, and a rapid reaction time, indicating the PHNC's
tremendous potential in wearable health monitoring.

3.9. Cyclic current -voltage (CV) analysis of PHNCs

Using cyclic voltammetry, the electrical current density of a

LiCl-dipped PVDF/CNF/PAMPS PHNC membrane was investi-

gated shown in Fig. 8(a), which is essential for sensing appli-

cations. The dissipated electric current density of the 98/2/0,

90/2/8, 80/2/18, and 70/2/28 are found to be 2.22 mA/ cm2, 3.42

mA/ cm2, 3.64 mA/ cm2 and 3.34 mA/ cm2, respectively. The

cyclic current densityevoltage graph was also used to deter-

mine the capacitance of the PHNC membrane. The 98/2/0, 90/

2/8, 80/2/18, and 70/2/28 PHNCmembranes have capacitances

of 0.124mF, 0.183mF, 0.181mF, and 0.180mF, respectively. As

can be observed, the PVDF/CNF/PAMPS PHNC membrane

exhibited high electrical current and capacitance values

compared to the PVDF/CNF based PHNC membrane. This is

due to the strong anionic polyelectrolyte property of PAMPS;
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Table 3 e Comparison of the sensing parameters of various piezoelectric sensors.

PHNC Membranes Maximum Peak
Voltage (V)

Electric Current
density (mA/ cm2)

Power density
(mW/ cm2)

Reference

PVDF/CNF/PAMPS: 98/2/0 0.62 2.22 0.38 This work

PVDF/CNF/PAMPS: 90/2/8 1.20 3.42 0.74 This work

PVDF/CNF/PAMPS: 80/2/18 3.65 3.64 1.55 This work

PVDF/CNF/PAMPS: 70/2/28 2.34 3.34 0.96 This work

PVDF/GO 0.9 0.969 NA [37]

PVDF/rGO 1.3 1.364 NA [37]

Diphenylalanine peptides 1.4 NA NA [52]

Diphenylalanine peptides 2.2 NA NA [25]

Diphenylalanine peptides/CNT 2.8 NA NA [53]
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when PAMPS is added to the membrane, the interfacial con-

tact between CNF conductive fillers and PVDF molecular

chains increases. It enables convenient ion transport across

the CNF conductive nanorods in the whole membrane. As a

result, polarization increases in the membrane; the piezo-

electric b-phase of PVDF was improved. The comparison of

different sensing parameters of PVDF/CNF/PAMPS PHNC with

previously reported flexible piezoelectric sensors is shown in

Table 3. It was found that the PVDF/CNF/PAMPS PHNC showed

higher sensing voltage than previous existing flexible piezo-

electric nanocomposite film sensors. The sensing properties

of all PHNCs after the WUP are mentioned in Table S2. The

power density of PHNCs is computed using formula P ¼ V2/

(RL � A), where P is the power density, V is the maximum

output voltage, RL is the load resistance, and A is the PHNCs

area. The power density of the PHNCs increases with an in-

crease in the concentration of PAMPS (after 18%wt% of PAMPS

power reduces) as shown in Fig. 8(b), and maximum power

density is exhibited by 80/2/18 ratio PHNC of 1.55 mW/cm2 with

a maximum peak voltage of 3.65 V.
4. Conclusion

In conclusion, we proposed a new method for fabricating

high-performance flexible piezoelectric nanocomposite

(PHNC) membrane using PVDF/CNF/PAMPS for large-scale

manufacturing and low-cost wearable devices. The polar b-

phase of PVDF/CNF/PAMPS PHNC nanocomposite was pro-

duced due to the intermolecular bonding of PAMPS ions with

CNF and PVDF using a solvent casting process that helps to

generate piezoelectric nanocomposite. The PVDF/CNF/PAMPS

nanocomposite with a ratio of 80/2/18 shows its energy har-

vesting ability by bending the PHNC sample on the bending

machine for several bending cycles. The PHNC generates the

maximumpeak output voltage up to 3.65 V under the repeated

bending-releasing procedure. Furthermore, wearable sensor

application is demonstrated by exposing it to different human

body movements such as finger and elbow movements. It

generated maximum peak output voltage up to 3.58 V and

2.2 V at a bending angle of 180� for finger and elbow move-

ments, respectively. The PHNC exhibits outstanding repro-

ducibility and reliability for sensing applications. Due to the

high voltage and flexible nature of the PVDF/CNF/PAMPS

PHNCs, they could be used as health monitoring devices and

nanogenerators for wearable electronic devices.
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