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ABSTRACT

Piezoelectric materials derived from piezoelectrically inactive polymers and

lead-free functional nanofillers have received a lot of attention for their ability to

convert mechanical energy associated with various human body movements

into electrical signals. Herein, the fabrication and performance of a novel ther-

moplastic polyurethane/nanohydroxyapatite electrospun composite mem-

brane-based piezoelectric nanogenerator (PENG) is using polydimethylsiloxane

(PDMS). The nanohydroxyapatite (nHA) and oxidized multiwalled carbon

nanotube (o-MWCNT) fillers converted a non-piezoelectric PU polymer mate-

rial into a piezoelectrically active composite material. Compared to pristine

electrospun PU, every composite sample showed improved mechanical prop-

erties, thermal stability, dielectric properties, and piezoelectric characteristics.

Dynamic-contact electrostatic force microscopy (DC-EFM) confirmed the piezo-

ferroelectric characteristics of all composite samples. The nHA/o-MWCNT

hybrid filler-modified optimized nanofibrous sample (PHAT) showed out-

standing dielectric properties and piezoelectric characteristics. The PHAT-based

PENG showed the highest stimuli-responsive output voltage in the 0.4–32 V

range, whereas the pristine electrospun PU-based PENG showed only an output

voltage of 0.08–5.75 V from various stimuli. The flexible PU electrospun com-

posite membrane can be considered a new potential material for harvesting

electrical energy from the mechanical energy associated with various human

body motions.
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GRAPHICAL ABSTRACT

Introduction

The energy crisis is a major concern in the contem-

porary age due to the tremendous increase in the loss

of fossil-based natural resources [1]. Limited supply

and increased consumption of fossil fuels such as oil,

coal, and gases lead to an unbalanced state between

energy supply and demand [2]. In the past decade,

sustainable energy resources such as wind energy,

hydroelectric power, wave energy, solar energy,

biomass energy, and tidal energy have gained much

attention [3]. As a consequence of the downsizing of

portable and wireless electronics, new power sources

have become essential for modern smart devices and

systems [4]. The deployment of piezoelectric

nanocomposites as a reliable and straightforward

method for mechanical energy harvesting has

received a lot of interest in this context [5].

Piezoelectric materials can produce electrical

energy by applying mechanical stress [6]. Many

materials have been discovered to be quite useful in

the development of piezoelectric materials. Inorganic

materials such as quartz, zinc oxide (ZnO), cadmium

sulfide (CdS), and lead titanate- zirconate (PbTiO3–

PbZrO3 PZT) have been extensively studied as

piezoelectric materials [7, 8]. Some of them include

lead, which has an adverse impact on organisms and

the ecosystem. Lead-free piezoelectric functional

materials, such as langasite, tungsten bronze-based

material, and bismuth layer-structured ferroelectrics

(BLSF), can be better options for energy harvesting

than the currently used lead-based piezoelectric

materials [9]. Perovskite-based ceramics, such as

barium titanate (BaTiO3), their hybrid derivatives,

and their aqueous solutions, have also been investi-

gated recently [10]. Despite the fact that several

piezoelectric ceramics have been produced, their

hard and brittle properties limit their usage as smart

energy harvesters. To overcome this problem, flexible

polymers are widely used [11]. Poly(vinylidene flu-

oride) (PVDF) is a well-known and extensively

studied piezoelectric polymer [12–15]. Based on the

molecular chain conformation, its phases are classi-

fied as a, b, c, and d. The presence of the b phase is

responsible for the piezoelectric property due to its

highest dipole moment per unit volume [16].

The introduction of piezoelectric properties into a

non-PVDF polymer matrix has great significance.

Thermoplastic polyurethane (TPU) is a semicrys-

talline, dielectric, and elastomeric polymer made up

of hard and soft segments [17]. It possesses high
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elasticity, good weather resistance, impact resistance,

and abrasion resistance [18]. Even though it has a low

dielectric constant (e0), the incorporation of conduc-

tive functional nanofillers such as carbon nanotubes

and graphene could increase the dielectric properties

[17]. Since TPU has excellent flexibility, it can be

considered for fabricating wearable devices for

dielectric and other allied applications. In order to

impart piezoelectric properties to TPU, strategies

such as blending, surface functionalization, and

composite formation are adopted [19]. A few efforts

have been made to impart piezoelectric property into

the PU by blending it with PVDF. Bin et al.[20] fab-

ricated a piezoelectric blend system of polyurethane

(PU) and polyvinylidene fluoride-trifluoroethylene

(PVDF-TrFE). On the other hand, many efforts have

been made to develop piezoelectric polymer blend

systems using non-PVDF polymers other than TPU

and piezoelectrically active PVDF [21]. Sengupta

et al.[22] prepared a PVDF-polycarbazole electrospun

membrane for enhanced piezoelectric performance. It

enhanced the b phase content and thereby enhanced

piezoelectric action without compromising the flexi-

bility of samples. Kalifa et al.[23] fabricated a

polyaniline-halloysite nanotube-based PVDF blend

membrane with a maximum output voltage of 7.2 V.

Due to the phase separation of polymers in poly-

mer blends, polymer composites with piezoelectric

active fillers have been considered a promising

solution to fabricate wearable, implantable, and

flexible piezoelectric smart materials [24]. Through

the judicious selection of piezoelectrically active fil-

lers, it is possible to manufacture highly flexible

piezoelectric composite materials. This study used

nanohydroxyapatite (nHA) and oxidized MWCNT

(o-MWCNT) as functional fillers. Hydroxyapatite is

an inorganic mineral that occurs naturally and has

the chemical formula Ca10(PO4)6OH2. Dry bone is

composed of 60–70% hydroxyapatite, as well as some

protein and inorganic salts [25]. Synthetic hydroxya-

patite (HAp) and nHA have been used instead of

naturally generated hydroxyapatite without affecting

bioactivity or crystalline characteristics [26–28].

Recently, nHA has gained much deliberation as a

dielectric and lead-free piezoelectric material [29, 30].

It has a negatively charged c plane and a positively

charged a plane that can produce orientation or

dipolar polarization. The dielectric, piezoelectric, or

ferroelectric properties of materials are governed by

polarization, such as orientation (dipolar), ionic,

electronic, or interfacial space charge [31].

Among various composites, electrospun composite

membranes have gained much interest due to their

large surface-to-volume ratio, high porosity, ease of

surface functionalization, and uniform load transfer

upon the application of mechanical stress [32, 33].

Electrospun fibers are generated by a technique

called electrospinning. In this process, the polymer

solution or melt is drawn electrostatically by apply-

ing a high electric field as a polymer jet. The polymer

jet is drawn to a mandrel by a whipping motion and

collected over it in the form of continuous fibrous

mats [34]. Compared to conventional macro-struc-

tural films or sheets, the nano-structured membranes

can effectively convert mechanical energy associated

with mild movements into piezoelectricity. More-

over, electrospun composite fibers can show a net

nonzero dipole moment due to the coaxial orientation

of the dipoles generated by polar functional groups

of polymers along the fiber axis [21]. Thus, electro-

spinning is a technique of choice for fabricating sen-

sitive piezoelectric devices [35]. A few researchers

have attempted to introduce piezoelectric properties

to non-piezoelectric polymers using an electrospun

composite preparation strategy. Bairagi et al. [36]

prepared polyacrylonitrile (PAN)/copper oxide

(CuO) nanorods-based electrospun composite mem-

branes as piezoelectric nanogenerators. Even though

it showed an output voltage of 5 V from human fin-

ger tapping, there was no attempt to confirm the

piezoelectricity using a specific characterization.

Shafeeq et al.[37] developed a piezoelectric material

using a non-piezoelectric ethylene-co-vinyl acetate

and rubbery polyurethane polymer blend system by

incorporating nHA as the piezoelectric filler. Even

though it has appreciable ferro-piezoelectric proper-

ties, it could not produce a sufficient output voltage

during various stimuli. Moreover, no fine fiber mor-

phology has been observed from the electrospun

membrane due to the presence of a rubbery polymer

blend system. The present study uses dielectric

thermoplastic polyurethane as a polymer matrix

instead of a blended system.

Although a few articles investigated the improve-

ment of the dielectric properties of TPU, none of them

explored the piezoelectric performance of

TPU/nanohydroxyapatite-based electrospun com-

posites [38–42]. This study presents a novel piezo-

electric polyurethane/nanohydroxyapatite-based
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electrospun composite membrane as a stimuli-re-

sponsive piezoelectric nanogenerator. The effects of

functional fillers (nHA and o-MWCNT) on the

dielectric, piezoelectric, and mechanical properties of

electrospun PU have been thoroughly investigated.

Moreover, simple piezoelectric nanogenerators

(PENGs) have been fabricated using PU-based elec-

trospun composite membranes. Thus, the major

purpose of this study is to develop thermoplastic

polyurethane-based piezoelectric nanogenerators

that respond to human body motions.

Materials and methods

Materials

TECOFLEXTM EG-85A grade thermoplastic poly-

urethane (TPU) (MW & 120,604 g/mol) was supplied

by Lubrizol Advanced Materials, Massachusetts,

USA. The oxidized MWCNT (o-MWCNT) was pur-

chased from Adnano Technologies, Pvt. Ltd., India.

As per the production details, the outer and inner

diameters of o-MWCNT are 10–30 nm and 5–10 nm,

respectively. The nanohydroxyapatite (nHA) was

prepared in the laboratory in accordance with the

reported wet chemical method (Supplementary

information S1) [28, 43]. Merck Pvt. Ltd., India, sup-

plied polydimethylsiloxane (PDMS) (Sylgard 184),

calcium nitrate tetrahydrate (Ca(NO3)2�4H2O), 99%,

ammonium hydroxide (NH4OH) (28% NH3 in H2-

O, C 99% trace metals basis), and diammonium

hydrogen orthophosphate ((NH4)2HPO4), C 98%.

Avra Chemicals, India, provided the solvents

dimethylformamide (DMF), 99%, and tetrahydrofu-

ran (THF), 99.5%. Copper foil and metallic wires for

PENG fabrication were brought from the local mar-

ket. A syringe (21G 9 1
00
) for electrospinning pur-

poses was purchased from BD EmeraldTM.

Preparation of electrospun composite
membranes

The electrospinning solutions were primarily made

by taking a total amount of 10 wt% polymer and filler

in a THF:DMF (7:3) system, as shown in Table 1. PU/

nHA spinning solutions were prepared by dispersing

a specific amount of nHA (0.2–0.4%) in 3 mL of DMF

and 7 mL of THF by ultrasonication for 30 min. To

the resultant nHA dispersion, a suitable amount of

PU pellets (99.6–99.8%) was added and placed for 6 h

of stirring for complete dissolution. For the prepara-

tion of the nHA/o-MWCNT-modified composite

sample (PHAT), 0.2% of the o-MWCNT was dis-

persed in 3 mL of DMF and 7 mL of THF by ultra-

sonication for 30 min. To the o-MWCNT dispersion,

0.2% of nHA was added and placed for another

30 min of ultrasonication. 99.6% of the PU was gently

added to the nHA/o-MWCNT dispersion and stirred

for 6 h to ensure complete dissolution. The prepared

spinning solutions were filled into a 10-mL syringe

with a metallic needle of 0.514 mm inner diameter

(21G 9 100). The syringe was connected to a high-

voltage supply electrode mounted on a syringe pump

(0–30 kV, HO-NFES-041 Holmarc, India). The other

electrode was connected to a rotating mandrel with a

500 rpm rotational speed. The electrospinning pro-

cessing parameters, such as the applied voltage, flow

rate, and working distance, were fixed at 16 kV,

1.5 mL/hr, and 16 cm, respectively. The electrospin-

ning process (Fig. 1a) of the 15 mL polymer solution

was prolonged for another 10 h to achieve the req-

uisite membrane thickness. The nanofibrous mem-

branes were subjected to vacuum drying for 24 h to

remove excess solvent.

Piezoelectric nanogenerators (PENGs) fabrication

The piezoelectric nanogenerators were fabricated

using electrospun samples (PU, PHA1, PHA2, and

PHAT). The electrospun membrane, measuring

0.154 mm in thickness, was shaped into a 2 9 2 cm2

dimension and sandwiched between two copper

electrodes. Copper wires were soldered to the two

electrodes to connect them to the open circuit for the

output voltage measurement. Finally, the fabrics

were encapsulated using polydimethylsiloxane

(PDMS) to generate PENGs. Figure 1b shows the

schematic representation of PENG fabrication.

Table 1 Formulations of samples

Sample PU (%) nHA (%) o-MWCNT (%)

PU 100 0 0

PHA1 99.8 0.2 0

PHA2 99.6 0.4 0

PHAT 99.6 0.2 0.2
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Characterization

Fourier transform infrared spectroscopy (FT-IR, Jasco

FT/IR-4700) with a maximum resolution of 0.4 cm-1

and a signal-to-noise ratio of 35,000:1 was used to

confirm the existence of functional groups and

chemical bonds in ATR mode. With base correction,

three scans were performed in the range of

4000–400 cm-1 for each sample. A field emission

scanning electron microscope (FE-SEM) (Zeiss, Ultra

55) equipped with energy-dispersive spectroscopy

(EDS) was used to investigate the morphology and

elemental composition of all samples at an acceler-

ating voltage of 5 kV. The average fiber diameter was

calculated using ImageJ software. Raman spec-

troscopy (Horiba LabRam Confocal Raman Spec-

trometer, 532-nm laser) was used to validate

o-MWCNT functionalization. It is a mirror-based

spectrometer with an 800 mm focal length (600

holographic gratings, 1800 grooves/mm) and a

scanning range of 50–4000 cm-1. TGA (Q-50, TA

instruments) was used to evaluate the thermal

properties of membranes. The experiment was per-

formed between 0 and 600 �C, with a scan rate of

10 �C/min. The mechanical characteristics of the

1 9 7 cm2 membranes were examined using a

Universal Testing Machine (UTM, Shimadzu Auto-

graph, AG-Xplus series) with a 10 N applied stress.

Dynamic-contact electrostatic force microscopy (DC-

EFM) was used to investigate the piezoelectric–fer-

roelectric properties of electrospun composite sam-

ples (AFM, Park XE100). To monitor the hysteresis

curves based on the EFM amplitude and phase, the

samples were subjected to a voltage sweep from -10

to ? 10 V. An impedance analyzer (Wayne Kerr

WK6500B) was used to investigate the dissipation

factor (tan d) and dielectric constant (e0). The experi-

ment was carried out by placing samples with a

thickness of 0.154 mm and a diameter of 10 mm

between copper electrodes.

PENG device characterization

A digital storage oscilloscope (Tektronix, TBS 2000

series) was used to examine the output voltage of

fabricated PENGs. The devices were subjected to an

impact force test with an impact force of 1.73 N to

demonstrate the energy harvesting performance [44].

A home-built impact force setup was used for this. A

metallic object of 4.52 9 10–4 m2 contact area weigh-

ing 176.880 g was dropped from a known distance of

1 m, and the generated output voltage was measured

Figure 1 Schematic

representation of

a electrospinning of samples,

b fabrication of piezoelectric

nanogenerators (PENGs).
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using a digital oscilloscope. Detailed information

about the impact force test is given under Supple-

mentary information S2. Moreover, a home-built

tapping machine (Fig.S2) was used to investigate the

output voltage generated by tapping at a controlled

frequency and area. A finger-tapping procedure and

the impact of various human body joint bendings

were used as the human body-based mechanical

energy sources for generating electrical energy. For

calculating current (I), power (P), current density (J),

and power density (Pd), a 1-MX resister was intro-

duced into the circuit, and the output voltage was

measured. Equations for calculating current, power,

current density, and power density are given under

Supplementary information S3.

Results and discussion

Fiber morphology and elemental mapping

A nanostructured membrane can show enhanced

piezoelectric performance compared to macro-

structural films. Nanofiber morphology and size

regulation by electrospinning have great importance.

Figure 2a and b–d shows the SEM micrographs of

electrospun polyurethane and electrospun composite

membranes, respectively. A TEM image of nanohy-

droxyapatite is given under Supplementary infor-

mation S4 (Fig. S3). It showed a rod-like structure

with an average length of 82.96 nm and an average

width of 22.91 nm.

Electrospun PU shows a large fiber diameter of

829 ± 32 nm with a cylindrical, interconnected mor-

phology. nHA and o-MWCNT fillers incorporation

caused a large decrease in the fiber diameter. Samples

PHA1 and PHA2 showed fiber diameters of

497 ± 34 nm and 324 ± 33, respectively, whereas

sample PHAT showed the lowest fiber diameter of

284 ± 31 nm. The gradual decrease in the fiber

diameter was due to the enhanced electrical con-

ductivity of composite solutions. Conductive fillers

such as nHA and CNT can increase the charge den-

sity carried by the polymer solution; hence, it can

enhance the stretching of the polymer jet, resulting in

the formation of narrow fibers during the whipping

Figure 2 SEM micrographs and fiber diameter distributions of a pristine electrospun PU, b PHA1, c PHA2, d PHAT.
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motion in the flight time [45]. Samples PHA1 and

PHA2 showed randomly oriented and interconnected

fiber morphology, whereas PHAT showed compara-

tively collinearly aligned fiber morphology. It was

due to the excellent jet elongation and repulsion

between charged polymer jets. Parallel polymer jets

were generated during the whipping motion, and

thin solid fibers were deposited on the collector

without much overlap [46]. Because of the increased

friction area, the aligned fiber morphology can offer

an increased electrical output of the piezoelectric

nanogenerators (PENGs) than those based on ran-

domly oriented fiber webs [47]. This is further proved

by the open-circuit voltage output of the PHAT

composite-based PENG.

The energy-dispersive X-ray spectroscopy (EDS)

spectra of electrospun PU, PHA1, PHA2, and PHAT

samples are shown in Fig. S4. In the pristine elec-

trospun PU, phosphorous (P) and calcium (Ca) were

absent. As nHA loading increased, the amount of P

and Ca was found to be increased from PHA1 to

PHA2. Since PHA1 and PHAT samples had similar

nHA input loadings, the final amounts of P and Ca in

the composites were close to each other. The slight

difference in the amount of Ca and P compared to the

input filler loading was due to the loss of filler con-

tents during electrospinning [48]. The presence of

nanohydroxyapatite in the electrospun sample

(PHA2) was further confirmed by elemental map-

ping. Figure 3b-f shows the elemental mapping of C,

N, O, Ca, and P, respectively. It ensured the uniform

distribution of nHA in the samples.

Bonding and crystalline characteristics

The FTIR spectra of nanofibrous PU, nHA, and PU/

nHA nanofibrous composites are given in Fig. 4a.

Due to the N–H group stretching, the pristine elec-

trospun PU membrane exhibited a prominent peak at

3325 cm-1. Peaks at 1690–1716 cm-1, respectively,

represent intermolecular hydrogen-bonded C=O

stretching and bare carbonyl stretching (C=O) [45].

The characteristic peaks of nHA were visible at

3566 cm-1, 1024 cm-1, 961 cm-1, and 560 cm-1, cor-

responding to the nHA structural OH- ion stretch-

ing, PO4
3- asymmetric stretching, PO4

3-symmetric

stretching, and out-of-plane bending of PO4
3-,

respectively [49]. Compared to the pristine electro-

spun PU, only hydrogen-bonded C=O stretching

frequency was observed in all electrospun composite

samples and all composites marked a peak shift from

1716 to 1697 cm-1 (Fig. 4b). This significant peak shift

in the composites may be due to the stabilized

hydrogen bonding between the –OH group of nHA

and the C=O functional groups of the PU [50]. Also, it

may be due to the electrostatic interaction between

Ca2? ions present in nHA and the C=O functional

groups of the PU [51]. Moreover, the enhanced

intensity of the C=O peaks in the PU/nHA electro-

spun composites further confirmed the presence of

additional hydrogen bonding, which may lead to

stronger organic–inorganic interfacial interactions

[52]. A possible interaction between nHA and PU is

shown in Fig. 4c. All the characteristic peaks of nHA

were visible in all composites. The intensity of the

Figure 3 a Elemental mapping location from the SEM. Elemental mapping of nHA-loaded composite (PHA2), b carbon, c nitrogen,

d oxygen, e calcium, f phosphorous.
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peaks at 1024–560 cm-1 was increased in the com-

posites compared to the pristine PU, which con-

firmed the proper modification of PU by nHA.

Figure 4d shows the Raman spectra of o-MWCNT,

electrospun PU, and an o-MWCNT-modified elec-

trospun composite sample (PHAT). The D band is

represented by an absorption peak at 1333 cm-1,

while the G band is represented by an absorption

peak at 1578 cm-1. These significant peaks in the

PHAT samples and their peak shift revealed that

o-MWCNT successfully modified electrospun PU,

and it further confirmed the nanocomposite forma-

tion [53].

Figure 4e shows the XRD patterns of the nHA and

PU electrospun composite samples. nHA showed its

prominent peaks at 25.95�, 31.9�, and 46.7�, corre-

sponding to (022), (112), and (222) planes, respec-

tively. It was consistent with JCPDS card number

01–072–1243(Fig. S5) [54]. A less intense, prominent

band (2h = 31.9�) of nHA in the samples PHA2 and

PHAT further confirmed the proper modification of

PU by nHA. These samples showed another peak at

2h = 19�, which was due to the semicrystalline nature

of the PU backbone. In the PHAT membrane, two

peaks were visible at 44.7�–76.8�, and it was due to

the proper functionalization of PU by o-MWCNT.

Thermal and mechanical properties

Thermogravimetric analysis (TGA) and derivative

thermogravimetric analysis (DTG) are shown in

Fig. 5a and b, respectively. Both electrospun PU and

electrospun composite membranes have two steps of

degradation. The initial weight loss was caused by

the decomposition of the peptide bond in the hard

segment, whereas the second weight loss was caused

by the breakage of the ether bond in the soft segment

[55]. No significant weight loss was observed for

nHA. Compared to the pristine fibrous PU mem-

brane, the onset and Tmax temperatures of all com-

posite samples were much higher, showing the

composites’ superior thermal stability (Table 2).

Figure 4 a FTIR spectra of nanohydroxyapatite, electrospun PU,

and electrospun composites, b enlarged FTIR spectral peak of

carbonyl stretching of electrospun PU and electrospun composite

membranes at different nHA loadings, c proposed interaction

between nHA and PU, d Raman spectra of samples, e XRD

pattern of samples.
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Materials with high mechanical properties and

flexibility are highly demanded in the fabrication of

PENGs. Such materials could tolerate the impact

forces applied during energy harvesting. The stress–

strain curves of all samples are shown in Fig. 5c.

Except for the PHAT sample, all electrospun mem-

branes exhibit a nonlinear primary elastic region due

to the slipping tendency of randomly oriented

nanofibers over others [56, 57].

Electrospun PU showed the least tensile strength

(3.4 MPa) and elongation at break (199%). Compared

to virgin electrospun PU, even the nHA-alone mod-

ified PU electrospun membranes (PHA1 and PHA2)

showed improved tensile strength and percentage

elongation. The nHA/o-MWCNT-modified PHAT

sample showed the highest tensile strength

(10.11 MPa). As the SEM image of the PHAT showed,

electrospun fibers were sufficiently aligned compared

to all other samples. Aligned electrospun fibers can

resist the initial tensile load due to the uniaxial

alignment of fibers along the applied stress direction;

hence, they can uniformly distribute tensile stress

among all fibers [58]. Moreover, the presence of

MWCNT in the PHAT could impart high tensile

strength and percentage elongation. However, com-

pared to the PHA1 sample, the PHAT showed a

slight reduction in the elongation at break. It may be

due to the aggregation of nanoparticles at higher

loading in the PHAT. Compared to the PHAT, the

presence of randomly oriented fibers and homoge-

neous distribution of nHA particles in the PHA1

caused the highest percentage elongation [58].

Despite having a random orientation, PHA2 electro-

spun fibers showed a reduced percentage elongation

and possessed a moderate tensile strength when

compared to other electrospun composite samples. It

may be due to the agglomeration of highly loaded

Figure 5 a TGA curves of samples, b DTG curves of samples, c stress–strain curves of electrospun membranes, d tensile strength and

Young’s modulus of fibrous membranes.

Table 2 TGA data of samples

Sample Tonset (�C) Tmax1 (�C) Tmax2 (�C)

PU 243 301 377

PHA1 289 307 388

PHA2 290 316 390

PHAT 294 324 393
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nHA nanoparticles. The optimized PHAT showed a

significant elongation at break of 355% and the lowest

Young’s modulus of 0.0205 MPa (Fig. 5d), which

shows the high flexibility of the PHAT composite

[59]. So, it is a promising material for the fabrication

of flexible piezoelectric nanogenerators.

Dielectric and piezoelectric properties

The following equation defines dielectric permittivity

[42].

eðxÞ ¼ e0ðxÞ � ie00ðxÞ ð1Þ

where e00(x) represents the imaginary part of the

permittivity, x is the angular frequency, and e0(x)
denotes the real part of the dielectric permittivity.

The real part belongs to the interfacial polarization in

the polymer composites, and the imaginary part is

attributed to the dielectric loss (tan d) [42]. Charges
accumulate between the polymer matrix and con-

ductive fillers in a polymer composite due to the

Maxwell–Wagner–Sillars effect, resulting in major

polarization [60].

The relative permittivity (e0) of PU, PHA1, PHA2,

and PHAT at 20 Hz was found to be 1.96, 3.59, 4.18,

and 28.44, respectively. The dielectric loss (tan d) of
PU, PHA1, PHA2, and PHAT at 20 Hz was found to

be 0.096, 0.14, 0.15, and 5.88, respectively. As the filler

amount was increased, permittivity and dielectric

loss were gradually increased from pristine electro-

spun PU to PHAT samples. The incorporation of

nHA into the PHA1 and PHA2 samples and nHA/o-

MWCNT hybrid filler into the PHAT sample was

responsible for the dielectric value improvement. The

significant dielectric value in the pristine electrospun

PU was attributed to the presence of dipole polar-

ization of functional groups in the hard segments

[41]. In the electrospun composite samples (PHA1

and PHA2), the improved permittivity was due to the

originated interfacial and orientation polarization

upon increasing the amount of nHA filler. The

interfacial polarization is due to the heterogeneity

between the polymer matrix (PU) and fillers (nHA

and o-MWCNT) (Maxwell Wagner effect). The ori-

entation polarization is due to the polar nature of the

nanohydroxyapatite filler. Apart from the interfacial

and orientation polarizations, the large dielectric

value of the PHAT sample was due to the presence of

axially aligned o-MWCNT along the electrospun

fibers. A TEM micrograph is shown in Fig. S6.

MWCNT, or o-MWCNT, is the most widely used

conductive filler to enhance the dielectric properties

due to its large aspect ratio, good electrical conduc-

tivity, and unique mechanical properties [61].

The frequency dependency on the dielectric char-

acteristics of materials is one of the essential factors

for its widespread application. Figure 6a and b shows

the variation of dielectric constant (e0) and dielectric

loss (tan d) of various samples in the frequency range

of 20 Hz to 10 MHz. At lower frequencies, e0 was

found to be high and decreased gradually as the

frequency was increased. At lower frequencies,

developed dipoles can align in the direction of the

applied field, leading to higher permittivity. As the

frequency increases, dipoles do not get enough time

to align with the externally applied field, decreasing

dielectric permittivity [41]. The dielectric loss of every

electrospun membrane decreased gradually as the

frequency was increased. It showed a stable tan d
value between 103 and 104 Hz. After 104 Hz, the

dielectric loss of PU, PHA1, and PHA2 increased. But

for PHAT, the dielectric loss was increased only after

106.5 Hz (Fig. 6b inset). It was due to the enhanced

dipole polarization relaxation of MWCNT at

1.09 GHz compared to the nHA and the PU [62]. So,

sample PHAT is considered a promising material

with good dielectric properties for allied applications.

The ferro-piezoelectric characteristics of the elec-

trospun membranes were investigated by DC-EFM

analysis. The topographic features were captured, as

shown in Fig. S7. The EFM signals were recorded

between the voltages of ? 10 V and -10 V. The bias

voltage was applied as follows: start from 0 to ? 10 V

and then reverse to 0 V; subsequently, sweep to

-10 V and then return to 0 V. Figure 6c shows the

trend of the DC-EFM amplitude signal versus

applied voltage for pristine electrospun PU and

nHA-filled composites. The butterfly-shaped EFM

amplitude curve indicated the existence of a ferro-

piezoelectric material [63]. The less prominent pat-

tern of the amplitude curve of the PU suggested the

absence or lesser prominence of the ferro-piezoelec-

tric features. In nHA-filled composites, the butterfly-

like shape of the amplitude signal became prominent

as the applied bias advanced in both directions. This

observation supported the establishment of the

piezoelectric feature in the PU-based composites

containing nHA filler. Inclusion of nHA could gen-

erate a large number of internal dipoles in the com-

posites, which was responsible for the observed
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piezoelectric properties. The most prominent ampli-

tude signal was observed for the PHAT composite

due to the presence of enhanced electrical conduc-

tivity and polarization processes [64]. The EFM

amplitude reflects the strain experienced on the

cantilever by virtue of the piezoelectric property of

composites. Upon realigning the internal dipoles

with the external bias, a strain is developed within

the material, which subsequently enhances the EFM

amplitude [65]. Upon retracing, the signal follows a

different path due to the remnant polarization. Fig-

ure 6d represents the EFM phase hysteresis signals,

which indicate the ability of dipoles within the

composites to undergo orientation switching with the

direction of applied bias. Essentially, the orientation

switching of the dipoles indicates the ferroelectric

nature of the composites [66]. The phase hysteresis

curve also shows the polarization reversal property at

an applied voltage of ± 10 V. The PHAT composite

showed a well-defined phase hysteresis curve, which

can be accounted for by the generation of a large

number of dipoles with the ability to switch their

orientation with the external bias easily. So, it con-

firmed the piezoelectric nature of electrospun com-

posite membranes.

Piezoelectric nanogenerator performance
test

To explore the piezoelectric voltage generating

capacity of composite systems, piezoelectric nano-

generators (PENGs) were developed, and the output

voltage was recorded under various stimuli. Initially,

the devices were subjected to an impact force test

with an impact force of 1.73 N to demonstrate the

energy harvesting performance with controlled tap-

ping force and area. A video showing the output

voltage during the impact force test is given under

Supplementary video SV1.

Figure 7 shows the output voltage generated by

each device. It showed a damping trend in the

curves. At the moment of impact, potential energy

Figure 6 a Variation of dielectric constant of samples, b variation of dielectric loss of samples, c DC-EFM amplitude curves of samples,

d DC-EFM phase curves of samples.
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was converted to electrical energy, generating a peak

voltage; however, some energy was lost due to

damping. The peak-to-peak output voltages were

15.5 V, 47.5 V, 55.5 V, and 63.25 V, respectively, for

neat PU, PHA1, PHA2, and PHAT devices. The

maximum output voltage was recorded as 5.75 V,

22.25 V, 24.25 V, and 32 V for PU, PHA1, PHA2, and

PHAT, respectively. It was observed that the output

voltage increased gradually with the increase in the

amount of nHA filler. However, the unfilled PU

generated an output voltage despite its non-piezo-

electric nature. It may be mainly due to the tribo-

electric voltage generated by friction between the

polymer mat and the electrodes.

An impact test from a tapping machine was per-

formed to examine the energy harvesting during a

continuous impact other than an immediate impact

with a controlled tapping frequency. A video show-

ing the output voltage generation from a tapping

machine is given under Supplementary video SV2.

Figure 8 shows the output voltage generated by each

device. It offered continuous positive and negative

peaks without damping due to the regular, periodic

tapping.

The maximum output voltage was recorded as

1.25 V, 4.20 V, 5.20 V, and 7.5 V for PU, PHA1,

PHA2, and PHAT, respectively. The amount of nHA

in the composite samples (PHA1 and PHA2)

increased, and the output voltage also increased. The

highest output voltage in the PHAT sample was due

to the presence of hybrid nHA/o-MWCNT filler. The

pristine PU sample showed less intense and irregular

peaks. On the other hand, all the composite samples

showed sharp peaks due to the enhanced output

voltage, which is attributed to the combined effect of

piezoelectricity and a small fraction of triboelectricity.

Moreover, a delay between two consecutive peaks

confirmed the contribution of triboelectricity to the

net output voltage [67].

Due to daily activity, the human body produces a

significant amount of mechanical energy, which

could be a promising energy source for energy har-

vesting from piezoelectric materials [68]. Moreover,

the ability of piezoelectric materials to respond to

Figure 7 Output voltage generated by samples due to the impact force of 1.73 N a electrospun PU, b PHA1, c PHA2, d PHAT.
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various motions is a crucial property for using them

as devices to track the movement of joints in the

human body during sports activities [69, 70]. In this

scenario, piezoelectric power generated from piezo-

electric materials triggered by human body motions

can be considered an energy harvesting process and

body motion-sensing strategy. The devices have been

subjected to stimuli-responsive output voltage pro-

duction from finger tapping, palm-bending motion,

elbow joint motion, foot tapping, and throat muscle

motion of an adult human to validate the perfor-

mance of the various PU-based piezoelectric nano-

generators (PENGs) under various human body

motions.

Figure 9 shows the output voltage generated from

various PU-based PENGs under different human

body-based mechanical stimuli. Figure 9a shows the

output voltage generated from the periodic com-

pressive forces through a human finger-tapping

process. The observed output voltages were 2.2 V,

6.75 V, 9.25 V, and 23.25 V for neat PU, PHA1, PHA2,

and PHAT devices, respectively. Complementary to

the EFM amplitude results, a drastic enhancement in

the output voltage was observed for the PHAT

composite containing nHA/o-MWCNT. It could be

accounted for by the enhanced electron transport

through the composite due to the o-MWCNT addi-

tion. The higher conductivity could improve the

surface charge density of the composite, supporting

better piezoelectric performance. Also, the compos-

ite’s conductivity enhancement would help in the

easy conduction of generated piezoelectricity [29]. In

the output voltage signal, there is a well-defined

fluctuation between a positive and a negative peak,

which corresponds to the flow of electrons back and

forth in the circuit as a result of the alternation of

piezoelectric charge polarization [71].

A palm-bending motion-responsive output voltage

analysis was performed on various PENGs to inves-

tigate the effect of human body bending motions on

voltage production. Substantial output voltages were

observed from the device upon bending activities.

Figure 8 The output voltage of samples during continuous constant impact (frequency controlled) from a tapping machine a electrospun

PU, b PHA1, c PHA2, d PHAT.
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The output voltages during human palm bending

were 1.75 V, 4.4 V, 5.75 V, and 17.25 V, respectively,

from PU, PHA1, PHA2, and PHAT devices (Fig. 9b).

A video showing the output voltage during palm-

bending motions is given under Supplementary

video SV3. An elbow joint motion experiment was

also performed to complement the bending motion-

based energy harvesting. The observed voltages

during elbow joint motions were 0.2 V, 3 V, 4.5 V,

and 7 V, respectively, from PU, PHA1, PHA2, and

PHAT devices (Fig. 9c). A video showing output

voltage during elbow joint motion is given under

Supplementary video SV4. As expected, output

voltage gradually increased from the PU to the PHAT

sample for both palm and elbow joint bending

motions.

A foot-tapping experiment was also conducted to

examine the practical application of energy harvest-

ing during human walking. The output voltages from

PU, PHA1, PHA2, and PHAT were 2.5 V, 12.14 V,

16.5 V, and 24.4 V, respectively (Fig. 9d). As expec-

ted, a gradual increase in the output voltage was

observed from PU to PHAT. A video showing the

energy harvesting during foot tapping is given under

Figure 9 The digital photographs and output voltage generated by PU-based piezoelectric nanogenerators under various human body

movements a finger tapping, b palm bending, c elbow joint bending motions, d foot tapping.
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Supplementary video SV5. A throat muscle-respon-

sive output voltage analysis was performed on vari-

ous PENG samples to investigate the effect of

sensitive human body motions on voltage produc-

tion. The observed voltages during throat muscle

motions were 0.08 V, 0.25 V, 0.3 V, and 0.4 V from

PU, PHA1, PHA2, and PHAT devices, respectively

(Fig.S8). Since the stimulation of throat muscle is

deficient compared to all other body stimuli, the

lowest output voltage was observed. Overall, the

human body’s stimuli-responsive output voltages

were recorded as 0.4 V, 7 V, 17.25 V, 23.25 V, and

24.4 V, respectively, for throat muscle motion, elbow

joint bending, palm bending, finger tapping, and foot

tapping from the PHAT sample. So, as the human

body’s impact increases, output voltage also

increases.

Finger-tapping and machine tapping experiments

were used to evaluate the current (I), power (P),

current density (J), and power density (Pd) of the PU-

based composite. During the experiment, a resistor of

1 MX was attached to the circuit. Figure S9 shows the

output voltage generated during the finger-tapping

experiment. It was observed that the closed-circuit

current increased, with a similar trend to that

observed in the previous experiments. But relatively,

the output voltages were decreased compared to the

resistance-free energy harvesting. This reduction was

due to a 1-MX resistor in the circuit. The highest

circuit current of the PHAT sample was owing to the

conductive hybrid filler (nHA/o-MWCNT). The

power density of devices also increased with filler

inclusion, and the highest power density was recor-

ded for the composite PHAT containing o-MWCNT.

The voltage, current, and power characteristics of

devices under different mechanical stimuli are

tabulated in Table 3. The ability of the PU-based

composites to generate a piezoelectric voltage in

various environments demonstrates their versatility

for energy generation and motion-sensing

applications.

Flexible materials with high mechanical properties

are essential for PENG fabrication to maintain long-

term mechanical stability due to the mechanical

impact imposed during energy harvesting. Table 4

shows a comparison of the current work with other

reports on non-PVDF electrospun membrane-based

piezoelectric nanogenerators. It shows that the pre-

sent work can show high strength with high tensile

strength and high flexibility due to significant per-

centage elongation; hence, it can tolerate the impact

forces applied during energy harvest for an extended

period. DC-EFM confirms the contribution of the

piezoelectricity from the combined piezo-triboelec-

tricity produced from composite-based PENGs.

Compared to other studies, the present work explores

piezoelectric energy harvesting using human body

stimuli such as finger tapping, elbow bending, palm

bending, leg tapping, and throat motions. Moreover,

it investigates impact force-controlled, frequency-

controlled, and area-controlled energy harvestings. It

shows a significantly higher output voltage com-

pared to other materials. So, the PU-based electro-

spun composite membrane is a potential material for

the development of piezoelectric and triboelectric

nanogenerators.

Conclusions

A flexible PU electrospun composite membrane-

based piezoelectric nanogenerator (PENG) has been

fabricated as an alternative energy harvester. All

Table 3 Device performance parameters

Mechanical energy

source

Samples Output voltage

(V)

Current

(lA)
Current density (lA/
cm2)

Power

(lW)

Power density (lW/

cm2)

Finger tapping PU 1.4 1.4 0.35 1.95 0.49

PHA1 2.2 2.2 0.55 4.84 1.21

PHA2 2.7 2.7 0.675 7.29 1.82

PHAT 3.9 3.9 0.975 15.21 3.80

Machine tapping PU 0.76 0.76 0.19 0.577 0.144

PHA1 1.47 1.47 0.367 2.16 0.5402

PHA2 1.61 1.61 0.402 2.592 0.6480

PHAT 1.95 1.95 0.487 3.80 0.9506

J Mater Sci (2023) 58:317–336 331



electrospun composite membranes outperformed the

pristine PU nanofibrous membrane in mechanical

and thermal properties. The nHA/o-MWCNT hybrid

filler-modified sample (PHAT) showed a significant

percentage elongation (355%) and the lowest Young’s

modulus, which correlates with the high flexibility.

Compared to the pristine PU nanofibrous membrane,

composite electrospun membranes exhibited

improvements in ferro-piezoelectric properties and

dielectric properties. The EFM amplitude signals

showed a butterfly loop, and the EFM phase signals

exhibited hysteresis curves for all composites, which

confirmed the piezoelectricity. The dielectric proper-

ties were found to increase with filler loading and

decrease with an increase in the external field fre-

quency. Outstanding improvements in the dielectric

and piezoelectric properties were observed for the

PHAT composite fibrous membrane. PHAT-based

PENG showed the highest output voltage during the

impact force (32 V) and human body motion stimuli-

responsive tests (24.4 V) compared to the pristine PU-

based PENG. So, the flexible polyurethane-based

electrospun composite membrane is a potential

material for the development of piezoelectric nano-

generators and can open up a new spectrum of

opportunities in the field of energy harvesting.
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Table 4 Comparison of the piezoelectric performance of the present work with other non-PVDF-based piezoelectric nanogenerators

Material Maximum output

voltage (V)

Mode of piezo-ferroelectric

properties evaluation

Mode of energy

harvesting

Mechanical properties References

Tensile

strength

(MPa)

Elongation at

break (%)

EVA-MPU/

nHA

1.39 DC-EFM analysis FT, EB, and TM 2.9 N.R [37]

PAN/CuO 5 N.R FT and CTM N.R N.R [36]

Silk nanofiber 7 P-E hysteresis analysis EB and LT N.R N.R [72]

Casein/

polyvinyl

alcohol

20 P-E hysteresis analysis FT and CTM 2.95 154 [73]

PAN/ZnO 8.17 N.R W and R N.R N.R [74]

PU/nHA@o-

MWCNT

32 DC-EFM analysis FT, PB, EB, TM,LT,W,

CIF, and CTM

10.11 355 This study

DC-EFM Dynamic-contact electrostatic force microscopy, FT finger tapping, PB palm bending, EB elbow bending, TM throat motion, LT

leg tapping, W walking, R running, CIF controlled impacting force, CTM controlled tapping machine, N.R not reported
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