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Abstract

The rising demand for wearable electronics has drawn widespread attention to 

piezoelectric materials due to their potential applications in low-power devices. Herein, we 

present a unique method for fabricating free-standing foam-structured piezoelectric 

nanogenerators (PENGs) with excellent piezoelectric response using polyvinylidene fluoride 

(PVDF) embedded with piezoceramics. The as-fabricated foam with porous structure and good 

flexibility delivered a maximum piezoelectric peak-to-peak output voltage and current of 11.61 

V and 70 nA. Both PVDF and the integrated ceramic nanoparticles in the composite foams 

contribute to the piezoelectric performance, thus giving better output as compared to the 

pristine PVDF foam. Moreover, the interconnected pores within the foam structure provide a 

high surface area engendering the material with good amount of stress concentration sites that 

help in improving the piezoelectric voltage, respectively. This work presents a convenient 
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method for designing mechanical energy harvesters that has great potential in self-powered 

wearable electronic devices.

Keywords: Piezoelectric Foam, 3D-Structure, Wearable Energy Harvester, Lead-Free, 

Sacrificial Template

1. Introduction

Mechanically flexible piezoelectric materials are in considerable demand for use in 

energy-scavenging devices [1-8]. However, these two characteristics, piezoelectricity and 

mechanical flexibility, are incompatible since they cannot be enhanced simultaneously. 

Although polymers like PVDF possess mechanical flexibility and ease of processing, their 

piezoelectric coefficients are substantially lower than those of piezoelectric ceramics [9-14]. 

The latter, with high piezoelectric coefficients, cannot be fabricated in mechanically compliant 

structures because mechanical strain rapidly fractures them. So, in order to produce 

mechanically flexible structures, several topologies such as thin films and nanowire arrays 

using piezoelectric ceramics and semiconductor oxides have been investigated recently. The 

processing techniques of these one-dimensional (1D) and two-dimensional (2D) nanostructures 

not only pose constraints for large-scale production but are also cost-intensive. Another demerit 

of these lower dimensional structures is that they have limited loading directions that are 

responsible for the piezoelectric effect. Henceforth, constructing higher-order structures with 

substantial mechanical flexibility is critical for applications such as acoustic transducers, 

wearable electronic devices, compact energy harvesters, and so on. 

Most of the traditional piezoelectric nanogenerators (PENGs) are 2D structures which 

fail to amplify the piezoelectric output. The primary reason behind this is that the 2D structures 

do not consider normal strains but only the transverse and longitudinal strains [15, 16], whereas 
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in a 3D structure, the total space contributes towards generating the larger piezoelectric strain 

[17]. Therefore, many research works have been carried out on 3D energy harvesters as listed 

in the comparison table in a later section. These works clearly show that as compared to planar 

structures, the piezoelectric output voltage of 3D structures are many times higher. In 

particular, unlike bulk materials, materials with porous structure results in lesser volume and 

lower modulus, and hence acquires larger compression strain thereby generating higher 

piezoelectric output [18-20]. Generally, porous structures are more flexible as compared to 

bulk materials. Due to this, applying a similar force can generate larger strain and voltage 

output in a porous material than in a bulk one [21]. Beyond offering flexibility, the enhanced 

piezoelectric performance of these foamed porous structures arises from a synergistic 

interaction between the material’s components and its architecture. In particular, the large 

surface area of interconnected pores serves as stress concentration sites, intensifying localized 

deformation and thereby maximizing the piezoelectric energy output [22]. 

In the case of piezoelectric ceramics, the relative permittivity decreases with increasing 

porosity. This can be attributed to the simultaneous increase in surface area and space-charge 

fields based on the space-charge theory [23]. Till date, many research works have been 

conducted to introduce porosity into the dense material in order to reduce the permittivity of 

the sensor material [24-27]. Piezoelectric sensitivity might increase in devices with better 

piezoelectric symmetry, which could lead to a variety of fascinating applications. Foams are 

such structures, which are made up of materials packed in a random network with a high void 

proportion. Conventionally, piezoceramics are used in developing such piezoelectric materials 

via robocasting [28] or fused-deposition [29] techniques that can prepare porous structures 

layer-by-layer or by polymer templating. Lead zirconate titanate (PZT)-based foams have been 

discovered to have lower acoustic impedance, greater mechanical flexibility, and higher piezo-

sensitivity than other thin films, and have thus been employed in a variety of applications such 
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as actuators, wide-band hydrophones, and so on [30, 31]. Even though the porous structure 

improves the mechanical and electrical capabilities of the piezoceramics, they remain fragile.

For this purpose, piezoelectric polymers are widely being integrated so that they can 

maintain an isotropic mechanical integrity along with merits like higher elasticity, 

biocompatibility, easy processability, etc. In addition to its cost-effective synthesis methods 

they also offer good piezoelectric output. PVDF is a well-known piezoelectric material with a 

piezoelectric coefficient of d33 ranging from 20 to 34 pC/N. Although its coefficient is 

considerably lower than that of piezoceramics, PVDF is commonly used in a wide range of 

applications because of its favorable mechanical and electrical properties. PVDF has been 

electrospun into fibres to improve its integration capability and flexibility, allowing it to be 

employed in applications such as hydrophones [32], acoustic transmitters [33], nonvolatile 

low-voltage memory [34], implantable medical devices [35], and so on. There are numerous 

reported works involving the production of PVDF foams for efficient energy harvesters [27, 

36]. In this study, PVDF polymer was utilized to develop the foam structure. As a result, 

numerous piezoelectric composite foams exhibiting excellent flexibility and strong 

piezoelectric performance have been produced. These foam structures are obtained via 

different methods, such as sol-gel [37] by the addition of foaming additives [38], or by the use 

of supercritical carbon dioxide [39], etc. 

This work reports achieving a highly porous foam structure that is exceedingly soft and 

flexible through a simple and scalable process. In order to simultaneously obtain a significant 

piezoelectric output and retain structural isotropy, this work presents the development of a 

highly elastic piezoelectric composite-based foam structure using PVDF and ceramics like 

BiFeO3 (BFO) and K(Na, Nb)O3 (KNN), providing a comprehensive evaluation of their 

piezoelectric performance. The composite foam was fabricated by molding a PVDF–

piezoelectric nanoparticle (NP) dispersion within a sacrificial nickel (Ni) framework. 
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Subsequent removal of the Ni template resulted in a well-interconnected foam structure with 

well-dispersed constituents.

2. Experimental Section

2.1 Materials

The starting materials used in the synthesis of BFO and KNN include Bi (NO3)2.6H2O 

(Sigma Aldrich Pvt. Ltd.), Fe (NO3)3.9H2O (Himedia Pvt. Ltd.), Nitric acid (Himedia Pvt. 

Ltd.), Nb2O5 (Himedia Pvt. Ltd.), KOH (Himedia Pvt. Ltd.) and NaOH (Himedia Pvt. Ltd.). 

For foam fabrication, the materials used were PVDF powder (Sigma Aldrich, India), N, N-

dimethyl formamide (DMF) procured from SRL Chem, India, and Nickel foam (Taiwan, 2 mm 

thickness, 95% porosity).

2.2 Preparation of PVDF-based Piezoceramics Composite Foams via Template-Assisted 

Process

The PVDF-based composite foams were prepared as per the following procedure. The 

piezoceramics, such as BFO and KNN NPs, were synthesized by hydrothermal process. The 

detailed procedure for the syntheses of piezoceramic NPs are given in the supporting 

information (SI). The optimized weight percentage (6 wt%) of PVDF was added to the DMF 

solvent in a beaker and then stirred at 60°C at 400 rpm for 3 hrs to ensure complete dispersion 

of the particle within the solution. After its complete dissolution in the solvent, piezoceramic 

NPs in the compositions 2 and 4 wt % were added to the solution accordingly and stirring was 

continued for two hours. The composite foams were named as PVDF-BFO-2wt%, PVDF-

BFO-4wt%, PVDF-KNN-2wt% and PVDF-KNN-4wt%, respectively. A Ni foam (5 cm  ×  3 

cm) was taken and dipped in the prepared solution. It was then dried at 60°C in the oven. After 

the foam was completely dried, it was again properly dipped into the solution and then dried 

under the same conditions. This dipping and drying process was repeated multiple times to 

achieve the compactness of the composite foam. The weight of the foam before and after the 
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dipcoating was measured. Further, to obtain a porous structured PVDF nanocomposite 

framework, Ni was etched out by immersing that foam in a concentrated HNO3 solution (pH ~ 

4), followed by rinsing the foam in DI water and drying at 60 ℃. Then the weight of the foam 

was measured and it was found that > 95% of Ni was removed. The average thickness of the 

foam samples was 1.8 mm. The pristine PVDF foam was also fabricated by dipping the Ni 

foam in the first solution without the addition of ceramics, and then the same procedure was 

followed to obtain the pure PVDF foam. Finally, different types of 3D foam structures were 

obtained (PVDF and Composite foam). The schematic of the preparation technique of the foam 

and its electrical measurement set-up is shown in Figure 1a-b.

Figure 1. (a) Schematic illustration of the fabrication process of PVDF-piezoceramic 

composite foam and (b) Digital images of the energy harvesting set-up, including linear motor, 

electrometer and the software interface of the control system.

2.3 Fabrication and Testing of PENG device based on PVDF-based Piezoceramic 

Composites foam

The piezoelectric nanogenerator (PENG) was fabricated using the as-prepared 

piezoelectric foams (PVDF, PVDF-KNN, and PVDF-BFO) with chromium and gold as top 
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and bottom electrodes deposited via magnetron sputtering (Current: 20 mA; Time: 120s; 

Temperature: RT; Gas: Argon) followed by encapsulating with antistatic tape (to avoid any 

contact resistance or external disturbance). The copper wires were connected to both sides of 

the electrodes for measurements. Before electrical measurements, the devices were poled at 

5kV for 30 min via electrode poling set-up. The open-circuit voltage and short-circuit current 

were measured at various load resistances (1MΩ to 1.1 GΩ) using Electrometer 6514 with 

force applied via a linear motor. The applied compressive force is roughly 2 N, given a moving 

mass of about 2 kg and an operating acceleration of 1 m/s². 

3. Results & Discussion

3.1 Physicochemical Characterization

Figure 2. XRD spectra of the (a) PVDF-BFO and (b) PVDF-KNN foams with pristine PVDF

The XRD pattern of the fabricated foams is shown in Figure 2a-b. The major peak at 

~20° corresponds to the (110) and (200) diffraction planes of the β phase. The peaks 
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corresponding to BFO (Figure 2a), and KNN (Figure 2b) are represented as ‘#’. The 

characteristic diffraction planes corresponding to the synthesized BFO and KNN are clearly 

indexed in the figure confirming that they exhibit a rhombohedral distorted perovskite 

structure, and a tetragonal perovskite structure, respectively. The observed diffraction peaks of 

the ceramic fillers were exactly matched with the JCPDS card no. 86-1518, and PDF no. 00-

065-0276 for BFO and KNN, respectively. Further, the calculated degree of crystallinity values 

for PVDF, PVDF–2%BFO, PVDF–4%BFO, PVDF–2%KNN, and PVDF–4%KNN electrodes 

were found to be approximately 79%, 81%, 83%, 82%, and 85%, respectively. The results 

indicate a gradual increase in crystallinity with increasing filler content, confirming the role of 

ceramic fillers as effective heterogeneous nucleating agents.

Figure 3a-b depicts the FTIR spectra of the various fabricated foams. It shows that the 

composite foams consist of α and β-phases. The absorption peaks at 873 and 1166 cm−1 occur 

due to the presence of β-phase. The peak at 871 cm−1 corresponds to the CF2 stretching and 

CH2 rocking vibrations whereas the peaks at 1070, 1165, and 1400 cm−1 are due to the CF2 

stretching, C-C skeleton, and CH2 deformation generated by the rocking vibrations. The 

absorption bands at 840 cm−1 (CF2 rocking) and 1400 cm-1 (CH2 bending) are a characteristic 

of the β-phase whereas the band at 762 cm−1 (skeletal bending and CF2 bending) correspond 

to α-phase, respectively. Further, using the Beer-Lamberts law, β-phase fraction percentage 

(F(β)) was estimated. It was observed that the F(β) value increased from 75.2% to 76.3% for 

PVDF-2%-BFO and PVDF-4%-BFO. Similarly, the value increased from 70.8% for PVDF-

2%-KNN to 71.3% for PVDF-4%-KNN. Thus, an enhancement in β-phase value with an 

increase in filler content confirms that the β-phase value improved after the addition of ceramic 

fillers in the foam. Although only a slight increase in β-phase content is observed, the 

incorporation of high piezoelectric ceramic fillers significantly enhances the overall 

Page 8 of 28RSC Applied Polymers

R
S

C
A

pp
lie

d
P

ol
ym

er
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/7
/2

02
6 

2:
54

:2
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6LP00034G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6lp00034g


9

performance due to synergistic effects arising from improved crystallinity, efficient stress 

transfer, and strong interfacial interactions, rather than β-phase content alone.

Figure 3. FTIR spectra of the (a) PVDF-BFO and (b) PVDF-KNN foams with pristine PVDF

FE-SEM analysis was used to observe the morphology of the developed foams. In Figure 

S1a-b the FE-SEM images of the synthesized BFO and KNN nanoparticles reveal an 

agglomerated structure. The average particle size of BFO and KNN nanoparticles was 

approximately 300 nm and 500 nm, respectively. As inferred from the FE-SEM micrographs 

(Figure 4), the fabricated polymer composite foams exhibit an honeycomb-like structure with 

many open gaps on the surface, with the NPs clearly embedded in the PVDF matrix (Figure.4a-

d), resulting in a well-integrated structure with an interconnected foam architecture and 

uniformly dispersed constituents. The illustrated FE-SEM micrographs confirms existance of  

an open-cell, interconnected porous structure with continuous pore channels and no isolated 
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void. In line with the improved electromechanical response mentioned, this demonstrates the 

existence of a flexible and compressible network that promotes effective stress transfer. 

Crucially, all samples exhibit comparable microstructural characteristics within each 

composition, suggesting minimal batch-to-batch variance and adequate control over synthesis 

conditions. Therefore, the findings of the FE-SEM micrographs verify the development of a 

porous structure in the foam samples and the even dispersion of the NPs throughout the PVDF 

matrix. 

 Figure 4. FESEM micrographs of the composite foams (a) PVDF-2%-BFO, (b) PVDF-4%-

BFO, (c) PVDF-2%-KNN, and (d) PVDF-4%-KNN.

Figure 5a-d displays the EDS spectrum of the PVDF-2%-BFO, PVDF-4%-BFO, PVDF-

2%-KNN, and PVDF-4%-KNN foams. The atomic percentages of the C, O, F, Bi, and Fe 

elements in the PVDF-2%-BFO foam (Figure 5a) were 22.11, 18.71, 50.94, 4.88, and 3.36%, 

respectively. The C, O, F, Na, K, and Nb elements were detected in the PVDF-2%-KNN foam 

(Figure 5c) with atomic percentages of 26.78, 18.23, 40.82, 7.51, and 6.46%, respectively. The 
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elemental composition of the PVDF-4%-BFO (Figure 5b) and PVDF-4%-KNN foams (Figure 

5d) was confirmed by EDS analysis as well. Further, Figure S2-S5 shows the EDS mapping 

of PVDF-2%-BFO, PVDF-4%-BFO, PVDF-2%-KNN and PVDF-4%-KNN foams, where the 

elements such as F, C, Bi, Fe and O for PVDF-BFO and F, C, K, Na, N, and O for PVDF-KNN 

confirm the uniform distribution of the piezoceramics (BFO and KNN) in the polymeric 

(PVDF) matrix. The limited distribution is attributed to the low filler content (2% and 4%) 

compared to the polymer matrix (98% and 96%). Further, no traceable amount of Ni was 

observed from the EDS analysis, which confirms the complete etching of Ni. Thus, the EDS 

results confirmed the presence of the fillers in the fabricated composite foams. 

Figure 5. EDS spectra of  (a) PVDF-2%-BFO, (b) PVDF-4%-BFO, (c) PVDF-2%-KNN and 

(d) PVDF-4%-KNN foams
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The DSC analysis was performed to investigate the melting behaviour of the fabricated 

pristine and composite foam structures. Figure S6 shows the DSC heating curves for the 

pristine PVDF and the composite foams with varying weight fractions of fillers. Figure S6a 

indicates that the pure PVDF foam exhibits a melting temperature at about 161.5 °C with a 

small endothermic peak at a lower temperature (106 °C). The melting temperature of the α-

phase PVDF is lower than that of the β-phase. This type of melting behavior arises due to 

double melting transitions very often observed in PVDF owing to its polymorphic structure.  

The first peak represents the melting of the α-phase, while the second peak at 161.5 °C is 

assigned to the β-phase of PVDF crystals. In case of the composite foams, there is only one 

peak for each of the PVDF-BFO (Figure S6a) and PVDF-KNN (Figure S6b) foams.  In case 

of PVDF-BFO foams, the melting temperature is located at 164.5, and 160.9 °C for composites 

containing 2 and 4 wt% of BFO, respectively. Similarly, for PVDF-2%-KNN and PVDF-4%-

KNN, the melting peaks are at 164.5 and 162.7 °C. It was observed that the melting point 

increased with the addition of 2wt% filler in the PVDF composite foam. This feature can be 

attributed to the better dispersion of the NPs in the polymer matrix at a low filler loading, which 

promotes heterogeneous nucleation and facilitates the formation of more ordered crystalline 

domains. However, further increasing the filler loading to 4% leads to the a decrease in the 

melting temperature, which may be due to the formation of imperfect crystalline domains and 

possess reduced lamellar thickness. The high filler concentration induces interfacial constraints 

and limits polymer chain mobility, resulting in the formation of smaller and thermally less 

stable crystals. The TGA curves of the various foams are depicted in Figure S6c-d. TGA 

analysis was performed to determine the thermal stability of the foams. It shows that the amount 

ultimately left over after foam degradation is higher for composite foams than for virgin PVDF 

foam. Furthermore, it is evident that as the filler content increased, the weight percentage after 
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degradation rises, supporting the proper growth of composite foams matching to filler weight 

percentage.

The practical load-bearing and flexibility of the PVDF composite foam was assessed 

by calibrated load cell, as shown in Figure 6. The composite foam exhibited better structural 

integrity and elastic recovery, with no discernible deformation or fracture when loaded 

incrementally from 50 g to 250 g. This experiment confirms the material’s suitability for 

wearable applications, where routine handling and moderate mechanical stresses are expected.

Figure 6. Digital images of load-bearing test for the PVDF composite foam

3.2 Piezoelectric Property Analysis

The previous section illustrated the device fabrication process. Figure 7a depicts the 

digital image of the fabricated device. The poled composite foams were used to fabricate a 

PENG. The as-fabricated device was tested under the impact of a force generated by a linear 

motor. Mechanical energy that was applied to the nanogenerator was transformed into useable 

electrical energy that could be stored and used to power low-power devices later.  The open-

circuit voltage and short-circuit current, measured under the impact of a 1 m s-2 acceleration at 

various load resistances from 1MΩ to 1.1 GΩ, are shown in Figures S7a-d and S8a-d, 

respectively.
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Figure 7. (a) Digital image of the fabricated foam-based PENG device. Open circuit voltage 

of (b) PVDF, (c) PVDF-2%-BFO, (b) PVDF-4%-BFO, (c) PVDF-2%-KNN and (d) PVDF-

4%-KNN foam-based PENG devices at 1 GΩ. 
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Figure 8. Output current generated by the (a) PVDF, (b) PVDF-2%-BFO, (c) PVDF-4%-BFO, 

(d) PVDF-2%-KNN and (e) PVDF-4%-KNN foam-based PENG devices at 1GΩ. (f) Open 

circuit voltage and short-circuit current of PVDF-4%-KNN foam-based PENG devices at 

various load resistances
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The output voltage and current (Figures 7b and 8a) of the pristine PVDF foam is 3.78 

V and  45 nA, respectively. As can be seen in Figure 7c-d, PVDF-2%-BFO foam gives an 

output voltage of about 2.95 V whereas PVDF-4%-BFO generates a higher voltage of ~ 8.35 

V. Similarly, in the case of PVDF-2%-KNN and PVDF-4%-KNN based PENG, the output 

voltage increases with increased loading of KNN NPs in PVDF-2%-KNN and PVDF-4%-KNN 

delivering ~ 6.73 V and 19.5 V, respectively (Figure 7e-f). Thus, for both types of foams, it is 

observed that the output voltage increases with increasing filler content. Also, the PVDF-4%-

KNN foam-based PENG device produced the maximum output voltage of ~11.61 V at 1 GΩ 

load resistance, indicating that 1 GΩ is the matching load resistance for the device. Further, 

Figure 8 shows the current generated by the composite foams. PVDF-2%-BFO and PVDF-

4%-BFO foam-based PENGs (Figure 8b-c) deliver an output current of ~35 nA and 66 nA, 

respectively, whereas for the foams PVDF-2%-KNN and PVDF-4%-KNN (Figure 8d-e) the 

values are ~13 nA and 70 nA, respectively. It is observed that the output voltage of the 

composite foam is higher (Difference ~7.83 V and 25 nA) than that of the pristine foam, and 

also, the performance increases with increasing filler content. Moreover, it is observed that the 

PVDF-KNN foam-based PENGs deliver better output voltage than the PVDF-BFO-based 

PENGs, and the forward and reverse bias characteristics of the PVDF-4%-KNN device are 

shown in the Figure S9a-b. The output performance of the fabricated foam-based PENG 

devices was compared to that of the recently reported PVDF and its copolymer-based 

composite nanogenerators (Table 1). It can be clearly observed that the filler content in the 

reported works is higher than that used in the current work. Thus, the 3D porous foam structure 

offers a continuous pathway for easy transfer of load and hence results in better performance. 
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Table 1 Comparison of the current work with similar recent works

PENG Material
Output Voltage 

(V)

Output Current 

(nA)
References

PVDF-MWCNT Foam 12 V 30 [40]

PDMS-BTO-MWCNT 

Foam

1.5 V - [27]

PVDF Foam 7 V 75 [41]

PVDF/ZIF-8 Foam 10 V 90 [42]

PVDF Foam 4.1 70 [43]

Polypropylene Foam 5.7 - [44]

PVDF Foam 4.7 43.6 [45]

PVDF Foam 11.84 217.78 [36]

PVDF Foam 19.1 580 [46]

PVDF-BT Foam 12.5 150 [39]

PVDF Foam 3.78 45 Present 

work

PVDF-BFO Foam ~ 8.35 ~ 66 Present 

work

PVDF-KNN Foam ~ 11.61 ~ 70 Present 

work
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Figure 9. Schematic diagram of the operating mechanism of PENG

Figure. 9 depicts a schematic representation of the PENG's internal functioning 

mechanism. (i) The dipoles in the piezoceramic materials are initially arranged arbitrarily when 

no poling is present, (ii) When an electric field is applied to the device, the dipoles will align 

themselves in the direction of the field. When there is no impact from a human palm, there is 

no development of an electric signal, and it remains in a state of balance, (iii) The piezoelectric 

potential is created between the electrodes of the device as a result of the compressive strain 

that is caused by the application of a human palm impact to the device. An AC output signal is 

produced while this operation is being carried out. (iv) Finally, a tiny flexible force that 

emerges after releasing a palm hit produces a reverse piezoelectric potential.

Figure 10. Stability tests of PVDF-KNN devices: (a) output voltage and (b) current
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Further, the long-term stability of the PVDF-2%-BFO, PVDF-4%-BFO, PVDF-2%-

KNN (Figure S10a-c) and PVDF-4%-KNN (Figure 10a-b) foam-based PENG devices for 

600 seconds at an impact of an acceleration of 1 m s-2 was tested. It showed almost constant 

peak-to-peak voltage throughout the 400 consecutive cycles, which indicates the better 

performance of the fabricated composite devices. In addition, a commercial capacitor with a 

capacity of 0.22 µF was used to test the PENG's ability to charge capacitors. It is observed that 

the charging voltage increased at an exponential rate, reaching its maximum value of 2.0 V in 

approximately 165 seconds. This was done by charging the capacitor with the rectified output 

that was acquired from a bridge rectifier (Figure 11a).  The PENG was connected with green 

LEDs in the absence of any energy storage device in order to determine whether or not it would 

be useful for real-world applications. The PENG was able to instantaneously light up the green 

LEDs (Figure 11b) whenever they were subjected to the impact of finger tapping. In addition, 

the charging pattern of the capacitor using the PENG is displayed in Figure 11c, which depicts 

the pressing and releasing modes of operation. Further, the feasibility of the as-fabricated 

PENG device as a biomechanical energy harvester was tested under different conditions 

(Finger, foot, palm tapping, and elbow bending), by placing a device in the body (Figure 11d). 

The foot tapping-based biomechanical energy exhibited higher output compared to other body 

motions. The applied force during various actuation modes was quantitatively measured using 

a pressure sensor, as shown in Figure S11. The average forces recorded during finger, palm, 

and foot tapping were approximately 10 N, 20 N, and 35 N, respectively. The acquired results 

confirmed that the composite devices outperformed the pristine devices in terms of output. The 

results show that the output voltage increases as piezoceramic KNN content in the foam rises 

from 2wt% to 4wt%. These findings support the possible use of foam-based PENG as a 

biomechanical energy harvester in a variety of settings, including toll booths, as well as for 
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various motion sensors used in biomedical devices, traffic monitoring systems, tactile sensors, 

wireless sensors, etc.

Figure 11. (a) Rectifier circuit, (b) light up the green LEDs, and (c) charging pattern of the 

capacitor via a foam-based PENG device. (d) Generating voltage under various biomechanical 

movements: Finger tapping, Elbow bending, Foot tapping, and Palm tapping. 
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4. Conclusion

In summary, a simple and scalable approach was used to create a flexible, lightweight, 

lead-free ceramic polymer composite foam. The ultimate aim was to develop a structure with 

low weight and high compliance. In this context, the piezoelectric foam was fabricated via 

casting a sacrificial nickel framework with PVDF-ceramic NPs (BFO and KNN) dispersed, 

followed by an etching of the Ni template. Furthermore, the porous nature of the fabricated 

foams can directly impact their piezoelectric activity. The composite-based PVDF-KNN 

device exhibited greater piezoelectric output voltage and current of 11.61 V and 70 nA when 

compared to pristine PVDF foam. The foam devices also demonstrated good stability, which 

helps their practical application in a variety of applications. Despite the low filler weight 

fraction, the PENG demonstrates better performance compared to conventional composite 

films, owing to its 3D interconnected architecture, which facilitates continuous load transfer, 

which is difficult to achieve in low-filler conventional composites. Thus this work presents a 

scalable ceramic–polymer composite based on an interconnected 3D piezoelectric foam 

structure, and the results highlight a novel material platform for self-powered micromechanical 

devices and efficient energy harvesting applications.
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