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Abstract- Mechanical energy is a versatile and accessible green 

energy source, increasingly harnessed to power small-scale 

devices via innovative flexible piezoelectric nanogenerators (F-

PNGs). These devices convert mechanical energy into electricity 

using lightweight materials such as Barium Titanate (BaTiO3), 

poly dimethyl siloxane (PDMS), and multi-walled carbon 

nanotubes (MWCNTs). In this design, BaTiO3 nanoparticles were 

embedded in a composite film with PDMS and MWCNTs, 

sandwiched between two copper electrodes. The 

BaTiO3/PDMS/MWCNT composite PENGs, synthesized for this 

study, produce an output voltage of ∼8 V through periodic cyclic 

beating. This represents an increase of about 16% compared to the 

PENGs without MWCNT doping. Additionally, the short-circuit 

current peaks at about 5.22 µA at the optimal MWCNT wt.%. The 

electrical energy produced can be efficiently captured by a 0.1μF 

energy storage capacitor, which is then used to power two 

commercial red LEDs. These findings suggest that the 

BaTiO3/PDMS/MWCNT composite holds significant promise as 

a lead-free piezoelectric nanogenerator for widespread 

application. 

 

Index Terms- Flexible piezoelectric nanogenerator, Mechanical 

energy, Energy harvesting, Barium Titanate (BaTiO3), Poly 

Dimethyl Siloxane (PDMS), Multi-Walled Carbon Nanotubes 

(MWCNTs).   

 

I. INTRODUCTION 

he swift depletion of fossil fuel reserves, coupled with the 

consequent environmental pollution, has spurred an intensive 

search for alternative, sustainable energy sources. The emergence 

of piezoelectric nanogenerators [1] and triboelectric 

nanogenerators [2] marked a significant milestone in this quest. 

These technologies have garnered substantial interest due to their 

potential to develop highly efficient energy-harvesting devices. By 

harnessing common mechanical energy sources—such as acoustic 

waves, fluid motion, body movements, compression, and 

vibrations—these nanogenerators can effectively convert 

mechanical energy into electrical power, offering a promising 

solution for green energy generation [3-5]. 

         Polymers, both synthetic and organic, that possess enough 

elasticity to react to mechanical pressure are considered ideal for 

incorporating piezoelectric particles. Among these polymers, 

flexible polydimethylsiloxane (PDMS) is particularly notable due 

to its chemical stability, low glass transition temperature, ease of 

processing, and long-term durability after curing. As a result, 

PDMS has become one of the most commonly used polymers in 

nanogenerator design [6−10]. Additionally, lead-free piezoelectric 

perovskite-type barium titanate (BaTiO3) is an excellent choice, 

providing both environmental safety and a high piezoelectric 

coefficient [6] [9] [11]. Piezoelectricity arises when certain 

materials, such as ferroelectrics, undergo a change in polarization 

in response to mechanical stress [12]. Piezoelectric devices have 

the capability to harness energy by converting ambient vibrations 

and strains into electricity [12]. 

         In 1880, Pierre and Jacques Curie conducted experiments to 

investigate the impact of pressure on the electrical properties of 

crystals. They discovered that specific crystals, like quartz and 

tourmaline, generate electric charges on their surfaces when 

subjected to mechanical stress. This groundbreaking finding 

demonstrated the conversion of mechanical strain into electrical 

energy [13]. The Curie brothers further examined the properties of 

piezoelectric materials and developed the mathematical 

framework to explain the piezoelectric effect. They introduced the 

concept of the direct piezoelectric effect, where mechanical stress 

directly produces an electric charge. They also discovered the 

converse piezoelectric effect, where an applied electric field 

causes mechanical deformation in the material [13] [14] [15]. 

T 
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In 1919, a professor introduced an innovative idea involving the 

use of an amplifier and a crystal in a crystal oscillator control to 

achieve the desired frequency. This advancement was later applied 

during World War II to establish communication between aircraft 

and tanks [16]. Between 1940 and 1970, the ferroelectric dipole 

properties of Rochelle salt, BaTiO3, and LiNbO3 were uncovered, 

resembling those of quartz crystal [16]. In 2006, Dr. Z. L. Wang 

achieved a milestone by developing the inaugural nanogenerator 

utilizing zinc oxide [17] [18].  

         For over a decade, there has been an ongoing and vigorous 

effort to maximize every volt of output power from 

nanogenerators, while also striving to achieve additional 

advantages such as lightness, ease of large-scale production, and 

low cost of the final product. The performance output of a 

nanogenerator based on polymer composites is influenced by 

numerous factors, which can be adjusted to enhance efficiency. 

These factors include the qualitative and quantitative composition 

of the materials, the uniformity of filler distribution [19,20], 

chemical doping [21-25], the morphology of the particles [26,27], 

and the three-dimensional spatial arrangement of particles within 

the matrix [28-31]. 

         Regarding morphology, research by Jian et al. [20] achieved 

an output power value of 260 V for a PDMS-based system using 

hierarchical barium titanate (BTO) flowers. This high output was 

attributed to the significant local stress at the petals. In contrast, 

for BTO in the form of nanoparticles [26], nanowires [27], and 

nanocubes [19], the output values were 3.2 V, 7 V, and 126.3 V, 

respectively. Chemical doping has proven to be an effective 

method for modifying the piezoelectric coefficients of materials, 

thereby enhancing their energy-harvesting capabilities [21-25]. 

Additionally, the efficiency of load transfer can be improved by 

creating three-dimensional (3D) structures such as foams [28], 

porous aerogels [29, 30], and sponge-like configurations [31]. 

Furthermore, hybrid nanogenerators, which leverage both 

triboelectric and piezoelectric effects, have shown improved 

output characteristics, demonstrating the potential for even greater 

efficiency and performance [32-34]. 

         The creation of a piezoelectric nanogenerator involves 

utilizing various piezoelectric materials, including 

nanocomposites, nanofillers, and the polymer poly(vinylidene 

fluoride) (PVDF). PDMS is a flexible, biocompatible polymer that 

has gained popularity in nanogenerator fabrication due to its 

mechanical properties and ease of processing. When combined 

with piezoelectric materials, PDMS can form composite structures 

that are both flexible and efficient in energy conversion [35]. 

PVDF is a semicrystalline polymer made up of repeating CH2 – 

CF2 units. One significant advantage of PVDF film is its 

flexibility, which allows it to endure stress or pressure on its 

surface. PVDF is sometimes combined with nanofillers like Fe3O4, 

known for its excellent dielectric properties and magnetic behavior 

[36] [37] [38]. Multiple research groups have demonstrated 

piezoelectric samples using various materials. One study 

synthesized three different PVDF samples: PVDF with reduced 

graphene oxide (RGO), PVDF with NaNbO3, and PVDF with both 

RGO and NaNbO3. All samples exhibited the β-phase, but their 

voltage outputs varied [39]. Another study described synthesizing 

Fe3O4 from iron (III) acetylacetonate and oleic acid, which was 

then combined with PVDF to create a PVDF/iron oxide sample. 

This sample generated a voltage of 35 MV/m when subjected to a 

regular force [40]. Furthermore, a study found that ytterbium (III) 

salt's self-polarization properties enhanced the ferroelectric 

characteristics of PVDF films [41]. 

         Another important nanofiller, BaTiO3, is a ferroelectric 

material known for its excellent piezoelectric properties, making 

it a prime candidate for nanogenerator applications [42]. Recent 

studies have focused on optimizing the synthesis and structural 

properties of BaTiO3 to enhance its energy harvesting capabilities. 

Meisak et al. demonstrated that nanostructured BaTiO3 exhibits 

enhanced piezoelectric coefficients due to the increased surface 

area and reduced grain size, which improve the material's 

responsiveness to mechanical stress [42]. Additionally, the 

incorporation of BaTiO3 nanoparticles into composite matrices 

has been shown to significantly boost the performance of 

nanogenerators [42]. Researchers have explored various methods 

to incorporate PDMS with BaTiO3 to create flexible 

nanogenerators. For instance, Bouhamed et al. developed a 

PDMS-BaTiO3 composite film that exhibited high durability and 

efficient energy harvesting capabilities under mechanical 

deformation. The synergy between PDMS's flexibility and 

BaTiO3's piezoelectric properties makes these composites ideal for 

wearable and flexible electronic applications [43]. MWCNTs are 

renowned for their exceptional electrical conductivity and 

mechanical strength. When used in nanogenerators, MWCNTs 

can enhance the electrical output and structural integrity of the 

devices. The integration of MWCNTs with BaTiO3 and PDMS has 

led to significant advancements in the performance of 

nanogenerators. 

         Nanofillers are employed to boost the electrical output of 

nanogenerators when they are subjected to stress. Examples of 

nanofillers include polyethylene glycol (PEG), carbon-black, and 

carbon nanotubes, each contributing different benefits. Carbon-

black is effective at distributing electricity over long distances but 

is only useful in the γ-phase [44] [45] [46]. Carbon nanotubes offer 

excellent dielectric properties, though they are more challenging 

to handle compared to other nanocomposites [47]. The aim of the 

current experiment is to create an optimized nanogenerator that 

enhances the self-polarization of PVDF, thereby increasing the 

dipole moments and producing a higher electrical charge. 

Achieving this requires the nanogenerator to reach the β-phase, 

known for its significant polarization and unique zig-zag structure, 

which distinguishes it from the other crystalline phases (α, β, γ, δ, 

ε) [48] [49]. Nanofillers are utilized to help form an organized and 

crystalline structure in the β-phase, thereby stabilizing the 

piezoelectric properties of PVDF [39]. 

         In this research, we employed the solid-state synthesis 

technique to fabricate BaTiO3 nanoparticles. These nanoparticles 

were then integrated with MWCNT and embedded into a PDMS 

polymer matrix to develop a flexible composite film exhibiting 

piezoelectric properties. To construct a flexible piezoelectric 

nanogenerator (PENG), copper tapes were adhered to both 

surfaces of the film, with copper wires serving as extensions. The 

PENG was subjected to testing across a range of load frequencies, 

yielding a peak open circuit voltage of approximately 8V and a 

short circuit current of 5.22µA under periodic cyclic stress. 

Additionally, the device effectively charged a 0.1µF capacitor, 

achieving a voltage increase to 6.3V. The PENG also 

demonstrated successful integration with conventional electronic 

devices. Overall, this device represents significant progress in the 
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field of piezoelectric energy harvesting and self-powered sensory 

technologies. 

 

II. EXPERIMENTAL PROCEDURE 

    A. BaTiO3 Nanoparticles Synthesis 

         A conventional solid-state synthesis method was used to 

prepare BaTiO3 nanoparticles, utilizing TiO2 nanoparticles and 

BaCO3 nanopowder [50]. To begin, the starting materials were 

accurately weighed to achieve the correct stoichiometric ratios and 

then subjected to ball-milling in pure ethyl alcohol for 12 hours 

using a planetary ball mill. Following the milling process, the 

mixture was dried at 80°C for 12 hours and subsequently calcined 

at 1350°C for 4 hours [50] .  

 

                                                          

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: (a) Schematic illustration of the synthesis of BaTiO3 NPs 

via a solid-state procedure and (b) Synthesized BaTiO3 

nanoparticles.    

B. Manufacturing of PDMS-BaTiO3-MWCNTs Composite Films 

and F-PENG 

 

         The fabrication process for the BaTiO3-PDMS-MWCNTs 

composite thin film can be outlined as follows: Initially, a solution 

of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning 

Corp., Auburn, MI) was prepared by mixing the base with a curing 

agent in a 10:1 weight ratio. Subsequently, synthesized BaTiO3 

nanoparticles (30 wt.%) and MWCNTs (ranging from 0 to 4.5% 

relative to the PDMS matrix) were incorporated into the PDMS 

matrix. The mixture was then stirred magnetically for one hour to 

ensure the nanoparticles and MWCNTs were evenly dispersed 

within the PDMS. After initial stirring, the mixture was further 

agitated at 700 rpm for three hours and ultrasonicated for five 

minutes at the end of each hour. Afterward, the solutions were 

placed in a vacuum chamber for 30 minutes to eliminate any 

bubbles. Then the blend was poured into a glass petri dish and 

allowed to dry at 80°C for two hours. Following drying, the cured 

composite film was removed from the glass, cut into 2x2 cm 

squares, and used in the construction of the F-PENG. The 

fabrication of the F-PENG involved sandwiching the composite 

film between two copper electrodes and securing it with Kapton 

tape to enhance flexibility and durability. This setup was designed 

to withstand various environmental conditions. Finally, the ideal 

percentage of MWCNTs was determined by evaluating the 

electrical output of the film. 

 

                               

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: (a-c) BaTiO3/MWCNT/PDMS film synthesis.     

                                 

                                

 

 

 

 

 

 

 

 

 

 

 

 Fig. 3: (a,b) F-PENG Fabrication. 

 

 

III. RESULTS AND DISCUSSION 

         Figure 4 presents a scanning electron microscopy (SEM) 

image of the synthesized BaTiO3 material, revealing a cluster of 

nanocrystals with a perovskite-type tetragonal structure. This 

observation offers valuable insights into the structural 

characteristics and morphology of the BaTiO3 crystals, 

showcasing their unique arrangement and size distribution. The 

SEM image visually represents the synthesized BaTiO3 material, 

aiding in the comprehension of its physical properties and 

potential applications in various fields.  

 

 

 

 

 

 

    

 

 

 

 

 

 

 

Fig. 4: BaTiO3 NP SEM 

 

         The relationship between BaTiO3 concentration and its 

output performance is illustrated in Figure 5. The output voltages 

of approximately 0.73, 1.77, 3.22, 6.79, and 4.11 V were observed 

from the PNGs for BaTiO3 nanoparticle fractions of 12, 20, 25, 40, 
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and 50 wt.%, respectively, during the cycle beating process at a 

constant force. The data indicates that the output voltage increases 

progressively with the BaTiO3 NP content up to 40 wt.%, reaching 

a maximum of around 6.79 V. However, beyond 40 wt. %, the 

voltage output decreases, with a recorded value of 4.11 V at 50 

wt.%. 

 

 

 

 

 

 

 

 

 

 

         Fig. 5: The output performance for BaTiO3/PDMS F-

PENGs: (a) The output voltage of F-PENGs with 12, 20, 25, 40 

and 50 wt.% BaTiO3 NPs concentration; (b) The output current of 

F-PENGs with different concentration of BaTiO3 NPs (12, 20, 25, 

40, and 50 wt.%).  

         Similarly, as shown in Figure 5a, the current peak values 

differ by approximately 0.45, 1.27, 2.22, 4.34, and 2.79 μA as the 

BaTiO3 NP concentration increases from 12 wt.% to 50 wt.%. The 

current also shows a peak at 40 wt.% before decreasing at higher 

concentrations. 

         This trend can be explained by the distribution and density 

of BaTiO3 NPs within the PDMS matrix. Up to 40 wt.%, the 

BaTiO3 NPs are well distributed, enhancing the material's ability 

to generate higher voltages and currents. However, beyond this 

concentration, slight agglomeration of BaTiO3 NPs occurs, 

leading to less efficient distribution and interaction within the 

matrix. This agglomeration reduces the effective surface area and 

the overall efficiency of the composite, causing a decrease in both 

voltage and current outputs at higher concentrations. 

Therefore, the optimal parameters for PNGs were determined to 

be a BaTiO3 NPs concentration of 40 wt.%. For the subsequent 

step, the film thickness was set at 220 μm. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Voltage (a) and current (b) output of different wt.% 

MWCNT incorporated BaTiO3/PDMS F- PENG.       

 

         Figure 6 illustrates the time-dependent output voltages for 

various MWCNT concentrations in PENGs containing 40 wt.% 

BaTiO3 NPs during a cyclic beating process. The output voltages 

obtained were approximately 2.59, 4.42, 5.17, 7.89, 2.76, and 0.56 

V for MWCNT fractions of 0, 2, 2.5, 3, 5, and 7 wt.%, respectively 

(Fig. 6a). It was observed that the voltage increased from 2.59 V 

(0 wt.% MWCNT) to a peak of 7.89 V (5 wt.% MWCNT) before 

dropping to 0.56 V at 7 wt.% MWCNT. The output current 

displayed a similar trend with varying MWCNT content, reaching 

as high as 5.22 µA at 5 wt.% MWCNT, as depicted in Fig. 6b. The 

Carbon nanotubes (CNTs) are made up of sp2 carbon atoms 

arranged in tubular structures, resembling rolled-up graphene 

sheets. They possess exceptional mechanical and electrical 

properties due to the strong carbon-carbon double bonds and the 

extensive π-conjugated system. These unique attributes make 

CNTs ideal multifunctional materials for applications demanding 

lightweight, flexibility,  mechanical strength, and high electrical 

conductivity [51]. 

        

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Pressure sensitivity test of F-PENG (a) using an oriental 

motor (b). 

         The final F-PENG was tested with varying applied forces 

using an oriental motor, while maintaining a 10-inch tapping 

distance. The open circuit voltage (Figure 7 ) was recorded, 

revealing maximum output voltages at different force levels: 2.7 

V, 3.2 V, 4.9 V, 6.73 V, 8.2 V, and 8.4 V for 5, 10, 20, 30, 40, and 

60 psi, respectively, with the peak output occurring at 50 psi. As 

the force applied to the piezoelectric nanogenerator increases, 

greater deformation and compression of the material occur, 

leading to higher voltage outputs through the piezoelectric effect.  

         The F-PENG's ability to sense body motion was assessed 

through tests involving fist and elbow movements. During fist 

movement (Figure 8) at a frequency of 60 BPM, the F-PENG 

generated a voltage of 0.12 V. Similarly, for elbow movement 

(Figure 9) at the same tapping frequency, it produced a voltage of 

0.43 V. The responses at both frequencies exhibit the same 

characteristic peaks for elbow bending, with higher voltage 

produced at higher frequencies, indicating that the PENG can 

detect both the movement and its intensity.        

 

 

 

 

 

 

 

 

                                        

 

Fig. 8: Body Motion Sensing: Fist Movement. 
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Fig. 9: Body Motion Sensing: Elbow Movement. 

 

         To further test the charging abilities of the PENG, it was 

installed between the two soles of a shoe to assess its performance 

during static jogging and running motions at 120 BPM and 240 

BPM, respectively. The PENG's effectiveness in charging 

capacitors (Figure 10) of 1µF and 4.7µF was evaluated during 

these activities. The findings indicated that while jogging, the 

PENG charged the 1µF and 4.7µF capacitors to 0.9V and 0.55V, 

respectively, within 8 seconds. In running conditions, it charged 

the same capacitors to 1.1V and 0.67V, respectively, in the same 

duration. These results demonstrate the PENG's potential as a self-

powered device for sensing pressure, force, and biomechanical 

motion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Capacitor charging while jogging and running employing 

F-PENG.  

 

         To assess the energy harvesting and storage performance of 

the PENG, a circuit incorporating a full wave bridge rectifier was 

built and connected to capacitors, resistors, and LEDs (Figure 11). 

The capability of the PENG to charge capacitors with values of 

0.1µF, 1µF, and 10µF was tested over a 12-second period at a 

tapping frequency of 180 BPM. The testing revealed that the 0.1µF 

capacitor achieved a voltage of 6.3V, whereas the 1µF and 10µF 

capacitors reached 1.4V and 0.8V, respectively, with the lowest 

capacitance capacitor showing the highest voltage output, a result 

that aligns with the expectation of higher charge loss at greater 

capacitance. The charge and discharge behavior of the 10µF 

capacitor was further examined, showing charge levels dependent 

on the force exerted on the PENG and discharge rates that were 

consistent, as determined by the capacitor’s properties. 

Furthermore, the PENG successfully powered two LEDs after 30 

seconds of tapping at 180 BPM, highlighting its effectiveness in 

energy harvesting and conversion.  

                                           

 

 

                                

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: (a) Circuit schematic of LED driving and capacitor 

charging from F-PENG, (b) Charging Different Capacitors for 12s 

at 180 BPM, (c) Driving the red LED by output power from 

beating PENG.  

  

IV. CONCLUSION 

         In this research, BaTiO3 was successfully synthesized and 

integrated into a PDMS polymer matrix with MWCNTs, resulting 

in an effective piezoelectric energy harvester developed through a 

periodic mechanical beating process. The composite film PENGs, 

containing 40 wt.% BaTiO3 nanoparticles and 5 wt.% MWCNTs, 

generated a maximum output voltage of approximately 8 V. This 

output was sufficient to power two commercial red LEDs using a 

storage capacitor. Additionally, the device showed promising 

capabilities in self-powered force and biomechanical motion 

detection, presenting opportunities for cost-effective and easily 

manufacturable sensors. The energy-efficient production process 

used to transform nanorods into a composite film structure 

underlines the potential of BaTiO3 nanoparticle-based 

nanogenerators for energy harvesting and self-powered sensing 

applications.  
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