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The detection of sustainable materials from naturally available resources using a simple 

fabrication process is highly important for novel research. Here, we used chitosan-PVA 

(Chs-PVA) blend films via layer-by-layer casting technologies for generating power through 

mechanical induction through triboelectric nanogenerators. The proposed Chs-PVA 

biodegradable film (i.e., thickness of 60 ± 5 μm) is facile, ecofriendly, highly flexible, 

mechanically strong, cost-effective, and easy to scale up. FT-IR analysis of the ChS- 

PVA blend membrane showed the strong interactions between the amines of ChS and 

hydroxyl groups of PVA through chemical cross-linking by hydrogen bonding. More 

importantly, the triboelectric nanogenerators (TENG) values of ChS-PVA films were 3–4 

orders of magnitude lower than chitosan films reported before. Layer-on-layer cast films in 

particular exhibited high tensile strength (15.8 ± 1 MPa) and were more than three times 

stronger than other polyelectrolyte multilayer films. Both types of films remained stable in 

an acidic environment. Furthermore, the layer-on-layer-assembled films presented greater 

open circuit voltage (Voc) and short circuit current (Isc) values compared to pure ChS and 

PVA films. The ChS-PVA membrane can be used as a functional layer to produce charges 

by collecting get-up-and-go through vertical contact and separation mode TENG counters 

to the PVDF membrane. The enhancement of Voc and Isc of ChS-PVA TENG were 244 

and 1,080% from ChS TENG. Where in the case of PVA TENG, the enhancement of Voc 

and Isc were increased by 633 and 2,888%, respectively due to the availability of free loan 

pair on the -NH2 and -OH functional groups. The novel ChS-PVA TENG is a potential 

candidate for satisfying the tight requirement of an optimized energy harvesting device as 

an alternate bio-material option for contact-separation mode TENGs. 

Keywords: chitosan, polyvinyl alcohol, chitosan-polyvinyl alcohol, triboelectric nanogenerators, open-circuit 
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(Chs-PVA) blended films were prepared  via layer-

by-layer casting method using chitosan (Chs) and 

polyvinyl alcohol (PVA) for generating power 

through mechanical induction through triboelectric 

nanogenerators.  
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INTRODUCTION 

Energy hunting through sustainable pathways has emerged with 

broad interests and pervasive impacts for addressing global energy 

issues and enabling feasible choices for working electronics and 

sensors in developing technologies for the application of wearable 

and implantable devices (Jiao et al., 2015; Zhu et al., 2015; Lin et al., 

2016; Chen and Wang, 2017; Zhang et al., 2017). Triboelectric 

nanogenerators (TENGs) are capable of efficiently harvesting 

ubiquitous mechanical energy through contact triboelectrification 

and the electrostatic induction process (Fan et al., 2012; Yang et al., 

2013; Zhang et al., 2013; Xie et al., 2014; Jiang et al., 2016; Maiti et al., 

2019; Karan et al., 2020). With the growing intimidation of energy 

disaster and environmental degradation by global warming, scientists 

are seeking alternative routes for harvesting energy that can 

substitute conservative sources, for example solar, wind, and tidal 

energies, etc., (Maiti et al., 2019; Karan et al., 2020). Numerous 

categories of energy harvesting systems were industrialized to collect 

energy from the environment such as piezoelectric, thermoelectric, 

photoelectric, electrostatic, and electromagnetic procedures (Xie 

et al., 2014; Lin et al., 2016). Yet, environment-friendly, cost- 

effective, and reproducible energy collecting structures are 

strongly needed to satisfy the trade demand. Machine-driven 

energy is a natural renewable energy source that could be 

captured from human motion, etc. (Karan et al., 2020). In recent 

times, triboelectric nanogenerators (TENGs) have received 

worldwide consideration for the harvesting of sustainable energy 

from ambient resources. TENGs were established based on the 

amalgamation of contact and separation electrification to 

scavenge attenuated mechanical energy using materials which are 

in the triboelectric series (Fan et al., 2012; Yang et al., 2013). A 

suitable choice of triboelectric-paired tools and their rational strategy 

are able to increase the rate of harvesting energy and transformation 

efficiency (Zhang et al., 2013; Jiang et al., 2016). In consistent 

intermissions of contact with oppositely charged surfaces, 

electrons are motivated to movement through the exterior load 

and produce a continuous current (Wang et al., 2015). However, 

TENGs made of naturally plentiful biological resources have received 

limited attention (Zhang et al., 2013; Wang et al., 2015; Zhang et al., 

2016). The consumption of natural waste materials for harvesting 

missed power-driven energy is of attention not only for important 

scientific investigation but also for addressing practical collective 

needs. Until now, chitosan-based natural polymer films have not 

been studied except for one article reporting the development of 

TENGs. Wang et al. studied laser-treated chitosan biopolymers for 

workable and biodegradable mechanical power creation through 

modified chitosan films and they obtained open circuit voltages and 

short circuit currents up to 2 V and <20 nA, respectively (Wang, 

2013; Moon et al., 2017). However, to enhance the Voc and Isc of the 

chitosan membrane, we modified natural chitosan and Polyvinyl 

alcohol blend films. Here, we were motivated to utilize an 

amalgamation of a modified chitosan (Chs) and polyvinyl alcohol 

(PVA) blend membrane-based TENG (ChS-PVA-TENG) as an 

effective charge transmission source with a counter 

electronegative PVDF membrane (Chen et al., 2013; Tang et al., 

2014; Shin et al., 2016) aimed at the contact separation electrification 

process. Recently, Wu et al. introduced chitosan-based laser-processed 

biopolymers for sustainable and biodegradable TENGs to generate 

power for the first time (Feng et al., 2018). 

Chitosan (ChS) is one of the abundant biopolymers found in 

nature with great significant applications due to many active 

functional groups such as –OH and –NH2 with constant natural 

nano to micro sized pores. Current utilization of ChS comprises 

various applications such as water treatment (Wang et al., 2017; 

Feng et al., 2018; Wang et al., 2018), drug delivery (Chen et al., 

2013), maquillages (Mallineni et al., 2017), and skin care (Tang 

et al., 2014). These wide applications are due to the seasonal 

variations in configurations and degrees of polymerization of 

basic units which gives rise to the various physical and chemical 

properties (Chen et al., 2013; Shin et al., 2016). An ecological way 

to utilize this cheap and plentiful resource is highly anticipated 

(Yang et al., 2014c). ChS is obviously degradable, biocompatible, 

and has low cytotoxicity; ChS displays great potential as 

functional ingredients in biomedical strategies (Yang et al., 

2013). Here, we chose to develop an economically viable, 

recyclable, and bendable triboelectric nanogenerator based on 

chitosan (ChS) and other natural materials such as Polyvinyl 

alcohol (PVA). By adjusting the PVA concentrations, the ChS- 

PVA nanocomposites are shown to have enhanced triboelectric 

power generation, altering the natural waste materials into robust 

functional energy devices with tunable mechanical and material 

properties. The ChS-PVA TENGs presenting well-organized 

energy conversion may cover the method concerning the 

economically feasible and environmentally friendly 

manufacture of stretchy TENGs for self-powered nano-systems 

in bio-medical and conservational applications (Yang et al., 

2014b). 

Cross-linked blend films such as ChS and PVA that contain 

both ionic and covalently bound ions and mobile counter ions 

transfer some of their mobile electrons to transport charges to 

another material upon contact. According to the charge transfer 

model, contact separation electrification yields ChS and PVA as a 

net electrostatic charge source (Chen et al., 2013; Mallineni et al., 

2017). The proposed novel ChS-PVA has advantages such as a 

special electronic charge through nanochannels that comprise –

NH2 and OH functional groups for ion transfer and 

interconnected fused aliphatic chain bridges for electron 

transfer. This empowers the ChS-PVA TENG to permit long- 

lasting electrostatic, depending on the interaction surface, which 

can create disproportion among the number of electric charges on 

the membrane surface that can alter the triboelectric-exposed 

circuit voltage (Voc) and short circuit currents (Jsc). The induced 

charges of the ChS-PVA film are comparative to the external area 

of the membrane and are near to the hypothetical limit, made 

compulsory by the dielectric breakdown of air (Chen et al., 2013; 

Yang et al., 2013; Tang et al., 2014; Yang et al., 2014a; Yang et al., 

2014c; Shin et al., 2016). However, a noteworthy claim is revealed 

to improve the triboelectric polarization by altering their 

morphologies, chemical construction, and interpenetration of 

ionic functional assemblies through cross-linking within the 

polymer network. The proposed novel polymeric ChS-PVA 

TENG is able to demonstrate strong chemical stability, tensile 

modulus, and strength to improve the triboelectric current (Chen 

et al., 2013; Fan et al., 2015). The flexible Chs-PVA membrane 



 

 

 

 

 

surged the output voltage (Voc) of 21.2 V, and short circuit 

current (Isc) of 514 nA at 5 Hz, respectively. The Voc and Isc 

enhancements of the ChS-PVA TENG were observed when 

compared with the ChS TENG, and the PVA TENG with the 

enhancement of Voc and Isc of the ChS-PVA TENG were 244, 

and 1,080% from the ChS TENG. Where, as in the case of the 

PVA TENG, the enhancement of Voc and Isc were increased by 

633 and 2,888%, respectively due to due to availability of a free 

loan pair on -NH2 and -OH functional assemblies, as shown in 

Figure 1. 

 

EXPERIMENTAL SECTION 

Materials and Methods 
Chitosan was purchased from the Aldrich Chemical Co., 

United States. The grade of deacetylation is about 80%, and 

molecular weight is about 400,000 Da. Acetic acid and PVA 

were obtained from Aldrich Co. Ltd., and used as received. 

 

Preparation of the Chitosan, Polyvinyl 
Alcohol, and Chitosan-Polyvinyl Alcohol 
Films 
A total of 1.0 g of ChS was taken in 80 ml of 2 %V/V of acetic 

acid solution (2 ml acetic acid/100 ml of water). The clear 

solution was obtained in 1 h, and degassed and cast on the 

Petri-dish to generate the ChS membrane. A total of 5 wt% of 

PVA was mixed and was cast on the glass plate to obtain the 

transparent PVA membrane. A total of 1.0 g of ChS was 

dissolved in 80 ml of 2 %V/V of acetic acid solution. After 

stirring for 1 h, 5 g of PVA was taken in 95 ml of DI water, and 

stirred at 90 °C for 5 h. A total of 1 g of 5 wt% PVA solution 

was mixed with 1 g of 1 wt% ChS solution and stirred for 12 h 

to obtain the homogenous polymeric mixture. The 10 g of 

blended ChS-PVA polymeric mixture was degassed, and cast 

onto the glass plate to obtain the transparent membrane with 

a thickness of 50 microns. The film thickness is a very 

significant restriction in determining the films’ physical 

properties. The films had an average width of 50±2 µm and 

visually, the films were moderately transparent with a pale 

yellow color (Figure 2). 

 

FTIR, SEM, and X-ray Diffraction 
Spectroscopy Electrical Output 
Characterizations 
The FT-IR spectra of the ChS, PVA, and ChS-PVA biopolymer 

films were scanned using an IFS66V/S and HYPERION 3000, 

Bruker Optiks (Germany). X-ray diffraction (XRD) of ChS, PVA, 

and ChS-PVA biopolymers was measured by a DMAX-Ultima III 

X-ray diffractometer between 5° and 50° theta. SEM observations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1 | Schematic illustration for the synthesis of ChS-PVA biopolymer membrane and contact-separation TENG. 
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were carried out on an FEI Sirion FE-SEM, 30 kV microscope. 

The films were thoroughly dried before capturing the images, and 

the surface morphology images were studied. 

The production signals of the ChS TENG, PVA TENG, and 

ChS-PVA TENG were periodically constrained and released by 

an oscillator, and subsequent electrical signals were measured by 

a Keithley Digital Multi Meter (KDMM). Later, the impact force 

was determined via load cell YC33-5K (SETECH) at various 

applied frequencies of 1, 2, 3, 4, and 5 Hz, correspondingly. 

 

Tensile-Stress Curves 
The tensile strength, modulus properties, and elongation of the 

ChS, PVA, and ChS-PVA tissues were determined using a table- 

top common testing machine (AGS-X+250, Shimadzu Corp., 

Japan) furnished with a 1 kN load cell. The test speediness was 

fixed at a rate of 10 mm/min. The gauge length between the grips 

was 10 mm. All tested examples were a regular quadrilateral 

shape after being dried at room temperature. 

Fabrication of the Chitosan-Polyvinyl 
Alcohol Triboelectric Nanogenerators 
Scheme 
The construction and the operational source of the contact and 

separation mode of the ChS-PVA TENG are discussed in this 

section. Here, the structure of the TENG model is depicted in 

Figure 5. First, the ChS-PVA membrane and TENG were 

developed by attaching the ChS-PVA membrane with the 

measurements of 3 cm × 3 cm = 9 cm
2
 on an Al electrode. 

Then, the ChS-PVA TENG electrode was changed to 

commercial foam to reduce the imitating force while contact 

and separation continued. Secondly, the Al electrode remained 

located on the PVDF skin with similar sizes along with the 

supporting foam. Then, the two conductors were placed inside 

the mainspring structure (which was made of four identical 

flexible mainsprings with two distinct dielectric surfaces with a 

distance of 40 mm), and a load cell was coupled to the top of the 

Al electrode in order to quantity the load force while the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2 | (A) Chemical structure, (B) digital image, (C) UV-Vis transmittance spectra, (D) XRD patterns, (E) FT-IR, and (F) stress-strain curves of the ChS, PVA, 

and ChS-PVA biopolymer films. 



 

 

 

RESULTS AND DISCUSSION 

Appearance and Thickness of the 
Chitosan-Polyvinyl Alcohol Biopolymer Film 
Figure 2 shows the ChS, PVA, and ChS-PVA biopolymer films 

and their physico-chemo-mechanical properties. The chemical 

structure of the ChS-PVA composite film was visually plain with 

no rigid zones, bubble-free, flexible, and could be easily skinned 

from the casting plates (Figure 2A). The ChS-PVA was miscible 

in all combinations used in this study, and this was recognized to 

construct the strong inter-molecular hydrogen bonds between the 

ChS and PVA polymers. Film thickness is a very significant 

restriction in determining a film’s physical properties. The 

films had an average width of 50±2 µm and visually, the films 

had a moderately transparent pale yellow color (Figure 2B) 

(Cheedarala and Song, 2019a; Cheedarala and Song, 2019b). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

triboelectric surfaces made contact with each other. A similar 

protocol was followed for the other ChS TENG and PVA TENG. 

In the meantime, a rectilinear oscillator containing a DC motor 

powered with an eccentric system steadily wavered by a linear 

slider at 5 Hz. The cautious location of the overall system resulted 

in a switchable interaction between the ChS-PVA film and the 

PVDF film, whereas the slider oscillation was consistent. 

Optical Properties (UV-Vis Transmittance 
Spectroscopy) 
One of the important features of a wrapping flexible solid is that it 

should defend food from the effects of light, especially UV radiation. 

Recently, Dajian et al. studied a chitosan/PVA nanocomposite film 

reinforced with halloysite nanotubes where they reported that the 

optical properties and the samples were highly transparent with light 

transmittance using UV-vis spectra (Cheedarala et al., 2019). To 

determine the light transmission properties of the films, they were 

scanned at wavelengths extending from 200 to 800 nm, and the 

fraction light transmission was recorded. Similarly, our ChS-PVA 

also showed similar UV-vis results in transmittance mode. Generally, 

the membrane samples were exhibited at low light transmission in 

UV light, especially at wavelengths of 280 nm, as shown in Figure 2C. 

X-ray Diffraction 
X-ray diffraction (XRD) analysis of the ChS-PVA biopolymer 

membrane was confirmed with their pristine ChS and PVA films 

and can affect the crystallinity of the ChS-PVA, as shown in 

Figure 2D. We found two distinct diffraction peaks that appeared 

as a strong sharp peak and a broad peak at 2 θ values of 20°, 18° and 
12° that provided clear evidence of the amorphous nature of ChS 

(Cheedarala et al., 2018a). On the other hand, the PVA showed broad 

to sharp peaks at 42° (220), 29° (200), 28° (111), 20° representing the 

amorphous nature of the PVA polymer. The peak shifts and shape 

were changed by the ChS-PVA biopolymer blend membrane matrix. 

The intensity of the characteristic ChS-PVA peaks were increased due 

to the increase of crystallinity by the cross-linking effect. Therefore, 

the chemical structure of the ChS and PVA biopolymer films 

changed dramatically with the increasing chemical crosslinking 

through hydrogen bonding, indicating that there were strong 

chemical interactions between the ChS and PVA. 

FT-IR 
The FT-IR spectrum of the ChS, PVA, and ChS-PVA films were 

in good agreement with reported literature (Huang et al., 2012; 

Jeon et al., 2013; Cheedarala et al., 2018; Nahian et al., 2017). In 

particular, the characteristic peaks of ChS, viz., the -OH, -CH, 

-CO amide I, and amide II functional groups appeared at 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3 Representative surface SEM images of (A) ChS, (B) PVA, 

and (C) ChS-PVA biopolymers films. 
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3372 cm
−1

, 2923 cm
−1

, 1740 cm
−1

, 1635 cm
−1

, and 1533 cm
−1

, 

respectively. Also, the peaks at 1380 cm
−1

, 1158 cm
−1

, and 

1073 cm
−1

, 1033 cm
−1

, and 617 cm
−1

, were the strong 

stretching vibration of the -CH2OH of C6 position of the 

sugar moiety CH2 (ben), CH (deform), CO (str), and other 

related peaks, respectively (Cheedarala et al., 2015). The FT-IR 

of PVA showed significant absorption bands at 3368 cm
−1

, 

2923 cm
−1

, 1663 cm
−1

, 1419 cm
−1

, 1335 cm
−1

, and 1080 cm
−1

 

for -OH, -CH2, -CO, CH2 (ben), CH (deform), and CO (str), 

respectively. The FT-IR spectrum of the ChS-PVA blend 

membrane showed significant changes from the pure ChS and 

PVA due to crosslinking of both the polymers. The ChS-PVA 

membrane revealed the differences between their respective 

absorbance bands at 1645 cm
−1

, 1422 cm
−1

, 1332 cm
−1

, and 

1031 cm
−1

, indicating the crosslinking effect between ChS and 

PVA. Thus, the results of FT-IR analysis clearly proved the 

formation of the homogeneous dispersion of the 

polyelectrolyte complex through interfacial adhesion between 

ChS-PVA blend films, as shown in Figure 2E. 

Tensile Test 
Due to the crosslinking of the ChS-PVA blended polymer matrix, 

the strong interactions between the ChS and PVA films had 

strong reinforcement. To demonstrate this reinforcement, tensile 

tests were achieved for all ChS, PVA, and ChS-PVA blend films. 

The typical stress-strain curves are shown in Figure 2F. The 

results indicated that the strain (%) and tensile modulus (MPa) of 

ChS and PVA were 2.3 and 10.8, and 4 and 13.8, respectively. The 

ChS-PVA membrane showed a higher strain (%) and tensile 

modulus (MPa) of 10.8 and 15.8 due to chemical crosslinking 

through the strong hydrogen bonding between ChS and PVA. 

The tensile strength (MPa) and strain (%) of the ChS-PVA 

membrane showed 369 and 46% over pristine ChS, and 170 

and 14.5% over pure PVA films, respectively due to the ChS-PVA 

membrane blending though chemical interactions (Jeon et al., 

2013). 

FE-SEM Interpretation 
To study the surface morphologies of ChS, PVA, and ChS-PVA 

blend films, FE-SEM analysis was employed, as shown in 

Figure 3. The regular cracks and pores were found on the 

ChS surface due to the formation of oxidative air gaps 

(Figure 3A). The PVA membrane matrix showed a densely 

packed surface with irregular patches (Figure 3B). The ChS- 

PVA blend membrane showed regular homogeneity confirming 

the strong chemical interactions that include ionic cross-linking 

and the strong hydrogen bonding of the blend membrane of ChS- 

PVA (Figure 3C). However, the magnified surface image had 

continuous cracks and pores. To clearly understand the surface 

morphology of the polyelectrolytic ChS-PVA (pore size, 

symmetry, and network structure), the samples were generated 

by atmospheric oxidation on the surface. However, to generate 

the high output voltage and currents, the surface morphology 

played a pivotal role (Cheedarala et al., 2011; Cheedarala et al., 

2014; Cheedarala et al., 2018; Cheedarala and Song, 2019; 

Cheedarala, 2021). 

 

Set-Up of Chitosan-Polyvinyl Alcohol 
Triboelectric Nanogenerators 
Figures 4A,B show the mechanical set-up of the ChS-PVA 

TENG  in  its  full  separation  and  contact  state, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4 | Mechanical manipulation of the ChS-PVA TENG at (A) the separation state, (B) the contact state, and working mechanism at (C) the initial condition, 

(D) full contact, (E) separating, (F) full separation, and (G) contact again. 
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correspondingly, for effectively generating triboelectric power. 

The energy harvesting principle rigorously follows the contact 

electrification approach by the contact and separation of ChS- 

PVA and PVDF under the working mechanism of the developed 

ChS-PVA TENG elucidated here, whereby the polymeric surface 

and the Al conductors remained originally free of charge, as 

shown in Figure 4C. Conversely, after the fluctuation by the DC 

motor, the triboelectrically negative PVDF surface barely 

touched the surface of the ChS-PVA. The frequency variation 

of the PVDF surface thus became negatively charged and the 

ChS-PVA surface became completely positive charged due to the 

contact electrification, as shown in Figure 4D. During the 

interaction electrification process, these charges were endured 

for a lengthier period of time due to the shielding properties of 

the material (Fan et al., 2015). Because of the superior 

hydrophobic properties of the PVDF membrane (contact 

angle, CA∼116°), it maintained the dry nature on the surface 
and an effective charge separation happened when it was 

separated from the ChS-PVA surface. In this circumstance, 

the two Al electrodes were strongly induced to attain charges 

by the ChS-PVA and PVDF in order to continue without bias so 

that the top conductor was negatively charged, and the bottom 

electrode was positively charged. During this departure 

procedure, the charges were fed through an external load, and 

the current flow happened, as shown in Figure 4E. The current 

was stationary as the two surfaces were completely detached, and 

a new equilibrium state was reached (Figure 4F). When the ChS- 

PVA and PVDF layers were in a closing state, the electrostatic 

induction became increasingly stronger such that it bankrupted 

the equilibrium, and resulted in charge redistribution of Al 

electrodes through the receiving and release of electrons, as 

shown in Figure 4G. It was significant that the current flow 

was in the opposite track. As soon as the two layers were 

completely closed, the charge-transfer procedure vanished and 

there was no current at all (Cheedarala and Song, 2019; 

Cheedarala and Song, 2019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5 | Overall output voltages (Voc) and short circuit currents (Isc) of (A, B) ChS TENGs; (C, D) PVA TENGs; and (E, F) ChS-PVA TENGs at 5 Hz. 



 

 

 

 

 

Results of Chitosan-Polyvinyl Alcohol 
Triboelectric Nanogenerators Against to 
PVDF Membrane 
To validate the principle, we first measured the power output of the 

ChS TENG through the contact separation mode at 5 Hz. Figure 5A 

shows that the open-circuit Voc of the ChS TENG at 5 Hz surged 

from −3.4 to 3 V (6.4 V) upon detachment. Also, the charge 

transported among the Al conductors promptly produced short- 

circuit current Isc. The peak value of the Isc reached from −24.2 to 

20.2 nA (44.4 nA) as shown in Figure 5B. Next, the Voc and Jsc of 

the PVA TENG showed a surge from −1.5 to 1.32 V (2.82 V) and 

from −9.6 to 7.6 nA (17.2 nA) at 5 Hz, respectively, as shown in 

Figure 5C and 5 days. On the other hand, the flexible ChS-PVA 

membrane surged the output voltage from -11.5 to 9.7 V (21.2 V), 

and short circuit current from -393 nA to -500 nA (893 nA), 

respectively, as shown in Figures 5E,F. The Voc and Isc 

enhancements of the ChS-PVA TENG were observed when 

compared with the ChS TENG and PVA TENG, respectively 

(Cheedarala et al., 2018; Cheedarala et al., 2019). The 

enhancement of Voc and Isc of the ChS-PVA TENG were 244% 

and 1,911% over the ChS TENG. Where, as in the case of the PVA 

TENG, the enhancement of Voc and Isc increased by 633% and 

5,091%, respectively due to the availability of a free loan pair on the 

-NH2 and -OH functional groups. The loan-paired electrons were 

ready to expel the plentiful static charges when the negatively charged 

PVDF membrane was contacted. After chemical blending of ChS and 

PVA, the ChS-PVA flexible membrane showed greatly improved 

Voc and Isc (Cheedarala et al., 2018). 

We measured the electrical output of the ChS-PVA TENG 

and found sign wave signals from 0 to 1 m at 5 Hz applied 

frequency. The sign wave signals were observed in both output 

voltage and currents, it indicated that the output signals were in a 

sinusoidal wave motion, as shown in Figures 6A,B (Huang 

et al.). The rectified outputs of the prepared ChS-PVA TENG 

with a unidirectional output could be deposited in energy 

loading devices such as capacitors and batteries. The 

performance stability of the proposed ChS-PVA TENG was 

tested at 5 Hz applied frequency. The DC signal showed that 

a unidirectional and AC signal appeared bidirectionally, as 

shown in Figures 6C,D, respectively due to storage devices 

such as capacitors and batteries (Huang et al.). Also, the 

extraordinary energy gathering properties and greater 

mechanical assets were shown by the ChS-PVA TENG. The 

Voc of ChS and PVA were very low compared to the ChS-PVA 

TENG due to the absence of plentiful electronic transfer 

functional groups on their surfaces. Therefore, we modified 

the ChS and PVA into a combined ChS and PVA to enhance 

its triboelectric potential (Cheedarala et al., 2018b). 

Next, we attempted to determine the impact force at various 

frequencies. The load cell YC33-5K (SETECH) was used to 

quantify the contact force and the result is shown. Meanwhile, 

a rectilinear oscillator containing a DC motor with a crank system 

was steadily vacillating by a linear slider. The cautious setting of 

the complete system caused a switchable contact between the 

ChS-PVA surface and the PVDF surface when the slider 

oscillation was reliable, as shown in Figures 7A,B. Built on 

the investigative results, the change of impact force 

increasingly upsurged with respect to the contact frequencies 

of 1, 2, 3, 4, and 5 Hz, and established the increment of Voc and 

Isc (Cheedarala et al., 2016a; Kong et al., 2016). When more 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 6 | Performance characteristics of the ChS-PVA TENG with sign wave signals of Voc. (A) Isc, (B) rectified voltage, (C) DC signal, and (D) AC signal at 5 Hz. 



 

 

 

 

 

impact force was applied, the more real area was covered, which 

meant a higher output current was produced. The Voc and Isc 

were generated for 2.5 V (1 Hz), 4.08 V (2 Hz), 6.2 V (3 Hz), 

10.4 V (4 Hz), and 20.8 V (5 Hz), and 107 nA (1 Hz), 179 nA 

(2 Hz), 258 nA (3 Hz), 660 nA (4 Hz), and 878 nA (5 Hz), 

respectively (Cheedarala et al., 2011; Cheedarala et al., 2014; 

Cheedarala et al., 2015). Also, we measured the electric output 

of the ChS-PVA TENG upon connecting directly to an external 

load of different resistors. The peak instantaneous Isc of the ChS- 

PVA TENG was measured at 5 Hz oscillation. It was noted that 

the peak Isc decreased with an increment of the resistance. 

Consequently, the maximum instantaneous power output of 

the ChS-PVA TENG was 0.48 mW at 100 MΩ and decreased 
continuously with the increment of resistance, due to low current 

by default of ohmic loss, as shown in Figure 7C. The performance 

stability of the proposed ChS-PVA TENG was tested for ∼3800 

cycles, as shown in Figure 7D. Open circuit voltage has been 

measured at 5 Hz contact frequency, and almost persistent Voc 

except some fluctuations where the Voc has been observed 

throughout the whole period of the stability and durability 

test. This is due to the exceptional energy harvesting 

properties and superior mechanical strength of the ChS-PVA 

TENG surface (Cheedarala and Song, 2019c; Cheedarala and 

Song, 2019d; Cheedarala, 2021; Cheedarala and Song, 2021). 

 

 

CONCLUSION 

In this article, we fabricated a simple and highly resilient ChS-PVA 

membrane by a simple solution casting method to generate a highly 

transparent membrane with tunable mechanical properties. This 

method is lucrative and modest for the production of high Voc 

and Isc. The modification of ChS and PVA was obtained through a 

series of experiments such as solution mixing of both ChS and PVA 

solutions and generating the high quality membrane through the 

drop casting method. Superior mechanical properties were observed 

from the ChS-PVA membrane compared to their pristine films. The 

FT-IR and XRD analyses discovered the functional group 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 7 | The output performance of the ChS-PVA TENG at various speeds of various frequencies using a contact separation mode mechanical device (A) Voc; 

(B) Isc; and (C) the comparison of Isc (µA) and power density (mW) under different applied frequencies of the ChS-PVA TENG. 



 

 

 

determinations on the modified ChS-PVA surface that facilitated us 

to appraise the connections both chemically and electrically between 

the ChS-PVA and PVDF. The electronegativity of PVDF was very 

much encouraged to outshine higher currents at ambient 

circumstances. The Voc, and Isc of the ChS TENG, PVA TENG, 

and ChS-PVA TENG were 6.4 V and 44.4 nA, 2.82 V and 17.2 nA, 

and 22 V and 514 nA, respectively. The enhancement of Voc and Isc of 

ChS-PVA TENG were 244 and 1,080% from the ChS TENG. Where, 

in the case of the PVA TENG, the enhancement of Voc and Isc 

increased by 633 and 2,888%, respectively due to the availability of a 

free loan pair on the -NH2 and -OH functional groups. Our projected 

ChS-PVA showed remarkably vigorous and consistent energy 

gathering presentations due to the mechanically strong material 

properties of the ChS-PVA membrane using a simple solution 

process and has great potential for self-powered TENG systems 

even under various strict surroundings and in discrete medical 

applications without harmful effects. We are exploring detailed 

experimental results and will publish soon elsewhere. 
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