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Abstract
The utilization of biopolymers for energy applications continues to attract researchers, due to the unique properties of bio-

polymers that are easily modified, such as cassava starch (CS) biopolymer that has hydroxyl molecular chains. However, the brittle,  
and non-waterproof nature of starch films is an obstacle to their use in triboelectric nanogenerator (TENG) solid-solid films.  
This study aims to improve the physicochemical properties of cassava starch films by modifying them into nanocomposite films. 
The nanocomposite film was made from 70:30 CS/polyvinyl alcohol (PVA) composite and variation of TiO2 nanoparticles addition 
using solvent casting method. The results showed that the mechanical properties of cassava starch film increased with the addi-
tion of PVA. Meanwhile, the addition of TiO2 above 1 wt % of the mechanical properties of the film tends to decrease. The film has 
low wettability properties with a contact angle of 83.6°. The performance of the nanocomposite film as a Rotary disc freestanding  
film (RDF-TENG) produces 4.4-fold the output voltage and 2.8-fold the current compared to the film without TiO2. This is a new 
finding that the CS/PVA-TiO2 nanocomposite film has the potential for TENG films in high-humidity environmental conditions.
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1. Introduction
Triboelectric nanogenerator (TENG) is a micro/nano energy harvesting device that converts 

the mechanical energy of the surrounding environment into electrical energy based on the tri-
boelectricity effect between two materials that have different electronegativity levels and has been 
proven to be effective and efficient [1]. TENG working principles based on contact electrification 
and electrostatic induction make a self-powered system with high efficiency, low cost, abundant 
mechanical energy source, and high output [2, 3]. TENG was first developed in 2012, Research was 
conducted utilizing the triboelectric effect of materials to harvest mechanical energy into electri
city and demonstrated high energy conversion efficiency [4].

TENG has become one of the promising energy conversion devices to convert mechani-
cal energy into electrical energy due to the capacity of triboelectric materials. The TENG device  
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generally consists of two friction materials and electrodes at the top and bottom of the device.  
Physical contact between two friction materials with different levels of electronegativity can induce 
a triboelectric charge which can produce a potential decrease when separated by mechanical forces 
and increase the flow of electrons between the electrodes via an external circuit. The dominant 
factor that determines the performance of TENG’s output is the TENG friction material, such as; 
the use of nanocomposite friction materials on a nanoscale which has the advantages of mechanical 
strength, toughness, flexibility, transparency, dielectric, thermal or electrical conductivity proper-
ties which show an effective and efficient TENG performance improvement [5, 6].

However, TENG triboelectric nanocomposite films are still dominated by synthetic poly-
mers, which require a complicated, long, and expensive fabrication process. such as; PDMS nano-
composite films with TiO2 deposition can cause changes in oxygen vacancies on the PDMS sur-
face which can contribute to electron exchange and trapping and have an impact on increasing 
TENG output power [7], DSSC output power [8], Poly (vinylidene fluoride) (PVDF) polymer with 
TiO2 NPs as filler can improve the dielectric properties [9], Polydimethylsiloxane (PDMS) with 
different TiOx weight ratios as a function of dielectric constant control with 5 % rutile TiOx and 
7 % TiOx anatase phase produces TENG output highest ~180 V/8.2 μA and 211.6 V/8.7 μA [10].

Biodegradable devices are in great demand because of the abundant raw materials available, 
low cost, simple process, and environmentally friendly. Various natural biodegradable materials, 
such as; natural rubber [11], cellulose [12, 13], chitosan, polyvinyl alcohol (PVA) [14], rice paper, 
and starch paper have been used to make biodegradable TENGs [15−17], and environmentally 
friendly raw materials and do not cause harmful effects on humans and the environment [18]. The 
use of starch has begun to be developed for the TENG triboelectric film because it has properties 
such as; biocompatible and biodegradable [16, 19–22], abundant availability, easy process, inex-
pensive, possessing hydroxyl groups, amorphous crystal structure, and rheological properties can 
provide the required resistance for TENG triboelectric film applications [23].

Meanwhile, previous studies showed high performance of TENG based on starch biofilm, 
such as; TENG-based, due to the binding of water molecules and hydroxyl groups through hydro-
gen bonds [21]. TENG-based potato starch biofilm exhibits high output voltages from 60 mV to 
300 mV per 4 cm2 area, but the surface of the film is prone to cracking at several duty cycles [22]. 
Tapioca starch film rich in hydroxyl groups can enhance the triboelectric effect by binding water 
molecules on the friction film surface through hydrogen bonding [24]. The use of starch polymer 
electrolyte film made from a mixture of potato starch and 0.5 % CaCl2 showed an increase in 
voltage output three times higher than pure starch from 0.4 V to 1.2 V. Starch polymer electrolyte 
between potato starch and 0.5 % CaCl2 showed an increase in voltage output three times higher 
than pure starch from 0.4 V to 1.2 V [19]. 

However, the strong hydrophilicity of starch causes poor mechanical properties and easily 
soluble in prolonged contact with water. This becomes a bottleneck for starch films for TENG 
biodegradable applications that require long-term stability. Therefore, to increase the functionality 
of starch by modifying starch into nanocomposite films. In this study, we fabricated a starch-
based nanocomposite film, by synthesizing cassava starch/PVA-TiO2 into a nanocomposite film. 
Our knowledge, the use of TiO2 as a filler in starch composites to improve mechanical properties 
and water resistance for Biodegradable TENG has never been reported. Meanwhile, the addition 
of PVA to starch polymers as a composite matrix can help the formation of polymer composite 
bonds through hydrogen bonding and increase the number of hydroxyl groups [25]. The use of TiO2 
nanofiller which is an inorganic nanoparticle with a large specific surface area and high surface  
energy can result in some –OH groups or dangling bonds contained in the biopolymer matrix that 
can be adsorbed on the nano-TiO2 surface, which can affect the physical characteristics of the natu-
ral polymer/composite properties. In addition, the formation of hydrogen bonds and C-O-Ti bonds 
between starch matrices and TiO2 can help the dispersion of TiO2 as a filler in starch matrices 
which can improve the compatibility between starch and TiO2 [26].

Meanwhile, the special emphasis of this study is to investigate the effect of TiO2 in  
CS/PVA polymer blends on mechanical properties, water resistance, and TENG characterization with  
CS/PVA-TiO2 nanocomposite films as positive friction surfaces. We analyze the performance 
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TENG of CS/PVA-TiO2 nanocomposite films and the changes in properties of CS/PVA nano
composite films with different concentrations of TiO2 nanofillers.

The improvement in tensile strength and elongation at break of CS/PVA composite films 
is due to the high mechanical properties of PVA. In addition, the water resistance property was 
improved with the formation of more OH groups. Meanwhile, the effect of TiO2 addition in  
CS/PVA composite increases the rigidity of the molecular chain with the help of hydrogen and 
covalent bonds, the elasticity of the molecular chain decreases which causes the elongation at break 
value to tend to decrease with the increase of TiO2 concentration in the CS/PVA matrix. The pre
sence of TiO2 makes the more dense film, thus increasing the absorption of water molecules so that 
the film is not easily damaged.

Meanwhile, the performance of RDF-TENG nanocomposite CS/PVA film produced an out-
put voltage and current of ~25.5 V and ~3.6 µA. The effect of TiO2 addition on the performance 
of RDF-TENG film of CS/PVA-TiO2 nanocomposite was optimally improved by the addition of 
3 % TiO2 that resulted in 4.4 times the output voltage and 2.8 times the current compared to the 
TENG film of CS/PVA without TiO2 nano-filler. Therefore, these CS/PVA-TiO2 nanocomposite 
films have the potential for TENG films under high-humidity environmental conditions. 

2. Materials and methods 
2. 1. Materials 
Materials starch used in the experiment is cassava starch produced by PT. Budi 

starch & Sweetener. Tbk. in Indonesia, Polyvinyl Alcohol (PVA) with an average molecular weight 
of Mw = 89.000–98.000, was procured from Sigma Aldrich, Anatase TiO2 nanoparticles with  
a particle size of 20 nm were purchased from Sigma-Aldrich, glycerol (99 % purity, clear, colorless, 
and density: 1.261 g/cm3) from Merck, distilled water specification; PH 8, resistivity >200 KΩ, 
conductivity <5 µS/cm, Copper tape type dual side conductor (adhesive side and conductive outside 
side) and thickness 0.5 mm.

2. 2. Preparation of cassava starch (CS)/PVA-TiO2 nanocomposite 
Fig. 1 describes making cassava starch (CS)/PVA-TiO2 nanocomposite using the solvent 

casting method.

Fig. 1. Preparation of CS/PVA-TiO2 nanocomposite films

Preparation of CS/PVA-TiO2 nanocomposite films by solvent casting method as shown in 
Fig. 1 by steps: 

a) making a solution of cassava starch (CS), with a composition of cassava starch (4.2 g), 
and glycerol (3 g) as plasticizer dispersed with distilled water (50 mL) in borosilicate glass;
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b) The solution of cassava starch (CS), and glycerol was mechanically stirred for 5 minutes 
until the solution was completely homogeneous;

c) cassava starch solution (CS) was stirred with a magnetic stirrer at a speed of 250 rpm 
at a temperature of 95 °C for 30 minutes to obtain a gelatinized starch suspension and added PVA 
solution while stirring continuously (250 rpm) for 30 minutes until it dissolved completely and  
a clear solution was formed; 

d) CS/PVA clear solution was added with TiO2 nanoparticles (0.5, 1, 3, 5, 7 % wt.);
e) CS/PVA-TiO2 nanocomposite films were cast with a Teflon mold diameter of 100 mm;
f) the drying of the film was carried out in a hot air oven at 40 °C for 24 hours. Meanwhile, 

the composition ratio of Cassava starch (CS), PVA, and TiO2 for nanocomposite film samples are 
presented in Table 1:

Table 1
Composition of The Various Film Nanocomposite Samples

Nanocomposite Sample
Composition

Cassava strach (CS) PVA TiO2 (% wt.)
CS-PVA 70 30 0

CS-PVA/0.5 TiO2 % wt. 70 30 0.5
CS-PVA/1 TiO2 % wt. 70 30 1
CS-PVA/3 TiO2 % wt. 70 30 3
CS-PVA/5 TiO2 % wt. 70 30 5
CS-PVA/7 TiO2 % wt. 70 30 7

First, to determine the constant weight ratio of the CS/PVA mixture (70:30), cassava starch (4.2 g) 
was dispersed with distilled water (50 mL) in borosilicate glass, the addition of glycerol (3 g) served 
as a plasticizer and mechanical stirring was carried out until completely homogeneous. Further-
more, stirring with a magnetic stirrer at 250 rpm at a temperature of 95 °C for 30 minutes to ob-
tain a gelatinized starch suspension. Meanwhile, in another borosilicate glass, the PVA solution 
was prepared by dissolving 1,8 g of PVA with 40 mL of distilled water and mechanically stir-
ring (250 rpm) for 5 minutes, then the temperature was gradually increased to 95 °C and contin-
uously stirred (250 rpm) for 30 minutes until completely dissolved and a clear solution is formed. 
Mixing of the two solutions (gelatinized CS suspension- PVA suspension) was carried out at room 
temperature and continued to be stirred with a magnetic stirrer (250 rpm, 95 °C).

Furthermore, the PVA solution, cassava starch suspension, and TiO2 (0,5 %, 1 %, 3 %, 
5 %, and 7 % wt.) (Table 1) particle dispersion (CS/PVA-TiO2) were combined and stirred con-
tinuously at 400 rpm and a temperature of 95 °C for 30 minutes using a magnetic stirrer. The 
solution was in a vacuum for 10 minutes using vacuum machine to remove residual air from the 
solution. The viscous solution produced from the CS/PVA-TiO2 polymer was poured into a Teflon  
mold (radius 50 mm). when pouring, the volume of the polymer mixture in each mold was controlled 
constant, producing relatively the same thickness as the nanocomposite film sample. The drying 
of the film was carried out in a hot air oven at 40 °C for 24 hours. The dry film was then carefully 
peeled off from the Teflon mold and produced a film with an average thickness of 100 µm. The 
resulting nanocomposite films were kept in a zippered bag until tests were carried out to reduce 
water absorption according to the Ramirez method [27].

2. 3. Fabrication of rotary disk freestanding (RDF-TENG)
The rotary disk freestanding TENG (RDF-TENG) structure consists of two parts, ro-

tor and stator. Rotor structure parameters with the number of film segments (n) = 4, outer ra
dius (r2) = 50 mm, inner radius (r1) = 5 mm, and made of commercial polyimide thin film (0.03 mm) 
as a triboelectric film glued to an acrylic surface (radius = 50 mm). Meanwhile, the stator struc-
ture parameters consisting of CS-PVA/TiO2 nanocomposite films were cut to form an equal in-
terval electrode model with the number of film segments (n) = 8, outer radius (r2) = 50 mm, inner  
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radius (r1) = 5 mm, and the nanocomposite film thickness was 100 µm. Next, the cut nanocomposite 
film was glued to the copper foil (electrode film A, and B). Where the tip of the copper foil electrode 
is slightly exaggerated to connect the external circuit with the help of a conducting wire so that elec-
trons can flow into the external circuit. External mechanical energy uses a DC electric motor that is 
connected to the TENG rotor shaft in a freestanding rotational mode. Meanwhile, the gap between 
the rotor and stator was controlled with a distance of 0.10 mm to keep the friction between the sur-
face of the polyimide film and the CS/PVA-TiO2 nanocomposite film stable. The design and struc-
ture of RDF-TENG with cassava starch/PVA-TiO2 nanocomposite films are presented in Fig. 2, a.

Fig. 2. RDF-TENG testing and structure: a – RDF TENG array, b – TENG testing instrument

The schematic diagram of the TENG output test mechanism is shown in Fig. 2, b. Condi-
tioning for humidity levels of 15 % and 95 % were carried out by placing the TENG in a closed 
cylindrical chamber. The operating Rotary-disk freestanding (RDF-TENG) mode consists 
of a rotor with four electret sectors attached to a dielectric substrate using a polyimide film.  

 
 
 

 

a

b
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The stator is composed of six sectors of a CS-PVA/TiO2 nanocomposite film connected to  
a copper foil electrode. Distance between the rotor and stator surfaces with an air gap of 0.10 mm.

2. 4. Characterizations of cassava starch/PVA-TiO2 nanocomposite films
2. 4. 1. Chemical, structural, and morphological analysis
Surface analysis and morphology of starch/PVA-TiO2 nanocomposite films using Scanning 

Electron Microscope (FESEM) FEI Quanta FEG 650. The dry film sample was sprayed with gold-pal-
ladium under vacuum conditions to increase its conductivity. The test was carried out at a voltage  
of 15xKV with a magnification of 500x, and 10Kx. The functional groups of the nanocomposite films 
were analyzed using Fourier transform infrared spectroscopy (FTIR) with an IRPrestige-21 spectro-
photometer (Shimadzu, USA). FTIR measurements were carried out at room temperature (25 ± 10 °C) 
in the wave number range of 600–4000 cm−1 with a resolution of 2 cm–1 and an average of more 
than 32 scans. The X-ray diffraction (XRD) analysis to determine the crystalline atom form of  
starch/PVA-TiO2. The degree of crystallinity of the film samples was recorded using a PAN analyti-
cal Xpert Pro diffractometer with Cu Kα radiation at 40 kV and 40 mA, using a 20 mm Ni filter. All 
sample films were scanned between 2θ = 5° to 69.99° at 5°/min measurement Temperature of 25 °C. 

2. 4. 2. Mechanical properties
Testing the mechanical properties of the film consists of tensile strength (Ts), Elonga-

tion at break (Eb), and Young’s Modulus (My). Testing according to the ASTM standard method  
D882-10 (ASTM, 2010) using the Tensile Testing Machine. The samples film (length×width×thick-
ness = 100×20×5 mm) was conditioned at RH = 55 % for 48 hours. Next, each film sample was 
mounted between the machine’s grips and tested at a crosshead speed of 5 mm/min at room tem-
perature (23 °C) [28]. 

2. 4. 3. Water-resistance
Water resistance testing was conducted to identify the degree of water damage to the film. 

The film samples (length×width×thickness = 100×20×0.5 mm) were immersed into beakers filled 
with distilled water. The immersion time of each film sample until the film texture was dama
ged (destroyed) in the water. The results of recording the immersion time of the film sample were 
used to determine the level of resistance of the film sample to water.

2. 4. 4. Water contact angle
Measurement of the contact angle of the nanocomposite film was carried out to determine 

the level of wettability of the film surface to water. The sample contact angle was measured using  
a contact angle goniometer (Rame-Hart Instrument C, USA). The film sample (length×width×thick-
ness = 25×25×0.5 mm) was placed horizontally on the contact angle measuring bench by the sessile 
drop method [29]. Drops of 4 μL deionized water were placed on the film’s top surface. droplet 
images and contact angle values are recorded from the software 20 seconds after deposition. The 
contact angle is calculated using a mathematical equation with the shape of a water droplet and 
calculates the tangent line between the water droplet and the solid film. For each film sample, 
5 readings were taken at different film locations.

2. 4. 5. Electrical output measurement
TENG output performance measurement using freestanding rotary mode. The rotating 

mechanical energy of the DC motor is used to rotate the TENG rotor. To measure the TENG 
output voltage and current, the TENG rotor is energized externally by the DC motor rotation. 
The rotation is controlled at 200 rpm using a controller that regulates the electric current enter-
ing the DC electric motor. The rotation of the rotor on the stator causes friction on the surface of 
the polyimide film and the CS-PVA/TiO2 nanocomposite film causing a triboelectricity effect. 
The electrode poles of films A and B were measured output voltage and current using a digital  
oscilloscope (DSOX6004A Digital Storage Oscilloscope) with a load resistance of 100 MΩ. 
Meanwhile, the TENG output performance test based on CS-PVA/TiO2 nanocomposite films  
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under different humidity conditions was carried out in a cylindrical chamber, before the testing 
film was put in a closed box for 24 hours with adjusted humidity control (RH 15 %, and 95 %) with  
a saturated salt solution. Furthermore, testing the output performance of TENG in the same hu-
midity control box was carried out in a closed cylindrical chamber, a cylindrical chamber equipped 
with two inlets and one outlet. Where the first inlet drains dry air (located on the right), and the 
second inlet drains moist air (located on the left). Meanwhile, the outlet is used to control air cir-
culation in the cylinder (located on the left). This control mode can accurately achieve the required 
relative humidity in the room.

3. Results and discussion
3. 1. Chemical, structural, and morphological analysis of the cassava starch-PVA/TiO2 

nanocomposite film 
Structural analysis can be observed from the FTIR spectrum of the material in the range  

of 4000−700 cm–1. Where the molecular bond spectra of the CS/PVA polymer matrix and the change 
after incorporation of TiO2 filler, which has several characteristic peaks, reflect the structure of the 
two biopolymers. The transmittance band of about 3285 cm–1 was determined from the stretching 
vibration of the hydroxyl group (–OH) in CS and PVA polymers having a hydroxyl-rich average. 
The peak transmittance band of 1641.42 cm–1 indicates the formation of hydrogen bonds in pure 
starch due to the flexion of the –OH molecule and shows the hygroscopic nature of the starch poly-
mer. Characteristics of the bending of C-OH in the 1205 cm–1 transmittance band. The peak at  
770–1120 cm–1 is associated with the stretching of the C–O bond of the macromolecular portion, 
where an intramolecular hydrogen bond is formed between two adjacent OH groups that are on the 
same side of the plane of the C–C carbon chain of the C–O–C group of the unit. glucose in starch [30]. 

Pure PVA showed hydroxyl and acetate groups, where the intermolecular and intramole
cular hydrogen –OH bonds were shown in a wider band at 3296.35 cm–1.

The structure of the alkaline group confirmed the peak in the transmission band 
1480−1190 cm–1 associated with the planar buckling vibrations of C–H and O–H in both CS and PVA. 
The presence of a carbonyl group (C = = O) is indicated by the 1732 cm–1 transmission band and 
a hydrocarbon (alkane) group in PVA is indicated by a peak at 1373.32 cm–1 [31]. Meanwhile, the 
chemical interaction between CS/PVA polymer molecules that causes changes in the characteris-
tic spectral peaks of the composite, the C-OH hydrocarbon group is estimated to come from the 
C-O vibrations, which are confirmed by the peak of 1000–1250 cm–1. In addition, the vibration of 
the –OH group confirmed the absorption peak in the range of 3300–3000 cm–1. The formation of 
the C–H alkene functional group due to the mixing of CS/PVA which was confirmed at a wave-
length of 675–995 cm–1 and C-H alkane which was confirmed at a wavelength of 2850–2970 cm–1.

In addition, the C-H functional group of the aromatic ring was confirmed at the wavelength of 
690−900 cm–1. The mixing of CS/PVA polymer showed flexural vibrations of the hydrogen bonding 
of the –OH group at 1710.86 cm–1 and the C–O strain at 1050–1300 cm–1. The stronger interaction 
of CS/PVA molecules is shown by intermolecular interactions through the formation of hydrogen 
bonds with water vapor molecules, which can increase triboelectricity. At low concentrations (below 
7 % TiO2 wt.) in the CS/PVA polymer mixture in the FTIR spectrum, the vibration peaks did not 
show any additional peaks. This may be due to the overlapping bands of the CS/PVA components. 
However, the increase in TiO2 concentration (above 1 % TiO2 wt.) showed a slight shift in the peak 
positions of several bands in the range of 900–1100 cm–1. It is assumed that the absorption band at 
1000 cm–1 is associated with the TiO2 crystal domains hydrated into the CS/PVA polymer matrix. 
In addition, the titanium ions of the TiO2 particles can interact with the hydroxyl groups of CS/PVA, 
which make the nanocomposite films highly compatible. The results of the FTIR test for each con-
centration of TiO2 nanofiller in the cassava starch/PVA composite are presented in Fig. 3.

The results of the XRD test for each concentration of TiO2 nanofiller in the cassava  
starch/PVA nanocomposite are presented in Fig. 4. Shows the XRD pattern of the sample film, 
the cassava starch film produced peaks at 2θ = 15.73°, 16.51°, 17.23°, 19.69°, 22.14°, and 24.37°. 
Whereas, an important diffraction peak located at 19.69° which indicates strong intermolecular and 
intramolecular hydrogen bonds, and is indicative of a semi-crystalline structure, this is not much 
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different from the signal of the 20°peaks of cassava starch [32]. Meanwhile, the CS-PVA compo
site sample formulation produced peaks at 2θ = 13.11°, 17.21°, 19.76°, and 24.54°, which indicated 
a change in peak. These peaks can reveal that polymer cassava starch (CS) is dispersed in PVA 
which can change the characterization of the films [33, 34]. The incorporation of TiO2 filler into 
CS/PVA with variations in TiO2 concentration below 1 % wt. showed peak changes that were not 
easily visible at low concentrations. However, increasing the concentration above 1 % by weight 
showed peaks at 2θ = 22.38°, 27.60°, and 54.43° in semicrystalline structure nanocomposite films 
and indicated the presence of titanium dioxide embedded in the CS/PVA polymer.

Fig. 3. Chemical formula analysis of cassava starch/PVA-TiO2

The morphology of the polymer mixture of cassava starch (CS)/PVA and the morphological 
changes of the nanocomposite films after the addition of TiO2 can be observed from the material 
micrograph. The ability of starch granules to interact with various ceramic and mineral particles 
can hold these particles, which causes the added TiO2 to adhere to the surface of the starch gra
nules well. Meanwhile, mixing CS/PVA suspension with TiO2 particles, during the gelatinization 
process, the TiO2 particles remain attached to the surface of the starch granules and interact with 

 



Original Research Article:
full paper

(2023), «EUREKA: Physics and Engineering»
Number 2

192

Material Science

the continuous phase macromolecules of water-soluble amylose and PVA, this process most likely 
occurs through hydrogen bonding. SEM photographs show the morphology of each film sample 
appears to have a heterogeneous surface relief (Fig. 5, a). 

Fig. 4. XRD patterns for TiO2 nanoparticle, CS/PVA, and CS/PVA-TiO2 nanocomposite

Fig. 5. Morphology surface and reaction between TiO2 and polymer OH: a – surface photographs 
of CS/PVA without TiO2 and with TiO2; b – hydroxyl groups adsorbed on nano-TiO2 surface
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The CS/PVA blend film had a small amount of agglomeration, but the agglomeration formed 
was not very obvious. This is due to the strong interaction between the molecules of the CS/PVA 
blend and the compatibility of the CS/PVA blend. Meanwhile, the addition of TiO2 nanoparticles to 
CS/PVA composites showed an increase in agglomeration formation. The addition of 7 % wt. TiO2 
nanoparticles to the CS/PVA composite showed the most agglomeration of TiO2 and was clearly 
visible. This increase in agglomeration is due to the inert nature of TiO2 as a filler of CS/PVA com-
posites. Significant nano-TiO2 agglomeration can affect the surface roughness of the nanocomposite 
film. The positive effect of the surface roughness of the nanocomposite film can be beneficial in 
improving the charge transfer on the friction surface when applied as a triboelectric nanogene
rator (TENG) friction film. Furthermore, the possibility of TiO2 nanoparticles with large specific 
surface area and high surface energy as a filler material for polymer composites may cause some 
–OH groups in the biopolymer matrix to be adsorbed on the surface of nano-TiO2 which can help the 
dispersion of TiO2 particles in CS/PVA composites through van der walls force (Fig. 5, b). Whereas, 
this is in contrast with the addition of TiO2 concentration of more than 1 % wt. indicating the asso
ciation of filler particles in the composite. In addition, the presence of TiO2 particles with a high ratio 
in the film can create a winding path that prolongs the transport of water vapor molecules. 

3. 2. Mechanical properties
To analyze the performance of CS/PVA-TiO2 nanocomposite films related to mechanical 

viability, tests were carried out which included; Tensile Strength (TS) is the maximum tensile stress 
that the material can sustain before failure, Young’s modulus (My) is the level of elasticity of the 
material under longitudinal traction, and elongation at break point (EB) is a measure of the elasticity 
of the material. The results of the study of mechanical properties (Table 2) show that the tensile 
properties of the CS/PVA composite film are very good with 14.23 MPa and elongation at break 
point of 112.13 %. 

Table 2
Mechanical Characterization of Nanocomposite Film

Composite Sample
Mechanical Characterization

Ultimate Tensile  
Strength (TS), MPa

Elongation  
at break (EB), %

Young’s  
Modulus (My), MPa

CS-PVA 14.23 ± 2.25 112.13 ± 2.28 70.27 ± 4.12

CS-PVA/0,5 TiO2 % wt. 19.11 ± 1.35 80.45 ± 9.25 113.38 ± 4.57

CS-PVA/1 TiO2 % wt. 21.20 ± 2.52 78.20 ± 17.12 75.45 ± 6.59

CS-PVA/3 TiO2 % wt. 10.13 ± 1.26 81.43 ± 4.22 73.27 ± 8.53

CS-PVA/5 TiO2 % wt. 9.27 ± 1.60 76.23 ± 2.55 75.83 ± 8.12

CS-PVA/7 TiO2 % wt. 9.50 ± 1.75 73.23 ± 15.54 74.76 ± 9.35

The mechanical properties of CS/PVA composites are good due to the high mechanical 
properties of PVA due to the flexible C–C and a large number of –OH groups. In addition, the 
interaction of the –OH group of both CS and PVA polymers through hydrogen bonds makes good 
compatibility between CS and PVA polymers. So far, the results of previous studies reported that 
decreasing the concentration of PVA polymer in starch/PVA composites decreased the mechanical 
properties of the films [35, 36]. Meanwhile, the incorporation of TiO2 particles into the CS/PVA 
composite showed a significant increase in the Tensile Strength value for the CS/PVA/TiO2 film 
sample – 0.5 % wt. increased from 14.23 MPa to 19.11 MPa. While the addition of TiO2 – 1 % wt. 
showed the optimal Tensile Strength of 21.20 MPa. However, the effect of TiO2 on the CS/PVA 
composite caused the elongation at break value of the CS/PVA-TiO2 nanocomposite to decrease. 
On the other hand, the addition of TiO2 nanoparticles above 3 % wt. shows that the Tensile Strength 
tends to decrease and the elongation at break tends to decrease. The possibility of adding more than 
3 % wt. of nanoparticles causes TiO2 particles to agglomerate and spread unevenly. where these 
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results are in line with research reported by previous researchers [30], besides, the concentration 
of filler material can increase the adhesion strength of the material [37, 38]. The improvement of 
mechanical properties of cassava starch/PVA-TiO2 nanocomposite films was in line with previ-
ous studies using a variety of fillers on starch/glycerol/Li composite films [30], and starch-sisal 
fiber [39]. In addition to fillers, the effect of using glycerol also has an impact on the properties of 
elongation at the break [33, 40], and effect of TiO2 nanoparticles on barrier and mechanical pro
perties effect of TiO2 nanoparticles on barrier and mechanical properties [29, 41−49]. The results of 
testing the mechanical properties of the film with variations in the percentage of TiO2 content were 
0.5 %, 1 %, 3 %, 5 %, and 7 % are presented in Table 2.

Fig. 6. Comparison of Ts, Eb, and My values of CS/PVA-TiO2 nanocomposite films  
due to different concentrations of TiO2

3. 3. Water-resistance of CS/PVA-TIO2 nanocomposite films
The water resistance test of CS/PVA-TiO2 nanocomposite films aims to determine the 

degree of film damage when interacting with water molecules. The test method and results of 
water-resistance testing of nanocomposite films are presented in Fig. 7. To determine the wa-
ter resistance of CS/PVA-TiO2 nanocomposite films, it was carried out by immersing the 
nanocomposite films in cylindrical beaker filled with distilled water. Dimensions of the film  
tested L x w x h (30×20×0.01 mm). The immersion film was carried out until the film texture was 
damaged and crushed, as presented in (Fig. 7, a). The water resistance test results of the films are 
presented (Fig. 7, b), the water resistance of CS/PVA nanocomposite films with TiO2 nanofiller 
increased 2-fold compared to that without TiO2, where the water resistance of the CS film for 
17 hours, CS/PVA increased for 20 hours, and the optimal water resistance of the SC/PVA-TiO2 
nanocomposite film for 32 hours with the addition of 7 % by weight of TiO2. The resistance of 
CS films is influenced by the number of hydroxyl groups in the polymer molecule, where the hy-
droxyl groups bind to water molecules by forming hydrogen bonds. The increase in the number of 
hydroxyl groups in the CS/PVA film can occur from the intramolecular interaction of the CS/PVA 
polymer mixture, which can significantly increase the binding of water molecules. Meanwhile, the 
waterproof properties of CS/PVA-TiO2 nanocomposite films can be due to the influence of hydroxyl 
groups that bind water molecules through hydrogen bonds. In addition, the presence of TiO2 in the 
CS/PVA polymer mixture makes the film denser, thereby increasing the absorption capacity of 
water molecules. On the other hand, TiO2 also has hydrophobic properties, which can slow down 
the absorption of water molecules on the surface film. This result is not much different from the 
results of previous research reports, the effect of TiO2 nanofiller in polymer films causes a decrease 
in moisture penetration of corn starch/PVA-TiO2 films [30], Potato Starch/Montmorillonite-TiO2 
composite films [30], Potato starch/lactucin-TiO2 composite films [42]. 
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Fig. 7. Methods and analysis of water resistance: a – film testing method; b – results of water 
resistance testing of CS/PVA-TiO2 nanocomposite films

3. 4. Water contact angle
Water contact angle measurements were carried out to evaluate the wettability of the surface 

of the film against water molecules. The CS/PVA composite film sample yielded a value of 69.9° 
indicating hydrophilic properties. 

The hydrophilic properties increased due to the increase in polar groups such as C–O 
and –OH due to the mixing of PVA polymer with water-soluble properties. This increase in the  
–OH group increases the ability to form hydrogen bonds with water molecules resulting in higher 
wettability. The decrease in the water contact angle on the surface of the starch/PVA film was in 
line with previous studies, which was caused by an increase in the hydroxyl chains [30, 33, 36]. 
Meanwhile, the addition of TiO2 to the CS/PVA composite with the addition of 0.5 % wt. to 7 % wt. 
TiO2 nanoparticles showed a trend of increasing the contact angle of the film surface (70.8°, 71.1°, 
74.3°, 77.5°, 83.6°) (Fig. 8). The increase in contact angle was due to the distribution of TiO2 partic
les on the surface of the CS/PVA-TiO2 nanocomposite films. The increase in the coarser surface 
structure of the film is the basis for increasing the hydrophobicity of the film. where, the results of 
this study are in line with previously reported studies [29, 44].

Fig. 8. The water contact angle  
of CS/PVA nanocomposite film vs CS/PVA-TiO2 nanocomposite film

3. 5. Performance TENG of CS/PVA-TiO2 nanocomposite films
The TENG current output mechanism can be divided into three stages (Fig. 9). In the first 

stage, at the initial position, the electrode A is parallel to the electret. In the second stage, the elec-
tret rotates the position of electrode A and electrode B parallel to the electret causes the charge on 
electrode A to be transferred to electrode B through an external load (resistor) and generate current 
and voltage across the load resistor during this working period. The third stage is the final state 
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where electrode B is parallel to the electret. While the TENG output circuit uses a rectifier diode 
and a capacitor as electrical storage to convert AC to DC before being channeled to the ED load. 

TENG performance measurements (Fig. 9) were carried out at different humidity levels (15 %, 
and 95 %), the rotor rotation speed was controlled sTable (ω = 200 rad/s), and the load was 50MΩ. 
TENG output performance test with CS-PVA triboelectric film without TiO2 at low humidity  
level (RH, 15 %), as shown in (Fig. 10). The results of the output voltage and current output voltage 
and current ~25.5 V and ~3.6 μA without addition of TiO2 in CS-PVA nanocomposite matrix, are 
presented in (Fig. 10, a, b). Meanwhile, the addition of TiO2 in the weight ratio (0 % to 7 % wt. TiO2)  
showed a linear increase in voltage and current, respectively, as shown in (Fig. 10, a, b). The op-
timal output voltage and current were achieved at a concentration of 3 %wt TiO2 with a value of 
112.5 V and 10.2 μA. This increase in output voltage and current is due to an increase in the value 
of the dielectric constant due to the presence of TiO2 in the CS-PVA polymer mixture which can 
increase the triboelectric of the film. These results show similarities with some of the results of 
previous research reports, such as; an increase in dielectric properties of Poly (Vinylidene Fluoride) 
film with TiO2 NP deposition [9], TiO2 doping on Portland Cement [42], Dielectric constant changes 
linearly as a function of weight ratio of PDMS embedded TiOx NP [10], natural rubber (NR)-TiO2 [11].

Fig. 9. Measurement of rotary disc freestanding TENG (RDF-TENG) with electrode  
components A, and B using copper tape thickness 1 mm, and electronic components (bridge 

diode 1 A 500 V), electrolytic capacitor 1000 uF 16 V, Light Emitting Diode lamp voltage 2.5 V

In addition, the effect of differences in relative humidity factors (RH, 15 %, and 95 %) on 
the output performance of CS/PVA-TiO2 film-based TENG at a weight ratio above 3 % TiO2 shows 
that the resulting voltage and current increase are directly correlated with increased humidity  
levels (Fig. 10). The output performance of TENG when the relative humidity condition 15 % 
showed an output voltage ~112.5 V and current ~10.2 μA (Fig. 10, a, b). Enhanced relative humi
dity of the cylinder chamber is carried out by continuously injecting wet air into the closed cylinder 
chamber to increase the humidity 95 % (as shown in Fig. 9). Under conditions of relatively high 
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humidity (95 %), TENG can produce ~180 V and current from ~13.7 μA. However, the TENG 
output voltage and current increase was lower at a TiO2 weight ratio of less than 3 %, as shown  
in (Fig. 11). Meanwhile, the increase in TENG optimal output voltage and current when humi
dity is high (RH, 95 %) with a concentration of 7 % wt. TiO2 can reach 1.6-fold from ~112.5 V 
to ~180 V, and the current increases 1.4-fold from ~10.2 μA to ~13.7 μA (Fig. 10), and (Fig. 11).  
The output voltage and current of RDF-TENG when the humidity is 15 % are presented in Fig. 10, 
and the humidity is 95 % are presented in Fig. 11.

Fig. 10. Performance RDF-TENG at humidity 15 %:  
a – open circuit output voltage (Voc); b – closed circuit output current (Isc)

Fig. 11. Performance RDF-TENG at humidity 95 %:  
a – open circuit output voltage (Voc); b – closed circuit output current (Isc)

The increase in RDF-TENG output voltage and current is caused by the formation of hydro-
gen bonds between hydroxyl groups and water molecules (when humidity is high) on the surface 
of the CS-PVA/TiO2 nanocomposite film increasing the positive triboelectrification properties of 
the film. This is not much different from the research reported by Wang et al. using starch poly-
mers rich in hydroxyl groups with the formation of hydrogen bonds with water molecules when 
humidity is high can increase the output current of RDF-TENG based starch films [45]. PVA film 
is rich in hydroxyl chains and can increase the number of hydroxyl chains when mixed with starch  
molecules. In this case, it can bind more water molecules when the humidity is high and increase 
participation in triboelectric charging. The results of this study are also in line with previous stu
dies using hydroxyl-rich biofilms, at high humidity of 95 % a water molecule bonds with the hy-
droxyl through hydrogen bonds, which increases the generation of charge when the two films rub 
together and increases RDF-TENG work [46].
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3. 6. Limitations of the study and development prospects 
The limitations of the CS/PVA-TiO2 nanocomposite film study are still limited to the 

physicochemical properties of the film to overcome the reduced performance of solid-solid 
TENG under high humidity conditions by increasing the hydroxyl groups that can bind water 
vapor molecules through hydrogen bonding, and increasing the density of the film by using  
TiO2 fillers for increased absorption of water molecules. However, the tribological performance 
of CS/PVA-TiO2 nanocomposite film when the relative humidity is high has not been studied 
in detail. This is important to do as a parameter of the durability of the CS/PVA-TiO2 nano-
composite film as a triboelectric nanogenerator (TENG) friction film. The direction of further 
development studies can examine the tribological properties of CS/PVA-TiO2 nanocomposite 
films that tend to be hydrophilic, such as; the effect of TiO2 fillers in the CA/PVA composite 
matrix on the level of surface roughness, and the effect of relative humidity on the coefficient of 
friction, mass loss, short circuit current, and open circuit voltage for the surface of CS/PVA-TiO2 
nanocomposite films.

4. Conclusions
We developed a cassava starch (CS)/PVA-TiO2 nanocomposite film using the solvent cast-

ing method for the application of the RDF-TENG triboelectric film. The addition of TiO2 to the 
CS/PVA polymer composite from the SEM and XRD tests showed that the TiO2 nanoparticles 
were evenly incorporated into the CS/PVA polymer matrix, and affected the crystal structure of 
the film. In addition, the presence of TiO2 nanoparticles in the CS/PVA polymer resulted in an 
increase in Tensile Strength of 19.11 MPa for a 0.5 % wt. TiO2 sample, and an optimal Tensile 
Strength of 21.20 MPa with a concentration of 1 % wt TiO2 but the elongation at break value of the 
nanocomposite film CS/PVA-TiO2 decreased. In addition, the effect of TiO2 particles increases 
water resistance and decreases water wettability with an increase in the water contact angle of 
83.60 at a concentration of 7 % wt TiO2 which means an increase in hydrophobic properties. The 
performance of RDF-TENG films without the addition of TiO2 on the CS-PVA nanocomposite 
matrix resulted in an output voltage and current of ~25.5 V and ~3.6 µA, and the performance 
RDF-TENG increased optimally with the addition of 3 % TiO2 with an increase in the output volt-
age of 4.4-fold, and current 2.8-fold while performance under different humidity conditions (15 % 
and 95 % RH) output voltage increased 1.6-fold and current increased 1.4-fold with output voltage 
and current from ~112.5 V to ~180 V and current respectively from ~10.2 µA to ~13.7 µA. The 
increase was caused by the interaction of hydroxyl groups and water molecules through hydrogen 
bonds and the availability of free oxygen due to the distribution of TiO2 particles, which increased 
the positive triboelectrification properties of the film. The performance of RDF TENG with low 
rotation and small torque has shown a relatively constant conversion efficiency. This is differ-
ent from other rotational power generation machines, such as electromagnetic generators (EMG) 
which require high rotation and large torque to improve conversion efficiency. This provides an 
alternative solution for energy conversion models especially low mechanical energy by using tri-
boelectric nanogenerator models.
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