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Biocomposite strain sensors must enhance their electrical properties and understand the impact 

of humidity on these properties. This study aimed to enhance the current density and specific 

capacitance of polyvinyl alcohol (PVA) and polypyrrole (Ppy) composite materials for strain 

sensors. The materials were prepared by blending polyvinyl alcohol and polypyrrole, followed 

by magnetic stirring, drying, and stretching. Current density and specific capacitance 

measurements were taken before and after stretching and at three distinct relative humidity 

levels (50%, 75%, and 93%). After the tensile test, the results indicated a significant increase in 

current density by 128.46% and a corresponding rise in specific capacitance by 112.57%. 

Furthermore, with an increase in relative humidity from 50% to 75%, current density and 

specific capacitance exhibited remarkable growth of 445.95% and 899.44%, respectively. The 

subsequent shift from 75% to 93% relative humidity resulted in a comparatively lower 

percentage increase in current density and specific capacitance at 22.59% and 10.29%, 

respectively, due to a decrease in hydroxyl bonds. These findings align with the material's 

characteristic tests, confirming that the improved electrical properties can be attributed to a 

more uniform distribution of polypyrrole during the stretching process and increased hydroxyl 

bonds associated with higher humidity levels. As electrical properties increase, the sensor's 

sensitivity will also rise. 
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INTRODUCTION 

Strain sensors are vital in biomedical electronics, monitoring 

physiological signals like heart rate, vocal cord vibrations, 

blinking, and subtle movements. The burgeoning interest in 

flexible electronic devices has prompted research into using 

composite materials for strain sensors. To enhance their 

sensitivity, it's imperative to improve the electrical properties of 

these sensors [1]. 

 

Composite materials are undergoing extensive development, 

offering the advantage of creating new mechanical properties 

without compromising their original attributes [2]. PVA is a 

synthetic polymer produced through vinyl acetate hydrolysis with 

alcohol and has been chosen as a composite matrix. Its advantages 

include mass production feasibility and a high tensile strength of 

up to 40.46 MPa, indicating excellent mechanical properties [3]. 

However, PVA exhibits low conductivity, falling into the 

insulator category with a range of 2.6 to 3.2 x 10-7 S/cm [5]. This 

limitation can be addressed by combining PVA with materials 

having superior electrical properties, such as conductive 

polymers. 

 

Conductive polymers, often developed for energy storage 

devices, offer remarkable advantages, with polypyrrole (Ppy) 

being a widely used example. Ppy boasts easy synthesis, 

environmental stability, and high electrical conductivity, 

approaching metallic conductivity levels in the 1 to 1000 S/cm 

[7]. 

 

Combining PVA's robust mechanical properties with Ppy's 

exceptional electrical characteristics enables the creation of a 

composite with favorable electrical properties [9]. Numerous 

researchers have explored the PVA/Ppy composite through 

tensile strength tests, resistivity measurements, and structural 

analysis [10] [11]. 

 

PVA's elasticity and resistance to brittleness become apparent 

during tensile testing. When subjected to an applied force, 

deformation or strain occurs, which reverses upon load removal 

[12]. This strain, observed during tensile testing, evaluates 

changes in capacitance and current density. Moreover, it helps 

determine the composite's strength, with the expectation that 

specific capacitance and current density remain consistent 

throughout this process. 

 

PVA-based composites are characterized by their hydrophilic 

nature, making them susceptible to water absorption and humidity 

sensitivity. Humidity can significantly impact the electrical 

properties of the composite, as water contains hydroxyl ions that 
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facilitate electrical conduction [13]. Consequently, specific 

capacitance and current density measurements were conducted on 

the PVA/Ppy composite under varying humidity levels to assess 

their effects. 

 

In this study, tensile tests and humidity variations were employed 

to evaluate their impact on the specific capacitance and current 

density of the PVA/Ppy composite. 

METHOD 

The research employed a range of equipment, including a digital 

scale, Petri dishes, pipettes, glassware, a hot plate magnetic 

stirrer, a vacuum oven, a hygrometer, a multimeter, a tensile 

testing machine, X-ray diffraction (XRD) testing instrument, 

Scanning Electron Microscopy (SEM) testing instrument, and a 

Fourier Transform Infra-Red (FTIR) testing instrument. The 

materials used in the research comprised Polyvinyl Alcohol 

(PVA), Polypyrrole, deionized water, and FeCl3. 

Strain Sensor 

Strain sensors are devices designed to convert external 

mechanical stimuli into electrical signals. Typically, these 

sensors consist of an active sensing material mounted on a 

flexible and stretchable supporting substrate. Strain sensors find 

wide-ranging applications across multiple fields, including 

healthcare for human motion detection, human-machine 

interfaces, robotics, and more [14]. In this study, PVA and Ppy 

were chosen as the sensor materials. PVA gave the composite 

stretching capabilities, while Ppy contributed to its electrical 

properties. 

Composite Manufacturing Process 

Fabricating the PVA/Ppy composite material commences with 

preparing the PVA solution. A hot plate magnetic stirrer dissolves 

10 grams of PVA powder in 200 ml of distilled water. The 

mixture is stirred at 500 rpm at 80°C until the PVA solution 

becomes gelatinous [15]. Subsequently, the gelatinous PVA 

solution is blended with Ppy and FeCl3 as the initiator. The 

mixing occurs at 500 rpm using a hot plate magnetic stirrer for 

180 minutes without additional heating. The mixed PVA and Ppy 

solution is then poured into 10 cm diameter Petri dishes, each 

containing 25 grams of the solution. These Petri dishes undergo 

drying in a vacuum oven at 50°C for 20 hours until they form a 

solid material [15]. 

Electrical Properties Test  

Current Density 

The Cyclic Voltammetry (CV) method is employed to measure 

current density. This method generates a voltage response that 

represents the current density value, determined by the movement 

of ions within the electrode [16]. Current density is calculated 

using the following formula: 

J = 
𝐼

𝐴
       (1) 

Specific Capacitance 

Specific capacitance is a characteristic of a capacitor, which 

refers to the ability of a material to store electrical energy in the 

form of electric charge [17]. 

Csp = 
(𝐼𝑐−𝐼𝑑)

(𝑠𝑥𝑚)
        (2) 

Characteristic Test 

X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a technique used to analyze solid 

materials' crystal structure and size. Its primary purpose is to 

characterize the structure of the composite and assess the degree 

of crystallinity [18]. An XRD result graph analysis is typically 

performed to examine crystallinity. One common approach is the 

deconvolution method, carried out using ORIGIN PRO software, 

which aids in identifying and quantifying the peaks on the XRD 

graph [19]. The crystallinity index of a material can be calculated 

using the following equation:  

 

𝐶𝐼(%) =  
𝑆𝑐

𝑆𝑡
× 100        (3) 

Scanning Electron Microscope (SEM) 

Scanning Electron Microscopy (SEM) is a valuable technique 

used for characterizing the microstructure of materials. It enables 

the detailed observation of a material's morphology, texture, 

crystal characteristics, and composition on the surface of 

individual grains [20]. SEM closely examines particle shape, size, 

and arrangement within the material under investigation. 

Fourier Transform Infra-Red (FTIR) 

Fourier Transform Infrared (FTIR) is a versatile technique 

employed to detect functional groups, identify compounds, and 

generate infrared spectra by analyzing absorbance, emission, 

photoconductivity, or Raman scattering. This approach can be 

applied to various sample types, including solids, liquids, and 

gases [21]. 

RESULTS AND DISCUSSION 

Material Manufacturing Results 

In the preparation of PVA/Ppy composite materials, several 

circular thin material samples were produced. Each sample has a 

diameter of 10 cm and a thickness of 0.02 cm. In naming the 

samples, there are two types of samples to be discussed: WTT 

(Without Tensile Test) samples and TT (Tensile Test) samples. 

Later, these samples will undergo tensile test treatment to see the 

response. Figure 1 shows the result of making the PVA/Ppy 

composite material. 

 
Figure 1 PVA/Ppy Composite Material Sample 

Tensile Test Results 

After conducting the tensile test on the TT sample, the obtained 

graph is shown in Figure 2. Based on the tensile test results, it is 

found that the TT sample has a stress of 22.27 MPa and a strain 

of 0.25. Previous research results state that this PVA/Ppy 
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composite has a tensile strength of up to 40.46 MPa, indicating 

good mechanical properties [4]. The material's elastic modulus 

can be calculated as 89.08 MPa, indicating its elastic nature, 

where the material can return to its original shape after being 

subjected to a force [22]. 

 
Figure 1 Tensile Test Diagram of TT Sample 

Humidity Conditioning Results 

In this study, humidity conditioning of the samples was 

conducted using an airtight box. The samples were placed inside 

the box, and the humidity was controlled using silica gel. The 

amount of silica gel used was adjusted to achieve the desired 

humidity level. A hygrometer was used to monitor the humidity 

inside the box, which provided relative humidity (RH) values. 

The humidity values inside the box were conditioned at levels of 

50% RH, 75% RH, and 93% RH.  

Current Density Results 

In cyclic voltammetry (CV) testing, current density 

measurements are conducted to obtain information about the 

composite material's current density and specific capacitance 

values. This test was carried out with a sample with an area of 2 

cm2 and a mass of 0.028 gr. The testing is performed by varying 

the voltage from 1000 mV to 1500 mV using a 1 M H2SO4 

electrolyte solution. The reference electrode is Ag/AgCl, while 

the auxiliary is platinum (Pt). The results of the CV testing on the 

WTT and TT samples, as well as the humidity variations, can be 

found in Figure 3. 

 

In Figure 3, a voltammogram curve is observed, indicating the 

occurrence of reduction-oxidation reactions. The curve shows the 

charge current (Ic), which represents the current during the 

oxidation peak, and the discharge current (Id), which represents 

the current during the reduction peak [23].  

 

 
 

(a) 

 
(b) 

 

Figure 3 Voltammogram Graph of PVA/Ppy(a) with and 

without tensile (b) several variations humidity 

 

Based on Figure 4, it can be observed that the current density 

increases after the pulling process and with an increase in 

humidity in the composite. In the testing of the TT sample, the 

current density increased by 128.46% compared to the WTT 

sample. The increase in current density in the composite material 

is attributed to the elastic properties of PVA. When the composite 

material is stretched, the flexible nature of PVA allows the PVA 

structure to elongate, enhancing the Ppy absorption within the 

PVA. As a result, the current density of the composite material 

increases [24]. 

 

 
(a) 

 
(b) 

Figure 4 Current Density Results, (a) Tensile Test Variation, (b) 

Humidity Variation 

 

In the humidity variation sample, the increase in current density 

from 50% to 75% RH is 445.95%, while from 75% to 93% RH is 

22.59%. The decrease in the increase from 75% to 93% RH is due 

to a lower number of bound hydroxyl groups, as many hydroxyl 

groups are already bonded during the increase from 50% to 75% 

RH. Water is a substance that can ionize into hydrogen ions and 

hydroxide ions, making it a weak electrolyte. The electrolyte is 

substances that can dissociate into ions when dissolved in water 

and conduct electric current. These ions act as charge carriers that 

enable the flow of electric current. Therefore, higher humidity 

and stretching in the composite result in higher current density.  

Specific Capacitance Results 

The specific capacitance is calculated based on the data obtained 

from the CV testing. Figure 5 shows the results of specific 
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capacitance testing on samples with different tensile variations. 

The specific capacitance value in the TT sample increased by 

112.57% compared to the WTT sample. The humidity variation 

testing from 50% to 75% RH resulted in a specific capacitance 

increase of 899.44%, while from 75% to 93% RH, it experienced 

an increase of 10.29%. The test results indicate that the samples' 

specific capacitance value increases with tensile variations and 

humidity changes. This increase in specific capacitance is 

because, during the pulling process, Ppy becomes more integrated 

with PVA, and higher humidity levels increase the binding of 

hydroxyl groups in the composite [25] [26]. 

 

 
(a) 

 
(b) 

Figure 5 Specific Capacitance Results, (a) Tensile Test 

Variation, (b) Humidity Variation 

Characteristic Test Results 

SEM Results and Discussion 

SEM analysis was performed at a magnification of 10,000 times, 

as depicted in Figure 6, which shows the morphological structures 

of the WTT and TT samples. In the WTT sample, the 

morphological structure reveals the amalgamation of PVA and 

Ppy composite materials, though the Ppy density remains 

imperceptible. Conversely, in the TT sample, the morphological 

structure illustrates a more intimate adherence of Ppy to PVA, 

facilitating greater Ppy accessibility. These SEM findings align 

with the previously conducted electrical property tests, as the 

enhanced adhesion of Ppy in the composite material bolsters its 

electrical properties due to Ppy's high conductivity [27]. 

  

 

 

 

 

 

 

 

Figure 6 SEM Test Results, (a) WTT Sample, (b) TT Sample 

  

Figure 7 illustrates the morphological structure of samples with 

controlled humidity variations. In the sample with 50% RH 

humidity, it can be observed that Ppy has not fully dispersed 

within the PVA. In the sample with 75% RH humidity, Ppy starts 

to spread within the composite material, and PVA also binds to 

hydroxyl groups to a greater extent. Meanwhile, in the sample 

with 93% RH humidity, there is an increase in the number of 

hydroxyl groups binding to PVA, resulting in a more even 

distribution of Ppy in the composite material. Increased humidity 

causes PVA to bind with more hydroxyl groups and undergo 

stretching, allowing Ppy to spread within the sample.  

 

 
Figure 7 SEM Test Results, (a) 50%RH Sample, (b) 75%RH 

Sample, (c) 93%RH Sample 

XRD Results and Discussion 

XRD (X-ray Diffraction) analysis was employed to investigate 

the crystal structure of the PVA/Ppy composite material. Figures 

10 and 11 display the XRD graphs resulting from the testing. 

Within the XRD graph, distinctive peaks emerge at angles (18 < 

2θ < 20) indicative of PVA's semi-crystalline nature [28]. 

However, the XRD pattern of the composite material exhibits an 

amorphous structure, evidenced by a decrease in the intensity of 

the PVA diffraction peak following tensile testing [29]. This 

amorphous structure can be attributed to the influence of tensile 

testing on intermolecular interactions between PVA/Ppy chains, 

reducing the composite material's degree of crystallinity. 

 

To quantify the crystallinity of the samples subjected to various 

tensile and humidity conditions in this study, deconvolution was 

employed. The deconvolution method leveraged ORIGIN PRO 

software to collect the necessary data for crystallinity calculations 

[19]. 

 

 
(a) 

 
(b) 

Figure 8 XRD graphs of (a) WTT sample, (b) TT sample 
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In the case of the WTT (without tensile testing) sample, the 

determined crystallinity is 10.45%, whereas the TT (tensile 

tested) sample exhibits a crystallinity of 5.7%. The decline in 

crystallinity observed in the TT sample can be attributed to the 

increased spacing of intermolecular interactions between 

PVA/Ppy chains following tensile testing. It is important to note 

that the sample's electrical properties depend on the number of 

charge carriers and their mobility within the material [29]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 XRD Graph of Humidity Variation 

 

.Based on the XRD calculations, the obtained crystallinity results 

for samples at 50% RH, 75% RH, and 93% RH are 10,12%, 5,7%, 

and 3,47%, respectively. The decrease in crystallinity in these 

samples is attributed to the hydrophilic nature of PVA. When 

PVA absorbs water molecules, the PVA structure expands, 

increasing the distance between conductive filler particles within 

the composite. Therefore, high humidity can enhance the 

conductivity of the composite [30].  

FTIR Results and Discussion 

In the FTIR characterization test, the WTT and TT samples were 

analyzed to observe the functional groups present in both of them. 

The FTIR spectra of both samples can be seen in Figure 10. The 

FTIR results indicate that both samples exhibit the same pattern, 

suggesting that the variations in the tensile test did not lead to the 

formation of new functional groups. However, the peak positions 

and intensities of the OH functional groups changed. In the FTIR 

spectrum within the range of 3500 - 3100, absorptions from the 

hydroxyl (OH) functional groups can be observed in the WTT and 

TT samples. However, in the TT sample, the transmittance is 

lower compared to the WTT sample, indicating a stronger peak 

intensity in that region. Stretching after the sample was subjected 

to tension allowed more hydroxyl groups to bond within the 

sample [31]. 

 

 

 

 

 

 

 

 

 

Figure 10 FTIR Spectrum of Tensile Test Variation 

 

In the FTIR characterization test, various samples of the 

PVA/Ppy composite material, each having different humidity 

levels, were analysed to discern the functional groups present in 

each sample. Figure 11 displays the FTIR spectra for the samples 

with varying humidity levels. These spectra reveal similar 

patterns in both samples. 

 

We focused on the FTIR spectrum within the 3500 - 3100 range 

to examine the absorption attributed to the hydroxyl (OH) 

functional groups. Notably, in the sample subjected to 93% 

humidity, we observed lower transmittance than the samples 

exposed to 75% and 50% humidity. This lower transmittance 

indicates a more pronounced peak intensity in that region 

compared to the samples exposed to 75% and 50% humidity. 

These findings reflect the increased water absorption in the 

sample with 93% humidity [32]. 

 

 

 

 

 

 

 

 

 

Figure 11 FTIR Spectrum of Humidity Variation 

CONCLUSIONS 

Based on the research findings, it is evident that the tensile test 

positively impacted the PVA/Ppy composite, resulting in 

increased current density and specific capacitance. This 

enhancement can be attributed to the increased accessibility of 

Ppy within PVA due to stretching, leading to the formation of 

voids in PVA. Additionally, the influence of humidity on the 

composite material further augments the current density and 

specific capacitance by increasing the hydroxyl groups within the 

composite material. 

 

The results from characterizing the composite materials using 

FTIR, XRD, and SEM confirm the effects of tensile and humidity 

testing on PVA/Ppy composites. Notably, the samples subjected 

to tensile testing and exposed to higher humidity exhibited a 

greater presence of hydroxyl groups. Furthermore, the level of 

crystallinity within the composite material decreased following 

the tensile and high humidity tests. The structure of Ppy within 

the composite also exhibited a more uniform distribution due to 

the rigorous tensile and humidity testing. 

 

In light of these findings, the PVA/Ppy composite emerges as a 

promising material for fabricating strain sensors, showcasing 

high sensitivity and the ability to detect subtle movements. 
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NOMENCLATURE 

Components Parameters 

 Resistance = 0.45 Ω 

Three Phase Source Inductance = 63.73 H 

 Phase Voltage = 66 kV 

66/11 kV Transformer 
Nominal Power = 23 MVA 

Frequency = 50 Hz 

 Resistance = 0.2228 Ω /km 

Overhead Distribution Line Inductance = 84.67 µH/km 

 Capacitance = 0.27724 nF/km 

Underground Distribution 

Line 

Resistance = 0.0796 Ω/km 

Inductance = 0.2833 mH/km 

Capacitance = 0.52 µF/km 

11/0.433 kV Transformer 
Nominal Power = 630 kVA 

Frequency = 50Hz 

Load 
Active Power = 262,721.79 W 

Reactive Power = 162.8 MVar 

 

 


