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Abstract

:

Objective: To fabricate a lightweight, breathable, comfortable, and able to contour to the curvilinear body shape, electrodes built on a flexible substrate are a significant growth in wearable health monitoring. This research aims to create a GNP/FE electrode-based EEG signal acquisition system that is both efficient and inexpensive. Methodology: Three distinct electrode concentrations were developed for EEG signal acquisition, three distinct electrode concentrations (1.5:1.5, 2:1, and 3:0). The high strength-to-weight ratio to form the tribofilm in the fabrication of the electrode will provide good efficiency. The EEG signal is first subjected to a wavelet transform, which serves as a preliminary analysis. The use of biopotential signals in wearable systems as biofeedback or control commands is expected to substantially impact point-of-care health monitoring systems, rehabilitation devices, human–computer/machine interfaces (HCI/HMI), and brain–computer interfaces (BCIs). The graphene oxide (GO), glycerol (GL), and polyvinyl alcohol (PVA) GO/GL/PVA plastic electrodes were measured and compared to that of a commercially available electrode using the biopic equipment. The GO/GL/PVA plastic electrode was able to detect EEG signals satisfactorily after being used for two months, demonstrating good conductivity and lower noise than the commercial electrode. The GO/GL/PVA nanocomposite mixture was put into the electrode mold as soon as it was ready and then rapidly chilled. Results: The quality of an acquired EEG signal could be measured in several ways including by its error percentage, correlation coefficient, and signal-to-noise ratio (SNR). The fabricated electrode yield detection ranged from 0.81 kPa−1 % to 34.90 kPa−1%. The performance was estimated up to the response of 54 ms. Linear heating at the rate of 40 °C per minute was implemented on the sample ranges from 0 °C to 240 °C. During the sample electrode testing in EEG signal analysis, it obtained low impedance with a good quality of signal acquisition when compared to a conventional wet type of electrode. Conclusions: A large database was frequently built from all of the simulated signals in MATLAB code. Through the experiment, all of the required data were collected, checked against all other signals, and proven that they were accurate representations of the intended database. Evidence suggests that graphene nanoplatelets (GNP) hematite (FE2O3) polyvinylidene fluoride (PVDF) GNP/FE2O3@PVDF electrodes with a 3:0 concentration yielded the best outcomes.
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1. Introduction


It is possible to control external devices with one’s brain activity, thanks to BCIs. Electroencephalography (EEG) is a noninvasive method of measuring cortical electrical activities that provides highly detailed temporal information reflecting the dynamics of brain activities [1,2] because of its portability, high mobility, simple setup, and low cost. By incorporating the nickel nitroprusside (NNP) nanoparticles with GNP/FE electrode fabrication, the efficiency is improved and the cost can be reduced [3], which is why it has seen extensive application in BCI studies [4,5]. Traditional Ag/AgCl electrodes bathed in the conductive gel are frequently used to collect trustworthy EEG data. When utilizing traditional gel electrodes, it may be time-consuming to prepare the electrodes and clean the cap at each electrode location after an experiment [6]. The conductive gel residues make the hair seem filthy and are a huge annoyance for consumers. Users must inject conductive gel at each electrode location to reduce the skin–electrode resistance and prevent a short circuit caused by the gel’s flow ability. Without the correct training, this technique might be tough [7]. Additionally, the drying effects of the conductive gel restrict the recording time [8].



Many new types of new electrodes have been developed to overcome the drawbacks of gel electrodes. The dry electrode is one type of electrode that can be used, and it can be made from various materials such as metal [9]. However, dry electrodes have a high skin–electrode impedance and cause motion abnormalities due to friction between the heads and electrode pins. Several methods have been proposed to decrease the skin–electrode impedance including water-based electrodes [10] and bristle-shaped semi-dry electrodes [11]. The contact impedance between wet and dry electrodes is lower, and the process is hygienic and gentle on the hair when using a saline or water solution for conduction. The contact impedance grows considerably with time due to the conductive fluid’s fast evaporation rate. However, it could facilitate the development of short circuits between neighboring electrodes [12]. Many effective stretchy electrodes have been developed alongside the rise in flexible electronics [13].



Conductive salt-containing ionic hydrogels are quickly gaining in popularity as a novel type of transparent, flexible material [14]. The soft ionic conductivity, low interfacial impedance, and strong wetting effects on the skin’s surface are all contributing factors to the hydrogel’s remarkable features [15]. Recent research into hydrogels for EEG signal recording has focused on materials such as cross-linked sodium polyacrylate gels inflated with electrolyte, AG602 hydrogel membranes [16], and polyacrylamide (PAAM) hydrogels [17]. These hydrogels serve as the conducting medium and are typically adhered directly to the skin. These hydrogels are too weak to break through hair; therefore, they can only be used on bald heads. An alginate-based hydrogel was proposed to address this issue. This hydrogel, injected as a viscous liquid into the scalp, hardens within minutes to facilitate speedier scalp cleansing. Unfortunately, the process of removing the alginate-based hydrogel from the user’s hair is notoriously painful. Due to the high gelation rate, users will need to make multiple batches of hydrogel for experiments requiring several electrode sites. No existing hydrogel electrodes, to the best of our knowledge, are suitable for acquiring high-quality EEG data on hairy scalps in a practical manner.



This paper presents a novel ionic hydrogel-based EEG electrode. The ionic hydrogel can be used in the place of conventional conductive gels to make skin-to-metal (Ag/AgCl) electrode contact. Because hydrogels are gels, they will not leave any marks on the scalp after the experiment is over. Electrode structures in the shape of claws and patches made from 3D-printed elements are intended to reduce the skin–electrode contact impedance. The claw-like electrode structure is designed to chop through the hair in dense areas. The contacting surfaces of the five claws are hemispherical hydrogel constructions extruded from the electrode container. The cylindrical hydrogel is sliced into tiny pieces and immediately glued to the Ag/AgCl electrode on the balding forehead [18].



The cylindrical hydrogel can be mass-produced and kept for up to 18 days. The real benefit of our design is that it is easy to prepare and store for practical use, unlike other hydrogel-based electrodes. Furthermore, the unique electrode designs provide pleasant and good skin–electrode contact. Commercial gel electrodes, dry electrodes, and water-based electrodes are employed as standards against which the performances of the ionic hydrogel electrodes can be judged. High electrical performance and low noise are characteristics of ionic-hydrogel electrodes [19]. As a result of the wetting effects and an increase in the contact area, the skin–electrode impedance is greatly reduced. Our new electrodes performed similarly to regular gel electrodes on the hairy scalp, as shown by EEG signal measurements and experiments using steady-state visual evoked potentials in a few patients [20]. With the support of the Fe–Mg oxide composite, homogeneous absorbent nanoparticles used with graphene nanoplates to improve the efficiency of electrodes [21]. To reduce the pollution through the electropolishing process of the material GNP/FE, the performance of the electrode can be improved [22]. High contact impedance as well as a low signal-to-noise ratio can be achieved using this GNP/Fe material while using the scalp electroencephalogram (EEG) recording [23].




2. Fabrication of Electrode Materials and Methods


2.1. Flexible Architectures for Printed Electrode Fabrication


The chemical composition, physical, and surface features of the materials used in flexible electrode manufacturing are different. Porous textiles are highly sought after as a substrate because of their adaptability, breathability, and comfort. Fibers, flexible, long polymeric structures with a high length-to-width ratio, are the first step in creating textile substrates. These fibers are too flat and lack sufficient mechanical strength to function as a standalone material.



Various functional groups exist in the chemical structures of naturally occurring fibers, each having a specific affinity for a certain chemical. As a result, picking the right conductive elements to add to natural fibers is essential. Unlike synthetic fibers, made up of continuous filaments, natural fibers such as cotton, wool, silk, and bamboo are produced as staple fibers from various plants, animals, and mineral sources (except silk). Staple length, chemical architecture, constituent polymer properties, and the fibers’ geometry and morphology all play significant roles in determining the fibers final characteristics [19].



Alternatively, synthetic fibers, also known as a filament, can have their chemical structure and reactivity modified to suit various purposes. Synthetic polymers have become widely available and inexpensive, which has led to a revolutionary increase in filament production and a resulting monopoly on the fiber market. After being made, filaments exist in a continuous state from which shorter staple lengths can be clipped as needed. To create yarns that are sufficiently robust, hundreds of strands and filaments are woven together continuously. Despite this, textile yarns are unique because their flexibility allows them to interlace, make loops, and unite with glue to form a two-dimensional planar structure known as fabric.



While single-and multi-stranded yarns and fibers are well-suited for interconnects, multi-and bi-stranded fabrics are often employed to cover huge areas. It is vital to bear in mind that not all printing methods are compatible with flat textile designs. Despite the increasing attention paid to 3D-printed fibers and textile structures [20], these technologies are still in the experimental stages and often fail to replicate the qualities of traditional textiles. Nonwoven may be isotropic among the planar fabric structures, in contrast to the highly anisotropic woven and knit fabric. Nonwoven fabric’s isotropic properties are a function of the fabrication process, allowing for precise control over the fiber orientations.



Nonwoven fabrics enable finer surface roughness, porosity, and thickness control than any other fabric category. Although nonwoven fabrics are more aesthetically pleasing than knit or woven options, its lack of drape, elasticity, and breathability precludes its use for continuous health monitoring over extended periods. In contrast, the surface and physical properties of woven and knit textiles undergo modest but visible changes due to multiple offshoots. Knit materials are more flexible and breathable than other textiles, making them ideal for clothing; however, their porous structure makes them difficult to print on inkjet printers. The contact resistance between strands in knitted fabric is increased by the intermittent contact between them, making it more difficult to fabricate electrodes with adequate electrical conductivity. However, incorporating sufficient electrical conductivity into knitted fabric may be useful for extremely stretchable strain and pressure sensing for wearable applications [24]. Weaved cloth has a more stable dimension and less elasticity than knit fabric, making it a more durable printing surface to fabricate electrodes on textile substrates, however, it is necessary to overcome a distinct set of problems than those encountered when working with flat thin film substrates.



Controlling the conductive pattern when printing with conductive pastes or inks is challenging because they readily permeate the fiber interstices of planar fabric. To avoid this issue, conductive layers must be printed before high surface energy interface layers. Substrates made of natural fibers, synthetic fibers, or a combination of the two, or their blend, have been widely used as printing electrode substrates. While nonwoven fabrics were once utilized as a substrate to fabricate wearable electrodes, woven and knitted fabrics have now taken their place. It is possible to modify the conductivity of printed traces on textile surfaces for specific uses by adjusting the fiber diameter.



Making devices out of fabric requires careful consideration of several elements. One of humanity’s most necessary materials, textile, is subjected to rigorous manipulation such as folding, stretching, and rubbing. To provide the necessary close touch with the body and mechanical stability, the textile devices must be designed with careful attention to their morphological and structural details. High-performance sensors provide a quick response and quick recovery. Depending on the transduction mechanism, extremely sensitive sensors convert mechanical stress or strain into electrical signals. To guarantee accurate signal capture, certain applications need sensors capable of self-healing. This is especially important when the device is subjected to repetitive stress or strain. Another important condition is that the signal response is linear; nonlinear responses and drifts in response can complicate the calibration procedure.



To obtain clean readings from electrochemical sensors, collecting biomarkers for analyses with care is important [25]. An incorrect response from the sensor is possible if analyses from the previous sample have accumulated on the electrode surface. Reusability in analytical use may be ensured by a well-designed microfluidics system and the sensor’s potential to self-clean. Because fabric devices are worn so close to the skin, biocompatibility is important to consider to prevent irritation or harm. Self-powering capabilities are being researched to reduce the devices’ need for cumbersome and fixed parts. Triboelectric nanogenerators (TENGs), thermoelectric generators (TEGs), bacterial fuel cells (FCs), and photovoltaic (PV) textiles, among others, are now being studied as potential sources of power for self-powered fabric devices. Studying these characteristics may lead to flexible fabric devices that function as well as or better than their rigid counterparts when used with common household goods [26].




2.2. Nanomaterials for Conductive Ink Formulation


Material selection for active electrode manufacturing directly impacts how well the flexible electrodes work. The substance must increase the substrate’s electrical conductivity while preserving its flexibility and mechanical qualities. The conductive layer also needs to withstand unfavorable external phenomena such as washing, abrasion, perspiration, and constant mechanical deformations, in addition to being environmentally stable. Metal-based nanoparticles, carbon-based, and conductive polymers are the three main types of nanomaterials employed in the manufacture of conductive electrodes. MXene has increased rapidly in recent years due to its better conductivity, dispensability, and environmental stability in flexible electronics.



The use of metal in producing flexible textile electrodes has received much attention during the past two decades. Zero-dimensional nanoparticles (NPs) and one-dimensional nanowires (NWs) of bulk metals are examples of conductive metal nanomaterials. Copper (Cu), gold (Au), and silver (Ag) are some of the most commonly used metals in functional applications (Ag). Although gold nanoparticles (Au NPs) are corrosion and oxidation resistant and have a conductivity equivalent to silver nanomaterials, they are more expensive and difficult to produce due to their rarity and the need for a high temperature and vacuum during deposition [27].



Creating a surface oxide layer during synthesis in the atmosphere contributes to the thermodynamic instability of Cu NPs, which is one difficulty. One obstacle that has yet to be conquered is maintaining the stability of conductive nanostructures based on metals. In addition, a sintering procedure is necessary for the surface deposition of metallic nanoparticles. To create a uniform thin layer over the substrate, sintering removes the carrier solution from the liquid phase. In addition, nanoparticles frequently create issues during inkjet printing due to the coffee ring effect, wherein nanomaterials aggregate along the periphery of a circular droplet. There is a wide range of nanomaterial dimensions present in carbon-based nanomaterials, from the two-dimensional graphene to the zero and 1D carbon quantum dots (CQDs) and carbon nanotubes (CNTs). Carbonaceous nanoparticles are highly sought after in materials science because of their improved mechanical strength and resistance to environmental degradation [28].



The use of graphene and CNTs in printable functional ink is actively being researched. It is a single sheet of carbon atoms arranged in a 2D structure. As a result of its outstanding electrical and mechanical qualities, it is viewed as a potentially game-changing material for flexible electronics. Graphene oxide (GO), which contains oxygen, is typically employed for the dispersion manufacture of liquid phase ink because of graphene’s lack of functional groups. However, this dispensability comes at the expense of electrical conductivity; hence GO cannot be employed in producing conductive electrodes. The electrodes’ functioning depends on the degree to which the GO is reduced to generate reduced graphene oxide (rGO) [29]. The characteristics of CNTs such as whether they are semiconducting or metallic are determined by the chirality of the graphene sheets along their length. CNTs have a conductivity that is on par with metal, but their resistance is higher due to flaws introduced during production. There is strong adhesion between the CNTs and the textiles.



However, CNTs present several difficulties that must be overcome throughout the printing process. Huge bundles of CNTs form due to their large aspect ratio, which leads to nozzle clogging. The electrical properties of metals can be mimicked in organic compounds called “intrinsically conductive polymers” (CPs). For a charge to be transported through a polymer chain, a delocalized p-electron or conjugation is essential. Popular CPs such as polypyrrole (PPy), polyaniline (PANI), poly(3,4-ethylene dioxythiophene) (PEDOT), poly-acetylene (PA), and polythiophene (PT) are appealing due to their excellent electrical flexibility, and low weight. When it comes to printed textile electrodes, PEDOT is a popular choice. Despite being exposed to humidity and extreme temperatures, PEDOT maintains its electrical conductivity and stability. Doping PEDOT with a polyanion such as poly-styrene-sulfonate (PSS) makes it water-dispersible and improves its film-forming capabilities.




2.3. Inkjet Printing


Inkjet printing is a solution-based functional material patterning technology because it deposits nanomaterials in the form of a colloidal dispersion on the substrate. The system generates droplets, spreads the ink, and dries them to create patterns on the surfaces. This process begins with digital design preparation. Because it does not require a mask, it is suitable for both pressure-sensitive and non-planar substrates. Continuous inkjet (CIJ) and drop-on-demand (DoD) are the two operational modes that can be used to deposit the ink droplets. An electrical discharge between electrodes causes the nozzle of a continuous inkjet (CIJ) printer to continuously emit pressure ink, which is subsequently broken up into uniform droplets by surface tension.



However, the DoD system only produces a single drop upon activation. DoD is differentiated by its tiny droplet diameter, great precision, and enhanced print quality. The CIJ technique is widely used in the industrial industry, while the DoD approach is the gold standard for cutting-edge printing materials. Double-shot inkjet printing and reactive inkjet printing are two examples of recent inkjet printing advancements using systems with multiple nozzles. To control the quality of the printed pattern, inkjet printing requires careful evaluation of several parameters. To minimize the creation of satellite droplets and achieve good pattern printing, for instance, the nozzle’s distance from the substrate must be optimized. To avoid gaps in patterns and the clustering of particles due to fluctuations in the distance, the spacing between drops should be optimized. Different approaches are suggested to counteract the coffee ring effect resulting from unequal evaporation across a droplet. However, the ink system imposes several limits including the price and the requirement of high-temperature curing, making ink engineering a crucial part of employing this method for printing on textile substrates. Recently developed ink based on 2D materials has shown remarkable compatibility with inkjet printing on a wide range of textile substrates.



Over the past decade, inkjet printing has garnered a lot of interest as a means of making flexible and wearable electrodes. Inkjet printing on a textile substrate has been used for many wearable applications. Biochemical sensing gloves printed with bioactive silk ink by Tao et al. inkjet’s printing technique were developed in 2015. It is possible to create a novel “silk ink” formulation by adding other functional components to the ink such as dopants and bioactive chemicals without compromising the ink’s compatibility with the inkjet printing process. Neither organic nor inorganic solvents are needed because the ink is made in an aqueous system. After treating the cotton fabric with a hydroxyl functional polystyrene emulsion polymer, Karim and his team used an inkjet printer to print graphene-based ink onto the material. The pre-treatment guaranteed a continuous, consistent print. In terms of sheet resistance, the fabric experienced a reduction of three orders of magnitude.



Not only is GO/GL/PVA conductive in solid form, but it also possesses higher signal accuracy and lower noise than the Ag/AgCl electrode and even GO/PEG/PVA. It is compatible and reusable because of this. As a result of the combined efforts of the composite ink, the sheet resistance was reduced to 2.11 X. After in situ heat curing was applied, two orders of magnitude reduced the sheet resistance. When the ink droplet size exceeded the fiber diameter, the ink tended to pool at the junction rather than spread out. However, when heated, the ink morphed into a mesh-like structure, and a continuous conductive line resulted. This solves a major issue with inkjet printing not encountered with ink containing silver nanoparticles: nozzle clogging. Furthermore, after 10,000 bending cycles, the ink on the knit fabric showed no substantial increase in resistance.



The process’s viability was also investigated, along with the retention of natural flexibility, breathability, and comfort. Combining inkjet printing with silver ink offered an innovative strategy for addressing the mechanical incompatibilities between the textile substrate and the ink. This process reduced the electrode’s elastic modulus and increased its stretchability, resulting in a more forgiving mechanical response. The enhanced electromechanical performance of the textile patch was achieved through the alignment of the conductive element and wearable platform and the prevention of crack formation during stretching. Modifying the patterned cut-out ratio also allows for individualized electromechanical properties. Textiles with low glass transition temperatures need to be printed using low-temperature inkjet technology to prevent the substrate from becoming brittle during printing. Water-soluble silver ink was developed using a modified version of the Tollens’ process. The textile surface could be an inkjet printer while concurrently sintering at low temperatures of about 90 Celsius. A layer of acrylic copolymer-based resin served as an interface and onto which was printed ink.



Inkjet-printed silver ink was shown to be more resistant to sensor bending than lithography. Inkjet printing is an inkjet used to produce a fluor elastomer nanocomposite ink containing silver particles onto polyurethane (PU) nanotextile substrates. By controlling the ink penetration to create a cladding layer, the mechanical and electrical characteristics of the electrode were improved. The two processes generally necessary to print with silver inks—pre-treatment and high-temperature post-treatment—are eliminated, saving time. Inkjet printing produces higher-resolution prints while using less viscous ink than traditional screen printing. Printing on textiles using a low-viscosity inkjet printer provides more exact control over individual print regions. It makes preserving the fabric’s inherent properties easier. While particle-free ink would prevent nozzle clogging, it would limit the usefulness and adaptability of inkjet printing on a range of textile surfaces.



In contrast to particle-free ink, particle-based inks are available and may be used with a broader range of textile substrates as well as being less expensive. The requirement to adapt ink chemistry for diverse substrates to obtain optimal performance limits one’s capacity to print on textiles. Screen printing is more suited to huge production runs than inkjet printing. The processes described above generate two-dimensional prints on a variety of substrates, with the majority of prints filling the substrate’s top layer. This makes regulating the ink’s diffusion inside multilayer substrates difficult, thus limiting the complexity and breadth of electrodes that may be created.



Biopotential monitoring: The electrocardiogram (ECG), electroencephalogram (EEG), electromyogram (EMG), and electrooculogram (EOG) are all common biopotentials that function by sensing changes in electrical potential. Monitoring these biopotentials using wearable textile-based electrodes can significantly reduce clinical visits and costs. Data obtained from signal collecting and processing are vital to the health care business since they are employed in patient diagnosis and monitoring. The major technique of collecting biopotential signals is through physical sensors. A wide range of transduction mechanisms including piezoresistive, piezoelectric, and capacitive approaches are used to acquire data. Because of the deposition of nanomaterials on the substrate during stress, the effective mass of charge carriers and the distribution of active materials change, causing a change in the resistance of the piezoresistive sensors. Piezoelectric sensors use the reorganization of crystal structures to turn mechanical energy into electrical signals. The potential difference between two points in a material changes in a way that is proportionate to the stress exerted. Typically, a capacitive sensor consists of two electrodes separated by a small distance, with the distance between them being the dielectric. When the distance between the electrodes is altered due to deformation, the capacitance changes and a corresponding signal is generated. With a good error percentage, correlation coefficient, and signal-to-noise ratio, the manufactured electrode with the ratio combination performs well in signal acquisition (SNR). The skin contact impedance ranges from 50 KΩ cm2 at 10 Hz, and the electrodes can also acquire alpha signals in the EEG, even in dense hair heads. The novelty of this work is as follows: adding glycerol and PVA in the electrode fabrication using GO is novel, and gave a good performance in the aspects of error percentage, correlation coefficient, and signal-to-noise ratio (SNR) [30]. PVA is used due to its strengthening property, which gives additional support to the electrode [31]. Glycerol will increase the electrode flexibility, and conductivity, and the electrode can be used without the wetting process [32]. With the support of a Fe–Mg oxide composite, the homogeneous absorbent nanoparticles were used with graphene nanoplates to improve the efficiency of electrodes. To reduce pollution through the electropolishing process of the material GNP/FE, the performance of the electrode can be improved [33]. High contact impedance as well as low signal-to-noise ratio can be achieved using this GNP/Fe material while using in scalp electroencephalogram (EEG) recording. The combination of nickel nitroprusside (NNP) with graphene nanoplatelet fabrication yields good performance when compared to other materials [34]. Due to the electrical conductivity and thermal and mechanical properties, it was proven to be superior to other electrode materials [35].





3. Methodology


The proposed block diagram is the result of the signal-sensing process used by the Myoware muscle sensor (Surface Electrodes). The surface area measurements are very important for active electrodes in super capacitor applications [36]. An Arduino UNO will receive the signal and transmit the data it collects to a laptop computer, where it may be seen and stored and later analyzed using MATLAB.



3.1. Connecting the Arduino UNO to the Myoware Muscle Sensor


The Myoware Muscle Sensor is connected to the Arduino. The connection between the components is depicted schematically below. Connect the ground pin of the sensor to the Arduino’s GND and the power pin to the 5V supply. It should link the analogue pin to the Arduino’s pin A0 since it watched the analogue voltage. It is straightforward to connect an EEG muscle sensor to an Arduino using Myoware. All that is required is an analogue voltage measurement. Once the code has been uploaded, the sensor may be tested and the value observed. An experiment was conducted with a stretch to see how sensitive the sensor was. As desired, the muscle can be constricted or released. On the serial monitor, the resultant analogue voltage could be seen. The generated analogue voltage was kept for future use.




3.2. Pre-Processing


The most important data from the EEG signal has been retrieved by employing wavelet transform (WT) as a practical method. Compared to other methods, wavelet analysis for analyzing EEG signals offers some advantages. The most notable benefit of utilizing a wavelet is the ability to offer time and frequency information about the signal and to concurrently analyze the EEG signal in the time–frequency domain.



Extraction of features via wavelet decomposition: A wavelet transform is an effective tool for processing biological signals. WT provides a scale that can be used to quantify signals. As a result, it is conceivable that separate frequency components of the signal and time information will be picked up simultaneously.



It is denoted that the wavelet function as (t) is the scaling function as s, where it could be written as the WT form
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(1)







If s > 1, the wavelet widens;



If s < 1, the wavelet diminishes.



Electroencephalographic waves of the Mat type of every wavelet function were managed by MATLAB’s specialized “wave menu” command.



For all simulations, we used one-dimensional wavelets. We initially input the signal into MATLAB, and then simulated it. Results from the software tool were compared to those obtained from the MATLAB code written to achieve the same goals. After installing MATLAB, it was used to organize a quantitative summary of the signal and provide a rationale for the total number of samples. We also had prior knowledge of the fact that the above signal’s duration constituted a crucial foundation.




3.3. Feature Analysis of EEG Signal


Because WT breaks signals into multiple scales, the raw signal captured using Myoware is sent to the wavelet analyzer tool of MATLAB. The software’s “sym2” method was chosen from among its numerous provided options. The level 4 Wavelet Transform sym2 preprocessed signal’s output is displayed below. In this study, it collected the EEG data from participants aged 10 and under, 10 to 20, 40 to 60, and 60 and over. Each age group’s EEG signal was recorded with Ag/AgCl electrodes and either a 1.5:1.5, 2:1 or 3:0 concentration of GNP/FE2O3@PVDF. Using GNP/FE2O3@PVDF electrodes of varying concentrations and AgCl, performance feature analysis was conducted by determining the percentage of error, the signal-to-noise ratio, and the correlation coefficient of the EEG signal.



3.3.1. Error Percentage


An error percentage is the proportional representation of the difference between an established or known value and an observed or experimental value, given as a fraction of the established or known value multiplied by 100%.




3.3.2. SNR (Signal-to-Noise Ratio)


The signal-to-noise ratio (SNR) evaluates how strong the desired signal is concerning the background noise. The ratio of signal-to-noise (S/N) can be calculated using a standard formula by first comparing two levels and then returning the result as a fraction. Checking this ratio can advise as to whether the noise is interfering with the signal of interest. The signal-to-noise ratio (SNR) is given in decibels by the formula r = SNR(x,y), where x is the magnitude of the signal and y is the magnitude of the noise.




3.3.3. Correlation Co-Efficient


The correlation coefficient represents the magnitude of the linear relationship between two independent variables (a and b). The linear correlation coefficient must be greater than zero for a relationship to be considered positive. A negative correlation is represented by a value below zero. In conclusion, a null connection exists between the two variables.





3.4. Experimental Details


3.4.1. Chemicals and Reagents


Graphite powder (99.9 per cent purity), sodium nitrate (NaNO3), hydrogen peroxide (30 per cent, H2O2), hydrochloric acid (37 per cent), potassium permanganate (KMnO4), sulfuric acid (95 to 97 per cent), polyvinyl alcohol (PVA), and diethylene glycol (DG; ROCH2CH2OCH2CH2OH, 97–96) are some of the chemicals used. The material combination for the fabrication of the electrode is a Ni foam substrate under the synthesis of chemical vapor with electrolyte 3 M KOH, which gave a capacitance of 741 F g−1 with a stability of 92.3% for 5000 cycles [37,38].




3.4.2. Synthesis of GO


The GO was made using a variation on the Hummer process. In an ice bath, graphite-concentrated sulfuric acid (H2SO4), and sodium nitrate (NaNO3) were first mixed together. To produce graphite oxide, potassium permanganate was gently added at a temperature of fewer than 35 °C. The paste becomes a brownish-grey color after sitting for a day. Once the temperature reached 90 °C, distilled water was added gradually. After that, the solution was distilled using distilled water and hydrogen peroxide to eliminate any remaining manganese ions. The precipitate was then centrifuged after being rinsed with distilled water. After being washed, the solid was dried for further use.




3.4.3. Preparation of GO/GL/PVA Composite Electrode


In the first stage of making GO/polymer composites, the GO was dissolved in water and the two components were mixed physically. Meanwhile, a 5 wt% PVA solution was made by dissolving PVA in deionized water. This was carried out in a water bath at 80 °C for 2 h while being gently agitated with a magnetic stirrer. There were three different dilutions of the GO/GL/PVA composite with deionized water (50 mL each): 1:20, 1:10, and 1:5. The high strength-to-weight ratio to form the tribofilm in the fabrication of the electrode will provide good efficiency. First, the GO and water were well combined while stirring. After being combined, the ingredients were cooked for 2 h at a low simmer, reaching 80 °C. To facilitate PVA dissolution in the water/GO solution, it was introduced very slowly and in small increments during heating. The next step was a quick cooling of the mixture to stop the GO from settling. The solidified electrode was then transferred to the electrode mold. When applying an electrode to human skin, it is necessary to first moisten the skin. Two days were spent in the desiccator with the electrode in its container. When completed, it can be popped out of the mold and used as an electrode in any container. Figure 1 depicts the solid GO/GL/PVA electrode, which may be reused frequently by simply wetting the skin. Compared to the disposable electrode, it has a higher level of activity. The electrocardiogram and electroencephalogram both used the same electrode (EEG). Figure 2 displays the overall fabrication of the electrode.




3.4.4. Application of the Sensor in Sensing Human Activities


The bio-back device was used to examine the GO/GL/PVA composite electrode and compare it to a silver/silver chloride electrode in the same conditions and on the same person. Numerous metrics including resting heart rate, peak-to-peak value, noise level, brain waves at the resting state, alert state, and in sedation condition were used in this analysis. The thickness of the fabricated electrode using graphene, the bond between the carbon–carbon, had a distance of about 0.142 nm, in addition to the layer height, which was about 0.33 nm. Figure 3 shows the schematic diagram of graphite. Similarly, Figure 4 shows the schematic diagram of single graphene from graphite.



Graphene layers were obtained using scanning electron microscopy, as shown in Figure 5. Furthermore, the graphene layers using high-resolution microscopy are shown in Figure 6.






4. Results and Discussion


The standard EEG signal was compared to the EEG signal recorded using the specified circuit and Ag/AgCl electrodes. Measurements of the two signals’ correlation coefficient, signal-to-noise ratio, and error percentage were taken under these conditions. The results of the calculations for the parameters are as follows: error percentage = 1.3348; SNR = 7.3744; correlation coefficient = 1. It can be concluded that the circuit is right because the percentage of errors was less than 2%, the signal-to-noise ratio was more than 0, and the correlation coefficient was greater than 1. Table 1 shows the findings of an evaluation of the performance of three concentrations of GNP/FE2O3@PVDF electrodes across ages below 10, Table 2 shows the age group of the 20s, and similarly, Table 3 in the age range of the 40s and finally, Table 4 under the age ranges from the 60s, respectively.



Calculations for the performance parameters were as follows: error percentage = 1.3348; SNR = 7.3744; correlation coefficient = 1. It can be concluded that the fabricated electrode was good because the percentage of errors was less than 2%, the signal-to-noise ratio was more than 0, and the correlation coefficient was greater than 1.



EEG Signal


The EEG is a form of electrophysiological monitoring that can be used to capture the brain’s electrical activity. The GO/GL/PVA composite electrode provided a strong EEG signal with minimal background noise. That is to say, the GO/GL/PVA composite electrode can also be employed for EEG analysis. Figure 7 displays the testing performance of the EEG signal acquisition.



The fabricated electrode yield detection ranged from 0.81 kPa−1% to 34.90 kPa−1%. The performance was estimated up to the response of 54 ms. The characterization of the fabricated electrode before sampling was conducted in real-time from an engineering perspective, and the fabricated electrode was tested in various systems as follows. With the help of micro-Raman spectroscopy, the fabricated material was exposed to the wavelength of 632.8 nm. With the casting powder dispersion techniques, the samples were separated and dried under ambient temperature. Linear heating at the rate of 40 °C per minute was implemented on the sample ranges from 0 °C to 240 °C. During sample electrode testing in the EEG signal analysis, low impedance was obtained with good quality of signal acquisition when compared to a conventional wet type of electrodes. The above performance was achieved due to the micropillar type of fabrication with a conductive base of 15 mm in diameter with 12 mm soft pillars. The dimension of the soft pillar structure was 1 mm in diameter, 2 mm in height, and 10 mm in pitch. The performance compared to the conventional electrode is displayed in Figure 8. These results were obtained during visually evoked potential.





5. Conclusions


Several identifying characteristics are used to classify EEG data. Ten samples of EEG signals were acquired from healthy persons across three age groups using three different doses of GNP/FE2O3@PVDF electrodes. Each sample was subjected to an algorithm, which allowed for the accurate determination of each variable. A large database was usually created by combining all of the simulated signals in MATLAB code. In this work, all of the needed data were gathered, tested against all other signals, and confirmed to be an exact depiction of the desired database. Evidence shows that a 3:0 concentration of GNP/FE2O3@PVDF electrodes produced the greatest results. The purpose of this study was to create a GO-based test electrode that may replace the present standard in a more practical and uncomplicated manner. The use of a GO/GL/PVA plastic electrode in an EEG has not been previously reported and neither has its preparation. The electrode fabrication process was simplified. The characterization also revealed that GO had diffused over the PVA and that two peaks in both GO and PVA had disappeared. Because it is long-lasting, user-friendly, and has an antibacterial sensor, it is useful for electrocardiogram, electrooculogram, and electroencephalogram examinations. Not only is GO/GL/PVA conductive in solid form, but it also possesses higher signal accuracy and lower noise than the Ag/AgCl electrode and even GO/PEG/PVA, which makes it compatible and reusable. It can be implemented in any system where a lateral current distribution is required. On top of that, unlike regular hydrogels, which are only good for one usage, it is not corrosive. The fabricated electrode yield detection ranged from 0.81 kPa−1% to 34.90 kPa−1%. The performance was estimated up to the response of 54 ms.



Challenges and future perspectives: This technology’s sixth difficulty is powering printed electrodes for long-term and continuous monitoring. Despite substantial advancements in electrode functionality over the past decade, self-powered electrode design is just starting. The gadgets’ portability and convenience are drastically diminished by the need to connect to an external power source. For this reason, energy-efficient technologies such as Bluetooth Low Energy (BLE) are recommended. In addition, extra effort can be spent developing and/or tuning a suitable algorithm to analyze raw sensor data before giving it to the user. Several nanogenerators including piezoelectric, pyroelectric, and thermoelectric ones have recently been discovered to have promising applications as energy harvesters that might be combined with wearable sensors to produce significant powers. However, before integrating them with wearable sensors, it is important to assess the efficiency of these nanogenerators. These issues and concerns must be resolved in future works before printing technology may be widely used to manufacture electrodes for medical applications.
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Figure 1. (a) General structure of solid-state GO/GL/PVA electrode, (b) Thickness with 4 µm separator (GO doped Ion Gel), (c) thickness with 500 nm carbon material doped with graphene, (d) thickness at 50 nm active carbon derived from PVA, (e) thickness at 5 nm activated carbon coated on graphene sheets. 
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Figure 2. The overall schematic of the electrode fabrication. 
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Figure 3. Schematic diagram of graphite. 
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Figure 4. Schematic diagram of a single layer of graphene from graphite. 






Figure 4. Schematic diagram of a single layer of graphene from graphite.



[image: Crystals 12 01526 g004]







[image: Crystals 12 01526 g005 550] 





Figure 5. Graphene image of the scanning electron microscopy of graphene synthesis on the substrate. 
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Figure 6. High-resolution transmission electron microscope image. 
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Figure 7. EEG electrode testing performance. 
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Figure 8. Power spectral density during the eye open condition. 
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Table 1. Comparison of three different electrode concentrations based on age.
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	Age Below 10
	Error %
	Correlation Coefficient
	SNR





	Agcl
	
	
	1.2375



	1.5:1.5
	2.34%
	0.99954
	2.37



	2:1
	0.7305
	0.9981
	−3.0572



	3:0
	1.64
	0.9994
	−0.1781
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Table 2. Comparison of three different electrode concentrations based on the age group of the 20s.
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	Age 20s
	Error %
	Correlation Coefficient
	SNR





	Agcl
	
	
	0.8759



	1.5:1.5
	2.91%
	0.998
	−1.23



	2:1
	0.47
	0.997
	−1.04



	3:0
	3.2
	0.9982
	3.76
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Table 3. Comparison of three different electrode concentrations based on the age group of the 40s.
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	Age 40s
	Error %
	Correlation Coefficient
	SNR





	Agcl
	
	
	4.35



	1.5:1.5
	3.42%
	0.997
	−4.83



	2:1
	1.68
	0.998
	−1.99



	3:0
	3.3
	0.995
	6.88
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Table 4. Comparison of three different electrode concentrations based on the age group of the 60s.
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	Age 60s
	Error %
	Correlation Coefficient
	SNR





	Agcl
	
	
	6.91



	1.5:1.5
	1.11%
	0.9975
	−7.73



	2:1
	0.87
	0.9903
	11.5



	3:0
	0.764
	0.9936
	9.74
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