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Abstract

:

Acquiring biopotentials with fidelity using low-cost circuits is a significant challenge in biomedical instrumentation. In this perspective, our goal is to investigate the characteristics of the widely applied AD8232®, an analog front-end for biopotential acquisition. We designed and evaluated circuits to acquire the most common biosignals: electrocardiogram (ECG), electromyogram (EMG), and electroencephalogram (EEG). Our findings show that the circuit is suitable for ECG and EMG instrumentation, although it has limitations for EEG signals, particularly concerning the gain. The entire project of the boards is also a contribution of this work as we intend to corroborate open-source do-it-yourself biomedical instrumentation.
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1. Introduction


The acquisition of biopotentials is one of the challenges in biomedical applications. The circuits have some desired characteristics, such as (i) having a high signal–noise ratio, (ii) high-gain amplification, (iii) easy construction, (iv) low-energy consumption, and (v) low cost of components [1,2]. The electronics development allowed the miniaturization of integrated circuits, where it did not need to design several circuits with operational amplifiers in a board: the biomedical front-ends could be developed in a single chip [1,3,4]. It supported the modularization of circuits, especially biomedical sensors, whereupon low-cost modules such as Bitalino® [5], Myoware® [6], OpenBCI platform® [7], among others (such as muscle sensors and electrocardiogram modules [8]). These devices have an easy connection with microcontrollers, which is one of the advantages of its use [9]. The applications with these modules involved the detection of biological parameters, such as QRS (Q, R, and S waves) complex [10], fatigue [11], and drowsiness [12], control prosthesis and robotics [13,14], and brain-machine interfaces [15,16,17].



One of the commercial solutions is the AD8232®. It is an integrated circuit for biopotential measurements, especially for electrocardiogram applications [18]. Furthermore, AD8232® integrated circuit has some advantages, such as its Low-Energy consumption (about 170  μ A), rail-to-rail architecture, amplification, and filtering project in one single chip, and single supply [18,19]. Due to its features, a module for ECG acquisition was developed by SparkFun using the AD8232® [8]. It supports its use for a considerable number of works and applications, such as the development of portable monitoring systems [20,21], detection of individuals [22], arrhythmias and abnormalities [23,24].



An alternative to the AD8232 is the chips from the from Texas Instrument’s ADC129X® family, which are low-Noise, multichannel, 24-Bit Analog-to-Digital Converter (ADC) for Biopotential Measurements with Integrated ECG, EMG or EEG front-end [25]. This solution’s advantages are the high-resolution ADC, programmable gain amplifiers, internal reference generator, onboard oscillator, a flexible input selected multiplexer, and SPI-compatible communication. On-chip ADC and digital interface could significantly simplify peripheral circuits. Nonetheless, setting the device for basic data capture requires a configuration routine on the microcontroller program to set up all the registers. Moreover, a set of external circuits must be included in the project to match design procedures, such as setting gains and power supply. Therefore, the final layout may have a more significant size concerning our object of study.



Unlike the front-end of other biopotentials, the AD8232® has a single channel and does not include an analog-to-digital converter (ADC). This may result in a less powerful instrument in terms of resolution and number of channels, but a more straightforward and compact solution if (i) a single channel is suitable for the project; or (ii) being compact is more important than having a high-resolution digital signal (when the microcontroller ADC suffices). AD8232 may be a better solution for wearable devices, and AD129x for powerful high-fidelity instruments.



Several works and circuits only use the AD8232® module for other biopotentials, such as Electromyography and Electroencephalography applications. However, each biopotential has intrinsic characteristics. ECG ranges from 0.5 mV to 4 mV and 0.01 Hz to 250 Hz of frequency; EMG from 0.1 mV to 5 V and frequencies until 10 kHz; and EEG from 5  μ V to 300  μ V and frequencies from 0 to 30 Hz [26]. In certain conditions, their characteristics suffer a change in their spectrum: ECG for monitoring rate can reach 40 Hz of frequency, and modern ECG machines can operate until 100 Hz [27], surface EMG (sEMG) could be a bandwidth of 20 Hz to 500 Hz [28], and each wave on EEG has its respective bandwidth (e.g., alpha waves range from 8 to 13 Hz) [29].



Some applications use the same module for ECG, EMG, and EEG acquisition [30,31,32,33], without changing the cutoff frequencies on the filter of gain adjustment for the parameters mentioned above. It is a crucial issue in biopotential circuit design. Moreover, even though these adaptations were performed (as presented in [34]), some tests were necessary to guarantee the gain and bandwidth for the required biopotential, assuring that the circuit matched for the purpose application. This is one of the problems of this type of application because, as the acquisition requirements are not met, the applications developed may suffer drops in their performance or be incorrectly met because the acquisition system is inadequate. Therefore, analyzing the electronic parameters of this type of system is necessary to guarantee that the circuits are suitable for acquiring biopotentials.



In this perspective, our goal is to present the electrical characteristics of AD8232® as an acquisition circuit for the most used biopotential signals: electrocardiogram, electromyogram, and electroencephalogram. We detail the project of the components and circuit board to be provided as well as the effects of electrical parameters, showing missing information about their use for both the ECG commercial module and their performance for the other biopotential circuits, being the original contribution of this work. Therefore, this work has two main contributions: (1) the evaluation of the AD8232 circuit as an analog front-end for biosignals acquisition beyond ECG; (2) The open source project of ECG, EMG, and EEG signal acquisition circuits using the AD8232.



This paper is organized as follows. Section 2 details the proposed circuit, evaluation procedures, and experimental methodology. Section 3 outlines the conducted experiments and their results, with the discussions and comparisons reported in Section 4. Section 5 shows the conclusions and future research directions.




2. Material and Methods


This section presents the features and description of the integrated circuit, the step-by-step, and the methodology employed to evaluate the circuits. This study was conducted with the approval of the Ethical Committee of the State University of Londrina (protocol number 3.004.069).



2.1. Features and Circuit Design Using AD8232®


Figure 1 presents the schematic of the projected circuit, which will be used to detail each part of the developed board. As a biopotential signal conditioning circuit, the AD8232® has an instrumentation amplifier with a fixed gain (100) and amplifiers that allow designing a high-pass and a low-pass filter. The high-pass is coupled with the instrumentation amplifier, and an operational amplifier is used to design the low-pass filter. Moreover, the circuit has a Right Leg Drive (RLD) and a buffer to set a DC level for output offset. A battery of 2 V from 3.5 V can supply the circuit. The IC did not need a symmetrical power source [18]. There are several possible filters and peripheral typologies, as detailed by [18]. In this work, we present the project and characteristics of a commonly used topology of the biopotentials circuit for AD8232®: instrumentation amplifier with second-order high and low-pass filters with offset on output.



The first stage of the circuit is the instrumentation amplifier. It has a fixed gain of 100× and a common-mode rejection rate (CMRR) informed by the manufacturer of 80 dB [18]. Their inputs (pins 2 and 3) have a resistor to limit the current when the input voltages surpass the supply voltage and two pull-up resistors (2.2 M Ω ) connected to the supply for leads-off detection.



Internally connected with the instrumentation amplifier, the high-pass filter is linked with pins 1, 19, and 20 with resistors and capacitors. The cutoff frequency for the high-pass filter (  f  c H P   ) can be calculated by the following relation:


   f  c H P   =  10  2 π    R 1   R 2   C 1   C 2      .  



(1)







  R 1  ,   R 2  ,   C 1   and   C 2   are the resistors and capacitors, respectively, specified on the high-pass filter design of Figure 1b. This filter attenuates the low-frequency interference, mainly by motion artifacts and half-cell potential. Besides that, the AD8232 presents a second-order topology for the high-pass, which needs a compensation resistor to adjust this filter. Its relation is:


   R 3  = 0.14  R 1  .  



(2)







The second-order low-pass filter can be projected by adding the operational amplifier in the circuit (pins 7, 8, and 10). Its topology can be seen in Figure 1b, and it is used to delimit the band of the desired biopotentials and attenuate the high frequencies. The cutoff frequency (  f  c L P   ) can be calculated by:


   f  c L P   =  1  2 π    R 4   R 5   C 3   C 4      .  



(3)







  R 4  ,   R 5  ,   C 3  , and   C 4   are the resistors and capacitor specified on low-pass filter of Figure 1b. As the filter is active, the gain of the circuit (  G a i  n  L P    ) could be set by the resistor   R 6   and   R 7  :


  G a i  n  L P   = 1 +   R 6   R 7   .  



(4)







According to the manufacturer, the maximum gain that AD8232 could provide is 1100 (60.8 dB). Then, the maximum gain for the active filter that can be projected is 11.



The RLD circuit (pins 4 and 5 on Figure 1a) has a resistor of 390 k Ω  to limit the current on the reference electrode. Pin 4 is the RLD feedback, which is connected to a capacitor of 1 nF to build an integrator to increase the CMRR of the obtained signal.



Pin 18 (REFIN) has the output voltage reference, which is half of the supply voltage. Two resistors of 1 M Ω  define this reference. The circuit has a fast restore circuit, which is controlled by pin 15 (FR), and its terminal is pin 6 (SW). Pin 6 is connected to the output of the second high-pass filter. Pin 13 controls shutdown mode (which is always on high), and pins 11 and 12 are not connected because the leads-off detection was not implemented (pin 14 on low level). At last, two LEDs indicate that the circuit is supplied (green light) as well as the magnitude of the output signal (red light).



With the same circuit presented in Figure 1a, three biopotential circuits were projected, as illustrated in Figure 1b. For EMG, a gain of 60 dB and a frequency range from 20 Hz to 500 Hz were selected. For the EEG, the alpha wave rhythm was used to easily identify its occurrence on the signal (its presence when the subject closes his eyes [35]). Its bandwidth was projected from 8 Hz to 13 Hz, and due to its selectivity, a gain of about 55 dB was designed. At least, an ECG circuit was projected to present other possibilities without including a commercial module. A gain of about 60 dB was selected and the range of 0.7 Hz to 100 Hz was adopted, which makes it possible to verify the cardiac rate, similarly to [27]. One of the project criteria was the quality factor of the filter, which was chosen near 0.7 to provide a flat response (characteristic of Butterworth approximation, used in biopotential acquisition circuits [36]). The resistors’ values are presented in Figure 1b for each configuration.




2.2. Experimental Methodology


Firstly, the electrical parameters were extracted from the commercial module AD8232—Single Lead Heart Rate Monitor AD8232® [8],—as this device has been used in several applications. Therefore, the electrical parameters of the proposed circuit were measured.



The Common Mode Rejection Rate (CMRR) of AD8232 was measured using the circuit presented in Figure 2 using the commercial module. This test was performed to determine this parameter from the electromagnetic noise from the main supply (60 Hz). Two wave generators were used: one autotransformer connected to the main supply and another wave generator with fixed amplitude and frequency (2 mV and 1 Hz). Peak-to-peak voltage from the autotransformer was changed to 1 from 200 Vpp (1 Vpp of step). The output of the AD8232 module was measured in the oscilloscope (Tektronix TDS 2002B) and the common and differential gain were measured, and the CMRR was calculated by:


  C M R R = 20 · l o  g 10      A d    A c    ,  



(5)




in which   A d   is the differential gain and   A c   is the common gain, both dimensionless.



Concerning gain and bandwidth, the proposed circuit and commercial module were simulated to test the calculated values of the components. Tina-TI simulation tool software and AD8232 Filter Design were used to simulate the amplitude and calculate the circuit’s bandwidth. On the board, the test of bandwidth frequency was performed using a wave generator to excite a known signal with varying frequencies, and an oscilloscope measured the output data from the board. The collected data were recorded and compared with the signals obtained through the simulation. For the commercial module, we evaluate the range of 0.02 Hz to 400 Hz; for EMG, from 0.5 Hz to 3,000 Hz; for EEG, from 0.03 Hz to 100 Hz; for ECG, from 0.05 Hz to 700 Hz.



Subsequently, the gain of the amplifier of the board was analyzed. The signals were generated using the same device with a fixed frequency and using a resistive voltage divider (with a resistor with 1% of precision) to reduce the signal amplitude. The frequencies were based on the middle of bandwidth for each circuit: ECG was defined as 20 Hz, 200 Hz for ECG, and 6 Hz for EEG. Output was acquired via an oscilloscope.



Thus, the biopotential signals were acquired using the three circuits. The circuit was supplied by batteries to isolate the volunteer from the main supply, and the signals were sent to a microcontroller ESP32 Devkit, as presented in Figure 3. This microcontroller acquired the data from the serial with a fixed sampling frequency (1 kHz for EMG and ECG and 1 Hz for EEG), which can acquire the selected biopotential by the Nyquist criterion. Moreover, the microcontroller has a 12-bit analog-digital converter resolution, which is suitable for biomedical signals. The data were acquired from a computer without connection with the main supply. The EMG signal was acquired from the biceps brachii muscle using differential electrodes connected to the inputs. The reference electrode was placed on the olecranon. The ECG circuit was tested by placing the electrodes in a Lead I configuration. Three disposable Ag/AgCl gel electrodes were used in both ECG and EMG.



The electrode cap from OpenBCI® was employed for EEG. The inputs were connected following the 10–20 system employed for OpenBCI®: Cz and O1 (Occipital left side) for the differential electrodes, and T4 was connected to the reference. A conductive gel was inserted on the electrodes to increase the skin-electrode interface and to facilitate the acquisition. A passive 60 Hz-notch filter was implemented at the output of the EEG circuit to increase the signal–noise ratio. The volunteer was oriented to close his eyes for three seconds to acquire an alpha wave.



At last, the energy consumption for the circuit was measured. The ammeter was employed to measure the current consumed by the board.





3. Results


The three circuits projected for the ECG, EMG, and EEG tests (seen in Figure 1) were soldered to the universal PCB developed for AD8232® based circuits, presented in Figure 4. This version of the universal board has 36 mm × 20 mm dimensions and ensures a tiny and reliable platform to test different high and low pass filter configurations.



The board uses male header connectors on both sides. On the left, it has all the differential electrode inputs (right arm—RA, left arm—LA, and right leg—RL); on the right, it has the ground and 3.3 V inputs and the signal wave output for data collection.



Starting with the electrical parameters from the commercial module, Figure 5a presents the CMRR obtained from the AD8232® circuit. The datasheet informs that AD8232® has a CMRR of about 80 dB for 60 Hz frequency. However, one can note that this value starts from 60 dB in low peak-to-peak voltages and increases, stabilizing values close to 110 dB. It is important to note that for the main supply amplitude (180 Vpp, which represents 127 Vrms), the obtained CMRR was 113 dB, higher than provided for the manufacturer, which is a great advantage of this circuit. The attenuation for the interference of the main supply can reach about 450,000 times. Increasing the voltage interference (to the limits of the autotransformer), one can note that it did not change the values of CMRR, standing above 110 dB.



Regarding the frequency bandwidth, the commercial module has a projected range of 0.7 Hz to 40 Hz. Its maximum gain is 60.9 dB (about 1110 times). Figure 5b presents that its frequency range has minor differences: 0.74 Hz to 45 Hz, which is acceptable due to the precision of the components. The same tendency was observed in simulation values. Concerning the gain, there is a difference of about 1 dB between real and simulated (projected). Using D’Agostino-Pearson test [37], one can note that the gain distribution was not normally distributed (with an interval of confidence of 0.001). The maximum real gain obtained with the commercial module is near 989 V/V (59.9 dB). As heart rate monitor (ECG), as this circuit is commonly used, it does not represent a significant problem because the algorithms for these applications did not use the wave amplitude value to calculate this parameter. Nonetheless, it reinforces that this module could not be suitable for other biopotential acquisition/parameters without changing the electric components.



Figure 6 presents the obtained bandwidth and amplitude from the project circuit for (a) EMG, (b) EEG, and (c) ECG biosignals. In general, one can note that the bandwidths have similar behavior, except for the low frequencies on the high-pass filter, which presented visible differences. This variance is more prominent on the ECG bandwidth (about 10 dB for frequencies below 0.4 Hz). On the other hand, except for the ECG, the amplitudes between simulated and real values have a difference of about 2 dB, whose real values are higher than simulated.



The obtained ranges of frequencies from each biosignal were:




	
EMG: 15 Hz to 600 Hz;



	
EEG: 2 Hz to 18.5 Hz;



	
ECG: 0.8 Hz to 120 Hz.








As the filters have second order, plane response, and the precision of electronic components, the frequency range is slightly more extensive. Among the cutoff frequencies, the most distant frequency was the low-pass frequency of the EMG circuit. Nevertheless, it did not represent a significant difference for the EMG bandwidth, knowing that signals with higher energy are presented up to frequencies of 150 Hz [38,39].



Concerning the amplitude plot, the EMG circuit presented an average real gain of 60.1 dB; EEG, 57.6 dB; and ECG, 60.8 dB. It was evaluated to check if the distribution of the gain was normal (using the D’Agostino-Person test) [37], and only the ECG circuit presented a normal distribution (p < 0.005).



Regarding the performance of the circuits, one can note that the AD8232 presents results from the ECG that are more approximate with these biosignal requirements. Comparing our design with the commercial design, one can note that the circuit allowed gains closer to what was projected than the commercial design, besides a normal distribution. It is a characteristic that can encourage hardware developers to use the AD8232, showing that it is possible to improve the circuit characteristics without using the commercial module.



The designed circuits were able to acquire biosignals (ECG, EMG, and EEG), although it was built especially for ECG (it is labeled as a “Heart Rate Monitor Front-End”). The system is suitable for EMG and ECG. However, there are some limitations regarding EEG signal acquisition. For example, identifying the alpha-wave pattern in EEG, as highlighted in Figure 7, is not a trivial task as for other biosignals. The EEG signal demands an instrumentation requirement that extrapolates the features of the AD8232 chip. For example, EEG acquisition circuits usually feature a gain higher than 1000 [40,41]. As the observed peak-to-peak amplitude of the EEG signal is around 300  μ V, the reached gain may not optimize the AD range.



Although the AD8232 circuit can amplify close to 1100 times the input, the EEG circuit achieved around 750. As pointed out by the manufacturer, the filter roll-off prevents the maximum gain from reaching this value [18].



The 57 dB amplification requires a high resolution of the analog-to-digital converter of the microcontroller circuit responsible for acquiring the signals. Another point to mention is that the bandwidth of the used EEG circuit was straighter than the EMG and ECG. This could be one of the factors that affected the maximum gain obtained to guarantee the plan response designed for the filters. Increasing the gain changes the filter response, affecting the designed parameters. Therefore, the AD8232 could not be suitable for this biopotential acquisition.




4. Discussion


Remarkably, the AD8232® is vastly applied in ECG applications, mainly for portable healthcare systems and Internet of Things (IoT) applications. Its instrumented version is abundantly available in the market as an ECG module: a low-cost, low-consumption, small-size, ready-to-use, modular acquisition board [42,43,44]. Among other analog front-end chips for ECG signal acquisition, e.g., HM301D and ADS1191, it provides high enough gain to get good resolution and the best output impedance [45]. A few works focused on comparing and evaluating rather than applying the AD8232®. Usually, the evaluations are focused on an ECG or EMG device based on AD8232.



For example, in [19], the authors compared several EMG acquisition systems, including one based on the AD8232 chip. The acquired signal from each device was compared by visual inspection as the focus of the work was the potential for use in bionic hand prosthesis control systems.



A recurrent device based on the AD8232 chip is the Bitalino®. It is a ready-to-use modular platform developed by PLUX for biosignal acquisition. It has been used in wearables for healthcare for its simplicity in its design that facilitates the translation into industrial applications [46]. Its EMG and ECG modules are based on the AD8232 circuit [47,48]. The transient analysis resulted in 2.337 s time delay for the ECG circuit and a 0.146 s time delay for EEG due to the time constant of the integrator network at the first stage of the biosignal amplifier in both circuits [5]. In a comparison between Bitalino® and BioPac, which is standard equipment, a high correlation between the two was observed [49]. Nevertheless, an evaluation of gain and frequency bands was not the subject of this evaluation. Also, Bitalino’s EEG circuits do not employ an AD8232 chip; therefore, it is not evaluated for this task in the papers mentioned above.



In [50], an ECG acquisition circuit was developed and compared to a system based on the AD8232® as ground truth. The chosen configuration was the “Cardiac Monitor Configuration”, which has a 0.5 Hz two-pole high-pass filter followed by a two-pole, 40 Hz, low-pass filter and a total system gain of 1100 [18]. Electrical parameters were measured just from the developed circuit, and the acquired time-series waveforms from both were confronted. The measured frequency response from the developed device was compared to the curve provided in the chip’s datasheet.



Although the device presented a suitable performance for biosignal acquisition, there is a drawback in the application of EEG. This may be why manufacturers, such as Plux Biosignals (Bitalino), are not using it for this purpose. On the other hand, even with the chip being designed for ECG, its performance for myoelectric signal acquisition meets expectations regarding gain, frequency response, and CMRR.



Comparison with Related Works


As previously mentioned, only some works in the literature develop their circuits using IC AD8232 without the developed module for ECG acquisition. For example, ref. [30] used the ECG commercial module and a 60 Hz notch filter to acquire EEG signals. Thus, the frequency band of the EEG (that can reach 100 Hz) was limited to the frequency band of the ECG module, which was shown to be close to 45 Hz. Some frequencies could not be on the interesting band used in this work to detect alpha waves.



The same case occurs for the EMG signal, with its use only in the commercial module without modification [31,32]. On the other hand, the authors in [34] developed their circuit for acquiring EMG signals using the AD8232 circuit to identify drowsiness by steering wheel grip. The circuit was designed for a frequency band of 20 to 150 Hz, with a maximum gain of 780 (57.8 dB) [34]. The authors did not present the design parameters and corresponding analyses to verify whether the gain and frequency range matched the design criteria.



As the ECG signal acquisition module is commercially available, works that intend to acquire ECG signals with AD8232 use the commercial module. Some authors, such as [20,51] developed their own ECG circuit, but with the same values of resistors and capacitors as the commercial module. In particular, ref. [51] compared noise levels between an AD8232 circuit on a breadboard and a printed circuit board. The authors presented that the printed circuit board decreased about 3.5 times the amount of noise level than the circuit on a breadboard.



Concerning assistive technology implementations, currently, the use of non-invasive sensors that register the nervous system to assistive technology search are compact and modular to be wearable. An example is the work presented in [52], where the authors proposed a hardware that uses EMG and inertial sensors to estimate the motor intention to trigger functional electrical stimulation (FES) in lower limb muscles. In this sense, even just with one channel, the present paper shows that the EMG sensor dimensions (20 mm × 36 mm) are related to [52] (35 mm × 45 mm, 2 channels), and are viable to wearable implementations. Low-cost assistive devices are important mainly for poor countries, as in [53], that developed a 3D printed arm exoskeleton, Arduino® board programmed and smartphone-controlled (easier access than personal computer in poor countries). However, as a limitation, the arm exoskeleton is just controlled by smartphone, which jeopardizes the user experience. Thus, the user must use one hand (healthy and holding the smartphone) to control the other arm (affected limb), where the implementation of our sensor in proximal muscles (such as the shoulder area) can trigger the exoskeleton and allow the smartphone use just to perform the parameters selection.



As limitations, this work presents the application for the three main biopotential acquisition signals used in the literature for the AD8232 circuit, focusing on one-channel application. The present project should be updated, in order to improve the use to assistive technology use, such as size shrinkage and increasing channel numbers. Beyond EMG, ECG and EMG, our circuit can incorporate other human–machine sensors, such as forcemyography [54] and/or mechanomyography [55].





5. Conclusions


In this work, we benchmarked the AD8232 chip in acquiring the three most common biosignals: ECG, EMG, and EEG. Our findings show that the circuit is suitable for ECG and EMG instrumentation, presenting feasible gain and frequency response. One of the project drawbacks is the gain limitation, which may not be suitable for EEG signal acquisition.



The full project of the filters and circuit topology is also a contribution as we intend to collaborate with open-source and do-it-yourself biomedical instrumentation projects. Therefore, with this work, we intend to test the chip for application beyond the ECG and provide a ready-to-use biosignal instrumentation circuit. The main challenge of the project was to design compact, accessible, open-source, low-cost, and do-it-yourself biopotential circuits for wearable assistive and medical devices. The project is a first step into a culture of making assistive technology, such as robotic orthoses and prostheses, accessible and reproducible for scientists and enthusiasts.



Future works may benchmark other commercially available biopotential front-ends. The main goal is to enable the reproducibility of low-cost, high-quality circuits for rehabilitation and assistive devices. This way, looking for alternatives to facilitate in-loco production of biomedical instrumentation should corroborate the dissemination of the technology. Furthermore, improving biopotential acquisition circuits that enable miniaturization may ease the production of embedded systems such as robotic mioelectric orthosis and prosthesis, online ECG monitoring, and brain-machine interfaces.
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Figure 1. Schematic of the developed circuit. (a) A complete circuit schematic, with the components that are not changed during each biopotential design. The high-pass and low-pass filter placement are highlighted and detailed in (b) for the three chosen biopotentials. 
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Figure 2. Setup to measure the CMRR of the AD8232 circuit. Two wave generators excite the input signal: an autotransformer and a wave (function) generator. The autotransformer excites with 60 Hz for several amplitudes, and the function generator excites the circuit with a 2 mV/1 Hz wave. 
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Figure 3. Schematic of connection of AD8232 board and the ESP32 Devkit module. 
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Figure 4. Universal PCB developed for AD8232-based circuits, with its dimensions. 
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Figure 5. Parameters acquired from the commercial module AD8232: (a) CMRR in function of input voltage, (b) magnitude from Bode diagram, highlighting the low-pass and high-pass cutoff frequencies, and (c) the total gain of the circuit using a 20 Hz sinusoidal wave for several input amplitudes. Both simulated and real values are presented. In (a,b), fHP and fLP are the high and low cutoff frequencies, respectively. 
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Figure 6. Magnitude plot from the Bode Diagram and obtained gains from the designed circuits for (a) EMG, (b) EEG, and (c) ECG biosignals. Both real and simulated values are presented. Filters’ low-pass and high-pass cutoff frequencies are highlighted. In (a,b), fHP and fLP are the high and low cutoff frequencies, respectively. 
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Figure 7. Signals acquired from each biopotential circuit: EMG from biceps brachii muscle, alpha-wave for EEG, and ECG acquired from Lead I configuration. In EEG, the alpha wave is highlighted when the volunteer closes his eyes, acquired from the volunteer using OpenBCI® electrode cap. Differential electrodes were used placed on O1 and Cz, while T4 was connected on reference, following the 10–20 System. 
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