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Electrocardiogram (ECG) is a critical physiological indicator that contains abundant information about human heart activities. However, it is a kind of weak low-frequency signal, which is easy to be interfered by various noises. Therefore, wearable biosensors (WBS) technique is introduced to overcome this challenge. A flexible non-contact electrode is proposed for wearable biosensors (WBS) system, which is made up of flexible printed circuits materials, and can monitor the ECG signals during exercise for a long time. It uses the principle of capacitive coupling to obtain high-quality signals, and reduces the impact of external noise through active shielding; The results showed that the proposed non-contact electrode was equivalent to a medical wet electrode. The correlation coefficient was as high as 99.70 ± 0.30% when the subject was resting, while it was as high as 97.53 ± 1.80% during exercise. High-quality ECG could still be collected at subjects walking at 7 km/h. This study suggested that the proposed flexible non-contact electrode would be a potential tool for wearable biosensors for medical application on long-term monitoring of patients’ health and provide athletes with physiological signal measurements.
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INTRODUCTION

Physiological signals are widely used in medical applications and health monitoring, and they serve as the objective indicators closely related to human health (Le et al., 2010). For example, the ECG signals that contain abundant information of the heart activities provide useful information for disease prevention (Zhang et al., 1997). And it is a critical physiological indicator for screening cardiovascular diseases and evaluating heart or cardiovascular functions. Therefore, the standard wet silver chloride (Ag/AgCl) electrodes as the most commonly used biopotential electrodes for measuring electrocardiogram (ECG) signals is found in hospital-based medical diagnostic and home health monitoring systems (Fernandez and Pallas-Areny, 2000). However, the ECG signal is a low-frequency weak signal and is susceptible to various noise interferences during acquisition (Song and Yu, 2010). For example, Muscle cells tremble as they contract, producing high-frequency EMG signals, which have a high frequency and a low amplitude (Deng et al., 2000). This EMG signal will cause interference to the original signal when collecting ECG. The affected ECG signal appears as a small glitch in the time domain. In addition, breathing can also affect the acquisition of signals. While breathing, people are accompanied by small fluctuations in the body, producing lower frequency interference signals (Wu et al., 2014). The baseline of a normal ECG signal is a straight line, while the baseline of the interfered signal is no longer a straight line, often referred to as baseline drift (Chouhan and Mehta, 2007; Yu et al., 2014). Moreover, the impact of motion on signal acquisition is more obvious (Garcia-Casado et al., 2006; Lee et al., 2014; Torfs et al., 2014; Pei et al., 2016). This kind of interference is uncontrollable and will cause a large change in the signal. Therefore, general ECG acquisition requires the subject to remain as static as possible (Liu et al., 2018). In the state of motion, the electrode and the human skin will be distorted and displaced. Friction can cause changes in the impedance between the skin and the electrodes, causing some interference during the entire process.

Due to the special occupation of athletes, higher requirements are placed on the electrodes. Currently used in the clinic is a standard wet electrode, which reduces the impedance between the skin and the electrode through a conductive gel to achieve high-quality ECG (Li et al., 2018). However, there are still lots of problems to be solved. For high-quality ECG monitoring, researchers did their efforts on the Wearable Biosensors, most of which are dry electrodes that do not require conductive gels (Dozio et al., 2007; Assambo and Burke, 2009; Zhang et al., 2015; Joutsen et al., 2017). Kim et al. (2016) proposed a 1D-2D hybrid carbon nanocomposites-based ECG electrode and recorded ECG with three movements, namely wrist curl, squat, and writing. Noh et al. (2016) proposed a novel conductive carbon black and PDMS ECG electrode which could achieve ECG recording with water exposed conditions. Asadi et al. (2021) realized continuous medical ECG monitoring by constructing a graphene elastomer electrode. Even though plenty of WBSs were proposed, none of the existing methods met the requirement on ECG monitoring in motion. Besides, the dry electrodes without conductive gel would have the impedance between electrodes and skin rather high, which makes the recorded signal be easily affected by the body motion of the subjects (Pei et al., 2016). Non-contact electrodes, which can make measurements through clothing without any contact between the electrode and the skin, is essential for building user-friendly WBS networks for physiological recording during motion (Lee et al., 2013). Up to date, most of the non-contact electrodes are rigid and sensitive to motion (Chi et al., 2009, 2010, 2011, 2013), not benefiting for long-term monitoring. Therefore, monitoring ECG signals during motion is definitely a challenge.

In this study, a flexible non-contact electrode for WBS was proposed based on the principle of capacitive coupling for physiological signal acquisition. The electrode was built with flexible printed circuits (FPC) materials and could be bent to ensure better capacitive coupling with the skin (Yi et al., 2018; Liu et al., 2019). Although the motion had a great influence, the proposed non-contact electrode could acquire high-quality ECG compared with the wet electrode. In this study, we first studied the effects of the layers of the insulation materials on flexible non-contact electrode-based ECG quality compared with the gold standard method. Then, we further studied on the effect of the size of the flexible non-contact electrode on the ECG quality. After that, we investigated the performance of flexible non-contact electrodes on ECG recording at different walking speeds.



MATERIALS AND METHODS


Subjects

Three male subjects aged from 20 to 25 years old were recruited in this study. The subjects had normal cardiac function, normal muscle function, and no cognitive impairments. The experimental procedures were clearly explained to the subjects, and the data collection was carried out in an ordinary laboratory environment without any electromagnetic shielding. All the experimental protocols were approved by the Institutional Review Board (IRB) of the Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences. (SIAT-IRB-190615-H0352).



The Experimental Scheme

The overall design block diagram of the system was shown in Figure 1. Two non-contact electrode sheets and one driven right leg (DRL) electrode were used to collect physiological electrical signals (Guermandi et al., 2008; Kim and Park, 2008; Guerrero and Spinelli, 2017). The physiological signal monitoring of non-contact electrodes mainly utilizes the principle of capacitive coupling. The non-contact electrode sheet and the skin corresponds to both the conductive surface of the capacitor, while the clothing corresponds to the insulating dielectric-filled in the middle of the capacitor. The signal coupled into the circuit was pre-processed by an anti-aliasing filter, and then entered the ADS1299 (Texas Instruments, Dallas, Texas, United States), a front-end board, for signal acquisition and conversion from analog signals into high-resolution digital signals. The data acquisition process was controlled by the wireless CC3200 MCU (Texas Instruments, Dallas, Texas, United States) and the data from ADS1299 was streamed through high-speed Wi-Fi to the PC, where a Matlab (Mathworks Inc., United States) GUI was ready to display the real-time waveform and stored the raw data for offline analyses. The physiological electrical signal acquisition system was shown in Figure 2, including a circuit board, electrode board, and electrode sheets. The electrode sheet was of round shape and composed of a double-layer flexible printed circuit board (FPCB), which could be bent according to the skin curve. The bottom layer was completely filled with copper to prevent the sensing plate from external interferences; the top layer was composed of one circular copper-filled non-contact capacitive sensing plate and one concentric outer shielding ring connected with the outer ring at the bottom to improve the shielding outcomes (Muneer, 2014; Chen et al., 2017; Jiang et al., 2017). The flexible non-contact electrode was connected with the electrode board using a soft shielded cable, whose inner wire was connected with the top sensing plate and the outer shield was connected with the shielding layer. The ADS1299 and CC3200 WIFI modules were soldered on the circuit board. In addition, the lithium battery was used for the power supply to reduce power frequency interference.
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FIGURE 1. The overall design block diagram of the non-contact ECG signal acquisition system.
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FIGURE 2. The photos of the ECG signal acquisition system and flexible non-contact electrodes with different sizes [small (the diameter is 1.5 cm), medium (the diameter is 2.1 cm), and large (the diameter is 3.0 cm)] electrode.





RESULTS


The Effects of Insulation Layers and Electrode Size

To verify the performance of the proposed electrodes, the standard wet electrodes were used as a reference, which was shown by the blue line in Figure 3. The red signals were the ECG signals collected by our electrodes when a layer of canvas was used as the insulating material, while the pink signal was acquired when three layers of canvas were used as the insulating material. All signals were collected synchronously while the subject remained relaxed stationary position. It was clear that the ECG signal quality was high, the baseline was very thin and stable and P-wave, T-wave, and QRS waves could be clearly observed. However, as the number of interlayer materials increased, the signal quality tended to decline. In the figure, the baseline was widened and the signal contains burrs, but it did not evidently influence the quality. The second, third, and fourth rows in the figure used small (the diameter is 1.5 cm), medium (the diameter is 2.1 cm), and large (the diameter is 3.0 cm) electrode sheets, respectively. As the size of the electrode sheets increased, the amplitude of the ECG signal increased a little bit.
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FIGURE 3. Static electrocardiographic signals collected under different electrodes (blue for wet electrode, red and pink for flexible non-contact electrode) and under different thicknesses of canvas (red for a layer of canvas and pink for three layers). The second, third, and fourth rows used small, medium, and large electrodes, respectively.


Among them, the medium electrode signal quality was the best, and the electrode sheet was too large or too small would have an impact on the signal quality. If the electrode piece was too small, it would cause a less effective signal to be transmitted, affecting the signal quality, while if the electrode piece was too large, and in the case of non-contact, the noise generated by the friction would be mixed into the signal, reducing the signal-to-noise ratio. In all, our non-contact electrodes could acquire high-quality ECG signals which were highly similar to the standard wet electrode signal, when the subject was quiet.



Electrocardiogram Collected During Motion

The flexible non-contact electrodes could not only capture signals when the subject was quiet but also acquired signals when they were in motion. When the subject was exercising at a speed of 2 km/h on the treadmill, we selected the medium electrode piece as the non-contact electrode for signal monitoring. At the same time, we used the standard wet electrode and the dry electrode for simultaneous monitoring, and the positions of the electrode pieces were as close as possible. The original ECG time-domain waveforms obtained by the three different electrodes including the wet, flexible non-contact, and dry electrodes, were shown in Figure 4. It could be observed that the signals collected by the three electrodes were highly similar. Therefore, although the subject was in motion, the proposed non-contact electrodes, especially the flexible one, could achieve a comparable quality of signals with the standard wet electrodes in ECG measurements.
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FIGURE 4. The ECG recorded by wet electrode (blue), proposed electrode (red), dry electrode (pink) at the speed of 2 km/h.




Electrocardiogram Collected With Different Walking Speeds

Next, we used the flexible non-contact electrode to further investigate the ECG monitoring during exercise. Subjects were kept at a constant speed from 2 to 7 km/h on the treadmill. At the same time, we used non-contact electrodes and standard wet electrodes to monitor ECG signals, as shown in Figure 5. It could be observed from the figure that as the speed of the subject increased, the number of R waves detected during the same time increased, which was in line with the mechanism of human motion. Besides, as the speed increased, the signal quality of both the non-contact electrode and the wet electrode decreased, and the T wave and the P wave were gradually unclear, but the R wave could still be clearly detected.
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FIGURE 5. The ECG signals recorded by wet (blue) and flexible non-contact electrode (red) under different walking speeds (from left to right and from up to down, they were 2, 3, 4, 5, 6, and 7 km/h, respectively).




Mathematical Statistics Analysis

When the subject remained stationary, the small, medium, and large electrodes all had a high correlation coefficient with the wet electrode, as shown in Figure 6, indicating that the perfectly designed flexible electrode can perform ECG monitoring in a non-contact state. When studying the effects of insulation layers and electrode size, the ECG signals from the wet and non-contact electrodes were compared and analyzed by calculating the average correlation coefficient. An average correlation coefficient of 99.28 ± 0.42, 99.70 ± 0.30, and 97.18 ± 0.52% was calculated for the small, medium and large ECG electrodes, respectively when compared to the wet Ag/AgCl electrode. Therefore, the size of the electrode would bring about a difference in the correlation coefficient, which meant that the size of the electrode would affect the signal. For example, the medium-sized electrode had the best signal. When the electrode pad area became smaller, the effective signal would decrease; when the electrode pad area became larger, the noise entering the circuit would also increase. When considering the condition in motion, taking the standard wet electrode as the gold standard, the correlation coefficient between the non-contact electrode and the wet electrode was as high as 97.53 ± 1.80%, and the correlation coefficient between the dry electrode and the wet electrode was as high as 98.43 ± 0.77%. Moreover, we calculated the SNR of the ECG acquired by the proposed electrode under different walking speeds, the result showed that with the increment of the speeds, the quality of the ECG could maintain reliable.
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FIGURE 6. Mathematical statistics analysis: (A) Correlation coefficients between electrodes of different sizes and wet electrodes under static conditions; (B) correlation coefficients between flexible non-contact electrodes, flexible dry electrodes and wet electrodes under motion; (C) SNR at different walking speeds.





DISCUSSION


Effects of Electrode Size

The non-contact electrode uses the principle of capacitive coupling (Wang et al., 2015; Li and Sun, 2017). According to the formula of the capacitance, the capacitance increases as the area of the electrode sheet increases, and decreases as the distance between the electrode sheet and the skin increases. However, according to actual experiments, the quality and strength of effective signals do not increase with the increase in electrode pad size. In this experiment, we used non-contact electrodes with diameters of 1.5, 2.1, and 3 cm, with an area ratio of 1:1.4:2, respectively. As the area of the electrode sheets increased, the amplitude of the electrocardiographic signal appeared to become larger, but not significant. At the same time, we used the method of calculating the correlation coefficient to evaluate the ECG signal quality compared with the standard wet electrode. An average correlation coefficient of 99.28 ± 0.42, 99.70 ± 0.30, and 97.18 ± 0.52% was calculated for the small, medium and large ECG electrodes, respectively when compared to the wet Ag/AgCl electrode. The results demonstrated that the proposed electrode performed as better as the gold standard method does. Besides, we found that the signal quality of the medium electrode was the best, so in the non-contact acquisition, the quality of the ECG signal and the area of the electrode pad were not simply proportional. It was possible that as the area of the electrode sheet became larger, the effective signal was increased, but at the same time, noise interference was also introduced.



Effects of Clothing Thickness

Since the non-contact electrode is based on the capacitive coupling between the electrode plate and the skin surface, the effective capacitance is proportional to the area of the electrode plate and the dielectric constant of the insulating material while inversely proportional to the distance between the electrode and the skin. As the thickness of the insulating layer increases, the signal quality decreases. In theory, the further the electrode is from the source, the smaller the coupling signal (Liu et al., 2019). In this experiment, we used two thicknesses of clothing for monitoring and both obtained an effective ECG signal, namely one layer and three layers. The result showed that thin clothes had less noise interference than thick clothes. It was consistent with the principle of capacitive coupling. As the layers of the insulation materials increase, the distance between the electrode and the skin increase, which finally causes the decrease of the effective capacitance and therefore leads to the deterioration of the ECG quality. This result was consistent with the existing research that had been reported (Chi et al., 2009; Mathias et al., 2015; Wang et al., 2019). And in our study, for three layers of the insulating material, the ECG signals still had recognizable ECG characteristics, which could be used for further analysis.



Effects of Walking Speed

We not only performed ECG signal acquisition when the subject was at rest but also monitored the subject at constant speeds ranging from 2 to 7 km/h with the increment of 1 km/h. The results showed that as the speed increased, the ECG cycle became shorter, which was consistent with the mechanism of human motion that the heart would beat faster when the human being did exercise. As the speed increased, the wet-electrode and our electrode signal quality tended to decrease, mainly affected by myoelectric signals and noise from electrodes friction and breathing. When the subject was walking, muscle cells tremble as they contract, producing high-frequency EMG signals, which had a high frequency and a low amplitude. This EMG signal would cause interference to the original signal when collecting ECG. The affected ECG signal appeared as a small glitch in the time domain. With the increase of speed, the EMG signal became stronger and the interference to the ECG became larger. During the exercise, the electrodes and skin would rub against the clothes and cause relative displacement. At this time, a large amount of motion artifact noise was generated. It was no doubt that motion artifacts had a great impact on the signal. As the speed increased, the motion artifacts also increased, therefore, leading to the quality of the ECG signal decreasing. In addition, breathing could also affect the acquisition of signals. While breathing, people were accompanied by small fluctuations in the body, producing lower frequency interference signals. The baseline of a normal ECG signal was a straight line, while the baseline of the interfered signal was no longer a straight line, often referred to as baseline drift. The deterioration of signal quality was mainly manifested by the thickening of the baseline and the unclear T and P waves. However, the QRS waveform could be clearly seen in this study. Overall, our electrodes were resistant to noise interference during motion monitoring, with good signal quality and a correlation coefficient of 97.53 ± 1.80% with standard wet electrodes. The SNR of ECG in 3, 4, 5, 6, and 7 km/h were 7.87 ± 3.36, 8.23 ± 4.22, 6.83 ± 3.33, 5.20 ± 3.24, and 4.64 ± 0.40 dB, respectively. This result suggested that the proposed electrode could achieve high quality ECG recording even in motion. In the future, we would like to recruit more subjects with different sexualities and weights to further evaluate the proposed electrode.



Noises in Electrocardiogram

In common practices, the recorded ECG signals are easily contaminated by noises such as powerline interferences, electrode displacement, electrode lead jitter, EMG noises and so on. It could be observed from Figures 3–5 that the recorded ECG signals for our proposed non-contact electrode did now show significant contamination by the abovementioned noises. Such anti-noise capacity was achieved by the following technologies of our hardware and experimental protocol: (1) the active shielding technology (Jiang et al., 2018) in which all the frontend pathway of the non-contact electrode was shielded by a buffered voltage of the same level as the inner-wire signal, so that the capacitive coupling to the mains and to the ground could almost be eliminated, leading to extraordinary attenuation of the powerline interferences. With the assistance of the same active shielding technology, the interferences introduced by electrode lead jitter during body movements were also eliminated, which simplifies the subsequent signal processing and analysis tasks. (2) the proposed non-contact electrode was quite flexible so that it could bend freely according to the local curvation of the skin. In this way, it was very difficult for the electrode to move after it was fixed, even when the subject was running. The noises introduced by electrode displacement were prevented from degrading the ECG signal quality as a result. (3) in the experimental protocol, the electrodes were placed in the forearm positions where there were few muscles underneath. The subjects were also asked to avoid making large forearm muscle contractions when running. In this way, there were no significant EMG noise interferences in the ECG recording of this study. The data acquisition system of this study with flexible non-contact electrode could be a great tool to measure ECG signals with robust performance in noise immunity.




CONCLUSION

In this study, we proposed a wearable device for dynamic ECG monitoring, whose electrodes were flexible and non-contact, which was very friendly to subjects. When developing WBS devices, consideration should be given to user comfort, stability of long-term monitoring, and reliability of acquired signals. To enhance user comfort, we designed a flexible capacitive electrode that could bend along the curvature of the body surface. This capacitive coupling means that the ECG signal can be monitored while the subject is wearing the clothes, which avoids the possibility of allergy when using a wet electrode. We designed the electrode shielding ring to reduce noise interference and monitor the motion of the motion center. The results showed that the proposed electrodes could effectively resist the interference of noise. The ECG signal collected at rest reached the correlation coefficient of 99.70 ± 0.30% compared with the standard wet electrode. While, in the motion state, the correlation coefficient of the signal was as high as 97.53 ± 1.80% compared with the wet electrodes and dry electrodes. We verified the performance of the electrode by walking on a treadmill at a speed of up to 7 km/h. The results confirmed the feasibility of the developed system in daily life ECG monitoring, and suggested that the proposed flexible non-contact electrode would be a potential candidate for WBS systems on long-term healthcare monitoring for patients and physiological signal measurements for athletes.



DATA AVAILABILITY STATEMENT

The data used to support the findings of this study are available on reasonable request from the corresponding authors.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Institutional Review Board of Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences (SIAT-IRB-190615-H0352). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

SC: conceptualization and supervision. SL, XW, HP, and WH: data curation. SC, GL, and MZ: funding acquisition. SL, XW, and YW: methodology. XW, YH, and ZW: validation. XW and YX: visualization. SL and XW: writing—original draft. XW and SC: writing—review and editing. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported in part by the National Natural Science Foundation of China (#81927804 and #62101538), the Shenzhen Governmental Basic Research Grant (#JCYJ20180507182241622), the Science and Technology Planning Project of Shenzhen (#JSGG20210713091808027 and #JSGG20211029095801002), and SIAT Innovation Program for Excellent Young Researchers (E1G027).



REFERENCES

Asadi, S., He, Z., Heydari, F., Li, D., Yuce, M. R., Alan, T., et al. (2021). Graphene Elastomer Electrodes for Medical Sensing Applications: combining High Sensitivity, Low Noise and Excellent Skin Compatibility to Enable Continuous Medical Monitoring. IEEE Sensors J. 21, 13967–13975. doi: 10.1109/jsen.2020.3003300

Assambo, C., and Burke, M. J. (2009). Amplifier input impedance in dry electrode ECG recording. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. 2009, 1774–1777. doi: 10.1109/IEMBS.2009.5333398

Chen, C.-C., Chang, W.-Y., and Xie, T. Y. (2017). “Shielded capacitive electrode with high noise immunity,” in Proceedings of the 2017 IEEE International Conference on Consumer Electronics-Taiwan (ICCE-TW), (Piscataway: IEEE), 157–158.

Chi, Y. M., Deiss, S. R., and Cauwenberghs, G. (2009). “Non-contact low power EEG/ECG electrode for high density wearable biopotential sensor networks,” in Proceedings of the 2009 Sixth International Workshop on Wearable and Implantable Body Sensor Networks, (Piscataway: IEEE), 246–250.

Chi, Y. M., Maier, C., and Cauwenberghs, G. (2011). “Integrated ultra-high impedance front-end for non-contact biopotential sensing,” in Proceedings of the 2011 IEEE Biomedical Circuits and Systems Conference (BioCAS), (Piscataway: IEEE), 456–459.

Chi, Y. M., Ng, P., and Cauwenberghs, G. (2013). Wireless noncontact ECG and EEG biopotential sensors. ACM Transac. Embedded Comput. Syst. 12, 1–19.

Chi, Y. M., Ng, P., Kang, E., Kang, J., Fang, J., Cauwenberghs, G., et al. (2010). Wireless non-contact cardiac and neural monitoring. In Wireless Health 2010, 15–23. doi: 10.3390/s22031010

Chouhan, V. S., and Mehta, S. S. (2007). “Total removal of baseline drift from ECG signal,” in Proceedings of the 2007 International Conference on Computing: Theory and Applications, (Piscataway: IEEE), 512–515.

Deng, Y., Wolf, W., Schnell, R., and Appel, U. (2000). New aspects to event-synchronous cancellation of ECG interference: an application of the method in diaphragmatic EMG signals. IEEE Transac. Biomed. Eng. 47, 1177–1184. doi: 10.1109/10.867924

Dozio, R., Baba, A., Assambo, C., and Burke, M. J. (2007). Time based measurement of the impedance of the skin-electrode interface for dry electrode ECG recording. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. 2007, 5001–5004. doi: 10.1109/IEMBS.2007.4353463

Fernandez, M., and Pallas-Areny, R. (2000). Ag-AgCl electrode noise in high-resolution ECG measurements. Biomed. Instrument. Technol. 34, 125–130.

Garcia-Casado, J., Martinez-de-Juan, J. L., and Ponce, J. L. (2006). Adaptive filtering of ECG interference on surface EEnGs based on signal averaging. Physiol. Measurement 27:509. doi: 10.1088/0967-3334/27/6/005

Guermandi, M., Scarselli, E. F., and Guerrieri, R. (2008). A driving right leg circuit (DgRL) for improved common mode rejection in bio-potential acquisition systems. IEEE Transac. Biomed. Circ. Syst. 2015, 507–517. doi: 10.1109/TBCAS.2015.2446753

Guerrero, F. N., and Spinelli, E. (2017). High gain driven right leg circuit for dry electrode systems. Med. Eng. Phys. 39, 117–122. doi: 10.1016/j.medengphy.2016.11.005

Jiang, Y., Ji, N., Wang, H., Liu, X., Geng, Y., Li, P., et al. (2017). “Comparison of different shielding methods in acquisition of physiological signals,” in Proceedings of the 2017 39th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), (Piscataway: IEEE), 2325–2328. doi: 10.1109/EMBC.2017.8037321

Jiang, Y., Samuel, O. W., Liu, X., Wang, X., Idowu, P. O., Li, P., et al. (2018). Effective biopotential signal acquisition: comparison of different shielded drive technologies. Appl. Sci. 8:276.

Joutsen, A. S., Kaappa, E. S., Karinsalo, T. J., and Vanhala, J. (2017). “Dry electrode sizes in recording ECG and heart rate in wearable applications,” in EMBEC & NBC 2017. EMBEC NBC 2017 2017. IFMBE Proceedings, vol 65, eds H. Eskola, O. Väisänen, J. Viik, and J. Hyttinen (Singapore: Springer).

Kim, K. K., and Park, K. S. (2008). “Effective coupling impedance for power line interference in capacitive-coupled ECG measurement system,” in Proceedings of the 2008 International Conference on Information Technology and Applications in Biomedicine, (Piscataway: IEEE), 256–258.

Kim, T., Park, J., Sohn, J., Cho, D., and Jeon, S. (2016). Bioinspired, Highly Stretchable, and Conductive Dry Adhesives Based on 1D-2D Hybrid Carbon Nanocomposites for All-in-One ECG Electrodes. ACS Nano 10, 4770–4778. doi: 10.1021/acsnano.6b01355

Le, T. Q., Bukkapatnam, S. T., Sangasoongsong, A., and Komanduri, R. (2010). “Towards virtual instruments for cardiovascular healthcare: Real-time modeling of cardiovascular dynamics using ECG signals,” in In Proceedings of the 2010 IEEE International Conference on Automation Science and Engineering, (Piscataway: IEEE), 903–910.

Lee, J. S., Heo, J., Lee, W. K., Lim, Y. G., Kim, Y. H., Park, K. S., et al. (2014). Flexible capacitive electrodes for minimizing motion artifacts in ambulatory electrocardiograms. Sensors 14, 14732–14743. doi: 10.3390/s140814732

Lee, S. M., Kim, J. H., Byeon, H. J., Choi, Y. Y., Park, K. S., Lee, S.-H., et al. (2013). A capacitive, biocompatible and adhesive electrode for long-term and cap-free monitoring of EEG signals. J. Neural Eng. 10:036006. doi: 10.1088/1741-2560/10/3/036006

Li, G., Wang, S., and Duan, Y. Y. (2018). Towards conductive-gel-free electrodes: understanding the wet electrode, semi-dry electrode and dry electrode-skin interface impedance using electrochemical impedance spectroscopy fitting. Sensors Actuat. Chem. 277, 250–260.

Li, X., and Sun, Y. (2017). “. NCMB-button: A wearable non-contact system for long-term multiple biopotential monitoring,” in Proceedings of the IEEE/ACM International Conference on Connected Health: Applications, Systems and Engineering Technologies (CHASE), (Piscataway: IEEE), 348–355.

Liu, S., Liu, X., Jiang, Y., Wang, X., Huang, P., Wang, H., et al. (2018). “Flexible non-contact electrodes for bioelectrical signal monitoring,” in Proceedings of the 2018 40th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), (Piscataway: IEEE), 4305–4308. doi: 10.1109/EMBC.2018.8513306

Liu, S., Zhu, M., Liu, X., Samuel, O. W., Wang, X., Huang, Z., et al. (2019). Flexible noncontact electrodes for comfortable monitoring of physiological signals. Int. J. Adaptiv. Contr. Signal Proc. 33, 1307–1318.

Mathias, D. N., Kim, S.-I., Park, J.-S., Joung, Y.-H., and Choi, W. S. (2015). Electrode Characteristics of Non-contact Electrocardiographic Measurement. Transac. Electr. Electron. Materials 16, 42–45. doi: 10.4313/teem.2015.16.1.42

Muneer, K. A. (2014). “Non contact ECG recording instrument for continuous cardiovascular monitoring,” in Proceedings of the IEEE-EMBS International Conference on Biomedical and Health Informatics (BHI), (Piscataway: IEEE), 269–272.

Noh, Y., Bales, J. R., Reyes, B. A., Molignano, J., Clement, A. L., Pins, G. D., et al. (2016). Novel Conductive Carbon Black and Polydimethlysiloxane ECG Electrode: a Comparison with Commercial Electrodes in Fresh, Chlorinated, and Salt Water. Ann. Biomed. Eng. 44, 2464–2479. doi: 10.1007/s10439-015-1528-8

Pei, W., Zhang, H., Wang, Y., Guo, X., Xing, X., Huang, Y., et al. (2016). Skin-potential variation insensitive dry electrodes for ECG recording. IEEE Transac. Biomed. Eng. 64, 463–470. doi: 10.1109/TBME.2016.2562702

Song, L., and Yu, F. (2010). “The time-frequency analysis of abnormal ECG signals,” in Life System Modeling and Intelligent Computing, eds K. Li, L. Jia, X. Sun, M. Fei, and G. W. Irwin (Berlin, Heidelberg: Springer), 60–66.

Torfs, T., Chen, Y.-H., Kim, H., and Yazicioglu, R. F. (2014). Noncontact ECG recording system with real time capacitance measurement for motion artifact reduction. IEEE Transac. Biomed. Circ. Syst. 8, 617–625. doi: 10.1109/TBCAS.2014.2359053

Wang, J., Fujiwara, T., Kato, T., and Anzai, D. (2015). Wearable ECG based on impulse-radio-type human body communication. IEEE Transac. Biomed. Eng. 63, 1887–1894. doi: 10.1109/TBME.2015.2504998

Wang, X., Liu, S., Zhu, M., Wang, X., Liu, Z., Jiang, Y., et al. (2019). “Performance of Flexible Non-contact Electrodes in Bioelectrical Signal Measurements,” in In Proceedings of the 2019 IEEE International Conference on Real-time Computing and Robotics (RCAR), (Piscataway: IEEE), 175–179.

Wu, H.-T., Chan, Y.-H., Lin, Y.-T., and Yeh, Y.-H. (2014). Using synchrosqueezing transform to discover breathing dynamics from ECG signals. Appl. Comput. Harmo. Anal. 36, 354–359.

Yi, Y., Yu, L., Tian, Z., Song, Y., Shao, Y., Gao, L., et al. (2018). Biotemplated synthesis of transition metal nitride architectures for flexible printed circuits and wearable energy storages. Adv. Funct. Mater. 28:1805510.

Yu, P., Lu, D., Jin-Zhao, L., Zhang-Yong, L., Qian-Neng, Z., Guo-Quan, L., et al. (2014). A method of removing baseline drift in ECG signal based on morphological filtering. Acta Phys. Sinica 63:098701.

Zhang, H., Pei, W., Chen, Y., Guo, X., Wu, X., Yang, X., et al. (2015). A motion interference-insensitive flexible dry electrode. IEEE Transac. Biomed. Eng. 63, 1136–1144. doi: 10.1109/TBME.2015.2485269

Zhang, X.-S., Zhu, Y.-S., and Zhang, X.-J. (1997). New approach to studies on ECG dynamics: extraction and analyses of QRS complex irregularity time series. Med. Biol. Eng. Comput. 35, 467–473. doi: 10.1007/BF02525525


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wang, Liu, Zhu, He, Wei, Wang, Xu, Pan, Huang, Chen and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnins-16-900146-g005.jpg
— = —

(aw) abeyop

(Aw) abeyon

-— - -—

{nw) abeyop

Time (s)

Time (s)

Time (s)

—

=
(aw) abeyop

—_
!

—

i
(L) abeyop

—
I

-
(nw) abejop

—
!

Time (s)

Time (s)

Time (s)

— = —

(aw) abeyop

— =2 —

(Aw) abeyop

— = —

{aw) abeyop

Time (s)

Time (s)

Time (s)

(AW abeyop

— =2 —

(Aw) abeyop |

{aw) abeyop

Time (s)

Time (s)

Time (s)





OPS/images/fnins-16-900146-g006.jpg
Dynamic Walk

Static

7

6

-

\
>

J
4

3

O &N S 00 AD: P N N
- o '

(ap) UNS

SRRILIRLRBIA

50

JUBIDIJJB0) UOIIR[3II0)

S 8 B R @

JUBID1}J30) UOIIR|a1I0)

50

Non-contact

Dry

S

Speed (km/h)

<

Electrode Kinds

Electrode Size





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Flexible Non-contact Electrodes for Wearable Biosensors System on Electrocardiogram Monitoring in Motion



		INTRODUCTION



		MATERIALS AND METHODS



		Subjects



		The Experimental Scheme







		RESULTS



		The Effects of Insulation Layers and Electrode Size



		Electrocardiogram Collected During Motion



		Electrocardiogram Collected With Different Walking Speeds



		Mathematical Statistics Analysis







		DISCUSSION



		Effects of Electrode Size



		Effects of Clothing Thickness



		Effects of Walking Speed



		Noises in Electrocardiogram







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neuroscience

Flexible Non -contact Electrodes

for Wearable Biosensors System

on Electrocardiogram Monitoring
in Motion









OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience





OPS/images/fnins-16-900146-g001.jpg
lithium
battery

} Flexible Electrode

Clothes
. N— -
}—:* Anti-aliasing ADS1299 | cc3200
~ Filter | Font-end Board ‘| WIFI Module
Human H

Body

’ | Drive Right Leg [ Signal Acquisition






OPS/images/fnins-16-900146-g002.jpg
Electrode board

lithium battery

: mnn’f e H\n\ T

[m | I
I
icm 2 3 4 5) MR/

O —=





OPS/images/fnins-16-900146-g003.jpg
Voltage(mV)
o

Times(s)

U N

.

Voltage(mV)
o —
Voltage(mV)
o

|
—

o

1 . . - : 3
T 3 4 5 12 3
Times(s) Times(s)

Voltage(mV)
=

Voltage(mV)
=,

2 3
Times(s)

o
o
jd

0 1| 2 3 4
Times(s)

Voltage(mV)
o
Voltage(m\})
o

1 : . ‘ . -1

Times(s) Times(s)






OPS/images/fnins-16-900146-g004.jpg
— (| —

(pLW) 2 mE_E,.f

10

=

Time (s)

— _”_,_._I

{ AL m_,mE_a}

10

=

Time (s)

— = —

(AW aBeyoA

10

=

Time (5)





