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Abstract

:

Flexible paper-based physiological sensor electrodes were developed using chemically-modified graphene (CG) and carboxylic-functionalized multiwalled carbon nanotube composites (f@MWCNTs). A solvothermal process with additional treatment was conducted to synthesize CG and f@MWCNTs to make CG-f@MWCNT composites. The composite was sonicated in an appropriate solvent to make a uniform suspension, and then it was drop cast on a nylon membrane in a vacuum filter. A number of batches (0%~35% f@MWCNTs) were prepared to investigate the performance of the physical characteristics. The 25% f@MWCNT-loaded composite showed the best adhesion on the paper substrate. The surface topography and chemical bonding of the proposed CG-f@MWCNT electrodes were characterized by scanning electron microscopy (SEM) and Raman spectroscopy, respectively. The average sheet resistance of the 25% CG-f@MWCNT electrode was determined to be 75 Ω/□, and it showed a skin contact impedance of 45.12 kΩ at 100 Hz. Electrocardiogram (ECG) signals were recorded from the chest and fingertips of healthy adults using the proposed electrodes. The CG-f@MWCNT electrodes demonstrated comfortability and a high sensitivity for electrocardiogram signal detection.
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1. Introduction


The continuous monitoring of personal health is one of the most demanding areas of interest in wearable devices. For personal health monitoring devices, flexible and wearable electronics are of excessive interest, and flexible, biocompatible and comfortable electrodes have been recognized as critical components in such devices [1,2]. Conventional Ag/AgCl biopotential electrodes are widely used in clinical diagnostics and home-based health monitoring systems. Electrolytic conductive gel and skin preparation are required for conventional electrodes to reduce skin–electrode contact impedance, but this gel often dries out over time, and this creates impedance variations and a dramatic reduction in signal quality. Furthermore, it often causes skin irritation and allergic reactions, consequently bringing excessive discomfort. Sweat is another source of signal degradation for wet electrodes [3,4]. Dry electrodes with rigid metal connectors are being developed to address these issues; nevertheless, discomfort and pain are still the major issues of those electrodes due to their hardness [5,6].



Thin, flexible dry electrodes with soft connectors are considered promising alternatives to conventional metal electrodes. Recently, paper-, textile-, or conductive polymer-based Electrocardiogram (ECG) flexible electrodes are being developed in order to increase the contact area between skin and electrodes by making conformal contact, resulting in a reduction of contact impedance [6,7,8,9,10]. Paper and textile electrodes can be used for different applications and have a larger contact area compared to rigid electrodes, but they do not allow for completely conformal contact with skin [11,12,13]. On the contrary, flexible conductive polymers are made from carbon, metal and polymers, which can make stronger contacts compared to rigid electrodes. It has been stated that adhesion between metallic layers and polymer substrates is poor, and the conductivity of conductive polymers is not as good as that of metal conductors. Moreover, the breathability of polymers and the comfort of metallic layers should be improved for long-term monitoring. To improve the degree of adhesion, low-complexity-preparation technology is valuable in these flexible electrodes [2,14,15].



Graphene has been pursued for flexible electronics due to its outstanding electrical and mechanical properties including high conductivity, flexibility, and easy functionalization. A number of works have reported flexible thin film electrodes using graphene-based materials for physiological monitoring. Yapici et al. reported on a graphene material-cladded ordinary textile that enabled the acquisition of high quality ECG signals [16]. Celik et al. reported on graphene-embedded Ag electrodes which showed better ECG signals, higher signal-to-noise ratio (SNR) and lower contact impedance using chemical vapor deposition (CVD) techniques [17]. Reduced graphene oxide-cladded paper electrodes were fabricated by the Park group, and these electrodes enabled the reception of fingertip ECG signals [6]. Lou et al. developed polyethylene terephthalate (PET) substrate-coated CVD graphene electrodes for prolonged ECG signal monitoring [18]. Most of these works have used metallic connectors, which are not suitable for long term ECG signal monitoring. Furthermore, an improved degree of adhesion around dry electrodes would be more valuable for higher qualities of ECG signals. In general, the aggregation of additive materials with their percentages and aspect ratios, the uniformity in the matrix, processing methods, presence of functional groups on the surface, inter-sheet junction, and sheets morphology are all useful for the evaluation of the performance of composite-based electrodes.



Pristine graphene is produced from the mechanical cleavage of pyrolytic graphite and CVD techniques, whereas chemically-treated graphene is developed chemically, hydrothermally/solvothermally, and thermally exfoliated from graphite oxide (GO) [19,20,21]. However, using CVD-grown graphene is challenging because of its high manufacturing cost and difficulty of reproduction and mass production on the patterned substrate.



With the intention of overcoming these limitations, different methods have been performed to make similar 2D graphene-based materials from graphite oxide (GO) called chemically-modified graphene (CG) using various techniques involving chemical, thermal, electrochemical, and hydrothermal/solvothermal reduction. In these techniques, the oxide functional groups in CG cannot be remarkably removed after the reduction of GO. Furthermore, placing CG in an aqueous solution results in the aggregation of sheets due to its hydrophobic nature, and large folds in the CG surface arise after drying, whereas smaller waves tend to be an inherent feature of the structure of isolated layers [5,22]. As a result, the conductivity of the CG is lower than that predicted from theory.



Meanwhile, several carbon nanotube (CNT)-based dry electrodes have been reported in previous publications. Ruffini et al. presented multiwalled CNT (MWCNT)-based arrays on a substrate to penetrate the patient’s outer skin cell layers and reduce the measurement noise of ECG signals [23]. Lee et al. reported a metallic material layer, CNTs, and polydimethylsiloxane (PDMS) composite-based dry ECG electrode [24]. Kang et al. proposed a polymeric binding CNT paste on a metallic substrate for an ECG dry electrode to resist the peeling off of CNTs [25]. Most of these reported works used polymeric binder materials with MWCNTs to reduce the peel off from the substrate. Additionally, if CNT wires remain heterogeneous, electrical conductivity can be severely poor and hinder the use of CNTs for skin-like electronics. It is worth noting that the potential applications of MWCNTs in ECG dry electrodes is limited because they are easy to entangle and agglomerate due to their large aspect ratio, and they can easily peel off from substrates due to their bundles type structure.



The integration of CG and MWCNTs into a composite material is therefore a quite promising strategy to enhance the dispersion of CG and CNTs, to inherit the advantages of both CG and MWCNTs, and to obtain an efficient and effective electronic and thermal conductive network [26,27]. CG/MWCNT composites have been developed to effectively overcome the limitations of the use of individual materials [28,29,30,31]. MWCNTs can greatly reduce internal electrical resistance and improve overall electrical conductivity, since MWCNTs act as spacers between CG sheets and make interconnected conductive network paths [32]. As non-functionalized MWCNTs are prone to agglomerate due to their large aspect ratio, the MWCNTs and CG composite in solution is not uniform and is not stable for a long time [31,33]. To overcome this issue, functionalized MWCNTs are used to make composites in order to get uniformity and longtime usability. When functionalized MWCNTs are combined with CG, CG acts as a CNT “carrier,” and CNTs anchor the CG nano-sheets, thus achieving a uniform co-dispersion for both CNTs and CG in a solvent [32].



In this work, chemically-modified graphene and carboxylic groups-functionalized short MWCNT hybrid composites were developed by solvothermal techniques. The developed composites were drop cast on nylon filter paper, and this process was aided by the vacuum filter technique at a certain pressure. We characterized the electrodes for both material and electrical properties and demonstrated that the electrodes are suitable for human physiological signal monitoring. To our best knowledge, this is the first report to show the CG/f@MWCNTs hybrid electrodes for physiological signal sensing. Section 2 in this paper describes the fabrication process of the proposed electrodes and the characterization methods for material and electrical properties. Section 3 shows the results including actual ECG recordings. Section 4 and Section 5 follow for discussion and conclusion, respectively.




2. Materials and Methods


2.1. Electrode Fabrications


Both 59.5 mg of graphite oxide (ACS Material, LLC, Medford, MA, USA) and 10.5 mg of carboxylic-functionalized short MWCNTs (>95%, US Research Nanomaterials, Inc., Houston, TX) were mixed into 35 mL of Milli-Q (MQ) water, followed by ultrasonication for about half an hour (h). Then, 0.1 M glucose was added in the prepared mixture and held for 1 h. After that, the mixture was sealed in a teflon-lined autoclave and maintained at 185 °C for 3 h in a convection oven. When the temperature of the autoclave decreased to room temperature, the composite hydrogel was dispersed again into a 1 M acetic acid aqueous solution and left for 5 h. Finally, the mixture was washed with enough MQ water until reaching a pH of 7, and then it was then dried overnight in an oven at 95 °C under a vacuum condition. The dried platelet is denoted as CG/f@MWCNTs-15%. Similarly, the CG/f@MWCNTs-25% and CG-f@MWCNT-35% composites were prepared using different weight percentages of f@MWCNTs. CG was also prepared in a similar way but without using f@MWCNTs.



Exactly 1.25 mg of the CG/f@MWCNT composite platelet was dispersed into 1 mL of a dimethylformamide (DMF) and MQ water (1:1) solution by using an ultrasonicator for 3 h. Then, the mixture was stirred for a few minutes before the casting of the as-prepared composite suspension. The prepared composites (2 μL/mm2) were drop cast on 0.2 μm nylon filter paper, and the solution was filtered out using the vacuum technique. After filtration, the nylon membrane filter paper was ambiently dried. The electrode was connected to the ECG cable using a copper wire for ECG signal acquisition. An illustration of the ECG electrode and signal acquisition system is shown in Figure 1.




2.2. Physical and Electrical Characterization of Composites and Fabricated Electrodes


Each electrode sample (CG/f@MWCNTs-15%, -25%, and -35%) was characterized using SEM. For SEM analysis, the samples (5 × 4 mm in size) were bonded with conductive carbon tape on an aluminum stub using an acceleration voltage of 15 kV. The Raman spectra of the CG and CG/f@MWCNT composites were measured using a Raman spectrometer (RENISHAW SYSTEM 2000, West Dundee, IL, USA) with the wavelength of 514 nm. To measure the sheet resistance of the fabricated electrodes, a source meter with a four-point probe (Keithley 2401, Tektronix, Cleveland, OH, USA) was used. The experimental set up of the surface resistivity is shown in Figure 2a.




2.3. Skin–Electrode Impedance Measurement System and DC Offset


The skin–electrode contact impedance was measured without using any conductive gel and with no skin preparation. Two electrodes were placed on human participants’ forearms 2 cm apart from each other. The electrodes were placed on the left forearm and connected to the measurement setup illustrated in Figure 2b. LabVIEW was used to generate alternating current (AC) signals through a data acquisition (DAQ) device (National instruments (NI) USB-6211). The amplitude of the AC signals was set to 100 µA, and the frequencies were swept from 10, 200, 400, 600, and 800 to 1000 Hz. The skin–surface interface impedance for each electrode was labeled Z1 and Z2, and the tissue impedance between the two measurement sites was labeled Zt. We assumed that values of Z1 and Z2 were reasonably close each other and Zt was significantly less than Z1,2. Therefore, Z1,2 could be found by measuring the voltage drop between the electrodes (Vm) using an instrumentation amplifier (IA) (AD622, Analog Devices, Inc., Norwood, MA, USA). We set the gain (G) of the IA to 1.


  I  ( t )  = 100   s i n  ( ω t )  =    V m     Z  t o t a l      



(1)
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Assuming:     Z 1  ≅  Z 2  =  Z i    and    Z i  ≫  Z t   ,
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The DC offset of each electrode type could be determined by setting up a simple circuit to measure half-cell potential in reference to the ground. The measured DC offsets were recorded and analyzed using a DAQ device and LabVIEW, as shown in Figure 2c.




2.4. ECG Signal Measurement and Signal Processing


The performance of the fabricated electrodes was observed by ECG signal monitoring without using gel and with no skin preparation. For ECG signal acquisition, we developed a custom-designed printed circuit board (PCB) that integrated a 32-bit micro-controller (STM32L433, ST Microelectronics, Geneva, Switzerland) and a fully integrated electrocardiogram analog front-end (ADS 1191, Texas Instruments, Inc., Richardson, TX, USA), as shown in Figure 3. The electrodes received electrical signals through the electrical activity of the heart, and the electrical signals were then amplified by the analog front-end (AFE) chipset with a gain of 12. The sampling rate of the AFE was set to 128 sample/second. The ECG signals were stored on a local secure digital (SD) media card and transferred to a personal computer for further analysis and diagnosis. The measured signal was bandpass filtered with 0.5 and 45 Hz of upper and lower cutoff frequencies, respectively, to remove DC offset and high frequency noises. The signal processing was done using MATLAB 2018b.



This study recruited two healthy adults (1 male and 1 female) for skin–electrode impedance and ECG measurements; their informed consent was obtained before they participated in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Institutional Review Board at the University of Connecticut (H19-010).



The ECG signal measurements were performed at room temperature with three fabricated, flexible, dry ECG electrodes, and an Ag/AgCl wet electrode (as a reference) was placed on the body of a healthy subject at three positions: the left side of the chest, the right side of the chest, and the left side of the abdomen without cleaning the hair and with no skin preparation. Another ECG signal was received from the fingertips of the subject using three fabricated dry electrodes.





3. Results


3.1. Physical Characterization of Developed Composites and Electrodes


The surface morphology of the composite decorated electrodes was characterized via SEM. The SEM images of the CG and CG-functionalized MWCNT composite-coated electrodes are shown in Figure 4. The CG and its composites were formed after three hours of ultrasonication and coated on the nylon filter paper. A number of layers of the CG sheets were anchored on the filter paper, and the as-usual wrinkle structure of the CG sheet that was generated during the chemical reduction is shown in Figure 4a. Fifteen percent of the f@MWCNTs were mixed with graphite oxide to form the CG/f@MWCNTs-15% composite sheet on the electrode, as shown in Figure 4b. An increase of the f@MWCNTs into the composites resulted in an increase in the concentration of the MWCNTs, which were more dominant in the composites shown in Figure 4c,d. It was also clear that no folded sheets of CG were available in 35% of the composites. The sheet resistance of the fabricated bioelectrodes was determined to be 180 Ω/□ for CG, 120 Ω/□ for the 15%-based composite, 82 Ω/□ for the 25%-based composites, and 75 Ω/□ for the 35%-based composites. The results indicate that after the 25% loading of f@MWCNTs into the composite, conductive networks between CG sheets and CNT wires were well established.



Additionally, in order to investigate the structure of CG and the CG/f@MWCNT composite materials that were used in the experiments, we performed Raman spectroscopy analyses at an excitation wavelength of 514 nm, as shown in Figure 5. Two intense peaks were exhibited at 1360 and 1595 cm−1 which corresponded to the D and G bands of CG, respectively. In case of the CG/f@MWCNTs, however, the D and G bands were shifted to the lower wavenumbers of 1347 and 1577 cm−1, respectively, which indicates that substantial interaction between CG and the nanotubes after adding f@MWCNTs [34,35]. In addition, by increasing f@MWCNTs contents from 0% to 35%, the relative intensity of D/G (ID/IG) gradually decreased from 1.03 to 0.88 due to the f@MWCNTs having less disordered structural defects compared to CG, indicating that a defect of the lattice may have been slightly suppressed. It could be observed that the G’ band was newly occurring in CG/f@MWCNT composites, supporting the fact that the f@MWCNT was well combined with the CG sheet.



The skin impedance versus frequency plots of the CG-based electrodes and the commercial Ag/AgCl electrodes within the 10–1000 Hz frequency range are displayed in Figure 6. It can be seen that the values of the impedance decreased a little with increasing frequency when the CG and certain amount of the f@MWCNT loading composite electrodes were used, whereas the impedance values decreased strongly with increasing frequency whenusing commercial electrodes and higher loading MWCNT composite-based electrodes, as shown in Figure 6a–e.



The impedance values showed a negligible change with the increasing frequency for CG and 15% f@MWCNT-incorporated composite electrodes, as shown in Figure 6a,b. The results imply that a smaller amount of f@MWCNTs in composite led to an inappropriate interaction between f@MWCNTs and the CG sheets, which led to a low specific capacitance. On the contrary, large amounts of MWCNTs in the composite started to increase in an unpredicted agglomeration of CNTs, which led to the inadequate interaction of f@MWCNTs with the CG sheets to improve efficient specific capacitance, as shown in Figure 6c,d [29]. It is clear from the experiment that high volume f@MWCNT-embedded composites showed frequency-dependent phenomena due to a high specific capacitance. Therefore, it was important to determine appropriate interaction of f@MWCNTs with CG to improve electrical and chemical properties. It is seen in the graphs that the 25% f@MWCNT-incorporated composite showed a low frequency dependency and a relatively low skin impedance. This result could have happened due to an appropriate interaction between f@MWCNTs and CG, which came from the uniform distribution of MWCNTs in the CG matrix, as seen in Figure 4. The contact impedance of the wet Ag/AgCl was determined to be 45 KΩ at 10 Hz and 15.05 KΩ at 1 kHz. This result is the same as that of previous reports [17,18].



The DC offset voltage of the Ag/AgCl wet electrodes was determined to be 11.738 mV, and the DC offset voltages of the fabricated electrodes were determined to be 10.264 mV for the CG-based electrodes, 11.12 mV for the CG/f@MWCNTs-15%-based electrodes, 11.824 mV for the CG/f@MWCNTs-25%-based electrodes, and 12.956 mV for the CG/MWCNTs-35%-based electrodes, as shown in Table 1. The DC offset values of all electrodes were fairly small and within range of the standard Ag/AgCl electrodes. There appeared to be a small increase in the DC offset with increasing percentages of carbon nanotubes. The 25% f@MWCNT-based, composite-embedded electrode showed a DC offset voltage similar to the conventional commercial ECG electrode.




3.2. ECG Signal Measurement Using Different Electrodes


For the evaluation of the fabricated biopotential electrodes, ECG signals were received from the chest and fingertips. Typical chest ECG signals are shown in the Figure 7. It was shown that the wave form of ECG signals received from the CG-coated dry electrodes and CG and f@MWCNT composite-coated dry electrodes were similar to the wave form of ECG signals obtained from the commercial Ag/AgCl wet electrodes. P, Q, R, S and T waves can be clearly recognized in the ECG signals; these were received from fabricated flexible electrodes.



The time interval of P–Q, QRS, and Q–T waveforms were almost same as those indicated in the previous reports [36]. In addition, the ECG signals obtained from the chest using the fabricated dry ECG electrodes showed little or no variation in amplitude and had much less noise. On the contrary, the signals received from the chest using conventional electrodes showed little variation in amplitude but had no noise. No variation in the amplitude of the ECG signals obtained from the dry ECG electrodes proved that the fabricated paper-based electrodes had improved mechanical contact with the skin due to their flexible and conformal physical form factors [2,37]. It was also observed that the peak-to-peak potentials of the fabricated electrodes were 1.6, 1.5, 1.95, and 1.8 V for CG, CG/f@MWCNTs-15%, CG/f@MWCNTs-25%, and CG/f@MWCNTs-35%, respectively. We found that the peak–peak potential obtained from ECG signals using CG/f@MWCNTs-25% electrodes was higher than that of the other electrodes.



To investigate the performance of the fabricated electrodes, an ECG signal was also measured from the subject’s fingertips. The typical ECG signals were recorded from fingertips using different fabricated electrodes, as shown in Figure 8. The P, Q, R, S, and T waveforms were clearly visible in all ECG signals. Similar signals were found in previous research [11,38]. It is also clear that the CG/f@MWCNTs-25% composite-based flexible electrode showed a better quality of signal in terms of the amplitude of the signals and the visibility of the PQRST waveforms. Figure 9 shows the filtered ECG signal using the CG/f@MWCNTs-25% composite-based dry electrodes observed after two weeks. The P, Q, R, S, and T waveforms were clearly distinguished from the ECG signals. This result revealed that the fabricated dry electrode can be used long-term ECG signal monitoring. Figure 10 shows that no skin color change was observed after several hours on the subject forearm. This result indicates that flexible paper electrodes are easy to use with no skin preparation.





4. Discussion


In this study, chemically-modified graphene and functionalized MWCNT composites were developed for potential use of ECG signal acquisition. The f@MWCNTs were clearly observed to have occupied in the CG matrix network, as shown in Figure 4b,c. The MWCNTs provided good conduction pathways because MWCNTs act as spacers between the CG sheets and because they establish interconnected conductive network paths. Thus, as the loading of the f@MWCNTs increased, the volume resistivity of the composites decreased. Furthermore, CG worked as a good matrix with a large surface area to support contact between the MWCNTs and the CG sheets, resulting in a further reduction of the junction resistance [33]. At around a 30%~35% loading of f@MWCNTs in CG/f@MWCNT composites, the adhesion of the composites on the papers started to deteriorate, resulting in the peel-off effect. Therefore, the 25% loading of f@MWCNT-based electrodes was selected for a further characterization of the ECG signals.



The fabricated flexible electrode measured the ECG signals from two different positions (chest and fingertips). The P, Q, R, S, and T waveforms were clearly observed in the recorded ECG signals and were comparable to those of the commercial ECG electrode. We also found that the 25% f@MWCNT-based electrode demonstrated a good signal quality in terms of the peak-to-peak amplitude of the signal, the stability of the signal spectrum, and the visibility of signal waveforms as compared to that of other f@MWCNT-loaded electrodes. The results revealed that the 25% loading of f@MWCNTs in the CG matrix is the optimum loading for the uniform distribution of the hybrid electrode platform. Large bundles or dense agglomerates of CNTs can cause a poor performance of the composite electrode [39,40,41]. The sensitivity of the fabricated electrode was noticeable as compared to that of conventional electrodes. We observed the ECG signal for two weeks. After two weeks, it did not show a noticeable signal amplitude change (Figure 9). The wave peaks were clearly visible on the signals. In addition, we also observed skin color after removing both the commercial and fabricated electrodes from forearm. The skin color changed when the commercial electrode was attached to the subject’s forearm, but the skin remained same when the fabricated electrode was used (Figure 10).



The limitations of this study are that this study only tested two subjects (a male and a female) for ECG measurement; more participants are needed to ensure the validity of the presented data. The composites were adsorbed on nylon filter papers to fabricate flexible electrodes using a vacuum suction filter. An automatic fabrication process is possible because the developed composites easily adsorbed on the paper within 2–3 min. We did not apply the automatic fabrication.



Fabricating CG/f@MWCNTs electrodes on a garment will enable the long-term monitoring of bio-signals. However, it could be a challenge to fabricate the proposed electrodes on a fabric substrate since fabric easily absorbs CG/f@MWCNTs, and, consequently, it is difficult to control the uniformity of the electrodes.



Concerning toxicity, carbon is commonplace and has a stable structure; previous reports have demonstrated the biological compatibility of carbon group elements, including CNTs and graphene materials [42,43], but this study did not perform a biocompatibility test for human skin uses. Since the proposed electrodes are pressure and temperature sensitive, the fabricated electrodes can be used other biosignals monitoring (ECG, electromyography (EMG) and activity sensors) for robotics and prosthesis applications.




5. Conclusions


Chemically converted graphene and functionalized multiwalled carbon nanotube composites were successfully developed in a proper solvent, and these composites were deposited on flexible filter paper using a vacuum-assisted technique for biopotential electrodes. Skin impedance was measured using the fabricated electrodes without any skin preparation, and the impedance data proved that the fabricated electrodes could potentially be used to measure ECG signals. The ECG signals were measured from the chest and the fingertips of the subjects without the use of any conductive gel or skin preparation. The electrodes were attached to the chest using a sticker. The ECG signals received from the chest while using the fabricated electrode were similar to the conventional commercial electrodes. We also measured the ECG signals from the fingertips without using gel. The P, Q, R, S and T waveform were clearly visible in the signals. The CG/f@MWCNTs-25% demonstrated a better performance in terms of skin impedance and the amplitude of the signals, resulting in a uniformity of the spacer materials. The comfortability of the fabricated electrodes was much better than that of conventional electrodes. In addition, by using controlled deposition on paper electrodes, vacuum filtering enabled a good reproducibility and ease of use for ECG detection. The fabricated ECG electrode showed the capability for the longtime monitoring of ECG signals. The performance of the flexible dry electrode was excellent in comparison to the conventional wet electrodes. Thus, we believe that the fabricated flexible electrode is a good candidate for use in other physiological signal detection applications.
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Figure 1. (a) Schematics of composite synthesis. (b) Illustration of electrode fabrication and measurement of ECG signal. 
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Figure 2. The experimental set up for (a) the surface resistivity, (b) skin impedance, and (c) direct current (DC) offset potential. 
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Figure 3. A custom-designed printed circuit board (PCB) including a 32-bit micro-controller unit (MCU), a fully integrated ECG analog front-end (ADS), a local secure digital media (SD) card, and a portable Li-battery. 
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Figure 4. SEM images of (a) chemically-modified graphene (CG), (b) CG/carboxylic-functionalized multiwalled carbon nanotubes (f@MWCNTs)-15% composite, (c) CG/f@MWCNTs-25% composite, and (d) CG/f@MWCNTs-35% composite. 
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Figure 5. Raman spectra of CG and CG/f@MWCNT composites with different f@MWCNTs contents: 15%, 25%, and 35%. 
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Figure 6. Skin impedance responses of flexible dry ECG electrodes and commercial electrode at frequency range from 10 Hz to 1 KHz. Skin–electrode contact impedance of (a) CG, (b) CG/f@MWCNTs-15%, (c) CG/f@MWCNTs-25%, (d) CG/f@MWCNTs-35%, and (e) Ag/AgCl. 
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Figure 7. The chest ECG signals recorded by the different types of electrodes. (a) Conventional Ag/AgCl, (b) CG, (c) CG/f@MWCNTs-15%, (d) CG/f@MWCNTs-25%, and (e) CG/f@MWCNTs-35%. 
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Figure 8. The ECG signal from the fingertips received by different flexible dry electrodes after finite impulse response (FIR) filtering for (a) CG, (b) CG/f@MWCNTs-15%, (c) CG/f@MWCNTs-25%, and (d) CG/f@MWCNTs-35%. 
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Figure 9. The stability test of the fabricated CG/f@MWCNTs-25% electrodes after two weeks in fingertips. 
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Figure 10. The compatibility test of the electrode in the skin for (a) the commercial electrode and (b) the as-fabricated electrode. 
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Table 1. DC offset voltage of commercial and fabricated electrodes.
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	Sample No.
	Sample Name
	DC Offset Voltage





	1
	Ag/AgCl
	11.738 mV



	2
	CG
	10.264 mV



	3
	CG/f@MWCNTs-15%
	11.120 mV



	4
	CG/f@MWCNTs-25%
	11.824 mV



	5
	CG/f@MWCNTs-35%
	12.956 mV
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