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Abstract

:

Miniaturized flexible microelectrode arrays are desirable for small-area surface electromyography (sEMG) to detect the electrical activity generated by muscles in a specific area of the body. Here, we present a flexible 8-channel microelectrode array with electrodes of diameter 150–300 μm for small-area sEMG recordings. The microelectrode arrays based on a flexible Parylene C substrate recorded the sEMG signals from a curved skin surface with a maximum signal-to-noise ratio (SNR) of 21.4 dB. The sEMG signals recorded from a small area of 17671–59325 μm2 showed a clear distinction between the signal and noise. Further, the sEMG data were analyzed in the frequency domain by converting the signals via fast Fourier transform (FFT), and it was verified that the proposed microelectrode could reliably record multichannel sEMGs over a small area. Moreover, a maximum voluntary contraction (MVC) experiment was performed to confirm the recording capability of the microelectrode array, which showed consistency with the previous reports. Finally, we demonstrated the effects of the electrode size by comparing the results for two different electrode sizes. When the electrode size was increased 3.37 times, the root-mean-square value of the amplitude (Vrms) increased 2.64 times, consequently increasing the SNR from 16.9 to 21.4 dB. This study demonstrates the expanded utility of Parylene-based flexible microelectrode arrays.
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1. Introduction


Electromyography (EMG) has been popularly used as a neurophysiological tool for detecting the electrical activities of muscles [1]. EMG data have been used to not only diagnose muscular disorders such as amyotrophic lateral sclerosis (ALS) and muscular dystrophy (MD) but also to measure the extent of muscle fatigue [2,3,4]. EMG recordings can be obtained by two methods: surface EMG recording (non-invasive method) and intramuscular EMG recording (invasive method). Surface electromyography (sEMG) does not require needles and has some advantages because of its convenience and non-invasiveness. Rather, a thin and flexible electrode is required for sEMG, since the high mechanical flexibility allows the electrode to follow the uneven skin surface, resulting in good electrical connections in the recording area.



An EMG signal can be considered as the set of motor unit action potentials (MUAPs) produced by motor units (MUs), which are made up of motor neurons and skeletal muscle fibers, typically from an area of several thousand square microns [5]. Conventional sEMG electrodes have a limited resolution because of their large electrode diameters of 1–20 mm [6], which make them incompatible for small-area sEMG recording. To date, better spatial resolution sEMG recordings have been achieved by introducing micro-size electrodes, which have rapidly proved to be promising research tools [7,8,9,10,11]. Further, invasive EMG recordings using an implanted flexible microelectrode array in a moving subject (caterpillar) demonstrated a high-resolution recording capability [12]. However, the reduced EMG signal amplitude and signal-to-noise ratio (SNR) due to the small electrode size are potential drawbacks of the microelectrode EMG. In order to better understand small-area sEMG recording, further research on sEMG with a flexible microelectrode array must be conducted and the effect of the electrode size should be investigated.



Herein, we report Parylene C-based flexible microelectrode arrays for small-area sEMG recording on curved skin surfaces. The characteristics of the microelectrodes were assessed by various means, including electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and equivalent circuit modeling. In addition, the recorded sEMG using 8-channel microelectrode arrays were used to verify the viability of multiple sEMG recordings in a small area. Finally, by analyzing the effect of the size of the microelectrode, the relationship between the signal amplitude and the electrode size was studied. This study is expected to benefit investigators who are exploring potential approaches to record small-area sEMG using flexible microelectrode arrays.




2. Materials and Methods


2.1. Fabrication of Flexible Microelectrode Arrays


We fabricated a flexible microelectrode array for sEMG recording on a 4-inch silicon (Si) wafer using the semiconductor fabrication process shown in Figure 1A. First, a 10 μm thick Parylene C layer was deposited on a 4-inch Si wafer using a Parylene coater. Then, gold (Au) and titanium (Ti) metal electrodes (Ti/Au = 10/200 μm) were patterned using photolithography and a subsequent lift-off process. A second layer of Parylene C (10 μm) was then deposited to encapsulate the entire wafer. The first and second Parylene C layers were patterned using photolithography and oxygen (O2) plasma dry etching. During the etching process, the electrode sites and pads were exposed for electrical connections between the skin, electrode array, and sEMG measurement equipment. Finally, the fabricated devices were released from the silicon wafer. Figure 1B shows several microelectrode arrays fabricated on a 4-inch wafer. Additional information regarding the fabrication process can be found in our previous papers [13,14,15].



Figure 1C shows the two types of electrode arrays with different electrode sizes, which are inserted in the zero-insertion force (ZIF) connectors on printed circuit boards (PCB) for connection to the recording system.



Electrode 1 has circle-shaped electrode sites of diameter 150 μm (area: 17,671 μm2), and Electrode 2 has a combination of half-ellipse and rectangle-shaped sites with a height of 300 μm and a width of 230 μm (area: 59,325 μm2). Different shapes and sizes of the electrodes could thus be selected for different sEMG recordings, depending on the target muscle. It should be noted that the slightly different shape could influence the recording results, although it is known that the electrode size has an integrative effect on the sEMG signal. For measuring the sEMG signal in this study, we mainly used Electrode 2, which showed a higher SNR and signal amplitude. We also compared these two electrodes to evaluate the effects of the electrode sizes, which will be discussed later.




2.2. Electrochemical Impedance Spectroscopy (EIS) and Cyclic Voltammetry (CV)


We characterized the fabricated microelectrodes using electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV). EIS and CV were performed in phosphate buffered saline (PBS) with a potentiostat/galvanostat (PGSTAT128N, Metrohm Autolab). Platinum (Pt) was used as the counter electrode (CE), and silver/silver chloride (Ag/AgCl) was used as the reference electrode (RE). The frequency range of the EIS measurements was 0.1 Hz to 10 kHz. Each electrode in the 8-channel electrode array was measured, and the average impedance and standard deviation were calculated.




2.3. sEMG Recording


The sEMG recording was performed by connecting the microelectrode array to the electrophysiology system comprising a signal processor and an amplifier (TDT RZ5 and PZ2, Tucker Davis Technology Inc., Alachua, FL, USA). The recorded sEMG on the skin of the arm was extracted from the system and processed using MATLAB. To be specific, the isometric contraction of flexor carpi ulnaris muscle was recorded through a differential sEMG measurement. For the reproducible recording, the forearm was located at 120° with respect to the arm, and isometric contraction was achieved by manual resistance with 50% of the MVC level. To reduce the electrode-skin interface impedance, the skin had been cleaned with water before placing the microelectrode [6]. Additionally, we located a surface microelectrode on the muscle belly of flexor carpi ulnaris along the muscle fibers to avoid a reduction in signal [16,17]. For the data processing, we used a high-pass filter (HPF) and a low-pass filter (LPF). To reduce the impact of motion artifacts, we set the HPF cutoff frequency as 5 Hz [18]. The most meaningful sEMG signal is in the frequency range of 0–500 Hz; therefore, the LPF cutoff frequency was set to 500 Hz [19].





3. Results and Discussion


3.1. Electrochemical Impedance Spectroscopy (EIS) and Cyclic Voltammetry (CV)


Figure 2A shows the EIS measurement results, including the impedance and phase, depending on the frequency. The average impedance of a microelectrode ranged from 3.7 kΩ to 1.6 MΩ and the frequency ranged from 10 kHz to 0.1 Hz, with an average impedance of 13.9 kΩ at 1 kHz. The standard deviation of the impedance of each channel showed 1.43 kΩ, and its coefficient of variation was 10.3 percent. The average phase angle showed an increasing trend from 25° to 67°. Each channel of the array showed similar tendencies, indicating a good reliability within the microelectrode array. We also performed the equivalent circuit modeling of the electrode, and the extracted parameters from the equivalent circuit model (inset of Figure 2A) are as follows: solution resistance, Rs = 724.5 Ω; constant phase element,    Z  C P E   =   (   1.985   − 7    ω n  )   − 1   ×  e  −  π 2  n i     (n = 0.67812); polarization resistance, Rp = 2.167 MΩ. These results indicate that the fabricated microelectrode array has a capacitive charge-carrying mechanism that is consistent with previous reports using gold electrodes [15]. Finally, CV was measured using the potentiostat/galvanostat at a scan rate of 1000 mV/s. As shown in Figure 2B, the peak current ranged from −6.81 × 10−6 to 5.22 × 10−6 A. This result shows a similar trend to that of other conventional large-sized gold-based electrodes [9,20], indicating that the fabricated 8-channel microelectrode array might be appropriate for sEMG recording.




3.2. sEMG Recording


Figure 3A shows the recorded sEMG signals from the eight different channels in the time domain. The time domain data were transformed to the frequency domain by applying fast Fourier transform (FFT) through MATLAB, as shown in Figure 3B. Each channel has a similar peak frequency that demonstrates the reliability of the microelectrode array. Using the fabricated microelectrode, we achieved an SNR of ~21.4 dB with a 4.28 dB standard deviation, as calculated from Equation (1). The root mean square (RMS) voltage of the sEMG signal was 0.853 mV, whereas the baseline noise was 78.4 μV, meaning that we can clearly distinguish the signal from noise, as shown in Figure 3C.


  SNR = 10 × log     s i g n a l   p o w e r   b a s e l i n e   n o i s e   p o w e r     .  



(1)







We also performed the maximum voluntary contraction (MVC) experiment to verify the recording capability of the microelectrode array. The MVC experiment was conducted with the same electrode location as described in the method section, starting from the 0% MVC level and going to the 100% MVC level, each lasting 6–7 s [21]. According to Henneman’s size principle [22,23], more MUs start to fire as more load is added to the muscles. We observed the tendency of increasing signal with increasing voluntary contractions, which is consistent with the theory, as shown in Figure 3D.




3.3. Electrode Size Effect on sEMG


The amplitude of the recorded EMG signal is an important parameter to achieve a high SNR electrode. Since the microelectrode has a relatively small electrode size compared to a conventional electrode, the recorded sEMG signal is sensitive to the electrode size. To observe the effect of the electrode size on the measurements, we compared our two microelectrode types: Electrode 1 of size 17,671 μm2 and Electrode 2 of size 59,325 μm2. The size of Electrode 2 is 3.357 times greater than that of Electrode 1 (Figure 4A). Assuming that the electrode size affects the amplitude of the sEMG signal, the sEMG was recorded in the same environment to minimize any errors attributable to the body condition. Figure 4A shows the root-mean-square amplitudes (Vrms) from the two microelectrode arrays (eight channels for each array). The Vrms of the larger electrode (Electrode 2) was 2.64 times greater than that of the smaller electrode (Electrode 1). The Vrms difference corresponds to the size difference between Electrodes 1 and 2 to some extent. Furthermore, a comparison between the data from the best channel of each microelectrode array shows the 2.85 times gap of the Vrms, as shown in Figure 4B, indicating consistent results with the earlier comparison. Further, the SNRs of Electrodes 1 and 2 were 16.9 and 21.4 dB, respectively, showing a higher SNR from the larger electrode (Electrode 2). This is attributed to the increased recording ability due to the enlarged electrode size. From the FFT signal processing shown in Figure 4C, we observe that both the electrodes have similar peaks in the frequency domain, indicating that both microelectrode arrays could reliably record sEMGs with different signal amplitudes. Although more studies are required to further investigate the effects of electrode size, the present results are expected to be of help for recording sEMGs using microscale flexible electrode arrays.





4. Conclusions


In this study, we demonstrated two Parylene C-based flexible multichannel microelectrode arrays for small-area sEMG recording. The proposed microelectrode arrays with electrode diameters of 150–300 μm were demonstrated to reliably record sEMG signals with a maximum SNR of 21.4 dB. Additionally, we experimentally showed that the recorded signal amplitude was affected by the electrode size by comparing electrodes of two different sizes (areas of 17,671 and 59,325 μm2). Although the signal amplitude could be improved using a large-sized electrode, the size of the electrode should be optimized depending on the purpose of use and the location of the small-area sEMG recording. The number of electrode sizes was limited to two in this work; therefore, more studies would be beneficial for microelectrode sEMG in the future. Nonetheless, we expect that the proposed microelectrode arrays could be used for surface EMG or in vivo EMG to measure the MUs in a specific area. In addition, the flexible and miniaturized microelectrode arrays can be readily reconfigured for wearable platforms with further research.
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Figure 1. Fabrication process and images of the microelectrode arrays. (A) Cross-sectional view of the microelectrode fabrication process. (B) Image of the fabricated electrode arrays in a 4-inch wafer. (C) Two types of electrode arrays with different electrode sizes: Electrode 1 with an area of 17,671 μm2; Electrode 2 with an area of 59,325 μm2 (WE: working electrode; CE: counter electrode). 
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Figure 2. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) measurements. (A) Bode magnitude and phase plots for the fabricated Parylene C-based microelectrodes; (inset) equivalent circuit model used for electrode characterization. (B) CV results of the microelectrode array. 
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Figure 3. Recorded sEMG (surface electromyography) data from the 8-channel microelectrode array. (A) A set of sEMG signals in the time domain. (B) A set of FFT (fast Fourier transform) data in the frequency domain. (C) Signal to baseline noise ratio (SNR). (D) sEMG signal change depending on the increasing load for measuring the maximum voluntary contraction (MVC). 
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Figure 4. Comparison of the recorded sEMGs for different electrode sizes. (A) Averaged Vrms (root-mean-square voltage) of the recorded sEMG with Electrode 1 and Electrode 2. (B) Comparison between the best channel of each microelectrode array. (C) Averaged fast Fourier transform (FFT) data of Electrodes 1 and 2. 
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