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Abstract

:

The wearable electroencephalogram (EEG) dry electrode acquisition system has shown great application prospects in mental state monitoring, the brain–computer interface (BCI), and other fields due to advantages such as being small in volume, light weight, and a ready-to-use facility. This study demonstrates a novel EEG cap with concise structure, easy adjustment size, as well as independently adjustable electrodes. The cap can be rapidly worn and adjusted in both horizontal and vertical dimensions. The dry electrodes on it can be adjusted independently to fit the scalp as quickly as possible. The accuracy of the BCI test employing this device is higher than when employing a headband. The proposed EEG cap makes adjustment easier and the contact impedance of the dry electrodes more uniform.
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1. Introduction


The brain–computer interface (BCI), especially the electroencephalogram (EEG)-based non-invasive BCI, is a promising human–computer interaction technology [1]. The EEG signal acquisition system plays a significant role in BCI technology. Generally speaking, the EEG acquisition system is composed of electrodes, a cap or headset, amplification circuits, and a wire or wireless transmission module. A ready-to-use EEG cap is a decisive technology if BCI will be extended from the laboratory to practical applications. Dry electrodes need no gel nor cleaning after use. It might be an ideal EEG sensor device if it had electrical characteristic as good as a wet electrode [2,3,4]. However, the electrical connection between the dry electrode and scalp is not good due to the absence of the conductive paste buffer layer. Many methods are used to improve the convenience and the electrical characteristics of dry electrode systems. At present, few dry EEG caps can behave like their wet opponent [5,6]. There are still many problems to be solved.



A stable electrical connection between the scalp and the dry electrode is the base of a high-quality EEG recording. A proper press can tightly mount the dry electrode on the head with less uncomfortability. It is a great challenge to meet these requirements on the hair-covered scalp. Therefore, an EEG cap often adopts an elastic supporting-structure on the back of the dry electrode to provide proper press. For example, g. SAHARA dry electrodes are mounted on an elastic cloth cap named the g. GAMMA cap [7]. A wireless EEG acquisition device produced by the Emotive company [1,8] utilizes elastic shafts to compose a hand-shaped electrode-mounting structure and the electrodes are fixed at the end of the fingers. A prototype of a three-channel dry electrodes EEG system developed by Brain Products was introduced to a BCI application [2]. A Cognionics 64-channel mobile EEG system was used for online neuroimaging and state classification [9]. Other similar EEG acquisition devices, such as elastic headbands, have also been developed in [3,10,11] or produced by Advanced Brain Monitoring. Besides these elastic structures on the cap, spring or elastic structures are used on the dry electrode as reported in [12,13,14]. These kinds of elastic supporting structures or dry electrode structures provide great convenience and have a comfortable feeling. However, elastics could not solve all the problems. Many works explored the usability of dry EEG electrodes in order to achieve a more user-friendly system [4,15,16], but without the aid of gel, the contact impedance and signal-to-noise ratio of the dry electrode largely depended on the contact area between the electrode and the scalp, namely, the pressure applied upon the electrode [17]. Furthermore, head shape and size are different from one person to another. Each electrode makes contact with the head on a different location and from a different angle. All the electrodes on one cap are hard to be placed well at once. Take the elastic cloth cap or the elastic headband as an example, when the cap is worn, more or fewer electrodes need adjusting to reduce the impedance to a certain range. Since all the electrodes are fixed on the same substrate, when one electrode is tight, the other one around it is loose. A common phenomenon is one poor connecting electrode is replaced by other poor connecting electrodes. It is hard to ensure that all the dry electrodes on one cap have acceptable impedance under the proper press. Another shortcoming of these kinds of EEG caps is the electrodes’ adjusting is done by an assistant in most cases. Except if the subject himself or herself is familiar with the EEG cap.



To address this deficiency, a prototype of a dry electrode cap was proposed and demonstrated in this study. Compared with cloth caps or headbands, knobs and screws on the proposed cap provide a simple and intuitive adjusting method. The independently adjusting mechanism on each electrode makes adjusting more efficient. The location of eight electrodes referring to the international 10–10 system were placed at the occipital area. The cap was designed to acquire steady-state visual evoked potential (SSVEP) signals. SSVEP is widely used as a BCI method because of its ease of use and needing less training [18,19,20,21]. The classification accuracy of the BCI application was employed to evaluate the performance of the proposed device.




2. Design and Preparation


2.1. EEG Cap


Different from wet electrodes, which can use the conductive paste to fill the gap and decrease the impedance between the scalp and electrode, the dry electrode must contact the scalp directly. If an adjusting device is placed on each electrode on the cap, the gap will be eliminated by adjusting the height of the electrode and, meanwhile, the contact between the electrode and the scalp can be improved.



A skeleton-structure-cap combined with a removable electrode panel was designed to reduce the weight and increase the flexibility, as shown in Figure 1a. The cap mainly consisted of a horizontal hoop and a semi-circular hoop perpendicular to the horizontal one. The hoops were fabricated from polyurethane, a flexible but almost non-elastic polymer material. With the help of a rack-and-pinion structure, the length of the hoops can be adjusted to fit a different head circumference by turning a rotary knob on them, either horizontally or vertically. The electrode panel, as shown in Figure 1b, is a curve plate onto which the adjustable dry electrodes and a wireless EEG acquisition module [22] are assembled. The module, as shown in the dotted box in Figure 1b,d, is a commercial instrument including an amplifier, wireless transfer, and EEG recording provided by the Neuracle technology company. The electrode panel’s size and shape were customized according to the recording brain area. In this embodiment, the electrode panel was designed and 3D printed with photosensitive resin to put on the occipital region, where the visual cortex is located, to record SSVEP. Eight holes with nuts, on the occipital region (PO1, PO3, POz, PO4, PO2, O1, Oz, andO2) referring to the international 10–10 syetem, were reserved for the height adjustable dry electrodes. The reference and ground electrodes were placed at the left and right mastoid behind the ears, respectively.




2.2. Adjustable Dry Electrode


A kind of multi-pin dry electrode fabricated in our laboratory was employed in this paper. The photograph of the device was shown in the left inset in Figure 1c. The diameter of the dry electrode is 14 mm. There are 8 pins in one electrode. The height and the width of the pin are 8 mm and 1 mm, respectively. Stereolithography (SLA) 3D printing was used to fabricate the substrate of the electrodes. After the substrate had been completely cleaned and activated by wet chemistry and oxygen plasma, a layer of conductive silver paste was covered by dip coating and cured at 100 °C for 1 h. The detailed fabrication process can be found in Reference [3].



A mechanically adjustable and electric connection handle was designed and developed for the dry electrode. The handle is mainly composed of two parts. The schematic diagram of the structure was shown in Figure 1c. Part I is a tubular socket made of brass (marked I in Figure 1c). On one end a screw was used to install the dry electrode. The other end is a hollow tube used as a socket. The outside surface of the hollow end was smooth. Part II is a hollow screw made of phenolic resin (marked II in Figure 1c). Its inside surface was smooth too. Only two steps were needed to prepare an adjustable dry electrode. Firstly, insert the screw end of part I into the hole of part II. Part I can freely rotate inside part II along the axis. Secondly, install the dry electrode on part II with two nuts. A handled dry electrode was shown in the right inset in Figure 1c. Then, it can be installed on the cap through the assembly of screw on the part II and nut on the electrode panel, as shown in Figure 1a. The electrode will move downwards or upwards by turning the screws on part II. The thread length of the screw is 10 mm. The adjustable length is nearly 7 mm. When the front end of the dry electrode makes contact with the scalp, the dry electrode, and its electrical connection, will not turn around with the screw. Only up or down movement is retained. This adjustable structure has two merits. One is that the dry electrode will not produce tangential friction on the scalp. The other is that the electrical contact states of electrode other than the adjusting one are rarely affected.



A contact pin fit to the socket on part I was used to connect the dry electrodes to the wireless EEG acquisition module circled by a dotted line as shown in Figure 1b,d. The module is battery powered and the recorded data are transmitted by Wi-Fi technology in real-time. A dedicated router and computer were used to receive, record, and process the data. The contact impedance of every electrode can be detected and displayed on the screen in real-time after the module is turned on.



An elastic textile cap or flexible strip is a widely used device to fix electrodes on the head, as reported in [5,6,23,24]. In this paper, an elastic textile headband with the identical dry electrodes, amplifier, and acquisition system was prepared for comparison, as shown in Figure 1d. Eight dry electrodes, with the corresponding location as that of the cap, were riveted on the headband and welded to the amplifier.





3. Performance Test


The dry EEG cap and the headband were worn and tested for comparison on twelve volunteers. A test session included performance in BCI task, the impedance of electrodes, as well as evaluation of comfort level. Each volunteer was asked to conduct the test session twice. One was with the cap, the other was with the headband. The interval time between two test sessions was about 30 min. The EEG cap or the headband was worn in random order. The subjects were college students including nine females with long hair and three males with short hair. Their ages ranged from 22 to 29. All of the subjects were healthy and had a normal or corrected-to-normal vision. Informed consent was obtained from all participants. No scalp cleaning and special preparation were done on the scalp before each test.



One can easily wear the EEG cap even by himself or herself. First, the subject loosens the hoops by turning the rotary knobs on it, set it on the head, and fasten the hoops. At this time, some of the dry electrodes will contact the scalp. Second, the experimenter is responsible for adjusting the electrodes by checking the impedance value and turning the handle of the dry electrode; the impedance of each dry electrode can be adjusted quickly. Figure 2a,b showed the back and side view of the EEG cap worn by a volunteer.



A pre-experiment was arranged to certify the performance of the proposed cap. The proposed cap was compared with a commercial EEG cap, DSI-24 headset [25], which is produced by Wearable Sensing LLC (San Diego, CA, USA) with 21 dry electrodes (Fp1, Fp2, Fz, F3, F4, F7, F8, Cz, C3, C4, T7/T3, T8/T4, Pz, P3, P4, P7/T5, P8/T6, O1, O2, A1, and A2 according to the international 10–20 system) on it. Due to the different distributions of electrodes on the commercial cap and the proposed cap, four electrodes with close locations were chosen from the commercial cap (O1, O2, P3, and P4) and the proposed cap (O1, O2, PO3, and PO4), respectively, to compare the quality of the signal. Ten out of the twelve volunteers attended the pre-experiment. SSVEP was acquired and the signal-to-noise ratio (SNR) was defined as the ratio of the spectrum amplitude at stimulation frequency and the mean value of the two neighboring frequencies.



3.1. Performance in BCI


In the experiment, the SSVEP data were acquired and analyzed to find the effects of electrode fixture on the accuracy of the BCI. After being worn, the dry electrodes on the cap or on the headband were adjusted to achieve lower impedance by monitoring the contact impedance in real-time. Since the cap or the headband was designed as a fast and convenient device, comfort of wearing and time spent on wearing must be considered. For practicality and comparison purpose, the adjustment of each wearing was required to be ended in 3 min by the experimenter. After adjustment, the EEG signals were amplified, analog to digital converted, and wirelessly transferred to a data recording system at a sampling rate of 1000 Hz.



In the experiment, a 3 × 4 matrix consisting of 12 flickering stimuli was displayed on a 24.5 inch screen with a refresh rate of 60 Hz. Each stimulus target was a 122 mm × 83 mm rectangle with a frequency-phase coded method. The frequency ranged from 9Hz to 12 Hz with an interval of 0.25 Hz except for 10 Hz, and the phase started from 0 to 1.5 π with an interval of 0.5 π. During the experiment, the subject was seated 0.5 m away from the screen. Each experiment consisted of 4 blocks and each block contained 48 trials (12 stimulus targets traversed 4 times in random order). Each trial began with a 1 s-long visual cue to point out the target to gaze. Then, all the targets started to flash for 2 s. The subject should move his or her gaze to the target and keep their eyes on it during this time. After the flash, a 1 s-long feedback with a red box will appear, and at the same time, the corresponding text in the red box will appear in the upper left of the screen, as shown in Figure 3. Each trial lasted for 4 s, and 1 block lasted for 3.2 min. To prevent visual fatigue, each subject was required to rest for about 15 min between two blocks.



The acquired EEG data were first down-sampled to 250 Hz, and the accuracy of the system was analyzed using data epochs of 2 s after the stimulation onset. After extracting the epoch, the data were preprocessed by a filter bank which was applied to decompose SSVEPs into sub-band components so that the information embedded in the harmonic components can be extracted more efficiently [26]. The task-related component analysis (TRCA) algorithm [27] was used for feature extraction. TRCA can construct spatial filters to extract task-related components, and then Pearson’s correlation coefficients between the single-trial and all types of averaged individual templates were calculated. The classification result was determined by the target with the largest correlation coefficient. The system performance was evaluated using classification accuracy. The quality of the EEG is the key to the communication speed of the BCI. Data with a higher signal-to-noise ratio (SNR) require shorter lengths for accurate target identification, leading to increased information transfer rates (ITRs). Shorter data and higher accuracy correspond to a better quality of the SSVEP signal [3,28].




3.2. Impedance Test


The impedance of every electrode was tested near 10 Hz. A 48 nA peak-to-peak square wave current at 7.8 Hz was used to drive the loop of the ground and the dry electrodes. The impedance value of each channel was calculated by monitoring the voltage difference between the working and the reference electrode. The impedance testing function was integrated into the acquisition module. The work states of the module can be switched by software between “impedance testing” and “EEG recording”. The impedance values of each electrode in each experiment was recorded before BCI testing.




3.3. Comfort Level Assessing


The comfort level is an important element for the practical application. Therefore, a comfort rate ranking was arranged in the experiment. The subjects were asked to fill in a questionnaire on which four comfort levels were listed. Level 1 represents very comfortable, 2 represents comfortable, 3 represents uncomfortable, and 4 represents uncomfortable with little pain. Subjects were required to fill the questionnaire before and after the BCI test when they were wearing the headband or the EEG cap.



To make sure how the impedance value affects the accuracy of the BCI, five out of twelve volunteers were recruited. These subjects sacrificed a little comfort for low impedance. The criterion of the impedance adjustment on these volunteers was fastening the knob or the screw on the cap until they feel uncomfortable. This situation is called “tight contact”, and another comfortable situation is called “loose contact”. Then, the impedance and BCI performance of these five subjects were compared in both aforementioned situations.





4. Results and Discussion


4.1. EEG Signal Quality


Figure 4 shows the narrowband filtered time-domain waveforms and spectrum of a typical steady-state visual evoked EEG signal extracted from the same subjects on the O1 position at a stimulation frequency of 12 Hz in the pre-experiment. The average SNR of ten subjects with the commercial cap is 10.43 dB and is 10.13 dB with the proposed cap. The t-test value of ten subjects’ SNR at 12 Hz between these two caps (p = 0.8835) indicated no significant difference and verified that the cap developed in the study had an equal SNR with the commercial cap and can work as well as that of the commericial cap.




4.2. BCI Test Results


The data length (from 0.2 s to 2 s) used in the TRCA method versus the accuracy was shown in Figure 5. The accuracy rate of either the cap or the headband raised as the data length increased. The accuracy of the cap was always higher than that of the headband at a different data length. The mean classification accuracy with a 2 s data length can reach to 0.9753 with the proposed EEG cap, higher than 0.9575 with the headband for 12 subjects. The statistical significance test of the accuracy between the EEG cap and the headband indicated that the cap and the headband have a significance difference (p = 0.00028), namely, the EEG quality, or signal-to-noise ratio of EEG of the proposed cap was better than that of the contrast headband. The performance of five out of twelve students in both “tight contact” and “loose contact” situations was calculated. The classification accuracy of these two states are 0.9885 and 0.9875 with a 2 s data length, and the t-test results (p = 0.0503) indicated no significant difference between these two states. The average accuracy of five subjects under the loose contact situation is higher than the average accuracy of twelve subjects under the loose contact situation, which is caused by the the fluctuation of fewer samples. The results tend to be consistent if the volume of sampling is enough.




4.3. Impedance and Comfort-Level Assessing


The impedance value distribution of the cap and the headband of twelve subjects were shown in Figure 6a,b, respectively. The impedance of 51% electrodes on the headband was larger than 1000 KΩ. The ratio of electrodes with an impedance lower than 100 KΩ was 2%. The corresponding percentages on the cap were 31% and 6%. Compared with the headband, the cap had a lower average impedance. As far as the impedance distribution was concerned, the cap can get a more uniform impedance value. From the results above, we noticed that the average impedance of the EEG cap was high, although the cap acquired effective and reliable EEG data for a SSVEP-based BCI. We inferred that loose and comfortable wearing of the cap and headband resulted in high impedance. Therefore, we recorded the impedance distributions of the five subjects in “tight contact” and “loose contact” situations as shown in Figure 6c,d. It can be clearly seen that high pressure can decrease the impedance. The ratio of electrodes with an impedance lower than 100 KΩ was 22% and no electrode’s impedance was higher than 1000 KΩ in the “tight contact” situation. The lowest impedance was only 13 KΩ. However, the corresponding ratios were 7% and 35% in the “loose contact” situation. All in all, higher pressures resulted in lower and more uniform impedance, but the BCI performance was not significantly improved.



According to these results, we calculated the Pearson’s coefficient between the impedance and accuracy of the twelve subjects. The results showed that neither the headband (R = 0.0838, p = 0.7958) nor the EEG cap (R = −0.4056, p = 0.1909) exhibited a significant correlation between accuracy and impedance. Given to the usability of the EEG cap, a balance between performance and comfort must be obtained.



The comfort level assessesment results are shown in Figure 7. It can be seen that both the cap and the headband showed no significant uncomfortable feelings before BCI testing, while after the experiment, the proposed EEG cap may cause an uncomfortable feeling due to its inelastic polymer material.



Compared with the headband, the adjustable cap provided more options to the subjects, wearing the electrode loosely or tightly. To the subjects unfamiliar with EEG acquisition, the knob and screws on the cap make the adjustment easier. A headband can only provide a constant elastic degree. Adjusting the dry electrodes on the headband needs training or one familiar with the EEG acquiring work. To avoid the mutual interference during the adjustment, inelastic material was used to fabricate the cap. Compared with the headband’s textile material, wearing feeling of the inelastic material is worse. A preliminary test showed that adding a layer of textile or leather material inside the cap will improve the comfort feeling. The detailed material structure needs further optimization.



Since the electrode panel in the demonstration was designed and fabricated for SSVEP recording, the present cap is only fit for eight to ten electrodes on the occipital region. Other electrode panels have to be designed for EEG recording on other areas.





5. Conclusions


In this paper, the prototype of a kind of wireless EEG cap with an individually adjustable dry electrode on it was designed, developed, and verified. The cap was mainly composed of two hoops and an electrode panel. The hoop-structure cap and adjustable electrode handle were designed as basic units of the cap. If other panels are designed, it can be fit to record all the brain area only by changing the electrode panels, on which the number, location, and orientation angle of adjustable electrodes were installed. The quick size-adjustable hoops allows the electrode panel to be mounted well on the head in three minutes. The independently height-adjustable electrode decreased mutual interference during impedance adjusting and achieved more even impedance of the dry electrodes mounted on the cap. The proposed cap can be quickly worn and performs well in a practical SSVEP-based BCI application. The inelastic material used to fabricate the cap can be changed to a composite material to improve the wearing feeling. In adition, ultralight and soft materials may be chosen to improve comfort.
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Figure 1. An adjustable electroencephalogram (EEG) cap and headband. (a) Photograph of the EEG cap; (b) the electrode panel with the eight adjustable electrodes and wireless acquisition module (as framed by the dotted line) on it; (c) the multi-pin dry electrode and a mechanically adjustable and electric connection structure, where part I is a tubular socket, part II is a hollow screw, and the left insert is the fabricated electrode and the right insert is the adjustable electrode; and (d) the textile headband for comparison. The dry electrodes and the wireless acquisition module are the same as those used for the cap. 
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Figure 2. The proposed EEG cap on the head. (a) Back view and (b) side view. 
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Figure 3. The timeline of a trial in the steady-state visual evoked potential (SSVEP)-based brain–computer interface (BCI) experiment, including visual cues with a red frame for 1 s, stimulus with a red frame for 2 s, and feedback with a red box for 1 s. 
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Figure 4. A typical stable visual evoked EEG waveform (a) and its spectrum (b) at 12 Hz recorded by the DSI-24. A typical stable visual evoked EEG waveform (c) and its spectrum (d) at 12 Hz recorded by the EEG cap. 
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Figure 5. The results of the classification accuracy rate of the headband and the proposed EEG cap with different data lengths. The pink line represents the mean accuracy of five subjects under tight contact with the EEG cap; the black line represents the mean accuracy of five subjects under loose contact with the EEG cap; the red line represents the mean accuracy of twelve subjects under loose contact with the EEG cap; and the blue line represents the mean accuracy of twelve subjects under loose contact with the headband. 
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Figure 6. The impedance value distribution of (a) 12 subjects under loose contact with a headband; (b) 12 subjects under loose contact with the EEG cap, (c) 5 subjects under tight contact with the EEG cap (d); and 5 subjects under loose contact with the EEG cap. 
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Figure 7. Comfort assessment of the EEG cap and headband before and after the experiment. Level 1 represents very comfortable, 2 represents comfortable, 3 represents uncomfortable, and 4 represents uncomfortable with little pain. 
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