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ABSTRACT 

Nowadays, technological advancement of micro-electro-mechanical systems (MEMS) has enabled  

neural electrode for brain-machine interfaces (BMI) to be sophisticated. The size of the electrode pad has 

become smaller and the number of recording channels has increased that it can detect high-resolution signals 

in a wide-scale neuronal area simultaneously. On the other hand, recent wireless recording systems used for 

getting neural signal still have low data throughput that it can be used at restricted applications to record just 

small amounts of neuronal data, which drops the merits of the electrode. These wireless recording systems 

must overcome the disadvantage to achieve better experimental environment and fully implantable     

applications for freely moving living things. 

This study suggests integration of ECoG electrode array and wireless recording system with high-

throughput. The ECoG electrode array is fabricated with soft polymer of polydimethysiloxane (PDMS) and 

gold electrode pads. It has 32 recording channels which has a diameter of 400 μm, and 1 reference channel    

connected by four pads in line which has diameter of 1 mm each. The wireless recording system is      

assembled consisting of an electrophysiology interface chip, a microcontroller of ARM®  Cortex® -M7   

processor and a wireless transceiver of IEEE 802.11 b/g/n Wi-Fi®  protocol. The recording system has a 

compact size of 18 x 15 x 10 mm3 and a light weight of 2.1 g. The integrated system can handle up to 32 

recording channels with a sampling rate of 30 kSamples/s per channel simultaneously, which is equivalent to 

the throughput of 15.36 Mbps. 

To evaluate and verify the developed system, several tests of the electrical characteristics, system   

performance, and in-vivo recording experiment targeted to rabbit were conducted. The experiment contains 

procedures to stimulate surface of forepaw and measure the event-related potentials (ERPs), so that     

somatosensory-evoked potentials (SEPs) is obtained. A tactile stimulation system is developed for the   

experiment to apply uniformed mechanical tactile stimulus. As a result, the electrode-integrated wireless 

recording system could measure and record the neuronal data successfully, and the data was analyzed at the 

time and frequency domain. The signal’s shape and tendency according to recording channels was discussed 

at the end. 

 

 

Keywords: Wireless, High-throughput, ECoG, tactile, somatosensory-evoked potentials 
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Ⅰ. Introduction  

 

1.1 Background 

 

Since the 1970s when the brain-machine interfaces (BMI) study was derived, an attempt to measure  

neural signal and understand brain’s activity has become emerging topics. These are done with a neural    

electrode, a neural recording system that can be connected to the electrode, and any secondary tools to support 

them. Nowadays, technological advancement of micro-electro-mechanical systems (MEMS) have given    

researchers a chance to make a good grade of neural electrode. It could be fabricated to small-size with multi-

channel, and neural signals detected from them have high-resolution over a wide range of neuronal area. 

The neural activity of the brain is differently detected by the anatomical location of the recording, and 

that determines electrode shape and information of recorded signal. When an electrode is placed on the scalp, 

neural activities of slow rhythm with a potential of 5 μV to 300 μV and frequency within 100 Hz are detected, 

which is called electroencephalogram (EEG). When an electrode is placed under the skull and on the cortex, 

neural activities of medium rhythms with a potential of 100 μV to 5 mV and frequency within 200 Hz are  

detected, which is called electrocorticogram (ECoG), and the electrode can be placed either outside the dura 

mater (epidural) or under the dura mater (subdural). Lastly, when the electrodes are placed intracortically, 

summed neural activity and single neural activity are detected. The former is called local field potential (LFP) 

which has potentials within 100 μV and frequency within 200 Hz, and the latter is called action potentials (AP) 

or spike which has potentials about 500 μV and frequency of 0.1 to 7 kHz [1]. Comparing these, ECoG signal 

has following advantages: it has higher signal fidelity of spatio-temporal resolution than EEG, and it causes less 

side effect of immune response than intracortical detection process which needs penetration to the brain. Thanks 

to it, ECoG signal have been actively studied for research applications and clinical applications of human [2][3]. 

The studies on the previous ECoG electrode array and these characteristics are shown in Table 1. ECoG 

electrode array is made of plane structure and electrode pads. Soft substance of polymer such as polyimide (PI), 

parylene-C, and polydimethylsiloxane (PDMS) is usually used for a substrate and it makes the electrode flexible 

and bio-compatible. Moreover, conductive pads of metal with less reactivity and higher conductivity provides 

better electrical acceptability to detect neural activities. Gold or platinum is one of the best substances. 
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Table 1. Study on the previous ECoG electrode array. 

 

This development of electrodes should inevitably involve a neural recording system of high-performance 

to assure the quality of the multiple signals that the recording system should be functional with high-throughput 

data handling. There are some candidates for the purpose in market, but most of them have been developed and 

commercialized by utilizing wired data communication, and the wirelessly communicated system is barely used 

because of the lower transmission performance than wired. The studies on the previous wireless recording  

system are shown in Table 2. Although there have been wireless recording systems developed by several   

researchers, they still suffer from low data throughput. This is due to the adoption of medical implant communi-

cation service (MICS) band or low transmission rate protocols of 2.4 GHz industrial, scientific, medical (ISM) 

band, like Bluetooth®  and Enhanced ShockBurst™ (ESB). As a result, those devices have wireless bottleneck 

and it is impossible to obtain vast amount of neuronal data. It can be used at restricted applications to record just 

a small amount of neuronal data obtained from a small number of recording channel with low sampling rates, 

which drops the merits of the electrodes. However, wireless recording systems are desired to achieve better  

experimental environment and fully implantable applications for freely moving living things, so the disad-

vantages must be overcome. 
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Table 2. Study on the previous wireless recording system. 



- 4 - 

 

1.2. Motivation 

 

Once we surpass the technical barrier of the integration of neural electrode and wireless recording system, 

the advantage of its mobility will accelerate the access to the research of brain-machine interfaces. If possible, 

we no longer need to use expensive, heavy, and complex wired recording equipment, and we can record neu-

ronal data without the constraints of place. In addition, consistent signals can be obtained by attenuating electri-

cal noise derived from wired equipment. It will come closer to human’s life with controlling neural disease, 

neuromodulation, and neuroprosthetics. Of course, acceptable characterizations of the wireless recording system 

should be considered together such as small form-factor size, lightness weight, and low power consumption for 

the practicality. 

This study suggests integration of ECoG electrode array and wireless neural recording system with high-

throughput to handle vast neuronal data. The fabrication steps of ECoG electrode based on soft polymer of 

PDMS substrate and gold electrode pads are introduced. The fabricated electrode array is attached to custom-

made flexible printed circuit (FPC) cable. Next, Hardware components and specifications of wireless recording 

system are introduced. A graphical user interface (GUI) software is designed to operate the wireless recording 

system. The integration of them is performed by inserting the electrode array to the FPC connector which is 

attached on the wireless recording system. 

To evaluate each developed device, electrical characteristics of the ECoG electrode array is tested by the 

electrochemical impedance spectroscopy (EIS), then the performance characteristics of the wireless recording 

system is tested as three categories: stability on wireless connection, operating performance by the programmed 

result, and current consumption in regard to diverse recording conditions. 

To verify the integrated system, in-vivo experiment to record ECoG signal is conducted targeting for New 

Zealand rabbit (Oryctolagus cuniculus). The experiment contains procedures to stimulate surface of forepaw 

and measure the event-related potentials (ERPs), so that somatosensory-evoked potentials (SEPs) is obtained. A 

tactile stimulation system is developed for the experiment, and it is programmed to apply uniformed mechanical 

tactile stimulation with constant period that it adopts a stepping motor and revolving of wheel. Afterward, the 

recorded SEPs is analyzed at time and frequency domain, and signal’s shape and tendency according to    

recording channels is discussed at time-frequency dynamics analysis.
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II. Methods 

 

2.1. ECoG electrode array 

 

Fabrication of ECoG electrode array is performed by micro-electro-mechanical systems (MEMS)   

technical steps. It consists of polydimethylsiloxane (PDMS) for base substrate, parylene-C for insulation and 

adhesion improvement layer, gold for electrode pads, and titanium for medium layer between parylene-C and 

gold. The titanium is also used as a metal mask for parylene-C etching process. The PDMS has good properties 

to make it useful: It has good chemical stability of non-react with most molecules or polymers, thermal stability 

up to ~186ºC in air [15], low young’s modulus of ~1 MPa, and biocompatibility of less immune responses [16]. 

The whole fabrication process of the ECoG electrode array is shown in Figure 1. A bare silicon wafer 

(diameter of 100 ± 0.5 mm, thickness of 525 ± 25 μm) is used as fabrication substrate after cleaning process 

(soaked in acetone for 5 minutes, isopropyl alcohol for 5 minutes and deionized water for 5 minutes in order) is 

done. The wafer is coated with 5% (w/v) poly(acrylic acid) (PAA) solution through spin-coating systems that it 

is spun for 60 seconds at 2,000 revolution per minutes (RPM), and is heated on a 150ºC hot plate for 3 minutes 

to dry and cure it. The PAA is known as water-soluble polymers that it plays the role of sacrificial layer for  

surface micromachining. Thanks to the advantages that no corrosive reagents or organic solvents are required to 

dissolve it, PAA solution can prevent the device from damages caused by acid etchant used to remove the  

sacrificial layer [17]. Next, A PDMS elastomer of Sylgard™ 184 prepolymer is poured into dish weighing  

mixing a 1:10 ratio of curing agent to base and put it into a vacuum chamber until all the air bubbles in the  

elastomer vaporized. After that, the elastomer is poured on the wafer and is spun for 60 seconds at 600 RPM 

and cured at 120 ºC for one hour in a heating oven. The thickness of the cured PDMS layer is measured at 100 

μm. A first parylene-C layer of 1 μm thickness is deposited on the PDMS layer by a chemical vapor deposition 

(CVD) system to enhance adhesion between PDMS and metal electrode pads. Titanium of 25 nm thickness and 

gold of 200 nm thickness are deposited on the parylene-C layer in turn by a dielectric sputtering system. To 

pattern the Ti/Au layer to be electrode pads, photoresist of AZ 5214E™ (AZ electronic materials, USA) was 

deposited on the Ti/Au layer and was spun for 60 seconds at 3000 RPM and heated on a 95ºC hot plate for 90 



- 6 - 

 

seconds that the thickness of photoresist becomes 1.4 μm. Then, the sample is covered by patterned film mask 

and exposed to ultraviolet (UV) light at 180 mJ/cm2 does, and developed by AZ-300–MIF developer (AZ elec-

tronic materials, USA). A second parylene-C layer of 3 μm thickness is deposited on the metal layer to insulate 

it, but electrode pads are exposed again by etching parylene-C through reactive ion etching (RIE) process. The 

titanium of 250 nm thickness is deposited and patterned through aforementioned method to become metal mask 

of the etching process of parylene-C. Then, the parylene-C is etched by O2 gases (20 SCCM2, 50 W), and the 

titanium mask is removed by wet etching. Finally, the boundary of the electrode arrays is cut by sharp blade and 

the wafer is soaked in deionized water. After the water permeates and remove the sacrificial layer, fabricated 

electrode arrays become peeled-off. 

Designing ECoG electrode array involves geometric structures that proper size of electrode pad and   

distance among them are needed to optimize for better quality of signals. It implies that the electrode should 

detect undistorted signal of wide frequency band and distinguished signal of high spatial resolution. Also, the  

electrode should fit lower impedance for higher signal-to-noise (SNR) ratio and adequate numbers of electrode 

pad to cover target area. For this study, the fabricated ECoG electrode array is made of 32 recording channels 

which has diameter of 400 μm each, and 1 reference channel connected by four pads in line which has diameter 

of 1 mm each. Distance among electrodes is equally set to 1.25 mm, which is known as optimal inter-electrode 

spacing of spatial patterns to human [18]. Detecting area of the electrode array is 5.5 x 11 mm2. 

The result of the fabricated electrode array is shown in Figure 2. The ECoG electrode array is attached to 

custom-made flexible printed circuit (FPC) cable of 33 channels. The FPC cable is manufactured of poly-imide 

and electroless nickel immersion gold (ENIG) plating. Attachment is done by anisotropic conductive film 

(ACF) bonding that film of 1.2 mm width (AC-7246LU-18, Hitachi Chemical) is sandwiched between them and 

pressed under 50 MPa pressure with heat of 180 ºC for 30 seconds. The FPC cable is designed to two different 

length of 7 mm and 19 mm so that short and long type of ECoG electrode array is released. The total size of 

ECoG electrode array is 23 x 11 mm2 and 35 x 11 mm2 each. This ECoG electrode array can be connected to 

0.3 mm pitch FPC connector (502598-3393, Molex, USA). 

 
2 SCCM : standard cubic centimeter per minute 
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Figure 1. Fabrication process of ECoG electrode array. 

 

 

 

Figure 2. A fabricated ECoG electrode array. ECoG electrode aray of short-type (top) and long-type 

(bottom) has same diameter of 400 μm for recording channel, and 1 mm for reference electrode. 
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2.2. Wireless recording system 

 

A wireless recording system is a device to convert the analog neural signal detected from the electrode to  

digital binary data and transmit it to external computing device wirelessly. This process contains basic concept 

of analog-digital conversion (ADC) that it amplifies differential potential inputs between recording electrode 

and reference electrode, then performs data sampling above the Nyquist sampling rate, quantization with   

acceptable resolution, and coding to binary integer. 

For this study, three main integrated circuit (IC) chips are embedded to implement fully functional  

wireless recording system without throughput degradation: an electrophysiology interface chip (RHD 2132; 

Intan Technologies, USA), a microcontroller of ARM®  Cortex® -M7 processor (STM32F765VGH6;   

STMicroelectronics, Switzerland), and a wireless transceiver of IEEE 802.11 b/g/n Wi-Fi®  protocol 

(WFM200S022XNA; Silicon Laboratories, USA). Also, three supplementary IC chips are embedded to manage 

power consumption and reduce electrical noise: LVDS3 interface chip of three driver and one receiver 

(SN65LVDS179DGK, SN65LVDS9638DGK; Texas Instruments, USA), and low-dropout (LDO) voltage  

regulator (NCV8705MT33TCG; ON Semiconductor, USA). The electrophysiology interface chip has 16-bit 

ADC resolution with voltage step size of 0.195 μV, so the wireless recording system can detect up to ± 6389 μV 

amplifier input voltages. A block diagram of the wireless recording system is shown in Figure 3, and hardware 

components of wireless recording system are shown in Table 3.  

 

 

Figure 3. Block diagram of wireless recording system. 

 
3 LVDS : low voltage differential signaling 
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Table 3. Hardware components of wireless recording system. 

 

The view of wireless recording system is shown in Figure 4. It is made of three printed circuit boards 

(PCB) assembling each other vertically and the hardware components are embedded on double sides. To   

operate the system, electrical power can be supplied by a rechargeable lithium-polymer battery of 3.7 volts that 

it is connected to pin header of 1.27 mm pitch on top layer. The input source is converted to output voltage 

source of 3.3 volts by the LDO regulator. The output source is supplied to each IC chips after passing through 

noise rejection filter consisted of a series connection of ferrite bead and parallel connection of bypass capacitor 

that electro-magnetic interference (EMI) is partially rejected. In addition, all ground pins of IC chips are   

connected to ground pin of the regulator via zero-ohm resistor to reduce ground noise. The reference channel of 

the electrophysiology interface chip is connected to the ground pin of the electrophysiology interface chip via 

zero-ohm resistor to keep biasing level of amplification. A light emitting diode (LED) is embedded on top layer 

for user interface, and a FPC connector of 33 positions is embedded on bottom layer to connect an electrode 

array. This wireless recording system has small form factor of 18 x 15 x 10 mm3 and light weight of 2.1 g. 

Here the programmed mechanisms of the wireless recording system are introduced: When a         

microcontroller turns on, it starts to initialize system configurations that it refreshes register values of an   

electrophysiology chip and a Wi-Fi transceiver. Data communication between a microcontroller and other chips 

are done by serial peripheral interfaces (SPI) communication protocol. When initialization is done, the wireless 

recording system acts as a client model of network and it attempts to connect a base station of external system 
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which acts as a server model of network. When connection is done, the microcontroller waits to receive   

measurement parameters such as the number of recording channels, sampling rate, and the filtering frequency 

information of the signal by a host user. After receiving, the microcontroller reflects the parameters and start to 

control both ADC of neural signal and wireless communications of converted data that the microcontroller  

performs three tasks simultaneously. First, it transmits a command of ADC and receive the returned data from 

the electrophysiology chip. Second, it creates a packet of user datagram protocol (UDP). A size of one packet is  

dependent on the number of recording channels, but it is mostly approximate to maximum transfer unit (MTU) 

of 1500 bytes. Third, it transmits the packet to the transceiver, then the transceiver generates and modulates 

electromagnetic radiation standardized by IEEE 802.11 b/g/n Wi-Fi protocol to transmit neural signal. This 

wireless protocol allocates center frequency of the wireless communication from 2412 to 2484 MHz, and the 

channel bandwidth to 20 MHz. 

 

 

Figure 4. A wireless recording system. (a) Isometric view. (b) Side view. (c) Top view. 
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2.3. Graphical user interface 

 

A graphical user interface (GUI) software is designed to operate the wireless recording system that it can 

configure wireless recording system, plot real-time graph, and save neuronal data to computing device. The 

software is developed by Java®  programming language, and it can be installed to any device based on various 

version of operation system like Windows and Linux thanks to the powerful compatibility supported by Java 

virtual machine. The software imports various library packages to implement desired applications. First,    

Interactive graphic icons such as input button, toggle, switch, slider, and lists are imported to set measurement 

parameters. Second, socket programming of UDP transportation layer is imported to communicate the wireless 

recording system. Third, wired serial communication is imported to connect external device like stimulation 

system to synchronize firing event. Fourth, file input/output stream is imported to load or save received    

neuronal data. 

The result of the software is shown in Figure 5. It supports two operation modes of measurement, and  

replay. In measurement mode, A host user can set the number of recording channels up to 32, sampling rate 

from 1 to 30 kSamples/s per channel in units of 1 kSamples/s, low cutoff frequency from 0.1 Hz to 500 Hz, and 

high cutoff frequency from 100 Hz to 20 kHz. The working time also can be set to finish the measuring work 

automatically at the desired time. The impedance check of the electrode is also enabled that it can be measured 

at 1 kHz fixed frequency. Received data is plotted to graph in real time. The plotting position of the certain 

graph can be changed, and unnecessary graph can be hidden. The graph’s axis interval can be adjusted that the 

x-axis, which means time interval for plotting, can set from 25 ms to 10000 ms, and the y-axis, which means 

measured potential, can set from ± 50 μV to ± 6400 μV. A recorded data can be loaded in replay mode to re-

produce the measured signal, or it can be exported to a format of MATLAB®  software to do post-processing. In 

the latter case, the host can apply notch filter of 50 Hz of 60 Hz and take a closer look at the aspect of the signal. 

In case of UDP communication, there is always a probability that some of the transmitted data packet 

might be lost. So, the received packet must include information about the packet creation to recognize detected 

moment of neural signal. For this study, the wireless recording system counts the number of packet sequence 

and include it to the packet header with sequence parsing code to ensure time-continuity. This software, then, 

can parse the packet and decode the packaged neuronal data successfully. 
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Figure 5. Graphical user interface. The plotted signal is sourced by digital neural signal simulator 

(Blackrock Microsystems, USA), and it is measured by the wireless recording system with parameters of 

32 recording channel and 30 kSamples/s sampling rate. (a) Measurement mode. The signal’s low cutoff 

frequency is set to 0.1 Hz, and high cutoff frequency is set to 20 kHz. The x-axis of each graph means time 

interval of 1000 ms, and y-axis of each graph means potential ranging ± 750 μV (b) Replay mode. The 

signal’s low cutoff frequency is set to 200 Hz, and high cutoff frequency is set to 5 kHz. The x-axis of each 

graph means time interval of 25 ms, and y-axis of each graph means potential ranging ± 400 μV. 
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2.4. Tactile stimulation system 

 

A tactile stimulation system is devised and developed to apply uniformed tactile stimulus. This system is 

made of a microcontroller of ARM®  Cortex® -M3 processor (STM32F103C8T6; STMicroelectronics,     

Switzerland), a stepping motor of NEMA4 17 (42BYGHN1641A-05-C; Changzhou Jingbo Motors, China), and 

a microstepping motor driver (A4988; Allegro MicroSystems, USA). The system includes components of  

input/output interaction that a host user can set the system parameters without any subsidiary tools or software. 

The assembled tactile stimulation system is shown in Figure 6. This stimulation system requires 3.3 volts 

power to operate the microcontroller and the motor driver, and more than 8 volts to operate the stepping motor. 

For this study, switched-mode power supplies are used for 3.3 volts (LRS-50-3.3; Mean Well, Taiwan) and 12 

volts (LRS-50-12; Mean Well, Taiwan). When the microcontroller turns on and sends rectangular pulse to the 

motor driver, the motor driver generates two-output current maintaining orthogonal phase each other. The  

current is transferred to the stepping motor, then the motor excites and starts to revolve stimulation wheel. The 

wheel with tactile surface applies mechanical tactile stimulus. A tactile stimulation board can set the value of 

revolving speed, duration, and delay that it can set the revolving speed within a range from 0 to 180 revolution 

per minutes (RPM) in units of 3 RPM, duration and delay within a range from 0 to 6.5 seconds in units of 0.5  

seconds. The wheel has a width of 8 mm and a diameter of 56 mm, and it can be coated with a texture of   

various roughness to apply diverse stimulus to a subject. The stepping motor is positioned under the acrylic 

plate, and a subject is placed on top of it that the separated structure between the plate and the motor blocks 

vibration noise derived from the motor’s revolution. Lastly, this system can interact the graphic user interface 

by wired serial communication that it can transmit the firing timing of the motor’s revolution to synchronize 

stimulus and detected signal. 

 
4 NEMA : national electrical manufacturers association 
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Figure 6. A Tactile stimulation system. (a) Assembled view of tactile stimulation system (b) Tactile 

stimulation board. Input switch and input knob are used to set system parameters by host user. (c) 

Position of the stepping motor under the acrylic plate. The stimulation wheel is exposed on the surface of 

acrylic plates and the subject is placed on the plates. 
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2.5. In-vivo procedure 

 

The in-vivo experiment of New Zealand rabbit (Oryctolagus cuniculus) is conducted to record ECoG  

signal of somatosensory-evoked potentials. In surgical operation, the rabbit is pre-treated by injection of Glyco-

pyrrolate (0.01 mg/kg) and it is anesthetized by intramuscular injections of Zoletil (15 mg/kg) and Xylazine   

(5 mg/kg). Intubation is performed and an isoflurane (1-2.5%) is injected to keep anesthesia during the surgery. 

A craniotomy is proceeded to the area of the somatosensory cortex (SI), especially for forepaw’s represented 

area. A map of somatosensory cortex and representation area of the forepaw of rabbit is shown in Figure 7 [19]. 

The area of the forepaw is located 2 mm below to the inferior direction from the rabbit's bregma. 

The view of in-vivo experiment of rabbit is shown in Figure 8. After the surgery, the rabbit is moved to 

electrical shielding room to block electro-magnetic interference (EMI) derived from external environments, and 

it is placed on top of transparent acrylic plate for tactile stimulation. The ECoG electrode array is placed in the 

left brain, and second digit (D2) of right ventral forepaw is stimulated by the tactile stimulation system. Here, 

the electrode array is placed subdurally that the dura mater is lifted slightly by tweezer and the electrode array is 

pushed to the recording site by smooth cotton swab. The wireless recording system is put to 3D-printed case, 

and the case is tied to the scalp of rabbit by suture thread. Any auxiliary electrode pad for reference, ground 

level is not used.  

The in-vivo recording is conducted under the two different groups depending on position and length of the 

ECoG electrode array. First group is to place long-type ECoG electrode array to the upper left area so that     

representation area of second digit is in contact with recording channel 8. Second group is to place short-type 

ECoG electrode array to the lower right area so that representation area of second digit is in contact with   

recording channel 32. The positions of ECoG electrode array are shown in Figure 9. In first group, A cloth-

backed sand-paper of 80 grits is used as tactile surface, and the second digit is stimulated by the stimulation 

wheel with constant revolution of 60 RPM speed. The stimulus period is set to 3.5 seconds that it has 0.5 second 

duration and 3 second delay. In second group, A cloth-backed sandpaper of 400 grits is used as tactile surface, 

and the second digit is stimulated by the stimulation wheel with three constant revolutions of 30, 45, and 60 

RPM speed. The stimulus period is set to 6 seconds that it has 1 second duration and 5 second delay. Recording 

parameters are same that the number of recording channel is set to 32, and sampling rate is set to 6 k Samples/s. 
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The low cutoff frequency is set to 0.1 Hz and the high cutoff frequency is set to 20 kHz. All the stimulus is  

applied 30 seconds after the start of recording. 

 

 

Figure 7. A somatosensory cortex map and forepaw representation area of rabbit. Areas colored by 

yellow means related target area for recording. The digits of the forepaw are designated by D1-D5. (a) 

The locations of the somatosensory maps. The position of bregma is indicated by an arrow. (b) Summary 

of the organization of the somatosensory maps and forepaw representation area. The abbreviations on 

the maps refer to the following surface or structures. Ar, arm; d, dorsal; FA, forearm; LIO, lower 

intraoral area; M, medial; Occ, occipital area; PhIO, intraoral portion of philtrum; R, rostral; r, radial; 

SH, shoulder; S I, somatosensory area I; S II, soma-tosensory area II; T&G, tail and genitalia; UIO, 

upper intraoral area; UZ, high threshold or “unresponsive” zones; u, ulnar; v, ventral; W, wrist. (c) 

Corresponding receptive fields of the forepaw. The numbered dots mean indicated recording sites on the 

field. 
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Figure 8. In-vivo experiment of rabbit. (a) Position of the wireless recording system and stimulation wheel. 

(b) Position of the ECoG electrode array which is subdurally implanted. (c) recording view. 

  

 

Figure 9. Two positions of ECoG electrode array. (a) position of long-type ECoG electrode array placed 

to the upper left area. (B) position of short-type ECoG electrode array placed to the lower right area. 
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III. Results 

 

3.1. Characterization of electrodes 

 

The electrode pad of ECoG electrode array is made of gold, but the nervous system of brain is filled with 

not conductive metal but electrolyte like Na+, K+, and Cl-. So, detecting neural activity involves a chemical  

interface that ionic conduction is converted to electronic conduction. This conversion leads Helmholtz double 

layer in which electric double-layer capacitance and pseudo-capacitance contribute to electrochemical reaction, 

then the potential of the electrode is changed. In such circumstances, electrochemical impedance spectroscopy 

(EIS) is used to figure out the electrical characterization of the electrodes and the result is shown as impedance. 

The results of electrochemical impedance spectroscopy of the ECoG electrode array are shown in Figure 

10. Potentiostat was performed through 3-electrode system by equipment of Reference 600TM (Gamry     

Instruments, USA). Phosphate buffered saline (PBS) of 9,000 mg/L NaCl (Cat. LB 004-02; WELGENE, South 

Korea) was used in this measurement because it is known as solution with similar ionic ratio to a cerebrospinal 

fluid. The ECoG electrode array served as a working electrode, platinum (Pt) wire served as a counter electrode, 

and silver/silver chloride (Ag/AgCl) served as a reference electrode. The volts alternating current (VAC) was 

set to 10 mV rms. The initial current frequency is set to 100 kHz and final current frequency is set to 10 Hz with 

10 points/decade. The measured impedance of the electrode array is evaluated at 1 kHz frequency to predict 

neural recording performance. In case of 32 recording channels, the measured impedance values were plotted to 

square icon after calculation to mean and standard deviation value. The impedance value of 1 reference channel 

was plotted to circle icon. The EIS result of long-type ECoG electrode array shows that recording channel have 

magnitude of 38.5 ± 9.9 kΩ and the phase of –72.21 ± 6.2°. Reference channel have magnitude of 2.4 kΩ and 

the phase of -79.4°. The EIS result of short-type ECoG electrode array shows that recording channel have  

magnitude of 16.2 ± 2 kΩ and the phase of –77.0 ± 4.3°. Reference channel have magnitude of 718.2 Ω and the 

phase of -65.0°. The differences in impedance value between the two electrodes was caused by a kind of error 

from fabrication, but it is acceptable because these values are much smaller than that of amplifier input of the 

electrophysiology interface chip (recording input impedance of 13 MΩ @ 1 kHz, reference input impedance of 

0.5 MΩ @ 1 kHz). 
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Figure 10. Electrochemical impedance spectroscopy. (a) potentiostat through 3-electrode system. (b) The 

impedance value of long-type ECoG electrode array. (c) The impedance value of short-type ECoG   

electrode array. 



- 20 - 

 

3.2. Characterization of wireless recording system 

 

3.2.1. Wireless connection 

The wireless recording system plays a role of client model of network and it is connected to router of base 

station which plays a role of server model of network. The recording system doesn’t use dynamic host     

configuration protocol (DHCP) that the recording system and the router have its own private internet protocol 

(IP) address and port number. They can connect each other with a high priority, and the wireless recording  

system can restore failed connection. If the connection doesn’t succeed or the disconnection happens due to 

unknown problems, the wireless system stops previous working and try to connect until it is completed. In this 

step, a LED embedded on top layer of the wireless recording system turns on to alert the failure to host user. 

When the connection succeeds, the LED light repeats turning on and off every 250 ms, and the light turns off 

while measuring neural signal to save the power consumption. 

The wireless recording system transmits neuronal data stably to the server. The received packet from the 

system have reception rate more than 99%, and up to 97% is guaranteed. Packet loss might happen at random, 

but most of the causes comes from crosstalk by other RF5 communication system. So, it can be reduced by 

changing communication channel without crosstalk. The wireless recording system can change electromagnetic 

radiation frequency from 2412 to 2472 MHz in units of 5 MHz, which is equivalent to 13 channels available. 

By the way, if the router connects more than two clients at the same time, the reception rate dramatically   

decreases because of the problem called backoff [20]. Reception rate at the multiple-connection condition is 

observed less than 50%, so the wireless recording system must be connected to the router exclusively. 

 

3.2.2. Operating performance 

The wireless recording system is operated with four different modes to optimize the power consumption. 

Each mode is determined regarding to clock speed of the microcontroller; low performance mode at 57 MHz 

clock speed, medium performance mode at 93 MHz clock speed, high performance mode at 147 MHz clock 

speed, and maximum performance mode at 192 MHz clock speed. The modes can be modified by re-

programming the flash memory of the microcontroller, which is software change, but it should be considered 

 
5 RF : radio frequency 
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based on the recording specifications because system throughput is also affected. The specifications of four  

operation mode are shown in Table 4. Available sampling rate depends on the operation mode, but all modes 

can set the sampling rate of 1, 2, 3, 4, 5, 6, 10, 15, 20, 25, and 30 kSamples/s per channel, so any detection of 

neural signal like EEG, ECoG, LFP, and spikes is possible regardless of a type of the modes. In case of maxi-

mum performance mode, it could handle up to 32 recording channels with a sampling rate of 30 kSamples/s per 

channel simultaneously, which is equivalent to the throughput of 15.36 Mbps. 

If the recording of neural signal is conducted at small enough number of recording channel or low enough 

sampling rate compared to the performance of selected operation mode, it is recommended to modify the mode 

to lower level to save the power consumption. For this study, low performance mode was selected to detect 

ECoG signal of somatosensory-evoked potentials that this mode can handle up to 32 recording channels with a 

sampling rate of 9 kSamples/s per channel. 

 

 

Table 4. Four operation modes of wireless recording system. The ADC rate is calculated to the 

multiplication of the recording channel and sampling rate. 

 

3.2.3. Current consumption 

The total current consumption of the wireless recording system was measured by a digital multimeter 

(DMM) of 6½  resolution (34401A; Keysight Technologies, USA). The number of power line cycles (NPLC) 

was set to 100 so that one cycle took 3.377 seconds. The current consumption was calculated by averaging the 

continuous 20 cycles. Also, the current measurement was conducted keeping a distance between the wireless 

recording system and the router to 1 m. The results of current consumption about each operation mode are 

shown in Table 5-8, and comparison of current consumption among operation modes is shown in Figure 11. 
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The increase of the number of recording channel and sampling rate affected current consumption, but these 

were not too dominant. On the other hand, the change of the operation mode showed a significant difference of 

current consumption. All the measurement was done when the packet loss didn’t appear. However, when the 

packet loss happened, current consumption increased more 10% than the measured value temporally. 

Operation Mode
Recording

channels [#]

Sampling Rate

[kSamples/s]

Total current

[mA]
Note

Low performance 1 1 104.8

Low performance 1 5 104.9

Low performance 1 10 105.0

Low performance 1 20 105.2

Low performance 1 30 105.4

Low performance 5 1 105.7

Low performance 5 5 106.0

Low performance 5 10 106.4

Low performance 5 20 107.1

Low performance 5 30 108.6

Low performance 9 30 111.8 [A]

Low performance 10 1 106.7

Low performance 10 5 107.3

Low performance 10 10 107.4

Low performance 10 20 110.4

Low performance 10 25 111.5 [B]

Low performance 15 1 107.7

Low performance 15 5 108.7

Low performance 15 10 110.2

Low performance 15 15 112.3 [B]

Low performance 20 1 108.7

Low performance 20 5 109.9

Low performance 20 10 112.1

Low performance 20 12 113.4 [B]

Low performance 25 1 109.6

Low performance 25 5 111.0

Low performance 25 10 114.4 [B]

Low performance 30 1 110.8

Low performance 30 5 112.3

Low performance 30 6 113.4 [B]

Low performance 32 1 111.3

Low performance 32 5 113.3

Low performance 32 6 114.6 [B]  

Table 5. Current consumption at low performance mode. The note [A] means that the number of 

recording channel reaches maximum value at a given sampling rate. The note [B] means that the 

sampling rate reaches maximum value at a given recording channel. 
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Operation Mode
Recording

channels [#]

Sampling Rate

[kSamples/s]

Total current

[mA]
Note

Medium performance 1 1 124.6

Medium performance 1 5 124.7

Medium performance 1 10 124.8

Medium performance 1 20 124.9

Medium performance 1 30 125.2

Medium performance 5 1 125.9

Medium performance 5 5 126.1

Medium performance 5 10 126.4

Medium performance 5 20 127.2

Medium performance 5 30 128.4

Medium performance 10 1 126.8

Medium performance 10 5 127.4

Medium performance 10 10 128.1

Medium performance 10 20 130.4

Medium performance 10 30 132.6

Medium performance 15 1 127.9

Medium performance 15 5 128.8

Medium performance 15 10 130.2

Medium performance 15 20 133.7

Medium performance 15 30 137.2 [A]

Medium performance 20 1 129.0

Medium performance 20 5 130.1

Medium performance 20 10 132.3

Medium performance 20 20 137.0 [B]

Medium performance 25 1 130.2

Medium performance 25 5 131.7

Medium performance 25 10 134.3

Medium performance 25 15 137.3 [B]

Medium performance 30 1 131.6

Medium performance 30 5 132.9

Medium performance 30 10 136.1

Medium performance 30 15 139.0 [B]

Medium performance 32 1 131.5

Medium performance 32 5 133.8

Medium performance 32 10 137.3

Medium performance 32 12 138.8 [B]
 

Table 6. Current consumption at medium performance mode. The note [A] means that the number of 

recording channel reaches maximum value at a given sampling rate. The note [B] means that the 

sampling rate reaches maximum value at a given recording channel. 
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Operation Mode
Recording

channels [#]

Sampling Rate

[kSamples/s]

Total current

[mA]
Note

High performance 1 1 151.8

High performance 1 5 152.3

High performance 1 10 152.4

High performance 1 20 152.6

High performance 1 30 152.8

High performance 5 1 152.8

High performance 5 5 153.4

High performance 5 10 153.7

High performance 5 20 154.8

High performance 5 30 156.3

High performance 10 1 154.2

High performance 10 5 155.0

High performance 10 10 155.5

High performance 10 20 158.4

High performance 10 30 161.0

High performance 15 1 155.1

High performance 15 5 156.1

High performance 15 10 158.0

High performance 15 20 162.1

High performance 15 30 165.2

High performance 20 1 156.2

High performance 20 5 157.8

High performance 20 10 160.7

High performance 20 20 166.2

High performance 20 30 169.9

High performance 24 30 171.9 [A]

High performance 25 1 157.1

High performance 25 5 159.5

High performance 25 10 162.5

High performance 25 20 168.0

High performance 25 25 171.0 [B]

High performance 30 1 158.4

High performance 30 5 160.3

High performance 30 10 163.7

High performance 30 20 170.5

High performance 30 21 171.2 [B]

High performance 32 1 158.6

High performance 32 5 161.2

High performance 32 10 164.9

High performance 32 20 171.8

High performance 32 21 172.3 [B]
 

Table 7. Current consumption at high performance mode. The note [A] means that the number of 

recording channel reaches maximum value at a given sampling rate. The note [B] means that the 

sampling rate reaches maximum value at a given recording channel. 
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Operation Mode
Recording

channels [#]

Sampling Rate

[kSamples/s]

Total current

[mA]
Note

Maximum performance 1 1 177.2

Maximum performance 1 5 177.6

Maximum performance 1 10 177.8

Maximum performance 1 20 177.7

Maximum performance 1 30 177.6

Maximum performance 5 1 178.1

Maximum performance 5 5 178.4

Maximum performance 5 10 178.6

Maximum performance 5 20 179.3

Maximum performance 5 30 181.6

Maximum performance 10 1 179.1

Maximum performance 10 5 179.2

Maximum performance 10 10 180.3

Maximum performance 10 20 181.6

Maximum performance 10 30 185.8

Maximum performance 15 1 180.0

Maximum performance 15 5 180.7

Maximum performance 15 10 182.0

Maximum performance 15 20 183.8

Maximum performance 15 30 190.1

Maximum performance 20 1 181.2

Maximum performance 20 5 181.3

Maximum performance 20 10 185.2

Maximum performance 20 20 186.3

Maximum performance 20 30 194.5

Maximum performance 25 1 182.2

Maximum performance 25 5 183.9

Maximum performance 25 10 185.5

Maximum performance 25 20 188.2

Maximum performance 25 30 197.6

Maximum performance 30 1 183.0

Maximum performance 30 5 184.4

Maximum performance 30 10 186.0

Maximum performance 30 20 189.6

Maximum performance 30 30 201.1

Maximum performance 32 1 183.3

Maximum performance 32 5 184.8

Maximum performance 32 10 187.5

Maximum performance 32 20 191.4

Maximum performance 32 30 205.4
 

Table 8. Current consumption at maximum performance mode. 
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Figure 11. Comparison of current consumption. (a) Current consumption versus the number of 

recording channel. Sampling rate is fixed to 30 kSamples/s per channel. (b) Current consumption versus 

sampling rate. The number of recording channel is fixed to 32. 
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3.3. In-vivo validation 

 

3.3.1. Recording test 

The recording test of the developed system was conducted in various situations before in-vivo recording 

experiment to figure out overall recording performance and influence on measurement-related noises. This test 

was classified into five situations according to how the electrode was connected. The first situation was to see 

the recorded signal when the electrode was not connected. The second situation was to see the recorded signal 

when the electrode was connected and soaked in electrolyte. In case of second situation, the phosphate buffered 

saline (PBS) of 9,000 mg/L NaCl was used for the test. The third situation was to see the recorded signal when 

the electrode was not connected, but the wireless recording system was located inside the electrical shielding 

room. The fourth situation was to see the recorded signal when the electrode was connected to conductive  

object that all the recording channel and reference channels were connected in one node. The fifth situation was 

to see the recorded signal when the electrode was connected to artificial neural signal simulator. The neural  

signal was sourced by digital neural signal simulator (Blackrock Microsystems, USA). Recorded signals were 

obtained from same recording channel 1, but all the tests were conducted while recording 32 channels at the 

same time. 

The results of recording test are shown in Figure 12. In the first and second situation, there observed 

electro-magnetic interference (EMI) of 60Hz which is known as frequency of AC6 power supply (Figure 12. 

(a)-(b)). Effect of the noise interference was stronger in the air, and it still remained in the electrolytes. It   

implies that the EMI of 60Hz can accompany from external environment. Although the noise can be rejected by 

notch filter, it causes attenuation and distortion of the raw signals. Meanwhile, the test result of third situation 

showed that the recording in the shielding room effectively blocks the EMI (Figure 12. (c)). It implies that the 

shielding room provides a good environment for in-vivo experiments. The test result of fourth situation showed 

that it could measure stable baseline signals, and the wireless recording system has no glitch and input-referred 

noise (Figure 12. (d)). The test result of fifth situation showed that the wireless recording system can restore the 

raw signals clearly and it can measure signal of good quality without crosstalk among recording channels  

(Figure 12. (e)).

 
6 AC : alternating current 
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Figure 12. Results of recording test. (a) The signal when the electrode was unconnected. (b) The signal 

when the electrode was soaked to the electrolyte. (c) The signal when the electrode was unconnected and 

the system was located inside the shielding room. (d) The signal when the electrode was connected to 

conductive object. (e) The signal when the electrode was connected to neural signal simulator. 
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3.3.2 Time and frequency analysis of SEPs 

The in-vivo recording experiment of somatosensory-evoked potentials were conducted to the rabbit by 

aforementioned methods that second digit of right ventral forepaw was stimulated by the tactile stimulation  

system, and the event-related potentials were measured by the integrated wireless recording system. This   

experiment was conducted into two different groups. First group employed long-type ECoG electrode array and 

tactile stimulation wheel of 80 grits (coarse texture) with 60 RPM speed. The stimulus duration was set to 0.5 

second and delay of 3 second was followed by. Second group employed short-type ECoG electrode array and 

tactile stimulation wheel of 400 grits (fine texture) with 30, 45, and 60 RPM speeds each. The stimulus duration 

was set to 1 second and delay of 5 second was followed by. In every signal analysis, the time when the tactile 

stimulus started was set to 0 second. 

In first group, analysis of SEPs were conducted about the data obtained from channel 8, and 11 numbers of 

samples were used for the analysis. The raw signals of SEPs in time-domain are shown in Figure 13. Resting 

potentials of near 200 μV was detected before stimulus, and depolarization of the potentials was detected after 

stimulus. The potentials gradually increased until 100 ms after stimulus, and it reached maximum peak level 

from 700 μV to 1200 μV. When the peak reached, slow repolarization occurred and vibrating potentials were 

detected. After the vibrating potentials disappeared, fast repolarization occurred and it was hyperpolarized to 

minimum peak level of near around -600 μV. The potential returned to resting state after tactile stimulation 

stopped. 

 

Figure 13. Raw signals of SEPs obtained by 1st group. The number of 11 recorded signal were sampled 

for signal analysis. X-axis means time [s]. Y-axis means potential [μV]. 
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Next, band-pass filter (BPF) of 5th Butterworth ranging from 10 Hz to 1000 Hz was applied to the raw 

signals. The band-pass filtered signals of SEPs in time-domain are shown in Figure 14. The fluctuating poten-

tials were detected ranging up to ± 150 μV during tactile stimulus. To analyze frequency components, the band-

pass filtered signals were applied to continuous wavelet transform based on the analytic morse wavelet that the 

symmetry parameter (gamma) was set to 3, and the time-bandwidth product was set to 60. The signals after the 

continuous wavelet transform are shown in Figure 15. The signals had frequency components from 40 to 100 

Hz, and 55 to 70 Hz was strongly detected around 0.2 to 0.3 seconds after stimulation, remaining for 0.1 sec-

onds. 

 

Figure 14. Band-pass filtered signals of SEPs obtained by 1st group. X-axis means time [s]. Y-axis means 

potential [μV]. 

 

Figure 15. Time-frequency distribution of SEPs obtained by 1st group. X-axis means time [s]. Y-axis 

means frequency [Hz]. Z-axis means normalized power of signals from 0 to 1. 
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In second group, analysis of SEPs were conducted about the data obtained from channel 32. Here, the  

different number of samples were used for the analysis that 12 numbers for 30 RPM speed, 14 numbers for 45 

RPM speed, and 27 numbers for 60 RPM speed. Although the recording time was same, the meaningful SEPs 

were observed much when the stimulus speed is set to faster value. The averaged signals of SEPs in time-

domain are shown in Figure 16. Resting potentials of near 200 μV was detected before stimulus, and       

depolarization of the potentials was detected after stimulus. The potential dramatically increased until 30 ms 

after stimulus, and it reached maximum peak level. The averaged peak level was 700 μV at 30 RPM speed, 980 

μV at 45 RPM speed, and 1330 μV at 60 RPM speed. When the peak reached, first repolarization occurred that 

the potential decreased to 560 μV at 30 RPM speed, 820 μV at 45 RPM speed, and 980 μV at 60 RPM speed, 

around 40 ms after stimulus started. Afterward, second repolarization occurred and the potential decreased to 

320 μV at 30 RPM speed, 490 μV at 45 RPM speed, and 450 μV at 60 RPM speed, around 70 ms after stimulus 

without vibrating potentials. Meanwhile, second depolarization was detected 30 ms after stimulus stopped. 

These results are significantly different from the results of the first group. 

 

Figure 16. Averaged signals of SEPs obtained by 2nd group. X-axis means time [s]. Y-axis means potential 

[μV]. Each graph means (a) 30 RPM, (b) 45 RPM, and (c) 60 RPM speed stimulus. 



- 32 - 

 

Next, band-pass filter of same condition to first group was applied to the averaged signals. The band-pass 

filtered signals of SEPs in time-domain are shown in Figure 17. The potentials were detected at a peak-to-peak 

level of 360 μV at 30 RPM speed, 580 μV at 45 RPM speed, and 930 μV at 60 RPM speed, around 30 ms after 

stimulus. To analyze frequency components, the signals were applied to continuous wavelet transform of same 

condition to first group. The signals after the continuous wavelet transform are shown in Figure 18. Looking at 

the frequency distribution calculated more than value of 1000 power of the scalogram, the frequency     

components of the signals were detected up to 63 Hz at 30 RPM speed, 93 Hz at 45 RPM speed, and 115 Hz at 

60 RPM. But all the signals detected the strongest frequency components at around 15 Hz. As a result, the faster 

stimulus was applied, the higher SEPs was observed in the signal at the same texture. 

 

 

Figure 17. Band-pass filtered, averaged signals of SEPs obtained by 2nd group. X-axis means time [s].   

Y-axis means potential [μV]. Each graph means (a) 30 RPM, (b) 45 RPM, and (c) 60 RPM speed stimulus. 
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Figure 18. Time-frequency distribution of SEPs obtained by 2nd group. X-axis means time [s]. Y-axis 

means frequency [Hz]. Z-axis means power of signals from 0 to 5000. 
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3.3.3 Time-frequency dynamics 

Time-frequency dynamics from 32 recording channels were analyzed to compare and figure out how the 

SEPs are shaped depending on the recording space. The position of the ECoG electrode array was same to  

previous analysis that the recording site of second digit area was covered by recording channel 8 in first group, 

and recording channel 32 in second group. 

In first group, the third sample of the recorded signal was engaged in analysis. The raw signals of 32 

channels in time-domain are shown in Figure 19. When tactile stimulus was started, the channel 1, 2, 7, 8, and 

14 which is located to near recording site of second digit detected depolarized potential, but the channels else 

detected hyperpolarized potentials. Next step, the raw signals were subtracted from channel 26 to calibrate  

offset. The differential signals of 32 channels in time-domain are shown in Figure 20. The channel 1, 2, 7, 8, 

and 14 were depolarized up to maximum peak level, then slow repolarization occurred with vibrating potentials. 

After the vibrating potentials disappeared, fast repolarization occurred and the potentials became hyperpolarized, 

but channels else kept resting state. Next, the band-pass filter is applied to the differential signals, and these   

results are shown in Figure 21. channel 1, 2, 7, 8, and 14 had fluctuating potential, but channels else didn’t so. 

The signals of 32 channels after the continuous wavelet transform are shown in Figure 22. Only SEPs related 

channel could detect frequency components from 40 Hz to 100 Hz. These results show that the somatosensory-

evoked potentials were affected only to adjacent electrodes of 1.25 mm distance. 

In second group, the averaged signals of 32 channels in time-domain are shown in Figure 23. When  

tactile stimulus was started, the channel 19, 25, and 32 which is located to near recording site of second digit 

detected depolarized potential. Next, the band-pass filter is applied to the averaged signals, and these results are 

shown in Figure 24. Channel 19, 25, and 32 had fluctuating potential, but channels else didn’t so. The signals 

of 32 channels after the continuous wavelet transform are shown in Figure 25. Only SEPs related channel could 

detect frequency components. These results also show that the somatosensory-evoked potentials were affected 

only to adjacent electrodes of 1.25 mm distance. 
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Figure 19. Raw signals of 32 channels obtained by 1st group. X-axis means time [s]. Y-axis means 

potential [μV]. 

 

 

Figure 20. Differential signals of 32 channels obtained by 1st group. Channel 26 is used as referenced 

channel. X-axis means time [s]. Y-axis means potential [μV]. 
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Figure 21. Band-pass filtered, differential signals of 32 channels obtained by 1st group. X-axis means time 

[s]. Y-axis means potential [μV]. 

 

 

Figure 22. Time-frequency distribution of 32 channels obtained by 1st group. X-axis means time [s].    

Y-axis means frequency [Hz]. Z-axis means power from 0 to 2500. 
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Figure 23. Averaged signals of 32 channels obtained by 2nd group. X-axis means time [s]. Y-axis means 

potential [μV]. Each graph means (a) 30 RPM, (b) 45 RPM, (c) 60 RPM speed stimulus. 
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Figure 24. Band-pass filtered, averaged signals of 32 channels obtained by 2nd group. X-axis means time 

[s]. Y-axis means potential [μV]. Each graph means (a) 30 RPM, (b) 45 RPM, (c) 60 RPM speed stimulus. 
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Figure 25. Time-frequency distribution of 32 channels obtained by 2nd group. X-axis means time [s].   

Y-axis means frequency [Hz]. Z-axis means power of signals from 0 to 5000. 
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IV. Conclusion 

 

The ECoG electrode array and wireless recording system was developed and their integration worked 

successfully. The ECoG electrode array was fabricated through polymer substrate of PDMS, electrode pad of 

gold, and supplementary substance of parylene-C and titanium. It had 32 recording channel and 1 reference 

channel. The wireless recording system was developed with three main components of an electrophysiology 

interface chip, a microcontroller, and a wireless transceiver of 802.11 b/g/n Wi-Fi protocol to support high-

throughput up to 15.36 Mbps. To configure the integrated system, graphical user interface was developed and it 

enabled real-time graph plotting regardless of packet loss. The electrical characteristics of the electrode array 

was measured by electrochemical impedance spectroscopy, and the results showed reliable performance of 

ECoG electrode array. Also, three tests of system performance about wireless recording system demonstrated 

that overall system functions operated systematically for vast neuronal data acquisition. 

The in-vivo experiment of the rabbit was conducted to verify the developed system. A tactile stimulation 

system was developed for the experiment to apply tactile stimulus on forepaw of the rabbit. The somatosensory-

evoked potentials were detected successfully from the two different experimental groups. However, the results 

from the groups were significantly different. It implies that more experiments of in-vivo recording need to be 

added to identify the exact SEPs. 

This integrated system can be used to record not only ECoG, but EEG, LFP, and spikes signals thanks to 

the high compatibility that it can perform analog-digital conversion of 16-bit resolution with voltage step size of 

0.195 μV, and thanks to the ability of wireless data communication with high-performance. If this device will 

be improved and utilized in the further research, it is expected to play a leading role in the research of brain-

machine interfaces for diverse purposes and application. 
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요 약 문 

무선 기록 시스템이 통합된 피질뇌파검사(ECoG) 전극 배열의 개발 

오늘날 미세 전자-기계 시스템(MEMS)의 기술적인 향상으로 뇌-기계 인터페이스(BMI)에 

사용되는 신경 전극은 보다 정교해지게 되었다. 전극 패드의 크기는 보다 소형화되고 채널의 

개수는 많아지면서 전극은 넓은 신경영역에서 높은 분해능의 신호를 동시에 검출할 수 있게 된 

것이다. 반면에, 신경 신호를 얻기 위해 사용되는 최근의 무선 기록 시스템들은 여전히 낮은 

데이터 처리량을 가지고 있어서 단지 적은 양의 신경 데이터를 기록하는 어플리케이션에 

국한되어 사용될 수 있는데, 이것은 신경 전극이 가지는 이점을 감소시킨다. 이러한 무선 기록 

시스템은 향상된 실험환경을 달성하고 자유롭게 움직이는 생명체에 대하여 완전히 이식할 수 

있는 어플리케이션을 위해서 반드시 그 단점이 극복되어야 하는 실정이다. 

  본 논문은 피질뇌파검사(ECoG) 전극 배열과 높은 처리량을 가지는 무선 기록 시스템과의 

통합을 제안한다. ECoG 전극 배열은 PDMS 기반의 유연한 폴리머와 금 전극패드로 제작되었다. 

이 전극은 400 μm 직경을 갖는 32 개의 기록 채널과 각각 1 mm 직경을 갖는 4 개의 패드가 

하나로 연결된 1 개의 참조 채널을 갖는다. 무선 기록 시스템은 전기생리학 인터페이스 칩, 

ARM® Cortex®-M7 프로세서를 갖는 마이크로컨트롤러, 그리고 IEEE 802.11 b/g/n Wi-Fi® 

프로토콜을 갖는 무선 송수신기로 구성되어 제작되었다. 이 기록 시스템은 18 x 15 x 10 mm3 의 

소형 크기와 2.1 g 의 가벼운 무게로 제작되었다. 통합된 시스템은 최대 32 개의 기록 채널을 

채널당 30 kSamples/s 로 동시에 측정할 수 있으며 이것은 15.36 Mbps 처리량에 대응된다. 

개발된 시스템을 평가하고 입증하기 위하여, 전기적 특성 테스트, 시스템 성능 테스트, 

토끼를 대상으로 신경 기록을 위한 생채 내 실험이 시행되었다. 이 실험은 토끼의 앞발 표면을 

자극하여 사건유발전위(ERPs)를 측정하는 과정을 포함하며, 그 결과 체성감각유발전위(SEPs)가 

얻어진다. 이 실험에서 주기적인 기계적 촉각 자극을 가할 수 있도록 하는 촉각 자극 시스템이 

개발되었다. 실험 결과 전극이 통합된 무선 기록 시스템은 신경 데이터를 성공적으로 측정하고 

기록할 수 있었으며, 그 데이터는 시간과 주파수 영역에 대하여 분석이 이루어졌다. 그리고 

신호의 형상과 측정 채널에 따른 신호의 경향성이 끝에 논의되었다. 

 

 

핵심어: 무선, 고-처리량, 피질뇌파검사, 촉각, 체성감각유발전위 
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