
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 140.114.234.112

This content was downloaded on 25/02/2014 at 05:51

Please note that terms and conditions apply.

An active, flexible carbon nanotube microelectrode array for recording electrocorticograms

View the table of contents for this issue, or go to the journal homepage for more

2011 J. Neural Eng. 8 034001

(http://iopscience.iop.org/1741-2552/8/3/034001)

Home Search Collections Journals About Contact us My IOPscience

iopscience.iop.org/page/terms
http://iopscience.iop.org/1741-2552/8/3
http://iopscience.iop.org/1741-2552
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


IOP PUBLISHING JOURNAL OF NEURAL ENGINEERING

J. Neural Eng. 8 (2011) 034001 (7pp) doi:10.1088/1741-2560/8/3/034001

COMMUNICATION

An active, flexible carbon nanotube
microelectrode array for recording
electrocorticograms
Yung-Chan Chen1, Hui-Lin Hsu2, Yu-Tao Lee3, Huan-Chieh Su2,
Shiang-Jie Yen2, Chang-Hsiao Chen3, Wei-Lun Hsu4, Tri-Rung Yew2,
Shih-Rung Yeh4, Da-Jeng Yao3, Yen-Chung Chang4 and Hsin Chen1

1 Institute of Electronics Engineering, National Tsing Hua University (NTHU), No 101,
Sec. 2, Kuang-Fu Rd, Hsinchu 30013, Taiwan
2 Department of Materials Science and Engineering, NTHU, Hsinchu 30013, Taiwan
3 Institute of NanoEngineering and MicroSystems, NTHU, Hsinchu 30013, Taiwan
4 Institute of Molecular Medicine, NTHU, Hsinchu 30013, Taiwan

E-mail: hchen@ee.nthu.edu.tw

Received 31 December 2010
Accepted for publication 7 March 2011
Published 8 April 2011
Online at stacks.iop.org/JNE/8/034001

Abstract
A variety of microelectrode arrays (MEAs) has been developed for monitoring intra-cortical
neural activity at a high spatio-temporal resolution, opening a promising future for brain
research and neural prostheses. However, most MEAs are based on metal electrodes on rigid
substrates, and the intra-cortical implantation normally causes neural damage and immune
responses that impede long-term recordings. This communication presents a flexible,
carbon-nanotube MEA (CMEA) with integrated circuitry. The flexibility allows the electrodes
to fit on the irregular surface of the brain to record electrocorticograms in a less invasive way.
Carbon nanotubes (CNTs) further improve both the electrode impedance and the
charge-transfer capacity by more than six times. Moreover, the CNTs are grown on the
polyimide substrate directly to improve the adhesion to the substrate. With the integrated
recording circuitry, the flexible CMEA is proved capable of recording the neural activity of
crayfish in vitro, as well as the electrocorticogram of a rat cortex in vivo, with an improved
signal-to-noise ratio. Therefore, the proposed CMEA can be employed as a less-invasive,
biocompatible and reliable neuro-electronic interface for long-term usage.

1. Introduction

The brain is believed to encode information as ensembles of
the electrical activity of neurons. A variety of microelectrode
arrays (MEA) have thus been developed for interfacing with
intra-cortical neurons at a high spatio-temporal resolution.
The development facilitates not only the study on how the
brain functions, but also the development of neural prostheses
[1]. However, the invasive implantation of MEAs normally
causes neural damage or immune responses that impede long-
term recordings. Instead, using scalp electrodes to record

electroencephalography (EEG) is a non-invasive approach, but
EEG recordings normally exhibit a poor signal-to-noise ratio
(SNR) and very limited spatial resolution, owing to the filtering
effect of the skull.

Placing electrodes in the subdural region (i.e. on the
brain surface) to record electrocorticography (ECoG) has
been a potential compromise that provides a better SNR and
spatial resolution than EEG and introduces theoretically no
neural damage. Moreover, ECoG recordings have been found
useful for epilepsy monitoring, as well as for controlling
cursor movement effectively at the brain–machine interface
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Figure 1. Photo of the proposed active, flexible CMEA. The insets show a magnified photo of the 4×4 electrode array (left), an SEM image
of the grown CNT (middle), a HRTEM image of the grown CNT (right), and the chip of the integrated circuitry (bottom-left).

[2]. However, ECoG recordings are occasionally complicated
by hemorrhage, infection, infarction, etc [3]. Employing
biocompatible and smaller electrodes on a flexible substrate
would thus be key to reduce complications and facilitate long-
term ECoG recordings.

Inert metals such as gold and platinum have been
favorable electrode materials, owing to their biocompatibility
and resistance against electrode reactions. A gold electrode
array with an ultrathin substrate proposed in [4] further
achieves high conformal coverage and minimal stresses for
implantable applications. However, the electrode impedance
increases significantly as the electrode size reduces, impeding
both neural recording and stimulation. With this concern,
the carbon nanotube (CNT) with intriguing physicochemical
properties has become an attractive material for improving
electrode characteristics [5–10].

The nanostructure of CNTs inherently increases the
effective interfacial area and thus reduces electrode
impedance. Moreover, CNTs have been demonstrated to be a
biocompatible substrate that promotes neuronal growth [11],
boosts neural activity [8] and transmits electrical stimulation
effectively with long-term endurance [12]. As flexible
substrates can fit the irregular geometry of tissues to minimize
neural damage, several forms of CNT microelectrodes on
flexible substrates have been proposed. However, the
temperature for growing CNTs is much higher than that
tolerable by flexible substrates. Most proposed techniques
have thus relied on transferring well-grown CNTs to flexible
substrates by microwave welding [13], stamp transfer [14],
polymer binding [15] and electrodeposition coating [7]. These
techniques require much attention to ensure good adhesion

between the CNTs and the substrate. Although techniques
to grow CNTs at low temperature (below 300 ◦C) are also
proposed [16], the growth rate and the graphitization of CNTs
are unsatisfactory.

This communication presents a flexible CNT microelec-
trode array (CMEA) integrated with a chip containing 16
recording amplifiers (figure 1). To ensure good electrode
adhesion, CNTs are grown on the polyimide (PI) substrate
directly by chemical vapor deposition (CVD) at 400 ◦C. The
electro-physical properties and biocompatibility of the fabri-
cated CNT electrodes are examined carefully. Afterward, the
ability of the active, flexible CMEA to record electrophysi-
ological signals, particularly the electrocorticography signals
(ECoG) of rat cortex in vivo, is demonstrated.

2. Methodology

2.1. Fabrication of the flexible CMEA

Figure 2 illustrates the process flow of fabricating CNT micro-
electrodes directly on a PI substrate. The process steps are
described as follows. (a) On a 125 μm thick PI film (Dupont
Kapton HPP-ST), a 20 nm thick adhesion layer of chromium
(Cr) and then a 150 nm thick layer of gold (Au) were deposited
by E-beam evaporation. Both layers were patterned to form a
4×4 array of microelectrodes and interconnecting wires. The
microelectrodes had circular shapes with a diameter of 100
μm, and the separation between adjacent electrodes was 400
μm. (b) With a shadow mask having openings only above
the microelectrodes, a 20 nm thick adhesion layer of titanium
(Ti) and then a 5 nm thick catalyst layer of nickel (Ni) were
deposited. (c) Afterward, CNTs were grown above the Ni
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Figure 2. The system architecture and the process flow of the proposed active, flexible CMEA. The circuit diagram of the recording
amplifier is also shown.

catalyst by thermal CVD with C2H2/H2 gases at 400 ◦C.
The flow rates for C2H2 and H2 were optimized as 60 and
10 sccm, respectively, at 5 Torr and the growth time as
20 min. (d) Finally, 1 μm thick parylene was deposited to
cover all regions except for the CMEA and the wire-bonding
pads. To make the CNTs more hydrophilic and thus to reduce
the electrode impedance, the flexible CMEA was further
exposed to UV-ozone for 40 min [17]. The structure and
the quality of the fabricated CMEA were then examined by
high-resolution microscopy. The charge capacity and the
electrochemical impedance spectrum (EIS) of the CMEA
were further measured and compared to gold microelectrodes
of the same size.

2.2. Design of integrated circuits

As figure 2 shows, the integrated circuitry contained 16
recording amplifiers, an output multiplexer, and a differential-
to-single-end converter. The recording amplifier was
analogous to that proposed in [18], adopting a two-stage,
fully-differential band-pass filter. The lower corner frequency
(fL) was (2π RMR C2)−1, where RMR represented the channel
resistance of MR and was tunable through Vtune [19]. On the
other hand, the higher corner frequency (fH ) was dependent on
the transconductance (GM ) of the amplifier as fH = GM/(2π

AM CL), and was tunable by changing the biasing current of
the amplifier. Here AM = C1/C2 was the mid-band voltage
gain of the first-stage amplifier. The total mid-band voltage
gain was given as (C1/C2) × (1 + 2R1/R2), and was designed
to be 1100 V/V by setting C1 = 10 pF, C2 = 0.1 pF,

R1 = 25 k� and R2 = 5 k�. The chip was fabricated
with the CMOS 0.35 μm technology provided by the Taiwan
Semiconductor Manufacturing Co. The total chip area was
2.5 × 2.5 mm2 and the total power consumption was 12 mW.
With the chip wire-bonded to the flexible substrate and coated
with 10 μm thick parylene, an active, flexible CMEA was
formed (figure 1). Finally, the chip was covered by a layer
of biocompatible epoxy (WK-8126H, WINKING) to protect
against the moisture in biological experiments.

2.3. Biocompatibility test

To ensure that the metallic particles (e.g. Ni) contained in
the CMEA were non-toxic to neurons, the health of rat
hippocampal neurons cultured on the CMEA was compared
to that on a glass substrate. All materials were sterilized by
immersion in alcohol for 30 min, and then rinsed three times
with deionized water. After 16 days of cell culturing, β-III-
tubulin and DAPI were employed to mark neurons and the
neurite outgrowth, respectively, allowing them to be observed
by confocal fluorescent microscopy with 488 nm and 405 nm
excitation wavelengths. For each fluorescent image, at least
three randomly selected areas (0.7 mm2) of each cell culture
were monitored to calculate the cell density.

2.4. Biological experiments

The capability of the flexible CMEA to record neural activity
both in vitro and in vivo was examined. In the in vitro
experiment, the flexible CMEA was placed in affinity to the
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(a) (b)

Figure 3. (a) The EIS and (b) the cyclic voltammetry of a CNT microelectrode and a gold microelectrode of identical size in phosphate
buffer saline.

(a) (b)

Figure 4. Fluorescent images of neuronal cells cultured on
(a) the control glass and (b) the flexible CMEA.

caudal photoreceptor (CPR) in the tail of the crayfish [20]. The
ability to record the spontaneous activity of the CPR neuron
was then tested. In the in vivo experiment, the flexible CMEA
was placed on the surface of the motor cortex of an anesthetized
rat (Pentobarbital (50 mg kg−1) was used for anesthesia), and
a reference electrode was connected to the skull of the rat. The
ability to record the ECoG of the motor cortex was then tested
and verified.

3. Experimental results

3.1. Characterization of the CNT microelectrodes

As shown in figure 1, the CNT microelectrodes were a
4 × 4 array of black dots distributed on the white square
substrate. The scanning electron microscope (SEM, JEOL
6500) image indicated that a 1.5 μm thick layer of CNTs was
successfully grown on the PI film, and the good adhesion was
verified in [17]. The high-resolution transmission electron
microscope (HRTEM) image further revealed that the CNTs
had the typical multiwall structure with a diameter of 20–30
nm, confirming the good quality of the CNTs. In addition,
the EIS in figure 3(a) revealed that a CNT microelectrode had
an impedance ten times smaller than a gold microelectrode
of the same size over the entire bandwidth (20 Hz–10 kHz).
The impedance improvement resulted from both the increased
interfacial area and the hydrophilicity of the CNTs. Figure 3(b)

Figure 5. The tunable fL with various Vtune (top) and the tunable fH
with various Vbias (bottom).

shows the cyclic voltammetry of the CNT microelectrode
(the line with circles) and the gold microelectrode (the black
line). The specific capacitance (C0) of both microelectrodes
was calculated as C0 = �i/2ν [10], where �i was the
maximum current difference between the positive and negative
scans, and ν was the scanning rate equaling 500 mV s−1 in
the measurement. The CNT microelectrode exhibited a C0

(2.1 μF mm−2) six times greater than the gold microelectrode
(0.37 μF mm−2), demonstrating that the CNTs improved the
maximum charge-injection capacity significantly to facilitate
the neural stimulation. This improvement was attributed to the
fast electron transfer kinetics [21].
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Figure 6. Noise spectrum analysis of the recording amplifier.

3.2. Biocompatibility test

Figure 4 shows the fluorescent images of neurons cultured for
16 days on the control glass and on the flexible CMEA. The cell
density on the flexible CMEA was 77.6 ± 4.1 neurons mm−2,

(a) (b)

Figure 7. (a) The experimental setup and (b) the recorded neural activity of the caudal photoreceptor of a crayfish nerve. A magnified view
of the marked spike is also shown (inset).

(a)
(c)

(b)

Figure 8. The recorded electrocorticogram of a rat’s motor cortex. (a) The experimental setup; (b) the recorded signals when the CMEA is
in contact with the motor cortex (top trace) and is separated from the motor cortex (bottom trace); (c) the frequency spectrum of the top trace
in (b).

comparable with that on the control glass (86.7 ±
8.1 neurons mm−2). In addition, the neurons distributed
homogeneously on the flexible CMEA without aggregation,
confirming the biocompatibility of the grown CNTs.

3.3. Functional test of the integrated circuitry

Figure 5 shows the measured frequency responses of
the recording amplifier. The mid-band gain was about
61 dB (1100 V/V). As the voltage Vtune changed from 0.3 to
−0.05 V, fL shifted from less than 10 Hz to 3.5 kHz. fH was
also able to change from 8.8 kHz to 66 Hz as Vbias changed from
0.5 to 0.9 V, controlling the bias current of the amplifier. Such
a wide tunable range not only covered the bandwidth of most
electrophysiological signals but also allowed users to filter
out unwanted noise. For example, 60 Hz interference can be
easily removed by increasing fL to several hundreds Hz when
only neuronal spikes are of interest. High-frequency noise can
also be greatly attenuated by decreasing fH when only local
field potential is of interest. According to the measured noise
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spectrum in figure 6, the total input referred noise integrated
from 10 Hz to 10 kHz was 8.6 μVrms.

3.4. In vitro experiment with the active, flexible CMEA

Figure 7 shows the setup and result of the in vitro experiment
with the CPR neuron. Spontaneous spikes with an amplitude
of 100–200 μV were recorded extracellularly and reliably.
The root-mean-square values of the signal and the noise were
58.6 and 9.5 μVrms, respectively, corresponding to a signal-
to-noise ratio (SNR) of 6.2. Compared to the active MEAs
reported in [22–25], both the noise level and the SNR were
improved. This improvement was mainly attributed to the
reduced impedance of the CMEA and its integration with the
recording circuitry.

3.5. In vivo experiment with the active, flexible CMEA

Figure 8 reveals the setup and result of using the flexible
CMEA to record the ECoG of a rat’s motor cortex. As the
bandwidth of the ECoG was below 500 Hz [26, 27], fL was
set to be below 10 Hz, and fH to be 1 kHz. As the flexible
CMEA was placed on the surface of the motor cortex, neural
activity with variable waveforms was recorded (top trace in
figure 8(b)). However, as the flexible CMEA was separated
from the motor cortex by around 0.2 cm, the recorded activity
vanished (bottom trace in figure 8(b)). The obvious difference
indicated that the recorded activity was the ECoG of the motor
cortex. Figure 8(c) further shows the fast Fourier transform of
the recorded activity. Most signals lay in the bandwidth below
40 Hz, agreeing with typical ECoG recordings. Although
the size of the proposed CMEA was 1600 times smaller than
the electrode array employed in [28] for ECoG recording
in humans, the SNR of the ECoG recording remained at a
satisfactory value of 8.68 (91.48 and 10.54 μVrms for the neural
activity and noise, respectively). Compared to the rat-brain
recording reported in [29], the proposed CMEA exhibited a
better SNR and lower impedance per unit area. Therefore,
the CNTs allowed the electrode size to further reduce without
losing sensitivity. This was especially important for increasing
spatial resolution and for implantation in small animals such
as a rat.

4. Conclusions

A flexible CMEA integrated with circuitry has been fabricated
and tested. Direct synthesis of CNTs on a flexible substrate
is achieved by low-temperature CVD, and the quality of the
CNTs is shown analogous to typical multiwall CNTs grown at
high temperature. The CNT microelectrode is further proved
to have much lower electrode impedance and better charge-
injection capacity than a gold microelectrode of the same
size. The biocompatibility of the CMEA is also confirmed
by cell culture for 16 days. Finally, the biological experiments
demonstrate that the active, flexible CMEA is able to record
the ECoG of a rat in vivo with a satisfactory SNR. Based
on the promising results, an active, flexible CMEA with a
high electrode density and an implantable geometry will be
developed for long-term ECoG studies.

Acknowledgments

The authors would like to express their greatest thanks to the
National Science Council, Taiwan (NSC grant code: NSC
97-2627-E-007-002) and the Brain Research Center (BRC) at
National Tsing Hua University, Hsinchu, Taiwan, for funding
the project and to the National Chip Implementation Center,
Taiwan, for chip fabrication.

References

[1] Lebedev M A and Nicolelis M A L 2006 Brain–machine
interfaces: past, present and future Trends Neurosci.
29 536–46

[2] Leuthardt E C, Schalk G, Wolpaw J W, Ojemann J G
and Moran D W 2004 A brain–computer interface using
electrocorticographic signals in humans J. Neural Eng.
1 63–71

[3] Hamer H M et al 2002 Complications of invasive video-EEG
monitoring with subdural grid electrodes Neurology 58
97–103

[4] Kim D H et al 2010 Dissolvable films of silk fibroin for
ultrathin conformal bio-integrated electronics Nature Mater.
9 511–7

[5] Gabay T, Ben-David M, Kalifa I, Sorkin R, Abrams Z R,
Ben-Jacob E and Hanein Y 2007 Electro-chemical and
biological properties of carbon nanotube based
multi-electrode arrays Nanotechnology 18 035201

[6] Gheith M K, Pappas T C, Liopo A V, Sinani V A, Shim B S,
Motamedi M, Wicksted J R and Kotov N A 2006
Stimulation of neural cells by lateral layer-by-layer films of
single-walled currents in conductive carbon nanotubes
Adv. Mater. 18 2975–9

[7] Keefer E W, Botterman B R, Romero M I, Rossi A F
and Gross G W 2008 Carbon nanotube coating improves
neuronal recordings Nature Nanotech. 3 434–9

[8] Lovat V, Pantarotto D, Lagostena L, Cacciari B, Grandolfo M,
Righi M, Spalluto G, Prato M and Ballerini L 2005 Carbon
nanotube substrates boost neuronal electrical signaling
Nano Lett. 5 1107–10

[9] Mazzatenta A, Giugliano M, Campidelli S, Gambazzi L,
Businaro L, Markram H, Prato M and Ballerini L 2007
Interfacing neurons with carbon nanotubes: electrical signal
transfer and synaptic stimulation in cultured brain circuits
J. Neurosci. 27 6931–6

[10] Nguyen-Vu T D B, Chen H, Cassell A M, Andrews R,
Meyyappan M and Li J 2006 Vertically aligned carbon
nanofiber arrays: an advance toward electrical–neural
interfaces Small 2 89–94

[11] Ben-Jacob E and Hanein Y 2008 Carbon nanotube
micro-electrodes for neuronal interfacing J. Mater. Chem.
18 5181–6

[12] Yeh S R et al 2009 Interfacing neurons both extracellularly
and intracellularly using carbon-nanotube probes with
long-term endurance Langmuir 25 7718–24

[13] Wang C Y, Chen T H, Chang S C, Chin T S and Cheng S Y
2007 Flexible field emitter made of carbon nanotubes
microwave welded onto polymer substrates Appl. Phys.
Lett. 90 103111

[14] Hur S H, Park O O and Rogers J A 2005 Extreme bendability
of single-walled carbon nanotube networks transferred from
high-temperature growth substrates to plastic and their use
in thin-film transistors Appl. Phys. Lett. 86 243502

[15] Lin C M, Lee Y T, Yeh S R and Fang W L 2009 Flexible
carbon nanotubes electrode for neural recording Biosens.
Bioelectron. 24 2791–7

6

http://dx.doi.org/10.1016/j.tins.2006.07.004
http://dx.doi.org/10.1088/1741-2560/1/2/001
http://dx.doi.org/10.1038/nmat2745
http://dx.doi.org/10.1088/0957-4484/18/3/035201
http://dx.doi.org/10.1002/adma.200600878
http://dx.doi.org/10.1038/nnano.2008.174
http://dx.doi.org/10.1021/nl050637m
http://dx.doi.org/10.1523/JNEUROSCI.1051-07.2007
http://dx.doi.org/10.1002/smll.200500175
http://dx.doi.org/10.1039/b805878b
http://dx.doi.org/10.1021/la900264x
http://dx.doi.org/10.1063/1.2711771
http://dx.doi.org/10.1063/1.1947380
http://dx.doi.org/10.1016/j.bios.2009.02.005


J. Neural Eng. 8 (2011) 034001 Communication

[16] Chen M, Chen C M, Shi S C and Chen C F 2003
Low-temperature synthesis multiwalled carbon nanotubes
by microwave plasma chemical vapor deposition using
CH4–CO2 gas mixture Japan. J. Appl. Phys. 42 614–9

[17] Hsu H L, Teng I J, Chen Y C, Hsu W L, Lee Y T, Yen S J,
Su H C, Yeh S R, Chen H and Yew T R 2010 Flexible
UV-ozone-modified carbon nanotube electrodes for
neuronal recording Adv. Mater. 22 2177–81

[18] Harrison R R 2007 A versatile integrated circuit for the
acquisition of biopotentials Custom Integrated Circuits
Conference, CICC ’07 IEEE pp 115–22

[19] Perlin G E, Sodagar A M and Wise K D 2006 Neural recording
front-end designs for fully implantable neuroscience
applications and neural prosthetic microsystems
Engineering in Medicine and Biology Society, EMBS ’06
28th Annual Int. Conf. IEEE pp 2982–5

[20] Uttal W R and Kasprzak H 1962 The caudal photoreceptor of
the crayfish: quantitative study of responses to intensity,
temporal and wavelength variables Proc. Spring Joint
Comput. Conf. AIEE-IRE ’62 (American Federation of
Information Processing Societies) pp 159–69

[21] Nugent J M, Santhanam K S V, Rubio A and Ajayan P M
2001 Fast electron transfer kinetics on multiwalled carbon
nanotube microbundle electrodes Nano Lett. 1 87–91

[22] Heer F, Hafizovic S, Franks W, Blau A, Ziegler C
and Hierlemann A 2006 CMOS microelectrode array for
bidirectional interaction with neuronal networks J. Solid
State Circuits 41 1620–9

[23] Sodagar A M, Wise K D and Najafi K 2007 A fully integrated
mixed-signal neural processor for implantable multichannel
cortical recording IEEE Trans. Biomed. Eng. 54 1075–88

[24] Heer F, Hafizovic S, Ugniwenko T, Frey U, Roscic B,
Blau A and Hierlemann A 2007 Using
microelectronics technology to communicate with
living cells Engineering in Medicine and Biology
Society, EMBS 07 29th Annual Int. Conf. IEEE
pp 6081–4

[25] Lambacher A, Jenkner M, Merz M, Eversmann B, Kaul R A,
Hofmann F, Thewes R and Fromherz P 2004 Electrical
imaging of neuronal activity by multi-transistor-array
(MTA) recording at 7.8 um resolution Appl. Phys. A
79 1607–11

[26] Schalk G, Miller K J, Anderson N R, Wilson J A, Smyth M D,
Ojemann J G, Moran D W, Wolpaw J R and Leuthardt E C
2008 Two-dimensional movement control using
electrocorticographic signals in humans J. Neural Eng.
5 75–84

[27] Staba R J, Wilson C L, Bragin A, Fried I and Engel J
2002 Quantitative analysis of high-frequency oscillations
(80–500 Hz) recorded in human epileptic hippocampus
and entorhinal cortex J. Neurophysiol. 88
1743–52

[28] Pistohl T, Ball T, Schulze-Bonhage A, Aertsen A and
Mehring C 2008 Prediction of arm movement trajectories
from ECoG-recordings in humans J. Neurosci. Methods
167 105–14

[29] Chen Y Y, Lai H Y, Lin S H, Cho C W, Chao W H, Liao C H,
Tsang S, Chen Y F and Lin S Y 2009 Design and
fabrication of a polyimide based microelectrode array:
application in neural recording and repeatable
electrolytic lesion in rat brain J. Neurosci. Methods
182 6–16

7

http://dx.doi.org/10.1143/JJAP.42.614
http://dx.doi.org/10.1002/adma.200903413
http://dx.doi.org/10.1021/nl005521z
http://dx.doi.org/10.1109/TBME.2007.894986
http://dx.doi.org/10.1007/s00339-004-2991-5
http://dx.doi.org/10.1088/1741-2560/5/1/008
http://dx.doi.org/10.1016/j.jneumeth.2007.10.001
http://dx.doi.org/10.1016/j.jneumeth.2009.05.010

	1. Introduction
	2. Methodology
	2.1. Fabrication of the flexible CMEA
	2.2. Design of integrated circuits
	2.3. Biocompatibility test
	2.4. Biological experiments

	3. Experimental results
	3.1. Characterization of the CNT microelectrodes
	3.2. Biocompatibility test
	3.3. Functional test of the integrated circuitry
	3.4. In vitro experiment with the active, flexible CMEA
	3.5. In vivo experiment with the active, flexible CMEA

	4. Conclusions

