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Abstract

This paper presents a fabrication method for glassy carbon neural electrode arrays that combines 3D printing and chemical
pyrolysis technology. The carbon electrodes have excellent biological compatibility and can be used in neural signal recording. A
pretreated Si wafer is used as the substrate for 3D printing, and then, stereolithography 3D printing technology is employed to
print photosensitive resin into a cone shape. Next, chemical pyrolysis is applied to convert the 3D prints into glassy carbon
electrodes and modify the electrochemical performance of the carbon electrodes. Finally, the glassy carbon electrodes are packed
with conductive wires and PDMS. The proposed fabrication method simplifies the manufacturing process of carbon materials,
and electrodes can be fabricated without the need of deep reactive ion etching (DRIE). The height of the carbon electrodes is
1.5 mm, and the exposure area of the tips is 0.78 mm?, which is convenient for the implantation procedure. The specific
capacitance of the glassy carbon arrays is higher than that of a platinum electrode (9.18 mF/cm? vs 3.32 mF/cm?, respectively),
and the impedance at 1 kHz is lower (7.1 k€2 vs 8.8 k). The carbon electrodes were tested in vivo, and they showed excellent
performance in neural signal recording. The signal-to-noise ratio of the carbon electrodes is 50.73 £6.11, which is higher than
that of the Pt electrode (20.15 = 5.32) under the same testing conditions. The proposed fabrication method of glassy carbon
electrodes provides a novel approach to manufacture penetrating electrodes for nerve interfaces in biomedical engineering and
microelectromechanical systems.
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Multifunctional neural implants play an essential role in the
brain-machine interface (BMI) and functional electrical stim-
ulation (Musk 2019). A major goal for neural implantation is
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to integrate the implants into the nervous system without se-
verely damaging tissue (Stieglitz et al. 2000). However, most
of the neural interfaces are manufactured into planar geome-
tries, which means that they have a limited ability to be im-
planted into the nervous system or to record signals in 3D
neural tissues.

Metals (platinum and tungsten) and silicon materials are
widely used for neural stimulation and recording (Johnson
et al. 2013; Schander et al. 2015; Scholvin et al. 2015) due
to their excellent mechanical and electronic properties (Cogan
2008). However, metals and silicon materials have limited
capability in detecting molecular events during stimulation
because of slow electron transfer and limited detection win-
dows. Moreover, rigid materials such as Pt and silicon are not
suitable for use in long-term implant procedures because of
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the mechanical mismatch between tissues and rigid materials,
which can easily damage human tissues or cause infection.

Carbon materials are promising materials for preparing
neural electrodes because of their excellent biocompatibility,
including carbon black (Alcantara et al. 2001; Liu et al. 2012),
carbon nanotubes (Bilgi and Ayranci 2016; David-Pur et al.
2014; Gupta et al. 2018; Lin et al. 2009; Yi et al. 2015),
graphene (Kuzum et al. 2014; Yan et al. 2012), glassy carbon
(Afkhami et al. 2016; Asadian et al. 2017; Mani et al. 2016),
etc. Some researchers have also tried to manually assemble
carbon fiber electrode arrays as implant electrodes to record a
single unit signal (Patel et al. 2015, 2016). Glassy carbon has
also been verified to be a promising electrode material for
neural interfaces due to its good electrical properties, electro-
chemical stability, and chemical inertness (Hirabayashi et al.
2015; Vomero et al. 2017; Wang et al. 2010). Carbon elec-
trodes using pyrolysis photoresist (Brooksby and Downard
2004; Ranganathan et al. 2000) and SU-8 (Wang et al.
2005) have been demonstrated, but they typically have limited
stiffness to penetrate the cortex.

In the traditional carbon material manufacturing pro-
cess, it is difficult to fabricate millimeter-high carbon
electrodes due to the slow reaction speed or costly
clean-room equipment. Therefore, we proposed a new
fabrication method of combining 3D printing and chemi-
cal modification to manufacture millimeter-high glassy
carbon electrodes.

3D printing is a promising additive manufacturing (AM)
technique for fabricating objects with complex geometries or
delicate internal structures (Chia and Wu 2015; Wang et al.
2016). According to the difference in working principles, the
most commonly used 3D printing techniques can be divided
into five main categories: selective laser sintering (SLS), fused
deposition modeling (FDM), inkjet printing (IP),
stereolithography (SLA), and direct ink writing (DIW).
Among the five categories, SLA is widely used in the fields
of biomedical engineering and tissue engineering (Arcaute
et al. 2010) because of its high flexibility and excellent print-
ing resolution.

For the first time, this paper presents a novel method of
manufacturing millimeter-high, implantable glassy carbon
electrodes to probe sophisticated electrical and chemical envi-
ronments in a brain. By combining SLA 3D printing, chemical
pyrolysis, and direct transfer with parylene, multiple carbon
electrodes have been integrated without the need of deep re-
active ion etching (DRIE). This work adapts stereolithography
to create high-aspect-ratio polymer microstructures. With op-
timal pyrolysis treatments, the microstructures have been con-
verted to carbon electrodes with excellent electrochemical and
chemical properties. An array of carbon neural electrodes has
been preliminarily tested in vivo, where the release of neural
signals provides useful information for closed-loop control in
neural stimulation.

@ Springer

Our objective is to integrate high-density, mechanically
robust glassy carbon using low-cost 3D printing and chemical
modification to simultaneously perform neural stimulation/
recording and chemical sensing. The carbon electrode can be
fabricated in any arbitrary 3D geometry, which has been
found to be challenging with conventional silicon
micromachining. The height of our implantable carbon elec-
trodes is 1.5 mm, with a tip exposure area of 0.78 mm?. We
optimized the parameters for the 3D printer to obtain the de-
sired structure directly printed on a Si substrate. The process-
ing parameters for pyrolysis were changed to make the struc-
ture more conductive and less deformable. Then, we used
parylene coating to directly transfer the structure from the Si
substrate. The electrochemical performance of the carbon
electrodes was evaluated by electrochemical impedance spec-
troscopy (EIS) and cyclic voltammetry (CV). An electrophys-
iological experiment was conducted to measure the neural
signals in vivo using carbon electrodes with electrical stimu-
lation at the sciatic nerve.

2 Method

2.1 Thermogravimetric analysis (TGA)/derivative
thermogravimetry (DTG)

The most critical point of pyrolysis processing is temperature
control during polymer carbonization. Different polymers
have different chemical bonds and structures that require dif-
ferent processing parameters for pyrolysis, including the max-
imum heating temperature, heating environment, heating rate,
and cooling method. Frequently, the temperature control of
the polymer can be optimized based on the thermogravimetric
analysis (TGA) and derivative thermogravimetry (DTG) re-
sults. The pyrolysis conditions of negative photoresist (SU-8)
have previously been studied by analyzing the TGA results.
To prepare the samples, two 2 cm x 2 ¢cm films were directly
printed by using a 3D printer, and one 2 cm % 2 cm SU-8 film
was made by using the photolithography method as a refer-
ence sample. Before the TGA/DTG testing, one of the 3D-
printed samples was preheated in an oven at 250 °C for two
days.

2.2 Device fabrication

The fabrication process of carbon neural electrode arrays is
shown in Fig. 1. A Si wafer was used as the substrate for 3D
printing. Because the material characteristics of the Si wafer
and the photosensitive resin had significant differences, the
adhesion between the Si wafer and the 3D prints was quite
weak. As shown in Fig. 1a, an SU-8 layer was deposited on a
Si wafer, and then, the SU-8 layer was patterned into a
micropillar array (80 um height, 20 um diameter) by
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Fig. 1 Fabrication process of high-density carbon neural electrode arrays
a SU-8 patterning on the Si wafer b gluing the Si wafer on the stage ¢ 3D
printing d pyrolysis e parylene-C coating f oxygen plasma g packing

lithography. The SU-8 layer was used as a buffer layer be-
tween the Si wafer and the 3D prints to make the 3D prints
tightly contact the substrate. The size of the 3D-printed cone
array was 4.5 mm in height and 0.9 mm in diameter, so the
micropillar array would have a subtle influence on the 3D
prints in the pyrolysis process.

Before 3D printing, the Si wafer was glued on the stage by
a hot glue gun. The 3D printing process was conducted with a
Titan 2 3D printer (Kudo 3D, Dublin, CA), and the working
principle of Titan 2 was based on SLA. The photosensitive
resin was 3DSR General Black, which consisted of 5%
photoinitiator, 29% acrylate monomer and 66% acrylate olig-
omer (the percentage was calculated by weight). As shown in
Fig. lc, the stage with the Si wafer was positioned at the
bottom of the resin container and moved up gradually during

printing. After finishing 3D printing, we used acetone to soft-
en the glue so that we could remove the Si wafer from the
printing stage. Then, the printed object was washed with iso-
propyl alcohol (IPA) to remove residual resin on its surfaces.
Next, the object was placed in a UV chamber for an additional
15 mins of postcuring to fully cure the object.

The pyrolysis process is shown in Fig. 1d. Before pyroly-
sis, the print was pretreated in an oven at 250 °C for 48 h.
Then, the 3D-printed cone array was placed in a CVD quartz
tube with a three-step temperature control pyrolysis process.
The temperature was first increased from room temperature to
350 °C with a 10 °C/min heating rate. The temperature was
then held at 350 °C for one hour. Next, the temperature was
increased from 350 °C to 550 °C with a 2 °C/min heating rate,
which provided enough time for gas evolution, followed by
holding at 550 °C for one hour. Then, the temperature was
increased to 900 °C with a 5 °C/min heating rate and held at
900 °C for another hour. Finally, the carbon electrodes were
naturally cooled to room temperature. A low flow-rate (300
scem) inert gas (90% argon/10% hydrogen) environment was
used in the pyrolysis process to allow the gases to be released
gradually.

After pyrolyzing, a five micron parylene-C film was coated
on the surface of the electrode array by the spin-coating meth-
od, as shown in Fig. le. The purpose of the parylene-C film
coating was to electrically insulate the device and facilitate
direct transfer of the carbon array from the Si substrate. As
shown in Fig. 1f, oxygen plasma was used to expose the tips
of the carbon electrode arrays. The exposed tips of the device
were electrically conductive. Next, the carbon array was trans-
ferred from the Si wafer, and conductive wires were manually
linked to the bottom of the carbon arrays with conductive
silver epoxy. Finally, the device was placed on a PDMS sub-
strate; the final device is shown in Fig. 1g.

2.3 Electrochemical analysis

To verify the performance of the carbon electrode arrays,
electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) measurements were taken with a Gamry
potentiostat controlled by Gamry Framework software.
Moreover, we used commercial Pt microelectrodes as the
comparison electrodes. For all measurements, a Faraday cage
was used to block electromagnetic field noise, and the probes
were submerged in 1x phosphate-buffered saline (PBS,
pH 7.4) solution. The electrochemical analysis was performed
on a three-clectrode system. A Ag/AgCl electrode was used as
the reference electrode, a Pt electrode was chosen as the coun-
ter electrode, and a carbon electrode served as the working
electrode. EIS measurements were obtained by applying a
10 mV alternating current with frequencies ranging from
1 Hz to 100 kHz. CV measurements were obtained in a
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potential window ranging from —0.7 V to 1.2 V, at scan rates
from 20 mVs ' to 200 mVs ', scanning for 6 cycles.

2.4 Electrophysiological experiment

The carbon electrodes were tested in vivo to record neural
signals from the brains of rats. The Animal Investigation
Committee at Wayne State University approved all the proce-
dures. Adult male Sprague-Dawley rats weighing 550—600 g
(n=16) were used for the electrophysiological experiment.
Rats were first anesthetized by using 5% isoflurane to render
them unconscious and then using an intraperitoneal injection
of butorphanol (0.1 mg kg '), ketamine hydrochloride
(43 mg kg "), and xylazine (7 mg kg ). Supplemental doses
were used as needed to maintain anesthesia during the
experiment.

The surgical procedures include cutting the dura to expose
the right somatosensory cortex and exposing the left sciatic
nerve. As shown in Fig. 2, carbon electrodes were placed on
the right somatosensory cortex to record the neural signals,
and a pair of Teflon-coated Pt wires with a 2 mm bare tip were
placed on a wax shell to hook the sciatic nerve. Stimulus
pulses (1 Hz, 2 ms duration) were applied to the Pt wires to
stimulate the sciatic nerve to evoke neural signals with ampli-
tudes ranging from 0.1 to 3 V. The neural signal and stimulus
voltage were simultaneously recorded (sampling rate at
1 kHz) using a BIOPAC data acquisition system MP-36
(BIOPAC Inc., Goleta, CA). The sampling rate of the data
acquisition system was 1 kHz, with an amplification gain of
1000x. The neural signal recording channel was filtered from
5 Hzto 35 Hz.

3 Results and discussion
3.1 Thermal analysis

The TGA/DTG data of SU-8 and the 3D-printed polymer are
shown in Fig. 3. It is evident that significant weight loss for
SU-8 starts at approximately 350°C and continues until 1100

Fig. 2 a Carbon electrode
placement for neural signal
recording b Pt electrodes
stimulate the sciatic nerve to
evoke a neural signal

carbon electrode for recording
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°C, and the total mass loss is 90.84% (see Fig. 3a). However,
in the result of the 3D-printed polymer, the weight loss steps
start earlier and include three different regions. The first mass
loss step occurred soon after heating until approximately
200°C, totaling 2.2%. The next stage, with 20.81% mass loss,
occurred from approximately 200 °C to 350°C, while the final
loss 0f 68.09% occurred at 350 °C and continued until 550°C;
beyond that point, there was not much weight loss until the
temperature reached 1100 °C (see Fig. 3b and c). This result
was also confirmed by the DTG data (shown in Fig. 3), which
showed a similar trend. The DTG curve of the 3D-printed
polymer showed different reaction peaks at 148 °C, 305 °C,
and 422 °C, and there were no additional sharp peaks in the
curve at higher temperatures.

To further understand the reactions taking place and the
gases evolving during pyrolysis, gas analysis was performed.
A synchronized gas analysis system employing Fourier trans-
form infrared (FTIR) spectroscopy was used to determine the
gases evolved during pyrolysis. In the 3D-printed polymer,
the FTIR results showed a mass-loss step at approximately
212 °C, indicating possible water (H,0O), carbon dioxide
(CO,) and organic volatile evolution. With increasing temper-
ature, the mass-loss steps appeared at approximately 212-315
°C, indicating possible 2-ethyl-1-butanol (C¢H,,) and carbon
dioxide (CO,) evolution, and mass-loss steps appeared at ap-
proximately 315-440 °C, indicating possible methyl propyl
ketone (CsH;oO) and 5-methyl-2-hexanone (C;H;40)
evolution.

3.2 Device fabrication

In general, the electrochemical properties and mechanical
characteristics of glassy carbon mainly depend on the degree
of carbonization (Lee et al. 2008; Singh et al. 2002). The
relationship of the temperature vs the degree of carbonization
was tested by EDX analysis, and the results are shown in
Fig. 4. A higher pyrolysis temperature yielded a higher per-
centage of carbon components in the electrode. The percent-
age of carbon increased by 40% when the pyrolysis tempera-
ture increased from 300 °C to 900 °C.

Pt electrode for stimulation
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The fabricated carbon electrode arrays are not always ad-
herent to the substrate after pyrolysis. The main reasons in-
clude poor adhesion between the substrate and polymer, gas
evolution during pyrolysis, and thermal internal stress caused
by the difference in the coefficients of thermal expansion of
the substrate and polymer. To minimize deformation and cre-
ate an electrode array with high resolution and structure trans-
fer fidelity, novel techniques were developed in this study
using a nontraditional pyrolysis recipe, including adding a
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Fig. 4 Element percentage of carbon electrodes vs pyrolysis temperature

high-temperature preheating process, flipping the object dur-
ing pyrolysis, and enhancing adhesion by adding an SU-8
buffer layer.

Figure 5a and b shows the 3D-printed structure under an
optical microscope. The 3D-printed polymer has poor adhe-
sion with the silicon substrate. Before 3D printing, a 20 pm
SU-8 layer was coated and patterned as a buffer layer to im-
prove adhesion. After 3D printing, the print was preheated at a
high temperature (250 °C) under vacuum for 48 h to limit the
cone shape deformation during pyrolysis. Shape deformation
could occur as the heating temperature increased above the
glass transition temperature of the 3D-printed polymer (250
°C). At those temperatures, the polymer softened and could
cause the cone shape to bend in a random direction. We found
that preheating the printed structure at the glass transition tem-
perature before pyrolysis could avoid the polymer softening
process.

Adhesion was affected by gas evolution and thermal stress
during pyrolysis. In the experiment, three designs were used to
reduce adhesion issues. First, the print was flipped and placed
in the furnace to reduce the stress and help the gas escape. The
reason was that during pyrolysis, most of the stress is concen-
trated at the carbon/substrate interface, and the shrunken struc-
ture makes carbon accumulate at the interface, blocking gas
escape. Flipping the printed structure could avoid stress

@ Springer
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Fig.5 a 3D-printed structure on a
silicon wafer b 3D-printed struc-
ture after preheating ¢
Comparison of the structure,
preheated structure and structure
after pyrolysis

accumulation and limit gas evolution, which was beneficial to
the adhesion of the structure during pyrolysis. A three-step
heating process was then used to control the heating temper-
ature by monitoring the temperature during each step using
TGA.

As shown in Fig. 5c, there was an obvious decrease in
volume after pyrolysis. In the longitudinal direction, the struc-
ture shrank by 59.6%, and in the width direction, the structure
shrank by 36.3%. Because the structure was a cone, the
shrinkage in volume was 83.6%.

Figure 6a shows a 4 x 4 glassy carbon array on a flexible
PDMS substrate, Fig. 6b presents an SEM view of a 2 x2
glassy carbon array with a magnification factor of 50x, and
the inset image shows the tip of the glassy carbon with a
magnification factor of 966x. After calibration under a

Fig. 6 a an encapsulated 4 x 4
glassy carbon array in optical
microscope b a SEM view of 2 x
2 glassy carbon array (50x), the
insertion is partial amplified view
of glassy carbon tip (966x)

@ Springer

1mm

microscope, the diameter of the exposed tip is 20 um, and
the height of the glassy carbon tip is 1.5 mm.

3.3 Electrochemical characterization

The electrochemical behavior of carbon arrays and commer-
cial Pt microelectrodes were studied utilizing cyclic voltamm-
etry (CV) and electrochemical impedance spectroscopy (EIS).
CV was used to quantify the charge storage capacity (CSC),
and EIS was used to observe the charge transport dynamics.
Figure 7a shows the CV curves of the carbon electrodes at a
voltage window from —0.7 V to 1.2 V and scan rates ranging
from 20 mV/s to 200 mV/s. Figure 7b shows the CV curves of
the carbon electrodes and Pt electrodes at a scan rate of
100 mV/s. The specific capacitance of the electrodes was

\
GAIA3 TESCAN

SEM HV: 250 kV WD: 11.93 mm
SEM MAG: 50 x Det: SE 1mm

View field: 4.17 mm Performance in nanospace
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calculated by MATLAB (Mathworks, Natick, MA) scripts
using the following formula:

[i(E)d(E)
[2A (Ez—EI )v]

where El is the lower limit of the potential, E2 is the upper
limit of the potential, i(E) is the current, d(E) is the differential
of the potential, A is the exposure area of the electrodes, and v
is the scan rate.

The exposure area A of the carbon electrode was
0.78 mm2, and for the Pt electrode, the value was 0.61 mm?.
The results showed that the carbon electrode had a higher
specific capacitance than the Pt electrode (9.18 mF/cm? vs
3.32 mF/cm?, respectively). The CV curves showed that the
peak current magnitude was correlated with the electrode area,
diffusion coefficient, redox species, concentration and voltage
scan rate. The results showed that the carbon electrode had
better electrochemical properties than the commercial Pt elec-
trode (see Fig. 7b).

EIS has been used as an additional approach to evaluate the
electrochemical behavior of carbon arrays and commercial Pt
microelectrodes. The EIS measurement can determine the
changes in charge transfer resistance with the different volt-
ages applied. These resistance data can be used to obtain in-
formation about the electrochemical reaction rate. For quanti-
tative comparisons of the charge transfer resistance, Fig. 8a
summarizes EIS plots of the carbon and Pt electrodes, which
were fitted using the equivalent circuit models, and provides
further insight into the electrical properties of the electrodes.
As shown in Fig. 8a, the impedance values of the carbon
electrodes were lower than those of the Pt electrode in the
frequency band from 10 Hz to 30 kHz. The impedance values
at 1 kHz usually represent the efficiency of a recording elec-
trode because 1 kHz is the physiologically relevant spiking
frequency of neurons. For the carbon electrode, the impedance

at 1 kHz is 7.1 k€2, and for the Pt electrode, the value is 8.8 k{2,
which is 23.9% higher than that of the carbon electrode.

The Nyquist plots for carbon electrodes and the equivalent
circuit models are reported in Fig. 8b. The graphs plot the
imaginary impedance (Zimage) against the real impedance
(Zreal) at each testing frequency. The solution resistance can
be obtained by reading the real axis value at the high-
frequency intercept, which corresponds to the charge transfer
at the electrode interface. The real axis (X-axis) value at the
low-frequency region is the sum of the polarization resistance.
The solution resistance resulted from the diffusion transfer
process. In this model, the composition of the equivalent cir-
cuit includes the electrolyte resistance (Rs), charge transfer
resistance (Rct) in parallel with a constant phase element
(CPE) and Warburg diffusion impedance (W). The constant
phase element is defined as an unideal capacitor, which can be

expressed as Zcpp = m where Y, represents the capaci-

tance and « is a constant related to the different behavior
compared to that of a pure capacitors (¥, =1 for a pure capac-
itor). The EIS parameters of carbon in the equivalent circuit
and in the equivalent circuit RS represent the resistance of the
PBS solution. The model shows a good fitting result for both
carbon and Pt electrodes. The EIS parameters for carbon elec-
trodes obtained through fitting the experimental data to the
model are Rg=2916 2, Rer=1522 Q, Zcpg with Yo =7.42
¢’ S*s*and x=0.65, and Zyw =2.6 ¢ ’ S*s'.

3.4 Neural signal recording

Neurophysiological experiments were performed in vivo to
evaluate the performance of the carbon electrode in recording
neural signals. The detailed animal preparation procedures
and signal recording method are described in section 2.4.
The left sciatic nerve was exposed to place a pair of Pt wire
hooked electrodes for electrical stimulation. For neural

@ Springer
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recording, the rat cerebral cortex was exposed by a medical
drill, and the recording electrodes were placed on the surface
of the right somatosensory cortex. This placement is because
the right somatosensory cortex receives the somatosenory af-
ferent nerve signals from the left limbs.

Figure 9a and b shows neural signal recorded by carbon
and Pt electrode at stimulation voltage of 0.1 V and 0.8 V. At
low stimulation voltage (0.1 V), the carbon electrode clearly
recorded the neural signals evoked by electrical stimulation,
while the neural signals recorded by the Pt electrode were
drowned out by noise (Fig. 9a). At a higher stimulation volt-
age (0.8 V), the Pt electrode and carbon electrode showed
similar peak values of evoked potential, but the carbon elec-
trode had a more stable resting potential (Fig. 9b). After stim-
ulation, the carbon electrode returned to the resting potential
quicker than the Pt electrode.

Because we used a periodic stimulation in vivo experiment,
valid signals were defined as the signal that we collected when
stimulation was applied, while noise signals were defined as
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the signal that we collected when the stimulation was not
applied. The signal-to-noise ratio (SNR) can be calculated
by the following equation:

[ixh(nyde Tixd (o)t
Hh—t t1—ty
[ix3 (r)de

1=t

Singal Power

SNR = 10%10810 | Noise Power

) = 10*log,

where x;(#) represents the amplitude of the valid signals, and
xo(?) represents the amplitude of noise. ¢, is the time that we
start collecting signals, #; is the time when stimulation is ap-
plied, and #, is the time when stimulation is stopped.

The SNR of the neural signals recorded in the cerebral
cortex of six adult rats (at a stimulation voltage of 0.8 V) are
listed in Table 1. The average SNR of the carbon electrodes
was 50.73 £6.11, while that of the Pt electrodes was 20.15 +
5.32. The results showed that carbon electrodes had higher
SNRs (z test, p < 0.001).
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Fig. 9 In vivo neural signal recording of rats using carbon and Pt electrodes a EEG signals recorded by carbon and Pt electrodes at a stimulation voltage
of 0.1 V. b EEG signals recorded by carbon and Pt electrodes at a stimulation voltage of 0.8 V
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Table 1  The SNR of neural signals for six adult rats

1 2 3 4 5 6
Carbon 49.53 42.68 55.74 57.92 44.82 53.71
Pt 19.81 12.37 23.45 25.46 15.32 2447

4 Conclusion

In this paper, we demonstrated a novel method using 3D
printing technology to fabricate millimeter-high glassy carbon
neural implant arrays. Compared with the traditional MEMS
and semiconductor fabrication process, pyrolysis of a variety
of geometries of 3D-printed objects, without shapes or height
limitations, represents a new carbon electrode fabrication
technique, which has potential applications in the fabrication
of 3D carbon-based electrodes for sensors. Although a very
high percentage of shrinkage occurred during pyrolysis in
terms of both height and width, the optimized three-step py-
rolysis process maintained the 3D structure of the original 3D
geometric design. Penetrating, low-cost glassy carbon elec-
trode arrays were successfully fabricated. The electrodes can
be used as both recording and stimulating electrodes for elec-
trical as well as electrochemical signals. In the experiment, the
specific capacitance of the carbon electrode was 9.18 mF/cm?,
and the electrode also had low impedance (7.1 k2) at 1 kHz,
which was beneficial for recording bioelectrical signals in the
brain. The electrophysiological experiment showed that the
glassy carbon arrays have a higher SNR than that of commer-
cialized Pt electrodes while recording neural signals in vivo.
This work represents an innovative approach toward realizing
advanced penetrating neural probes for better resolution neu-
ral recording.
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