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Abstract—This paper demonstrates flexible epineural strip elec-
trodes (FLESE) for recording from small nerves. Small strip-
shaped FLESE enables us to easily and closely stick on various
sized nerves for less damage in a nerve and optimal recording
quality. In addition, in order to enhance the neural interface, the
gold electrode contacts were coated with carbon nanotubes, which
reduced the impedance of the electrodes. We used the FLESEs to
record electrically elicited nerve signals (compound neural action
potentials) from the sciatic nerve in rats. Bipolar and differential
bipolar configurations for the recording were investigated to op-
timize the recording configuration of the FLESEs. The successful
results from differential bipolar recordings showed that the total
length of FLESEs could be further reduced, maintaining the max-
imum recording ability, which would be beneficial for recording
in very fine nerves. Our results demonstrate that new concept of
FLESEs could play an important role in electroceuticals in near
future.

Index Terms—Bipolar configuration, carbon nanotube (CNT),
flexible neural electrodes, neural signal recording, polyimide.

I. INTRODUCTION

AGROWING field of electrophysiology research involves
finding a reliable way to record tiny neural signals that

travel through peripheral nerves or for selective stimulation of
these nerves. For instance, bionic limbs may be controlled by
using recordings from motor nerves in the peripheral nervous
system (PNS), and sensory feedback can then/subsequently be
provided by stimulating the sensory nerves [1]. Other emerging
applications include achieving therapeutic effects that control
chronic diseases through the modulation of electrical signal-
ing patterns in visceral nerves to affect organ systems. This
emerging field has been called “electroceuticals” wherein the
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functional stimulation of visceral nerves, such as phrenic nerve
and vagus nerve for treating bladder dysfunctions cardiac or
enteric control, respectively [2]–[5]. Accordingly, the bidirec-
tional control of the PNS will be at the center of these advances.
Due to many physiological and anatomical difficulties to access
small nerves, however, the precision acquisition and modulation
of electrical signal in PNS has proven to be a challenge. Accord-
ingly, various types of neural electrodes have been reported in
the past, such as extraneural (Cuff, FINE) [6]–[9], intrafascicular
(LIFE and TIME) [10]–[12] penetrating (USEA) [13]–[15], and
regenerative electrodes (SIEVE) [16]–[22]. These electrodes re-
veal the tradeoffs between high selectivity and low invasiveness.
Even though LIFE and TIME show a higher level of selectivity
for stimulation by implantation inside nerves, the intrafascicu-
lar approach itself can potentially cause nerve damage [23]. On
the other hand, extraneural electrodes, such as a spiral cuff and
FINE show effective selectivity for stimulation that is similar to
acute trials with intrafascicular electrodes [9]. When it comes
to recording, however, the low signal-to-noise ratio (SNR) is a
major challenge of the cuff-type electrodes, since tight cuff for
achieving close contact to a nerve causes eventual nerve damage
[6]. In addition, a long length (at least 20 mm) of cuff is usually
required for recording high-amplitude signal when tripolar con-
figuration of recording is used [24]. There are limitations of this
long-length cuff type: 1) increasing foreign body response ex-
posing longer areas of interfaces between a device and a nerve,
which results in changing the functionality of implanted elec-
trodes, such as changes in signal to SNR and decreases in the
selectivity [25]; 2) unstable and unreliable device performance
due to biomechanical issues resulting from contraction and ex-
pansion of the near muscles as a result of relevant movements
[26]; 3) difficulty of implanting in very fine nerves that are
close to visceral organs and dense tissue networks providing
limited surgical and implantation space. Some solutions, such
as parylene-based new cuff designs have been proposed for flex-
ible and conformable contact on nerves [27], [28], there is still
challenge in applying these to very fine nerves (50–200 μm),
such as branches of sciatic nerve, splanchnic, bladder, and va-
gus nerves that are currently getting attention for bioelectronic
medicine. Therefore, developing new electrode design concepts
is still desirable for advanced neural electrodes.

This paper proposes a flexible epineural strip electrode
(FLESE) that closely sticks to a nerve without undue pressure.
The FLESE has small size of strip-shaped body with three elec-
trodes, which allows placing it longitudinally on various sizes
of nerves, very much like band aid. Flexible and biocompati-
ble polyimide is used as a body material. In addition, the three
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Fig. 1. Pictures of (a) FLESE#1 and (b) FLESE#2. Yellow circles indicate suturing holes for implantation on nerves. Schematic diagrams of configuration of
implantations on a nerve, respectively, (c) FLESE#1 with a concentric bipolar electrode, and (d) FLESE#2 with a hook electrode.

sensing electrode metal contacts are coated with carbon nan-
otube (CNT) in order to reduce the interfacial impedance, as
well as to improve the adhesion properties [29]–[34]. Electri-
cally elicited neural signals, elicited by different stimulation
electrodes, are recorded by different two designs of FLESEs
from main sciatic nerves of rats in order to investigate the fea-
sibility of FLESEs.

II. METHODS

A. Device Design

The FESEs have very small strip-shaped body fabricated from
flexible and biocompatible polyimide. This design enables a
longitudinal implant on various sizes of thin nerves in a manner
analogous to attaching a band aid. This novel design reduces
significant nerve damage by just attaching the electrode to the
nerve instead of wrapping or penetrating the nerve, while pro-
viding direct contact between the nerve and the metal sensors.
Another advantage is that the various nerve sizes have little ef-
fect on the size of the electrode; in contrast, for a cuff electrode,
the inner diameter of a nerve cuff has to be closely matched to
the size of the nerve. Thus, the FLESE design allows implant-
ing on very fine nerves with 100 s of micrometer diameter. The
electrode has a smooth geometry that prevents nerve trauma
from sharp edges. Two different designs are investigated. Both
have three sensing electrodes, where the diameter is 100 μm
and each distance between the electrodes is 3 mm. To secure the
electrode strip to nerves, several suture holes are located on the
strip. Surgeons can use the holes to gently suture the electrode
directly to the nerve bundle, through the epineurium. Initial de-
sign [see FLESE#1 in Fig. 1(a)] has 9 mm length and 1 mm
width of strip. The second design [see FESE#2 in Fig. 1(b)] has

Fig. 2. Fabrication process for FLESEs.

7.5 mm length and 0.5 mm width of strip, as well as a ground
round electrode on a longer body. These designs can, of course,
be adapted to different nerve sizes and shapes.

B. Device Fabrication

FLESEs are made of two layers of the polyimide with gold
sandwiched in between in strip-shape geometry. First, a 1-μm
Aluminum (Al) sacrificial layer was deposited on a silicon sub-
strate, then a 6-μm polyimide (PI2611-HD-Mircrosystems) was
spin coated and hard cured under 300 °C for 30 min at a 4-°C/min
ramping rate [see Fig. 2(a)]. After deposition of 200-nm Al as a
hard mask, the bottom polyimide structure was patterned on the
thin-Al surface after the first lithography step [see Fig. 2(b)].
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Fig. 3. SEM images (a) before and (b) after CNT coating on electrodes. (c) Magnified SEM images after CNT coating.

Afterward, the exposed polyimide was etched out by a reactive
plasma etching process (O2 gas flow 50 sccm and CF4 gas flow
10 sccm, RF power 150 W), the remaining Al layer was removed
[see Fig. 2(c)]. Layers of Titanium (Ti) (20 nm), and gold (Au)
(300 nm) metal electrodes, traces, and pads were subsequently
deposited and patterned by a metal evaporation and lift-off pro-
cess [see Fig. 2(d)–(f)]. Next, a second layer of 6-μm polyimide
was coated and fully cured at 350 °C for 30 min [see Fig. 2(g)].
Using the same process as the first polyimide layer patterning,
the second polyimide layer was etched and the final structure
was formed [see Fig. 2(h)].

C. Device Releasing

The polyimide chip was released from the aluminum sacri-
ficial etching using an electrochemical anodic dissolution pro-
cess that is often used for metal refining and metal etching
[see Fig. 2(i)]. The Al-sacrificial layer on silicon substrate was
bonded with copper wire extension encapsulating by noncon-
ductive glue. Then, a platinum (Pt) mesh electrode as an inert
electrode put together into a glass beaker of 0.5-M NaCl so-
lution with gentle magnetic stirring. Voltages were applied to
the Pt electrode as cathode and the copper wire as anode. The
voltage was set below 1 V to avoid O2 formation at the anode.
While applying the voltage, the Al electrode is dissolved into
the electrolyte in the form of Al3+ or Al2O3 by oxidation and
H2 gases released from the Pt surface by H+ reduction. Once
the electrodes were released from the substrate, they were rinsed
with 5% HCl acid to remove the suspended Al2O3 on the device
surface.

D. Electrode Packaging

Pads on the FESEs electrodes were initially designed to match
the FPC connectors (Hirose Electric Co. Ltd.) so that the pads
were easily inserted with spacer into the connectors and con-
nected by just clicking on them. The connectors avoided damage
to the thin-film electrodes during soldering and from tethering
force possibly applied during the in vivo experiments. The FPC
connector was soldered to omnetic cables encapsulated with
flexible and biocompatible silicon tube. Insulating UV epoxy

(Vitralit 4731 VT, Panacol-Elosol GmbH, Daimlerstr) was ap-
plied on each connection part to protect components mechani-
cally as well as electrically from in vivo environment.

E. Coating of the Electrode Site (Au-CNT Nanocomposites)

CNTs has drawn the great interest by researcher due to its
excellent mechanical property, superior charge storage capacity,
lower impedance, and neurocompatibility [35]. Also, randomly
oriented multiwall CNTs (MWCNTs) enables intimate contact
with neurons and cells [30], [31]. Furthermore, CNT coating by
an electroplating method provides fabrication simplicity.

For the preparation of CNTs coating in this study, the MWC-
NTs (Cheap Tubes Inc., USA, length∼0.5–2 μm, outer diameter
< 8 nm) were first dispersed in an Au electrolyte bath (TSG-
250, Transene, USA) to form a 1-mg·mL−1 aqueous solution.
Then, the whole solution was sonicated for 2 h to fully sus-
pend the CNTs in the solution. After that, the packaged FESEs
and Au wire were connected to the negative and positive ter-
minals of the power supply, respectively. Both the electrode
site and the Au wire were then inserted into the solution. A
monophasic voltage pulse (1.1 V, 50% duty cycle, 1 min) was
applied from the power source. Au ions in the solution, as well
as CNTs which absorbed Au ions, migrated to the negative ter-
minals. After absorbing the electrons from the probe contacts,
the Au ions were subsequently deposited onto the surface of
the recording contacts. The surface morphology of CNT-coated
electrodes was characterized by SEM. Fig. 3 shows SEM im-
ages of the electrode before and after the CNT coating. Au
nanocomposites mixed with CNTs were formed on the surface
demonstrating that CNT-Au nanocomposites were successfully
coated on the electrode surface by the CNT coating method.
This rough and high porosity of surface coatings provides the
increment of electrochemical surface area resulting in drastic
decrease of interfacial impedance.

F. Electrochemical Impedance Spectroscopy
(EIS) Characterization

Impedance characterization of interfacial layers is of
paramount important for the performance of neural recording.
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Fig. 4. Results from EIS for (a) the plot of interfacial impedances for with
and without CNT coating and (b) the plot of phase angle.

The neural signal will be lost in noisy if the electrode impedance
is not low enough [36]. In order to verify the change of inter-
facial impedances with and without Au-CNT-coated electrodes,
EIS was conducted in phosphate buffered saline (PBS, Biowest,
pH 7.4, conductivity x1). The sinusoidal wave with amplitude
of 50 mV and frequency spans from 100 kHz to 0.7 Hz was ap-
plied. Three electrode configurations with the silver/silver chlo-
ride (Ag/AgCl) electrode and a Pt wire as reference and counter
electrode, respectively, were used. The output impedance was
recorded in vitro with an impedance analyzer (Autolab PG-
STAT100N voltage potentiostat/galvanostat, Metrohm).

The results of EIS are plotted in Fig. 4. Impedance without
CNT coating at 1 kHz was 47 ± 7 kΩ, while the impedance
dropped by one order of magnitude (3.6 ± 0.6 kΩ) after de-
position of the CNT and Au composites and phase was −48°
at 1 kHz. Since high impedance increase signal distortion and
reduce SNR, only Au electrodes without CNT coating can not
record the high quality of neural signal, while the impedance
of electrodes with CNT coating is reasonably low and good for
neural signal recording (<10 kΩ).

G. Rat Preparation for In Vivo Test

The experiments were performed in adult female Sprague
Dawley rats (250 g) (In Vivos Pte Ltd, Singapore). The rats were
acclimatized for one week prior to use in the experiment, with
food and water provided ad libitum and 12-h lights ON/OFF. The
animal care and use procedures conformed to those outlined by
the Agri-Food & Veterinary Authority of Singapore, the Institu-
tional Animal Care and Use Committee, and the ethics commis-
sion of the National University of Singapore. The animals were
anesthetized with a single bolus injection of ketamine/xylazine
(150 and 10 mg/kg, respectively, intraperitoneal). After an

adequate depth of anesthesia was attained, the right sciatic
nerves were exposed through a gluteal-splitting incision. The
FLESEs were placed around the proximal segment of the sci-
atic nerve. Special care was taken to prevent nerve damage.

H. Physiological Characterization

The neural signals are evoked by electrical stimulation during
acute recording tests (studies done under general anaesthesia);
evoked activity is used for testing the neural signal recording
as well as the calculation of nerve conduction velocity (NCV)
[37]. In this study, a sciatic nerve was directly stimulated, and
the evoked compound nerve action potentials (CNAPs) were
recorded from the sciatic nerve. The nerve was stimulated by
the application of a single monophasic 20-μs pulse, with ampli-
tudes varying between 0.3 and 1.5 mA, using an isolated stim-
ulator box (Digitimer Ltd., UK). This range (6–30 nC/Phase) is
acceptable according to the literature [38]. Signals from the im-
planted FLESEs were acquired using a multichannel amplifier
(USB-ME32-FAI System, Multichannel Systems, Inc., USA),
at a sampling rate of 50 kHz and a gain of 2000. Data acqui-
sition was done using an MCS system and the data acquisition
software (MCRack).

I. Stimulation Electrode and Recording Configuration

A concentric bipolar electrode (Microprobe, Inc.) as a stim-
ulation electrode was implanted proximal to the spinal cord.
Bipolar recordings were conducted using three sensing elec-
trodes of FLESE#1 distally placed at about 10 mm distance
from the stimulus site. Fig. 5(a) shows the schematic diagram
of the implant. The reference electrode was placed in the body
in an electrically neutral place. Ground electrode was separately
connected to the tail of the rat.

A lab-made hook electrode as another stimulation electrode
was implanted at the stimulus site. Differential bipolar recording
was conducted indicating that one reference electrode and two
sensing electrodes from FLESE#2 were placed on the sciatic
nerve. Fig. 5(c) shows the schematic diagram of the implant.
The ground electrode on the body of FLESE#2 was contacted
to near body.

J. Data Analysis

Electrophysiological data were analyzed using custom-made
algorithms in MATLAB (Mathworks, Inc., USA). The NCAPs
following the stimulation artifact were identified by the latency
of peak as well as the peak–peak amplitude.

III. RESULTS AND DISCUSSIONS

A. In Vivo Recording (FLESE#1 and Bipolar Configuration)
Elicited by a Concentric Bipolar Electrode

The FLESE#1 was successfully sutured on a sciatic nerve by
microsurgical techniques [see Fig. 5(b)]. Fig. 6(a) shows the
recorded CNAP from three different electrodes (E#1, E#2, and
E#3) for varying stimulation currents. Each trace corresponds
to the average obtained from recording over 50 CNAPs. The
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Fig. 5. Schematic diagrams of implanted FLESE#1 (a) and FLESE#2 (c) with the stimulation electrodes. The pictures of implanted FLESE#1 (b) and FLESE#2
(d) on rat sciatic nerves.

Fig. 6. Results of CNAP recordings of FLESE#1 on a main sciatic nerve
elicited by the concentric bipolar electrode (a) before and (b) after applying
xylocaine for a nerve block.

CNAPs were recorded following the stimulation artifact: 1) there
were no CNAPs of significant amplitude recorded from the
electrodes during the stimulation of 0.3 mA, 2) whereas clear
and fine neural signals were recorded from the three electrodes
at 1 mA, and 3) after the stimulation currents of more than
1 mA, the amplitude of recorded signals did not increase. This

experiment demonstrates that the stimulation current of around
1 mA is the threshold for stimulation of the sciatic nerve by
the concentric bipolar electrode. The latency of peak of the
CNAP that indicates the time from the onset of the stimulation
artifact to the onset of the CNAP was 0.41, 0.42, and 0.44 ms,
respectively, from the three electrodes. NCV can be calculated
by the below equation [39]:

NCV = Δx/Δt (1)

where Δx is the distance that CNAP travels, and Δt is the
time that it takes to cover this distance. The calculated NCV
is 24–36 m/s. This matches well with the established NCV of
the fastest fibers in rat sciatic nerves [40]. The mean amplitude
of CNAP from E#1 was 716.15 ± 39.74 μV, that of E#2 was
584.28 ± 42.9 μV and that of E#3 was 272.94 ± 50.55 μV. This
can be attributed to the difference in the distance between the
sensing electrodes and the reference electrode.

To verify whether the recorded CNAPs are corrupted by any
external noises, such as EMG or the source of stimulation, xy-
locaine that is normally used for blocking nerve function [41]
was applied to the nerve during stimulation with 1-mA current,
and CNAP recordings were conducted after 10 min. The re-
sult of recorded CNAP after 10 min shows that no signal was
recorded except for the stimulus artifact [see Fig. 6(b)]. This
demonstrates that the recorded CNAP before blocking nerve is
not corrupted. However, the needle-type concentric electrode
showed the difficulty of reliable and repeatable implantation
since some movements of near muscles during the stimulation
made lose its original position as well as repeatable pricking
for the same stimulus position cause blooding the sciatic nerve
degrading normal nerve condition.
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Fig. 7. Results of CNAP recording of FLESE#2 from E#1 and E#2 on a main
sciatic nerve elicited by a hook electrode.

B. In Vivo Recording (FLESE#2 and Differential Bipolar
Configuration) Elicited by a Hook Electrode

The FLESE#2 has narrower strip body that easily sticks even
on the smaller branches of sciatic nerves (the diameters of 0.2–
0.3 mm) compared with the FLESE#1. Also, it has longer tail
body to the connector so that it allows for a stable implantation
by reducing the tethering force. Also, ground electrode is on the
tail body so that an additional or separate ground electrodes is
not necessary, which again would be desirable for long-term im-
plantation. The FLESE#2s were readily put on the main sciatic
nerve and very small branch nerves [see Fig. 5(d)]. Further-
more, they showed good adhesion properties enough to stick
the nerves without any suturing during the acute recording pro-
cedure. This might be due to the narrow width of the strip body,
which reduces noncontact areas, promoting a stronger interface
between the strip body and the nerve, as well as CNT‘s adhesion
properties.

Differential bipolar configuration was used for CNAP record-
ing. It is a more effective way for recording in that the activity
that is distant from both electrodes appears as common mode to
the two recording electrodes, and is rejected, while activity in
the immediate vicinity of the two electrode is differential mode
and is amplified [24]. Also, the bipolar configuration requires
an additional reference electrode put inside the body, which
also limits long-term implantation. One sensing electrode on
the FLESE#2 was set as a reference electrode and the other
two sensing electrodes were set as recording electrodes [see
Fig. 5(c)]. Also, the hook electrode was used as the stimulation
electrode for more reliable and repeatable stimulation. The stim-
ulation protocol was as described above. Threshold stimulation
current was found to be around 1 mA and clear and fine CNAPs
were recorded. Fig. 7 shows the result of recorded CNAP (n =
60) from the two recording electrodes on the FLESE#2 in a rat

main sciatic nerve elicited by the hook electrode with stimulus
current of 1 mA. The mean amplitude of CNAP from E#1 was
235.7±20.1 μV and that from E#2 was 466.1±34.6 μV. The dif-
ference of amplitude is most likely due to the nature of conduc-
tion or organization of axonal fiber/fascicles or placement. Short
distances between reference and recording electrodes compen-
sates CNAP resulting in low amplitudes [24]. In the main sciatic
nerve, distance gap of 3 mm between the recording electrode
#1 and #2 resulted in a 230 μV difference. For noise analysis,
the mean amplitude of the noise from the electrodes was 12.60
± 0.84 μV, which were identified before and after the CNAP.

IV. CONCLUSION

The FLESEs were proposed and investigated as new con-
cepts for recording from small nerves. The Au-CNTs-coated
sensing electrodes showed reasonable interfacial impedance at
1 kHz as well as good adhesion properties on nerves. In addi-
tion, there is no risk for applying pressure on nerve that even-
tually causes nerve damage. Sciatic nerve in a rat was stimu-
lated by using different types of electrodes (a concentric bipolar
electrode and a hook electrode), and clear and fine CNAPs
were recorded through bipolar or differential bipolar configu-
ration. The FLESE#2 not only showed good adhesion proper-
ties enough to implant without suturing during acute recording
experiment, but the longer tail body was also beneficial for
reducing the tethering force that would be encountered dur-
ing implantation. In addition, locating a ground electrode on
the tail body would be beneficial for long-term implantation
with differential bipolar recording. Also, the recorded CNAPs
demonstrates that 3 mm distance between reference and record-
ing electrodes for differential bipolar configuration is enough
to record clear CNAPs, although the amplitude is lower than
with a 6 mm distance. It means that total length of strip body
can be reduced further maintaining the maximum recording
ability. Overall experimental results demonstrate that FLESE
could play an important role in clinical neuroprosthetics and
neurotherapeutic technologies in the near future.
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