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Abstract

neural recording

To overcome the limitations of muscle-based prostheses, studies on nerve-based prostheses for sensory feedback
have recently been reported. To develop such prostheses, intrafascicular electrodes, a type of peripheral nerve
interface, are essentially used to connect the nervous system and external systems. Through these electrodes,
sensory feedback to induce sensations in patients is possible. To evoke natural sensations, precise recordings of
nerve signals should precede sensory feedback, in order to identify patterns of sensory signals in the nerve and to
mimic these patterns in stimulating the nerve. For this purpose, we previously developed a PDMS-based flexible
penetrating microelectrode array (FPMA). In the current study, we verified the ability of the FPMA to record sensory
nerve signals. The FPMA implanted in the rabbit sciatic nerve was able to record spontaneous neural signals, and
the recorded signals were separated into action potential units. In addition, sensory nerve signals synchronized
with ankle movement were successfully recorded, demonstrating that the FPMA is a useful peripheral neural
interface capable of recording high-resolution sensory signals.
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Introduction

To restore the amputee’s motor ability, several muscle-
based prostheses have been developed [1-3]. However,
these prostheses have limitations in that control of fine
movement is difficult and natural sensory feedback
is impossible [2, 4, 5]. To overcome these limitations,
nerve-based prostheses that can directly interact with
nerves have been emerging [6, 7]. Peripheral neural inter-
faces are widely used in such nerve-based prosthetics
studies [7-9]. Among various types of peripheral neural
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interfaces, the majority of nerve-based prosthetic studies
for sensory feedback have used intrafasicular electrodes
due to their high resolution in recording and high selec-
tivity in stimulation [7, 8, 10].

However, the studies on sensory feedback rely on
simple non-specific nerve stimulation strategies. As
the result, the evoked sensation is not quite natural,
and there is a big difference from the natural sensations
experienced in real life [8, 10]. It is because simple nerve
stimulation does not properly mimic the complexity of
encoded sensory signals in the nerve [11]. To generate
natural sensations, it is necessary to identify the specific
sensory signals passing through the nerve and at what
frequency they are encoded. Afterward, the periph-
eral neural interface must stimulate the nerve according
to the specific patterns of sensory signals at the exact
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Fig. 1 Schematic illustration of the FPMA fabrication procedures

location where the sensory signal passes. Therefore, to
induce natural sensations, the peripheral nerve interface
needs to possess the ability to record sensory-evoked
neural signals accurately [11]. However, most of the cur-
rently used intrafascicular electrodes focus on stimula-
tion, so their ability to record peripheral nerve signals is
not sufficiently validated [7, 10, 12].

Among several intrafascicular electrodes, the Utah
slanted electrode array (USEA) is the only electrodes with
proven neural stimulation and neural recording capabili-
ties [8, 13]. However, the USEA is rigid and inflexible as
it is fabricated based on silicon. Therefore, the USEA has
the limitations when applied to peripheral nerves with
large curvature. In addition, due to its stiffness, the mis-
match in physical properties with the peripheral nervous
tissues is severe, resulting in strong immune responses
[14, 15]. For this reason, it is required to develop a
peripheral nerve interface that is flexible to fit the curva-
ture of the peripheral nerves and has soft properties to
reduce the immune responses.

We previously developed a polydimethylsiloxane
(PDMS)-based flexible penetrating microelectrode array
(FPMA) through MESM-based technology [16]. Because
the FPMA is based on flexible PDMS rather than silicon,
it is flexible to fit the shape of the nerve and lowers the
immune response [17]. Here, we investigate the ability of
the FPMA to record peripheral neural signals in response
to various stimuli.
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Methods

Fabrication of peripheral nerve signal recording system
The peripheral neural signal recording system was fabri-
cated by integrating the FPMA and an interconnection
cable.

The FPMA is a needle-shaped electrode array with
PDMS-based flexible substrate, as previously presented
[16, 17]. Each of the electrodes is used as a probe to sense
the changes in electrical potential around it, so highly
doped silicon was used as conductor material. At first,
Ti/Au with thicknesses of 50 nm/200 nm, respectively,
were sputtered and patterned (SRN-110, Sorona Inc.,
Anseong, Korea). The silicon wafer was etched about
200 pm deep using deep reactive ion etching in an array
pattern (LPX PEGASUS, SPTS Technologies Ltd, New-
port, UK), except for the sputtered part (Fig. la). We
covered sputtered Au pads with a PDMS lid to prevent
further contamination during the next fabrication steps.
To build a flexible base of FPMA, liquid PDMS was filled
in the etched trenches and cured at 60 “C for 2 h (Fig. 1b).
After removing the PDMS lid, a square columnar array
was fabricated through a dicing process (Fig. 1c). The
needle-like shape of electrodes was created by wet etch-
ing using HNA solution. The tips of electrodes were
sputtered with Ti/Pt in thicknesses of 50 nm/200nm
to reduce the impedance of the active electrode sites
(Fig. 1d). Except for the Au-sputtered pads and the tips of
the electrodes, parylene-C with a thickness of 3 um was
deposited by a low-pressure chemical vapor deposition
process using a parylene coating system for insulation
(NRPC-500, Nuritech, Goyang, Korea) (Fig. 1e).
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Fig. 2 Experimental setup for acute recording from the sciatic nerve in a rabbit. (@) An FPMA was inserted between BF and RF muscles and the cable
came out through the space between RF and TF muscles. The wires were connected to the data acquisition system through a PCB. A ground needle was
inserted into the skin of the forelimb (BF: biceps femoris muscle. RF: rectus femoris muscle. TF: tensor fasciae latae muscle). (b) A magnified view of the
FPMA implanted on the sciatic nerve. A flat electrode based on the parylene-C cable and a Pt/Ir wire were used as reference electrodes

Next, we fabricated a custom interconnection cable for
use in in-vivo experiments. The interconnection cable
was composed of a parylene-C based cable, custom-
designed flexible printed circuit boards (FPCBs), and
ultra-thin wires. The parylene-C based cable was fabri-
cated by stacking parylene-C and metal layers. The first
layer of parylene-C was deposited about 3 um on a tita-
nium sputtered silicon wafer. And we sputtered Ti/Au
with thicknesses of 50 nm/200nm, respectively, and pat-
terned for conductive lines. The second layer of parylene-
C was coated around 3 pum to insulate the conductive
lines. The parylene-C was etched using reactive ion etch-
ing (RIE) to open connection pads and outline the cable.
The parylene-C based cable was obtained by immersing
the wafer in Ti etchant (hydrofluoric acid solution). The
parylene-C based cable was connected to the FPCBs that
were used as the adapter boards, using conductive epoxy
(Duralco 125, Cotronics, New York, NY, US), and wires
were soldered to connect the FPCBs. To prevent toxic
reactions in in-vivo, we encapsulated the soldered por-
tion entirely using PDMS.

The fabricated electrodes were cut into the size of the
array, and integrated with the parylene-C-based cable
using conductive epoxy. PDMS filled the gap formed
between the cable and the FPMA, for mechanical and
electrical stability, and cured at 60 ‘C for 2 h (Fig. 1f). The
integrated neural interface was coated with 2 pm thick
Parylene-C, which has excellent biocompatibility, for
implantation in in-vivo. At this step, the tips of the elec-
trodes were protected using polyethylene glycol (PEG)
(Fig. 1 g). By removing PEG and cleaning the active elec-
trode sites, we could obtain the completed peripheral
neural interface device (Fig. 1 h).

Surgical procedures

All surgical procedures for animal experiments were
approved by the Institutional Animal Care and Use
Committee (IACUC) of DGIST (Approval No. DGIST-
IACUC-22022502-0003). The FPMA was implanted onto
the sciatic nerve of a New Zealand White (NZW) rabbit
weighing more than 4 kg and over 1 year old, which was
however selected by weight rather than age. To prevent
infection, the FPMA and the recording equipment were
sterilized with hydrogen peroxide before surgery. The
rabbit was first anesthetized using ketamine/xylazine,
and then tracheal intubation was performed during anes-
thesia. Anesthesia was maintained using 2.5% isoflurane.
The fur on the legs was shaved before surgery. Biceps
femoris (BF) and rectus femoris (RF) muscles were
opened to expose the sciatic nerve. To stably implant
the FPMA into the sciatic nerve, RF and tensor fasciae
latae muscles (TF) were additionally spread apart. The
FPMA was then placed near the nerve through the BF
and RF muscles. The wires attached to the FPMA came
out through the space between the RF and TF muscles
and were connected to the printed circuit board (PCB)
(Fig. 2a). The FPMA was carefully placed 2-3 cm proxi-
mal from the tibial and peroneal branches and inserted
into the sciatic nerve using an inserter (NeuroPort Elec-
trode Inserter System, Blackrock Neurotech, Salt Lake
City, UT, USA). A Pt/Ir wire wound on the distal part
of the electrodes and a flat electrode attached to the
parylene-C cable were used as reference electrodes, as
shown in Fig. 2b. A ground electrode, made of a syringe
needle, was inserted into the skin of the forelimb as
shown in Fig. 2a.
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Fig. 3 Spontaneous neural signals recorded by an FPMA implanted in the sciatic nerve. (a) Spontaneous action potentials were recorded by 6 out of 9
channels. On channel 8, compound action potentials were recorded. (b) Magnified view of the neural signal recorded on channel 2. (c) Single spike units

were detected from channel 2. Four spike units were separated

Acute in-vivo recording and signal processing

After surgery, the rabbit was placed in a custom-made
faraday cage to minimize electromagnetic interferences.
Neural signals were recorded using a data acquisition sys-
tem (Cereplex™, Blackrock Neurotech, Salt Lake City, UT,
USA), at a 30 kHz sampling rate. In addition, noises were
removed using a 250-5000 Hz bandpass filter provided by
the data acquisition system. To minimize movement arti-
facts during recording, we grabbed the rabbit’s paw and
waited until the signals were stabilized. Once stabilized,
the rabbit’s ankle was moved slowly, taking care not to
move the entire leg. All of these processes were recorded
by a camera, and neural signals and ankle movements
were synchronized through recorded videos.

The recorded neural signals were analyzed with com-
mercial software Matlab (Mathworks, Natick, MA, USA)
and SPIKE 2 (CED, Cambridge, UK). The signal-to-noise
ratio (SNR) was calculated using the following equation
(17, 18].

averageo factionpotentialamplitude

SNR =
2 x standarddeviationofnoise

Results

Spontaneous neural spike recording

Spontaneous neural signals were detected by 7 out of
9 channels of the FPMA. Unit action potentials (APs),
so called ‘spikes, were recorded by 6 out of 7 channels,
while one channel (ch. 8) recorded only compound
action potentials. Except for adjacent channels 1 and 2,
the recorded neural signals had all different waveforms
depending on channels (Fig. 3a). Through this observa-
tion, it was confirmed that the signal recorded by each
channel of the FPMA was a signal generated from the
nervous tissue around the electrode, not from external
noises such as muscle signals or respiration. We could
also confirm that the flexible FPMA was stably implanted
into the nerve according to the curve of the sciatic nerve
and that each channel was located adjacent to different
axons. It showed that the FPMA was an efficient tool
capable of recording multiple axons within the peripheral
nerve.

In particular, burst-type multi-unit neural signals were
detected in channels 1, 2, and 5 (Fig. 3a). These recorded
multi-unit spontaneous signals exhibited a spike period
of about 0.3 to 0.4 s in one burst (Fig. 3b). It has been
reported that such neural signals are generated by the
activation of c-nociceptive axon following peripheral
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Fig. 4 Evoked sensory neural signals according to the movement of the ankle. (a) The angle of the ankle in flexion and extension states. (b) Neural signals
in channels synchronized with ankle movement are represented in red color while nerve signals from channels that are not synchronized are represented
in blue color. (c) Evoked sensory neural signals according to ankle movement in time and frequency domains (red bar: flexion state; blue bar: extension
state). (d) The waveform of neural signal recorded in flexion state. (e) The waveform of neural signal recorded in extension state

nerve damage [19]. Therefore, it was assumed that the
axons damaged by the FPMA insertion might be the
source of the recorded burst-type spontaneous neural
signals. On the other hand, channel 2 showed clear action
potentials or spikes. A total of 4 spike units were detected
by channel 2. Although the waveforms of the units were
similar, the amplitude of each unit was different, so that
clustering of spike units was possible through a commer-
cial spike sorting program. The duration of the detected
action potentials was about 4 ms. Also, the amplitudes of
the spike units ranged from 130 uV up to 340 pV, with
SNR of 3.1 up to 7.1 (Fig. 3c). Based on the recorded spike
signals, it was confirmed that the implanted FPMA could
effectively record spike signals from peripheral nerves.

Evoked sensory neural signal recording

After confirming the ability of the FPMA to record neu-
ral signals through spontaneous neural signal recording,
we tried to record evoked neural signals generated by
sensory stimulation. Various stimuli were applied to the
FPMA-implanted leg. Among them, neural responses
synchronized with ankle movement were detected
(Fig. 4a).

In channel 8, multi-unit neural signals evoked by the
ankle movement were recorded, while other channels did
not show any related signal (Fig. 4b). It implies that the
signals recorded by channel 8 were not artifacts caused
by the ankle movement, but neural signals in response
to the sensory stimulus of the ankle movement. Also,
depending on the angle of the ankle, the neural signals
showed different waveforms. Two types of waveforms
appeared alternately according to the ankle position
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(Fig. 4c). When the ankle flexed, the FPMA recorded
compound neural signals. On the other hand, in the
extension state, spikes of several units continuously fired
(Fig. 4d and e). Especially, strong signals were generated
when the ankle movement started. In addition, the fre-
quency analysis showed that when the ankle was flexed,
the strong signal was observed below 1000 Hz for a short
duration of 500ms. On the other hand, in the extension
state, it showed that the signal was weak over a longer
period (Fig. 4c). It implies that the angle of the ankle
could be specified based on the recorded nerve signals.

However, it is presumed that the evoked neural signals
recorded in this study would not be neural signals origi-
nating from the proprioceptive axons. In previous stud-
ies, a characteristic of proprioceptive neural signals is
that action potentials with a constant inter-spike interval
continuously fires while a specific posture is maintained
[20-22]. On the other hand, the neural signals recorded
through the FPMA were multi-unit spikes, observed
intensively when a particular posture started and then
disappeared.

Based on these results, we concluded that the neural
signals recorded by the FPMA were not from the axons
responsible for muscle contraction, but axons involved
in sensations associated with ankle movement. Although
the recorded neural signals were not derived from pro-
prioception, it still showed specific neural signal wave-
forms according to different angles of the ankle.

Conclusion

In this study, the FPMA successfully recorded neural sig-
nals from multiple axons in peripheral nerves. Action
potentials from axons were successfully detected by
6 out of 9 channels of the FPMA used. In addition, we
succeeded in recording evoked-sensory signals synchro-
nized with the ankle movement. It shows that the FPMA
can record sensory nerve signals from peripheral nerves
with high resolution. In the future, we will chronically
record sensory nerve signals to verify that the FPMA can
be used in nerve-based prostheses to provide natural sen-
sory feedback.

List of abbreviations

FPMA Flexible penetrating microelectrode array
USEA Utah slanted electrode array
PDMS Polydimethylsiloxane

FPCB Flexible printed circuit board
RIE Reactive ion etching

PEG Polyethylene glycol

BF Biceps femoris muscle

RF Rectus femoris muscle

TF Tensor fasciae latae muscle
PCB Printed circuit board

SNR Signal-to-noise ratio

AP Action potential
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