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A Highly Selective 3D Spiked Ultraflexible Neural
(SUN) Interface for Decoding Peripheral Nerve Sensory

Information

Jiahui Wang, Xin Yuan Thow, Hao Wang, Sanghoon Lee, Kai Voges, Nitish V. Thakor,*

Shih-Cheng Yen,* and Chengkuo Lee*

Artificial sensors on the skin are proposed as a way to capture information
that can be used in intracortical microstimulation or peripheral intraneural
stimulation to restore sensory feedback to persons with tetraplegia. However,
the ability of these artificial sensors to replicate the density and complexity of
the natural mechanoreceptors is limited. One relatively unexplored approach
is to make use of the signals from surviving tactile and proprioceptive recep-
tors in existing limbs by recording from their transmitting axons within the
primary sensory nerves. Here, a novel spiked ultraflexible neural (SUN)
interface that is implanted into the peripheral nervous system to capture
sensory information from these mechanoreceptors in acute rat experiments is
described. The novel 3D design, which integrates spiked structures for intra-
fascicular nerve recording with an ultraflexible substrate, enables a unique
conformal interface to the target nerve. With the high-quality recording
(average signal-to-noise-ratio of 1.4) provided by the electrode, tactile from
proprioceptive stimuli can be differentiated in terms of the firing rate. In toe
pinching experiments, high spatial resolution classification can be achieved
with support vector machine classifier. Further work remains to be done to
assess the chronic recording capability of the SUN interface.

reported to elicit natural touch percep-
tion,* ¢ and intracortical microstimula-
tion of the primary somatosensory cortex
has also been shown to evoke tactile sensa-
tions in patients that cannot benefit from
peripheral nerve sensory stimulation.”®l
These studies have started to use fairly
dense electrode arrays (e.g., 2 X 4 mm
electrode arrays with as many as 60 stimu-
lation electrodes), which means that these
arrays will not only be able to stimulate
neurons that represent different parts of
the body, but also neurons that represent
different sensory modalities.*'% Cur-
rently, artificial sensors are employed on
the skin surface to collect sensory infor-
mation for pressure,11~13 strain, 1416 and
temperature.’-1°l However, it is difficult
for these artificial sensors to substitute the
functions of the natural tactile and propri-
oceptive receptors due to their density and
complexity. These peripheral receptors,

Neural prostheses are assistive devices that restore lost func-
tions resulting from neural damage.l!l Sensory feedback plays
an important role in improving the performance of the neural
prostheses to achieve finer movement control.?3l Electrical
stimulation on the peripheral nerves in amputees has been
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together with the primary sensory neu-

rons that relay their signals to the central
nervous system, are typically intact in persons with tetraplegia
due to spinal cord injury. Recording of sensory signals from
these primary sensory neurons that are part of the peripheral
nervous system (PNS), and the transformation of the informa-
tion into a feedback signal, provides an alternativel?2! but yet
relatively unexplored way to restore high-fidelity sensory feed-
back to persons with tetraplegia. With the recent developments
of implantable self-powered energy harvesters,?224 it may now
be possible to realize long-term nerve recording for sensory
feedback.

The PNS of the upper and lower limb conveys both afferent
sensory information to the brain and efferent motor com-
mands to the muscles. Although the peripheral nerves are
small in size, they are made up of several nerve fascicles
holding hundreds of nerve fibers. As an example, the human
median nerve trunk, which has around 20 nerve fascicles (with
an average area of 0.16 mm?), holds 20 000 axons.””! Thus, an
effective neural interface needs to record from a large number
of nerve fibers in a highly selective manner. To achieve this,
various intrafascicular multichannel neural interfaces have
been developed, including the longitudinal intrafascicular elec-
trode (LIFE),?%?’] the transverse intrafascicular multichannel
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electrode (TIME),?#2%  and the Utah Electrode Array
(UEA).3%31 Different from LIFE and TIME, which are flexible
interfaces threaded into the nerve, the UEA uses penetrating
microneedles of customized height to access nerve fascicles.
To extend the UEA along the nerve fiber direction, it is desir-
able to integrate the penetrating microneedle electrodes with a
flexible substrate, which will deform with the nerve. A manu-
ally integrated stretchable microneedle electrode array has been
shown to maintain stable contact with the muscle tissue during
electromyographic recording and stimulation.??) However, the
manual integration process lacks precision, repeatability, and
scalability compared to standard microelectromechanical sys-
tems (MEMS) fabrication process. Thus, we hypothesize the
combination of microneedles with flexible substrate using
MEMS fabrication process will provide access to the nerve fas-
cicles, while remaining flexible enough to accommodate small
tissue movements.

Here, we report the development and application of a novel
spiked ultraflexible neural (SUN) interface for recording from
the PNS, which allows the subsequent decoding of sensory infor-
mation. Polyimide was chosen here, due to the suitability of poly-
imide for long-term neural implants.® It is a flexible, insulating
material that can withstand tissue micromotion, and does not
cause excessive inflammation. The novel structure enables the
SUN interface to deform in accordance with nerve movements,
while utilizing the penetrating spiked electrodes for intrafas-
cicular recordings. In vivo experiments on the rat sciatic nerve
demonstrated the capability of the SUN interface to detect small
amplitude electroneurogram (ENG) signals with a high signal-to-
noise ratio (SNR). With these excellent recording capabilities of
the SUN interface, we were able to differentiate tactile from pro-
prioceptive stimuli. We further demonstrate that the signal was
of the quality that a support vector machine (SVM) was able to
classify the location of the stimulus with high spatial resolution.
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Figure 1 shows the design and fabrication process of the
SUN interface. The SUN interface features a polyimide sub-
strate (with a Young’s modulus of 2.5 GPa) with 20 um thick-
ness, rendering the device ultraflexible (Figure 1a). At one
end of the device is a suture hole, which can be used to fix the
device to the nerve epineurium. Distributed along the strip-like
structure are: four spiked signal electrodes, one spiked refer-
ence electrode (all 300 pm in diameter), and one ground elec-
trode (300 um x 700 pum). The strip-like structure serves as the
main body of the SUN interface, as it sits on the nerve with its
four signal electrodes penetrating the nerve, while both the ref-
erence and ground electrode remained outside the nerve close
to the surrounding tissue. Underneath the top polyimide insu-
lation layer, 50 um width metal traces connect the electrodes to
the connection pad located on the opposite end of the suture
hole. This connection pad was specifically designed to fit onto a
flexible printed circuit connector for data readout.

Multiple electrodes implanted along the nerve fibers enable
longitudinal selectivity, while spikes of different height can be
customized during fabrication to achieve transversal selectivity.
To our knowledge, this unique combination of flexible substrate
with rigid penetrating electrodes for nerve recording has never
been reported previously. As shown in Figure 1b, the height of
the spiked electrodes changes with the fabrication temperature.
This control of the spike height allows targeting of different fas-
cicles prior to implantation. Since the diameter of the sciatic
nerve in a rat is =1 mm, 500 um height spike structures were
used to record from the center of the sciatic nerve.

The fabrication followed multilayer MEMS process
(Figure 1c). To integrate the 3D spiked electrode structures
on ultraflexible polyimide substrate, first, four-beam SU-8 pil-
lars were fabricated with photolithography. These SU-8 pil-
lars served as the base for double drawing lithography process
to form sharp spiked electrode structures. Double drawing

4 SU-8

Shadow

Parylene
mask

'AZ

Figure 1. Design and fabrication of the SUN interface. a) Schematic of the SUN interface, with diagram of the SUN interface implanted on the sciatic
nerve. b) Customization of SU-8 drawing lithography process to form the structures. Data presented as mean £ s.e.m. (n = 10). c) Fabrication process.
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lithography process was developed to improve the electrical
connection between the 3D spiked electrode and bottom elec-
trode. After the first drawing lithography process, the device
was heated to allow the reflow of SU-8. This formed a gradual
connection between the spike structure and the bottom elec-
trode, resulting in a better electrical connectivity by later metal
sputtering. Finally, the SUN interface was released from the
wafer substrate, with all the area electrically insulated, except
for the spike tips, ground electrode, and connection pads. The
details of the fabrication process are provided in the Supporting
Information.

In order to compare the in vivo ENG recording capabilities,
an extraneural interface, and the intrafascicular SUN interface
were implanted on the exposed left sciatic nerve of different rats
(Figure 2a). The extraneural interface (Figure 2b) shares the same
structural design with the SUN interface (Figure 2¢), with the
exception that the spike electrodes were replaced by planar elec-
trodes with the same diameter. For both interfaces, the signal
electrodes were numbered sequentially in accordance to their
position: E4 was close to the suture hole, which in our experi-
ment was implanted close to the sciatic nerve’s trifurcation, where

sciatic nerve

sural nerve

www.advhealthmat.de

it branched into three finer nerves; E1 was on the opposite end,
close to the connector, and implanted proximal to the spinal cord.

The recording capability of both interfaces was assessed by
measuring the impedance magnitude at 1 kHz prior to implan-
tation in saline and 15 min after implantation. As shown in
Figure 2d, the impedance magnitude in the SUN interface
slightly increased upon implantation, but still remained within
a desirable range of 10 kQ to provide a good SNR.3* However,
the impedance magnitude of the extraneural interface increased
by several times. This large increase in impedance magnitude
indicated that the electrode-tissue contact of the extraneural
interface was not ideal, even though the interface was tightly
wrapped around the nerve. This poor impedance magnitude
might have resulted from microscale gaps between the elec-
trode and tissue, as a result of the uneven bending of the extra-
neural electrode surface when trying to conform to the nerve.
The electrically insulating epineurium surrounding the nerve
might also have led to this impedance magnitude increase.
In contrast, the spikes of the SUN interface were tightly sur-
rounded by nerve fibers and consequently resulted in a much
better electrode—tissue contact.
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Figure 2. Comparison of ENG recording using an extraneural interface and the SUN interface. a) Positioning of the SUN interface on the rat’s left
sciatic nerve. Implantation of b) the extraneural interface, and c) the SUN interface. d) Impedances of both interfaces. e) ENG recordings in response
to limb flexion. f) RMS comparison. g) SNR comparison. Data presented as mean £ s.e.m. (n = 20). Statistical significance was indicated using ***

for p < 0.001.
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Next, proprioceptive sensory ENG was recorded with both
electrodes (Figure 2e) and the SNR was compared. To induce
proprioceptive sensory signals, the paw of the freely hanging
left leg was gently pushed forward using a pair of forceps. The
root mean square (RMS) was calculated for both baseline (no
stimulus) and evoked recordings (Figure 2f), to quantitatively
assess the difference in the ENG signals recorded with both
electrodes. Subsequently, the SNR was calculated as the evoked
RMS divided by the background RMS (Figure 2g). There was a
significant difference between the SNR using the extraneural
and the SUN interface (unpaired Student’s t-test, n = 20,
p < 0.001, t-value = 9.08), with the mean SNR increasing from
1.2 to 1.5.

Thus, the SUN interface, with the desired lower imped-
ances after implantation, achieved ENG recordings with a suf-
ficiently high SNR. The change in impedance measured prior
to implantation (in saline) and after implantation can serve as
an indicator of the quality of the electrode—tissue contact. This
is because impedance measurement in saline simulates “per-
fect” electrode—tissue contact conditions, with conductive liquid
perfectly surrounding the electrodes. Analogously, the SUN
interface also achieved higher SNR during the in vivo ENG
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recordings—the electrode tips were surrounded tightly by nerve
tissues, and this resulted in direct contact with the nerve fibers.

Since the SUN interface achieved ENG recordings with higher
SNR, in the ensuing experiments, we wanted to assess whether
the recording capability of the SUN interface could provide
peripheral nerve sensory information that could be satisfactorily
decoded. Three subtle mechanical stimuli, either tactile or pro-
prioceptive, were applied to the left paw of the animal: brushing
(the paw was gently brushed with a pair of grounded metal for-
ceps), pressing (the paw was lightly gripped with the forceps),
and ankle flexing (the freely hanging left leg was gently pushed
from the plantar paw surface to flex forward). The resulting
band-pass filtered signals (with cutoff frequency of 0.4 and
2.2 kHz) are shown in Figure 3a. Power spectrum density (PSD)
of the raw evoked ENG is shown in Figure 3b. With the PSD
analysis of the spontaneous ENG and EMG (Figure S8, Sup-
porting Information), we could confirm that the low frequencies
distribution was induced by cyclical body movement artifacts
and unwanted EMG signals detected by the nerve recording
electrodes. Thus, a band-pass filter with cutoff frequencies of 0.4
and 2.2 kHz was chosen to remove the low frequency noise in
our recordings. Spikes (i.e., compound nerve action potentials,
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Figure 3. Discrimination of sensory modalities. a) ENG recording with the SUN interface. b) PSD of the raw evoked ENG recording. c) Spike detec-
tion results. d) Time delay of the spike peaks. e) SNR of three mechanical stimuli. f) Firing rate for each stimulus. Data presented as mean *+ s.e.m.
(n = 20). Statistical significance was indicated using * for p < 0.05. and *** for p < 0.001.
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CNAPs), were then detected using amplitude thresholds set for
each channel (shown in dashed lines in Figure 3c).

Since action potentials from the stimulated sensory recep-
tors transmitted through the sciatic nerve from the paw
(distal) to the spinal cord (proximal), the ENG signals sequen-
tially passed from E4 to E1 in our implantation configura-
tion (Figure 3d). Therefore, peaks of the same detected spike
showed a time-delayed pattern along the four channels: spikes
from E4 appeared first, while spikes from E1 appeared last,
with a time delay of 167 ps. Since the distance between E4 and
E1 was 6 mm, we calculated the ENG transmission velocity to
be 36 m s7!, which was in agreement with the reported trans-
mission velocity for A nerve fibers in the rat.[*"!

In Figure 3e, the SNR extracted from the ENG evoked by the
brushing stimulus was significantly different from that evoked
by the flexing stimulus (one-way analysis of variance using
Tukey’s multiple comparisons test, n = 20, p < 0.001, F = 4.79).
Here, the SNR value was comparable to the results reported by
Navarro and co-workers?l and Micera and co-workers.?!] Nav-
arro and Micera noted that the rat sciatic nerve contained clus-
ters of large myelinated fibers, similar to the Acc and A fibers
found in the human sciatic nerve.?¥) Earlier studies also found

www.advhealthmat.de

smaller unmyelinated axons that could correspond to the Ad
fibers.’”] Thus, it is likely that the distribution of the different
axon types is comparable across species.

In humans, tactile and pressure stimuli interact with surface
mechanoreceptors, which have multiple subtypes corresponding
to different firing rates®® and are transmitted by the Af and AS
fibers.?% In contrast, proprioceptive information comes from the
muscle spindles and is transmitted by the Aa fibers.*®l Thus, we
wanted to know if the different firing rates exhibited by the dif-
ferent sources of sensory information could be discriminated in
our experiments. We counted the spikes that occurred during
the stimulation period, and divided them by the stimulus dura-
tion to obtain the firing rates (Figure. 3f). As expected, the firing
rates elicited by the brushing stimulus was significantly different
from those evoked by the pressing and flexing stimulus (one-
way analysis of variance using Tukey’s multiple comparisons
test, n = 20, p < 0.001, F = 97.98). Firing rates between pressing
and flexing stimuli were not significantly different. This might
have been due to the application of insufficient pressure to fully
activate the AJ fibers that encode pressure on the paw. These
smaller fibers are expected to produce smaller amplitude com-
pound action potentials, resulting in lower SNR.
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Figure 4. Discrimination of sensory stimulation location, a) Picture of the left toes in the animal. b) ENG recording in response to toe pinching.

c) Superimposed ENG spike; individual spikes (gray) and averaged spike
classifier results, presented as mean + s.e.m. (n = 20).
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(red). d) SNR of toe pinching. e) Spike height and width definition. f) SVM
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Next, we conducted experiments to examine the capability
of the SUN interface to differentiate stimulus locations on the
rat's paw. We applied pinching stimuli to each toe in sequential
order: from Toel to Toe5 (Figure 4a), and the band-pass filtered
ENG recordings are shown in Figure 4b. Each toe was pinched
with grounded metal forceps, without inducing any observ-
able muscle movement. Spikes were detected using amplitude
thresholds. Next, all the detected spikes (gray) were aligned
using the peak of the spike, and superimposed on top of each
other. The average spike waveform on each channel is shown in
red (Figure 4c).

The SNR was calculated as before during each toe pinch
(Figure 4d). Since toe pinching was more forceful than the
other subtle mechanical stimuli used in the experiments, the
recorded ENG had a much higher SNR. The CNAPs consisted
of signals transmitted at different velocities by nerve fibers of
different diameters, which led to temporal dispersion when
the CNAPs were recorded over a larger distance. This temporal
dispersion resulted in the separation of nerve signals trans-
mitted by different nerve fibers, and the smaller CNAPs may
not be detected by the amplitude threshold. Therefore, the SNR
measured for the same toe but with different electrodes exhib-
ited a descending pattern: it was the highest for E4 and the
lowest for E1. Due to the similarity of the SNR measured for
each toe, we were not able to differentiate the stimulus applied
to different toes using the SNR.

Discrimination of the toe pinching location was next
achieved with more detailed features extracted from the sig-
nals. Since the spike width and spike height are parameters
generally used for examining the quality of ENG recordings,*”!
these two features were chosen to train a SVM classifier. With
the extracted CNAP height and width features defined as in
Figure 4e, all detected spikes were divided into three clusters
with a k-means unsupervised classifier. Then, the count in
each cluster was put into an SVM classifier. The SVM classi-
fier was trained to discriminate between the responses evoked
by pinching three of the toes at a time. The SVM classification
results in Figure 4f show an average accuracy of 74.1% for dis-
criminating between pinching stimuli on Toel, Toe2, and Toe3,
63.0% for discriminating Toe2, Toe3, and Toe4, and 51.9% for
discriminating Toe3, Toe4, and Toe5.

As shown in Figure 4f, the SVM classifiers achieved good
discrimination among Toel, Toe2, and Toe3. However, poor
discrimination between Toe2 and Toe4, and between Toe4 and
Toe5, diminished the overall performance of the three-toe clas-
sifiers. We trained another set of SVMs to examine the two-toe
classifier performance for 1) Toel and Toe4; 2) Toel and Toe5;
and 3) Toe2 and Toe5. The SVM dlassifiers showed good per-
formance except for differentiating Toel and Toe4 (shown in
Figure S8, Supporting Information). Thus, with exception of
Toe4, the SVM classifiers achieved good performance for the
two-toe discrimination. There are two reasons that can explain
the limited performance of these SVM classifiers. First, the four
signal electrodes might have recorded from the same nerve fas-
cicles, as the spiked electrodes shared the same height and were
implanted parallel to the nerve fascicle. Multiple spike electrodes
of different heights would enable access to different nerve fasci-
cles to collect sensory information for more accurate decoding.
Second, the extraction of the CNAP height and width features
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might have caused some information originally conveyed by the
nerve signal to be lost. In order to decode more accurately, more
electrodes accessing different nerve fibers, along with the use of
other spike waveform features (e.g., shape) would likely enable
better performance of the SVM classifiers.

In summary, we report a novel SUN interface that combines
two highly desirable properties for nerve recording—flexible
substrate to achieve conformal attachment to small nerves, and
penetrating electrodes for high-quality intrafascicular nerve
recording. Furthermore, we showed recording and subsequent
decoding of sensory information from the PNS. With the intra-
fascicular SUN interface, we recorded small-amplitude ENG
signals with high SNR, which were decoded to differentiate
between different types of mechanical stimuli. By examining the
firing rates of three different mechanical stimuli on the paw, we
differentiated brushing from pressing and flexing actions. Fur-
thermore, with four channel recordings, we achieved reasonably
good performance using an SVM for spatial differentiation of
sensory stimulation delivered to different toes.

Currently, sensory recording with the SUN interface is
tested in acute animal experiments. Challenges still remain for
future chronic implantations of the SUN interface to success-
fully record and decode sensory information from the PNS.
One challenge is related to the potential foreign body reac-
tion of the nerve tissue. The formation of extensive fibrotic
scar tissue can effectively displace the implanted electrodes
from the nerve tissue, which may result in sharp drops in the
SNR, eventually leading to the complete loss of the neural
signal.*%*l Another challenge involves the mixture of sensory
signal with motor signal when the animal is moving around.
In the acute experiments, the animal was under anesthesia,
so the movement of the animal was eliminated. However, in
chronic implantation, the recorded nerve signal is a mixture of
sensory signal and motor signal, which will make the extrac-
tion and decoding of sensory information more challenging
than in the acute animal test. Thus, further work remains to
be done to assess the chronic recording capability of the SUN
interface.

Experimental Section

Animal Surgery: Four Sprague—Dawley rats (around 250 g) were
used for the sciatic nerve implantations. Anesthesia was induced with a
mixture of Xylazine (7.5 mg kg™ IP) and Ketamine (50 mg kg™ IP) in
0.9% NaCl. Carprofen (5 mg mL™") was injected for pain relief before
the surgery. After the rat was anesthetized, fur on the left leg was gently
removed by a shaver. Then, the skin was disinfected with 70% ethanol
wipes, and an incision was made with a surgical blade to expose the
bicep femoris muscle. After separating the bicep femoris muscle into two
halves, the sciatic nerve was visible. To separate the sciatic nerve from
nearby muscles, the fat tissue surrounding the sciatic nerve was carefully
removed with sharp-tip tweezers under a microscope. The extraneural
interface was wrapped around the sciatic nerve, with all the electrodes
facing the nerve tissue. Since close contact between the electrode
interface and the tissue was crucial to record small-amplitude ENG signal
for the extraneural interface, the device was wrapped tightly around the
nerve with no observable nerve compression under the microscope.
When it came to the SUN interface, the spikes were implanted in the
nerve sequentially. For each of the spikes, a suture needle was used to
slightly break the epineurium around the projected penetration site. Then,
with a sharp-tip tweezer pushing from the backside of the SUN interface,
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the spike was inserted into the nerve. Throughout the surgery, anesthesia
was topped up every hour and the heart rate and body temperature
of the animal was carefully monitored. After the nerve recording was
completed, a 2% Lignocaine gel (Lidocaine) was applied to the nerve to
create a temporary nerve block. All the procedures were performed under
protocol 143/12 and approved by the Institutional Animal Care and Use
Committee at the National University of Singapore.

Neural Recording and Signal Processing: All ENG recordings were
amplified with the RHD2132 evaluation system (Intan Technologies).
The sampling rate was 30 kHz. Impedance measurements in saline and
after implantation were performed with the same system at 1 kHz. The
current generator of the Intan chip applies a small-amplitude AC current
on the signal and reference electrodes, and the voltage is recorded by
the Intan chip. Impedance was measured as the ratio of peak voltage to
peak current. Data processing was performed using MATLAB software
(MathWorks). After examining the PSD of the ENG recordings, a band-
pass filter with cutoff frequencies of 0.4 and 2.2 kHz was applied to
remove the low frequency noise induced by movement artifact,l and
electromyography (EMG).[43:44

Identifying Pressure Stimulation Periods: The analog pressure signal
recorded using a pressure sensor attached to a pair of forceps was
digitized using the RHD2132 evaluation system (Intan Technologies) at
a sampling rate of 30 kHz. Next, the mean and standard deviation of the
background (i.e., when no pressure was applied) signal were calculated.
A threshold was set to the mean plus three times the standard deviation.
The start of the pressure stimulus was identified when ten consecutive
points exceeded the threshold, and the end of the stimulus was when
ten consecutive sampling points fell below the threshold. In the figures,
the pressure stimulation periods are depicted to have a value of 1, while
the remaining periods are depicted to have a value of 0.

Threshold for Spike Detection: Spikes were detected on amplitude
basis. First, the mean and standard deviation of the background ENG
recording were calculated. The first 1000 ENG points before the start
of stimulation were used as the background signal. Then, an upper (or
lower) threshold was established as mean plus (or minus) three times
the standard deviation. A spike was identified when five consecutive
ENG points exceeded the threshold, and was marked as red (or green)
on the peak (or valley) in Figure 3b.

SVM Classifier for Discriminating Toe Stimuli: First, spikes were
detected on amplitude basis for nine trials of recording. Then spike
height and spike width feature, as defined by Nowotny et al.,’%
were extracted for all spikes recorded by four channels. These two
features formed a 2D description of all detected spikes. Then, a
k-means unsupervised classifier was used to divide the spikes into
three clusters. These three clusters were characterized as: large spike
height, small spike width; small spike height, small spike width; and
small spike height, large spike width. For each toe stimulus, the spike
number in each cluster was counted for each of the four channels
and summed together. Thus, each toe stimulus was characterized by
three spike counts in the three clusters. Quadratic SVM classifiers
with fivefold cross validation were then used to learn and quantify the
differences between the signals when a stimulus was applied to each
of the three toes.

Statistical Analysis: Statistical comparisons were performed using
MATLAB. All data were presented as mean £ s.e.m. (with n =20 samples)
unless otherwise stated. For the comparison between the SNR extracted
from the ENG recorded with the extraneural interface and the SUN
interface, the unpaired Student’s i-test was used. For comparing the
firing rates of brushing, pressing and flexing stimuli, one-way analysis of
variance using Tukey’s multiple comparisons test was performed, with
the p-value adjusted to account for multiple comparisons. Statistical
significance was indicated using * for p < 0.05, and *** for p < 0.001.
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