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of central pattern generator to
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Existing methods of neurorehabilitation include invasive or non-invasive
stimulators that are usually simple digital generators with manually set parameters
like pulse width, period, burst duration, and frequency of stimulation series.
An obvious lack of adaptation capability of stimulators, as well as poor
biocompatibility and high power consumption of prosthetic devices, highlights
the need for medical usage of neuromorphic systems including memristive
devices. The latter are electrical devices providing a wide range of complex
synaptic functionality within a single element. In this study, we propose the
memristive schematic capable of self-learning according to bio-plausible
spike-timing-dependant plasticity to organize the electrical activity of the walking
pattern generated by the central pattern generator.

KEYWORDS

central pattern generator (CPG), memristive neuron, organic memristive device, spinal
cord, leaky integrate-and-fire (LIF) neuron, walking pattern formation

1. Introduction

We consider as fundamental the problem of the creation of a new type of hardware
as bio-compatible self-organizing electronic schematic of the part of the nervous system.
The self-organization of the nervous system is crucial for the process of learning and
rehabilitation including neuro-rehabilitation. The scale of the problem is significant
according to World Health Organization statistics: the yearly increment of patients with
spinal cord injury (SCI) is from 250,000 to 500,000 worldwide. The frequency of SCI is 2-5
for 100,000 of the urban population in the U.S. The increase in the number of patients with
SCI only in the US is 10,000 per year (National, 2014).
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Current approaches include cutting-edge technologies for the
invasive and non-invasive stimulation using implant programmed
by neuro-rehabilitation specialists with no option for the device
self-adaptation and compensation for the particular medical case
properties (Mikhaylov et al., 2020). The creation of biocompatible
electronic circuit, which is capable of self-learning via spike-
timing-dependant plasticity (STDP), seems perspective for the SCI
treatment. STDP is a biological process of synaptic connection
adjustment, whose strength depends on timing between pre- and
postsynaptic spikes. Previously, it has been proved the possibility
of using organic memristive devices as basic elements of self-
organized neuromorphic systems (Erokhin, 2020) and applying
them to the memristive synaptic prosthesis (Juzekaeva et al., 2018).
These works lay the foundation for use of the memristive devices
in the field of medical neurostimulation and implementation of
biocompatible and adaptive neuronal electronic circuits. In the
current work, we demonstrate the power of self-organization
via bio-plausible STDP in polyaniline (PANI) memristive devices
(Supplementary Figure S3) for the organization of the resembling
shape of delays of responses.

The possible application domains of the work can be connected
to the neurorehabilitation of the SCI, in this medical case,
with the potential to replace part of the neural circuitry with
memristive circuitry. The applied research of the neuromorphic
and neurostimulation technology in the medical domain is at
an early stage of development (Mikhaylov et al, 2020), and
the topology of the spinal central pattern generator (CPG)
itself is still under research (Rybak et al, 2015). Recently, we
published works introducing a computational bio-compatible
approach incorporating Oscillator Motif (OM)—the basic neuronal
generator (Leukhin et al., 2020; Talanov et al., 2020). Later, we
extended the use of OMs for the neurointerfaces (Talanov et al.,
2021) and spasticity compensating devices (Mikhailova et al., 2022).

For the further development of neurostimulation-based
neurointerfaces, especially taking into account the option to
develop the implantable model-based neuroprosthesis, it is crucial
to use energy-efficient devices. Memristive technology looks
promising from this perspective, as they demonstrate fast-switching
performance (~100 ps) (Torrezan et al, 2011), low power
consumption (1 fJ) (Li et al., 2022), excellent scalability (down to
2 nm feature size) (Pi et al., 2019), multilevel resistive switching
(Matsukatova et al., 2022), and compatibility with the CMOS
technology (Mikhaylov et al., 2020).

Further development of memristive bio-compatible devices
controlling neuroprostheses is inspired by early works (Lavrov
et al, 2006; Gad et al, 2013) on the neurorehabilitation of
the complete SCI and simulation of the spinal circuitry (Rybak
et al, 2015). In the current work, we propose a new type of
self-organizing hardware implemented as a minimalist schematic
consisting of five neurons with memristive circuits in two of them
generating electrical responses resembling delays structure in the
electrical output of modulated motor evoked response triggered by
the epidural electrical stimulation (EES) between early responses
(10 ms) and late responses (later than 30 ms) during locomotion
observed in biological studies (Lavrov et al.,, 2008a,b; Gad et al,
2013). The bio-plausible setup of the delays structure is done using
the self-learning process implemented in the memristive neurons
via learning feedback (Figures 1, 3).
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2. CPG circuit

We present the overall high-level view of the system in
Figure 1A, where N stands for the nucleus that forms the delays
structure and MN stands for motor neuron. The inputs of
the memristive devices-based four neurons system are sensory
inputs from the insole represented as arrows blue, yellow,
pink, and green, colors correspond to those of the input
pulse trains in Figure 2A; motor neurons of extensor (MN,
implemented in the work), presented in details in Figure 1B,
generates output that could be integrated into the muscle of
the biological model. Figure 1B shows a general block diagram
describing the principles of operation of the CPG schematic.
The presented diagram is the two nuclei structure containing
four leaky integrate-and-fire (LIF) neurons (Abbott, 1999) where
two of them use memristive devices (MemNs in Figure 1A),
while other two have only resistors (LNs in Figure 1A) as input
weights in pattern formation nucleus N and one LIF motor
neuron MN.

2.1. Input signals of 200 and 20 Hz

The input signal of 200 Hz (Handler and Ginty, 2021) emulates
sensory feedback from a foot. We assume that sensory inputs from
heel to toe triggers neurons in pattern formation nuclei in the
manner presented in Figures 2A2-A5. The role of the modulation
of motor-evoked responses during stepping facilitated with EES
was suggested in earlier animal studies (Lavrov et al., 2006, 2008b;
Gad et al., 2013). Recent studies indicated the use of the EES within
a range of 15-30 Hz stimulation frequency for the recovery of
motor functions in humans (Gill et al., 2018; Wagner et al., 2018).
The input signal of 20 Hz (Figure 2A1) was applied to the neurons
to simulate the EES.

2.2. What is a 100 Hz signal used for?

Before starting the learning process, the memristive device is
in non-conducting state. Therefore, the voltage at the Leakage
Integrator (scheme in Supplementary Figure S4) does not reach
the threshold value and no output pulses are generated. In this
situation, memristive device learning is impossible, since the output
pulses are assumed to trigger the Learning Feedback (scheme in
Supplementary Figure S5). To solve the problem of 0-output, the
100 Hz input is applied to the circuit (Figures 2A6, A7). It raises the
membrane potential in the Leakage Integrator to exceed a threshold
value and causes output pulses generation, which in turn triggers
the initial learning of the memristive device.

This 100 Hz signal can be considered as an additional drive for
stimulation of exclusively artificial neurons. It is likely that such
an additional type of internal stimulation would not be needed
when one would scale the proposed scheme up to several hundreds
or thousands of memristive neurons, due to fine-tuning of their
parameters (e.g., lowering the threshold voltage). This is a matter
for future research.
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FIGURE 1
(A) High-level design diagram, where LNs are LIF neurons, MemNs are memristive LIF neurons, MN is a motor neuron, and colored triangles are
sensory fibers coming from insole (numbers correspond to periods of 200 Hz pulses in Figures 2A2-A5). (B) The detailed block diagrams of all types
of neurons. (B1) LIF neuron is the basis of MemNs and consists of Adder, Leakage Integrator (LEAK. IN), Delay, and inputs of 200 Hz (yellow triangle)
and 20 Hz pulses (blue triangle). (B2) The principal schematic of MemN consisting of Learning Feedback (LEAR. F), Pulse-width modulation
Generator (PWM G), Memristive device Integration Block (MINB), and additional 100 Hz pulses input (pink triangle). (B3) Motor neuron consisting of
Adder that sums up signals from four neurons and 20 Hz pulses, LEAK. IN and Delay.

2.3. PANI-based memristive device

For our purpose, we used a standard PANI-based memristive
device operating in the two-terminal mode (with drain and gate
terminals connected as an output). Even if the device has three
terminals, it cannot be considered as “transistor” because the
potential on the third electrode is fixed and the resistance switching
is due to the ionic charge passed between it and conducting channel.
The mechanism of resistance switching is connected to the redox
reactions in the PANI channel, oxidized form PANI is highly
conductive, while the reduced one is insulating (Berzina et al,
2009). The device parameters (device scheme, switching kinetics,
endurance, operation in STDP, and high-frequency regimes) could
be found elsewhere (Lapkin et al., 2018; Prudnikov et al., 2020;
Gerasimov et al.,, 2021). The devices were fabricated according
to the previously reported procedure (Prudnikov et al., 2020).
Polyaniline (Mw = 10> Da) 10-layer thin film were produced
by Langmuir-Schaefer technique on a substrate with two gold
electrodes with a gap of 10 um. Then the polyethylene oxide (Mw
= 600 kDa) electrolyte water solution was drop-casted onto the
film. Silver wire (with a diameter of 50 pm) was placed in the
solution and the device was exposed to drying in an airflow for 2
h. We have also proved the device is capable of changing resistance
under signals of frequencies used in this work (Gerasimov et al,,
2021). Memristive device sharply decreases the resistance when
voltage above a certain threshold is applied and increases when
the external voltage falls behind another threshold. In contrast,
voltage amplitudes in the range between these threshold values do
not show a significant effect and could be used for reading the
resistive state. Current-voltage curves of the devices operating in
the three-terminal mode are shown in Supplementary Figure S3.
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It is to underline that the used device has a very important
advantage with respect to widely used filament formation-based
memristive systems: values of switching voltages are fixed which is
very important for neuromorphic applications.

2.4. Memristive neurons

All pulses of 200 Hz signals pass through the memristive device
integration block (scheme in Supplementary Figure S1), where the
amplitudes of these signals change depending on the resistance
of the memristive device in each neuron. In the case of high
memristive device resistance, the output of the memristive device
integration block initiated by 200 Hz pulses has a small amplitude,
whereas with a low resistance, the amplitude is higher. An example
of changing the amplitude of 200 Hz pulses depending on the
different resistances of the memristive device is shown in Figure 2B.
Figure 2B1: Ryemn = 170 kOhm - Ajgop, = 0.4V Figure 2B2:
Rmem = 60 kOhm_AZOOHz = 0.85V; Figure 2B3: Rmem =
30 kOhm_AZOOHz =1.6 V).

2.5. Adder and leakage integrator blocks

Each pulse at a neuron (blue and yellow: 200 Hz and 20 Hz;
pink and green: 200 Hz, 20 Hz, and 100 Hz) enters the Adder block
(scheme in Supplementary Figure S2), where they are summed up
and the resulting signal is further transmitted to the input of
the Leakage Integrator. The Leakage Integrator performs three
functions: (1) update of the membrane potential of the neuron
when exposed to input pulses; (2) generation of the output pulse
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when the membrane potential in the Leakage Integrator reaches
the threshold value; (3) reduction of the membrane potential of the
neuron to negative values after generating output pulses (refractory
period). Examples of the operation of the Leakage Integrator when
the membrane potential does not and does reach the threshold
value are shown in Figures 2C1, C2, respectively.

2.6. The operation of the leakage integrator
at various resistances of the memristive
device

As long as the resistance of the memristive device is high (170
kOhm), the 200 Hz signals are characterized by low amplitude,
thus, the sum of the 200 Hz and 20 Hz signals in the Leakage
Integrator cannot raise the neuron membrane potential to the
threshold value, resulting in no output signals from the Leakage
Integrator (Figure 2C1). With this resistance of the memristive
device of 60 kOhm, the signal amplitude of 200 Hz input is
sufficient for the membrane potential to reach the threshold value
once and causes an output pulse (Figure 2C2). After the generation
of the output pulse, the Leakage Integrator goes into a refractory
period, during which the membrane potential value is below
0V, and no pulse can raise this potential above zero. When the
resistance of the memristive device approaches 30 kOhm, the sum
of two signals of 200 and 20 Hz is sufficient to trigger the output
pulses of the Leakage Integrator by every 20Hz pulse (Figure 2C3).

2.7. Learning feedback and PWM generator
blocks

These blocks of the circuit are necessary for learning (tuning
the memristive device resistance during the operation of the CPG
circuit). As it was shown by the simulation (Suleimanova et al,
2021), two signals are required for the learning circuit to work—
an input signal of 200 Hz and an output signal generated by the
Leakage Integrator. Furthermore, based on the time difference
(At) between the rising edges of these pulses, the learning
feedback circuit generates pulses according to the Hebbian learning
function (see Supplementary Figure S5). Learning pulses are then
transmitted to the pulse-width modulation (PWM) generator block
(scheme in Supplementary Figure S6). Then, in this block, a PWM
signal of a certain duty cycle, depending on the learning pulses
(output from the Learning Feedback block), is generated. The
resulting PWM signals change memristive device resistance in the
direction of either decrease or increase based on a learning rule.

2.8. Delay and motor neuron

Output signals generated by the Leakage Integrators
Delay block

Supplementary Figure S7), which makes a delay in further

are then transmitted to the (scheme in
signal transmission for a certain amount of time. The role of
the Delay block is to simulate synaptic delays between LN,

MemNs, and the motor neuron. The output signal of the Leakage
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Integrator at the blue and green neurons have the lowest and
highest delays, respectively. The output pulses from the Delay
blocks are then sent through the Adder, where they are summed
up, to the Motor Neuron (scheme in Supplementary Figures S8,
S9). In the latter, block final membrane potential is formed. The
wiring diagram of the implemented CPG circuit is presented in
Supplementary Figure S10.

3. Results

We have implemented and tested two nuclei memristive
circuits (Figure 1A) in two modes: with one reconfigurable neuron
green (pink neuron input resistance was set to be optimal for the
delays structure formation) and with two reconfigurable neurons
(pink and green) while the other neurons had fixed weight
connections. Figure 3A indicates the changes in the memristive
device resistance of green neurons during the learning process in
the first mode. Figures 3B, D shows recordings of the MN potentials
with different resistance values of the memristive device in green
neuron. The recordings in Figures 3B4, D4 show neuron potential
with 1 kOhm resistance in the input channel.

During the experiments, the resistance of the memristive device
in green neuron decreased from 170 to 30 kOhm (Figure 3A).
In the first case (Figure 3B1), the resistance of the memristive
device is too high (170 kOhm), thus there are no responses later
than 30 ms (highlighted in pink) since the amplitude of 200 Hz
input is not sufficient to produce an output signal after passing
the memristive device. Thus, the green neuron’s potential does not
reach the threshold of the Leakage Integrator excited by 20 and 200
Hz signals.

In the next case shown in Figure 3B2, a later than 30 ms
response is triggered by green neuron is formed during the last
30 ms of the experiment (pink). The resistance of the memristive
device is 60 kOhm, while there is no late (30 ms) response in the
fourth slice. Thus, the potential of the green neuron reaches the
threshold but it takes more than 50 ms and two series of 20 and
200 Hz inputs with 60 kOhm resistance. When the resistance of the
memristive device becomes <40 kOhm (30 kOhm in Figure 3B3
case) that corresponds to modulation of delays in motor evoked
potentials formed during EES facilitated locomotion (Gad et al.,
2013; Figure 3B3). The late responses are produced in the 30-40
ms time frame (highlighted in pink).

Figure 3D shows the output of the circuit with two memristive
neurons. Figure 3C1 shows the change in the memristive device
resistance at the pink neuron of the circuit, where the initial
resistance is 70 kOhm. The resistance of this memristive device
decreased to 20 kOhm during the experiment. Figure 3C2 shows
the update of the memristive device resistance as the input of green
neuron, where the initial resistance of the memristive device is
120 kOhm. By the end of the experiment, the resistance of this
memristive device decreased to 20 kOhm. Initially, there are no
responses on the third to fifth slices with these memristive devices
high resistance (Figure 3D1). With resistance values in the range
of 70-120 kOhm, the membrane potential does not reach the
threshold to generate an output signal.

The second recording in Figure 3D2 shows neuron potential
where responses later than 30 ms are evoked by the outputs of
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FIGURE 2

(A) Input pulses. (A1) 20 Hz pulses; (A2—A5) Periods of 200 Hz input pulses: blue (0—100 ms), yellow (50-150 ms), pink (100—200 ms), and green
(150-250 ms) triangles (Figure 1). (A6, A7) Periods of 100 Hz for pink (100—200 ms) and green neuron (150-250 ms). (B) Amplitudes of 200 Hz signals
at different resistances of the memristive device in green neuron. Memristive device resistance (B1) 170 kOhm, (B2) 60 kOhm, and (B3) 30 kOhm.

(C) The membrane potential of the Leakage Integrator with memristive device various resistances. (C1) 170 kOhm—low amplitude of 200 Hz
pulses—the total sum of the 200 and 20 Hz signals cannot raise the voltage on the Leakage Integrator (blue curve) to the threshold value (green
line)—no output signals from the Leakage Integrator (red line). (C2) 60 kOhm—sum of pulses of 200 and 20 Hz is enough to take the voltage to the
threshold value once and trigger an output pulse (red curve)—refractory period of the Leakage Integrator [voltage below 0 V (200-215 ms)]. (C3) 30
kOhm—the sum of two signals of 200 and 20 Hz is enough to cause the output pulses of the Leakage Integrator two times.
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FIGURE 3
Output of the scheme (MN membrane potential). (A) The update of memristive device resistance in green neuron. (B) The recordings of output
voltage with different memristive device resistance: (B1) 170 kOhm, (B2) 60 kOhm, (B3) 30 kOhm, and (B4) 1 kOhm (Resistor). (C) The update of
memristive deice resistance in (C1) pink and (C2) green neuron of the scheme. (D) The recordings of output voltage with different memristive
devices resistance: (D1) 70 kOhm in pink neuron and 120 kOhm green neuron, (D2) 30 kOhm in pink and 40 kOhm in green neurons, (D3) 20 kOhm
in pink and 30 kOhm in green neurons. (D4) 1 kOhm (Resistor) in pink and 1 kOhm (Resistor) in green neurons. (B4, D4) Are the experiments where
we used resistors instead of memristive devices to reproduce the situation of extremely low resistance.

pink neuron (highlighted in pink) and green neuron (highlighted
in green) at 3-5 slices. The initial resistance was different for the
memristive devices of pink and green neurons, so the memristive
device of pink neuron learned (decreased resistance) faster. Thus,
in Figure 3D2, there are two late responses evoked by pink neuron
(pink) and one late response evoked by green neuron (green). The
resistance of the memristive device in the leakage input in the pink
neuron was 30 kOhm, while in the green one, it was 40 kOhm.

Figure 3D3 shows the third recording of the potential, where
both pink and green neurons generate two output signals. The
memristive device resistance in the leakage input in pink neuron
was 20 kOhm and 30 kOhm in green neuron. In the 2nd recording
(Figure 3D2), resistance of the neuron input at the pink neuron
equals to 30 kOhm and two output signals are generated. Thus,
with the optimal resistance of the memristive device in the range of
20-30 kOhm like in Figure 3D3. The optimization of the learning
parameters is done by the threshold of memristive neuron.

We conducted a series of experiments with 1 kOhm resistor
since the memristive device was not able to reach that resistance in
this exact experiment (however, this value is within the operating
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range of the PANI-based memristive device). In Figure 3B4, with a
low resistance of 1 kOhm at the input of green neuron, responses
are produced earlier at slices 4 and 5 than in Figure 3B3 with a
memristive device. In addition, there is a response right after the
early (10 ms) response at the 1st slice. In Figure 3D4, with low
resistance (1 kOhm), at the input of pink and green neurons, the
responses appear chaotically. There are two responses produced by
pink neuron at slices 3 and 4. The responses produced by green
neuron are similar to Figure 3B4. This resistance is too low and
one stimulus from 200 Hz input is enough to reach a threshold and
generate an output signal of the leakage in neurons. It means that
using memristive devices is preferable for such a task.

4. Discussion and conclusion

We proposed a new type of hardware implementation of a
primitive electronic circuit with memristive devices producing
the resembling biological delays structure in electrical output
modulation of motor evoked response during locomotion
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facilitated with EES. The delays are set by the resistance of
memristive devices replicating the learning dynamics of biological
synapses representing the overall conductance of neuron synapses,
including the creation and destruction of synapses and changes
in their individual conductance. The resistance of the memristive
device changed due to the proper conformity of input EES
pulses and feedback ones according to the STDP rule. During
the experiments, we defined the following ranges of memristive
devices resistance value: (1) higher than 70 kOhm—no output
signal of neuron, resistance is too high to produce an output signal;
(2) 60-40 kOhm—the schematic generates one output signal of
neuron per 100 ms, i.e., once for five input stimuli; (3) 30-20
kOhm—the optimal resistance to produce the output signals
with the desired frequency, a potential of the LIF neuron reaches
the threshold every time when input signals 20 and 200 Hz are
intersected and summed up; (4) <1 kOhm—the pattern is ruined.
The proposed schematic is capable to reproduce essential features
necessary as the step forward to CPG reproduction in hardware.
In future, we plan to integrate the produced schematic in the
biological CPG for testing purposes.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary material, further inquiries can be
directed to the corresponding authors.

Author contributions

IL rework of biological justification and clearness of the article.
DM and AS memristive neuron assembly and experimental work.
DM, AS, MT, and VE results processing and article initial work. NP,
MS, and AE PANI memristive devices fabrication and experiments
with memristive neurons editing the article. VD overall scientific
management of the project from the NRC Kurchatov Institute side.
VE the overall management of the project. All authors contributed
to the article and approved the submitted version.

References

Abbott, L. (1999). Lapicque’s introduction of the integrate-and-fire model neuron
(1907). Brain Res. Bull. 50, 303-304. doi: 10.1016/S0361-9230(99)00161-6

Ber zina, T., Erokhina, S., Camorani, P., Konovalov, O., Erokhin, V., and Fontana,
M. (2009). Electrochemical control of the conductivity in an organic memristor: a time-
resolved x-ray fluorescence study of ionic drift as a function of the applied voltage. ACS
Appl. Mater. Interfaces 1, 2115-2118. doi: 10.1021/am900464k

Erokhin, V. (2020). Memristive devices for neuromorphic applications:
comparative analysis. BioNanoScience 10, 834-847. doi: 10.1007/s12668-020-00795-1

Gad, P., Lavrov, I. A,, Shah, P. K,, Zhong, H., Roy, R. R., Edgerton, V. R, et al.
(2013). Neuromodulation of motor-evoked potentials during stepping in spinal rats. J.
Neurophysiol. 110, 1311-1322. doi: 10.1152/jn.00169.2013

Gerasimov, Y., Zykov, E., Prudnikov, N., Talanov, M., Toschev, A., and Erokhin, V.
(2021). On the organic memristive device resistive switching efficacy. Chaos Solitons
Fractals 143, 110549. doi: 10.1016/j.chaos.2020.110549

Gill, M. L., Grahn, P. ], Calvert, J. S, Linde, M. B., Lavrov, I. A,
Strommen, J. A., et al. (2018). Neuromodulation of lumbosacral spinal networks

enables independent stepping after complete paraplegia. Nat. Med. 24, 1677-1682.
doi: 10.1038/s41591-018-0175-7

Frontiersin Neuroscience

10.3389/fnins.2023.1124950

Funding

The work was supported by the Russian Foundation for
Basic Research (Nos. 19-29-03057 and 20-57-7801). Electrical
measurements were carried out on the equipment of the
Resource Center of Electrophysical Methods. Langmuir-Schaefer
transfer of thin films was carried out using the equipment
of Resource Center of Organic and Hybrid Materials (both in
Complex of NBICS-technologies of Kurchatov Institute). The
neurosimulation experiments were supported by B-Rain Labs
LLC company.

Conflict of interest

AS and DM were employed by the company B-Rain LLC.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those of
their those of the publisher,
the editors and the reviewers. Any product that may be

affiliated organizations, or

evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.2023.
1124950/full#supplementary-material

Handler, A, and Ginty, D. (2021). The
touch and their mechanisms of activation. Nat. Rev. Neurosci. 22,
doi: 10.1038/s41583-021-00489-x

mechanosensory neurons of
1-17.

Juzekaeva, E., Nasretdinov, A., Battistoni, S., Berzina, T., Iannotta, S., Khazipov, R.,
et al. (2018). Coupling cortical neurons through electronic memristive synapse. Adv.
Mater. Technol. 4, 1800350. doi: 10.1002/admt.201800350

Lapkin, D., Emelyanov, A., Demin, V., Erokhin, V., Feigin, L., Kashkarov, P.,
et al. (2018). Polyaniline-based memristive microdevice with high switching rate and
endurance. Appl. Phys. Lett. 112, 043302. doi: 10.1063/1.5013929

Lavrov, L, Courtine, G., Dy, C. J., van den Brand, R., Fong, A. J., Gerasimenko, Y.,
et al. (2008a). Facilitation of stepping with epidural stimulation in spinal rats: role of
sensory input. J. Neurosci. 28, 7774-7780. doi: 10.1523/JNEUROSCI.1069-08.2008

Lavrov, I, Dy, C., Fong, A., Gerasimenko, Y., Courtine, G., Zhong, H., et al. (2008b).
Epidural stimulation induced modulation of spinal locomotor networks in adult spinal
rats. J. Neurosci. 28, 6022-6029. doi: 10.1523/JNEUROSCI.0080-08.2008

Lavrov, I, Gerasimenko, Y., Ichiyama, R., Courtine, G. Zhong, H. Roy,
R, et al. (2006). Plasticity of spinal cord reflexes after a complete transection

frontiersin.org


https://doi.org/10.3389/fnins.2023.1124950
https://www.frontiersin.org/articles/10.3389/fnins.2023.1124950/full#supplementary-material
https://doi.org/10.1016/S0361-9230(99)00161-6
https://doi.org/10.1021/am900464k
https://doi.org/10.1007/s12668-020-00795-1
https://doi.org/10.1152/jn.00169.2013
https://doi.org/10.1016/j.chaos.2020.110549
https://doi.org/10.1038/s41591-018-0175-7
https://doi.org/10.1038/s41583-021-00489-x
https://doi.org/10.1002/admt.201800350
https://doi.org/10.1063/1.5013929
https://doi.org/10.1523/JNEUROSCI.1069-08.2008
https://doi.org/10.1523/JNEUROSCI.0080-08.2008
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Masaev et al.

in adult rats: relationship to stepping ability. J. Neurophysiol. 96, 1699-1710.
doi: 10.1152/jn.00325.2006

Leukhin, A., Talanov, M., Suleimanova, A., Toschev, A., and Lavrov, 1. (2020).
Even simpler real-time model of neuron: Simplified model of neuron for real-
time simulation of bio-compatible neuronal response. BioNanoScience 10, 416-419.
doi: 10.1007/512668-020-00721-5

Li, S., Pam, M., Li, Y., Chen, L., Chien, y,.-C., Fong, X,, et al. (2022). Wafer-scale 2d
hafnium diselenide based memristor crossbar array for energy-efficient neural network
hardware. Adv. Mater. 34, 2103376. doi: 10.1002/adma.202103376

Matsukatova, A., Vdovichenko, A., Patsaev, T., Forsh, P., Kashkarov, P,
Demin, V., et al. (2022). Scalable nanocomposite parylene-based memristors:
multifilamentary resistive switching and neuromorphic applications. Nano Res.
doi: 10.1007/s12274-022-5027-6

Mikhailova, Y., Pozdeeva, A., Suleimanova, A., Leukhin, A., Toschev,
A., Lukmanov, T., et al. (2022). Neurointerface with oscillator motifs for
inhibitory effect over antagonist muscles for compensation of spastical syndrome.
doi: 10.21203/rs.3.rs-1661671/v1

Mikhaylov, A., Pimashkin, A., Pigareva, Y., Gerasimova, S., Gryaznov,
E., Shchanikov, S., et al. (2020). Neurohybrid memristive cmos-integrated
systems for biosensors and neuroprosthetics. Front. Neurosci. 14, 358.

doi: 10.3389/fnins.2020.00358

National, S. C. I. C. (2014). Spinal cord injury facts and figures at a glance. J. Spinal
Cord Med. 37, 355. doi: 10.1179/1079026814Z.000000000260

Pi, S., Li, C, Jiang, H., Xia, W., Xin, H., Yang, J. J., et al. (2019). Memristor crossbar
arrays with 6-nm half-pitch and 2-nm critical dimension. Nat. Nanotechnol. 14, 35-39.
doi: 10.1038/s41565-018-0302-0

Frontiersin Neuroscience

08

10.3389/fnins.2023.1124950

Prudnikov, N., Lapkin, D., Emelyanov, A., Minnekhanov, A., Malakhova, Y.,
Chvalun, S., et al. (2020). Associative stdp-like learning of neuromorphic circuits
based on polyaniline memristive microdevices. J. Phys. D Appl. Phys. 53, 414001.
doi: 10.1088/1361-6463/ab9262

Rybak, L, Dougherty, K., and Shevtsova, N. (2015). Organization of the mammalian
locomotor cpg: Review of computational model and circuit architectures based
on genetically identified spinal interneurons. eNeuro 2, ENEURO.0069-15.2015.
doi: 10.1523/ENEURO.0069-15.2015

Suleimanova, A., Talanov, M., Masaev, D., Prudnikov, N., Borshchev, O.,
Polinskaya, M., et al. (2021). Simulation of a central pattern generator using
memristive devices. Nanobiotechnol. Rep. 16, 755-760. doi: 10.1134/S26351676210
60240

Talanov, M., Leukhin, A., Suleimanova, A., Toschev, A., and Lavrov, I. (2020).
Oscillator motif as design pattern for the spinal cord circuitry reconstruction.
BioNanoScience 10, 649-653. doi: 10.1007/s12668-020-00743-z

Talanov, M., Suleimanova, A., Leukhin, A., Mikhailova, Y., Toschev, A., Militskova,
A, etal. (2021). “Neurointerface implemented with oscillator motifs,” in 2021 IEEE/RS]
International Conference on Intelligent Robots and Systems (IROS) (Prague: IEEE),
4150-4155.

Torrezan, A., Strachan, J. W., Medeiros-Ribeiro, G., and Williams, S. (2011). Sub-
nanosecond switching of a tantalum oxide memristor. Nanotechnology 22, 485203.
doi: 10.1088/0957-4484/22/48/485203

Wagner, F. B.,, Mignardot, J.-B., Goff-Mignardot, C. G. L., Demesmaeker, R,
Komi, S., Capogrosso, M., et al. (2018). Targeted neurotechnology restores walking
in humans with spinal cord injury. Nature 563, 65. doi: 10.1038/s41586-018-
0649-2

frontiersin.org


https://doi.org/10.3389/fnins.2023.1124950
https://doi.org/10.1152/jn.00325.2006
https://doi.org/10.1007/s12668-020-00721-5
https://doi.org/10.1002/adma.202103376
https://doi.org/10.1007/s12274-022-5027-6
https://doi.org/10.21203/rs.3.rs-1661671/v1
https://doi.org/10.3389/fnins.2020.00358
https://doi.org/10.1179/1079026814Z.000000000260
https://doi.org/10.1038/s41565-018-0302-0
https://doi.org/10.1088/1361-6463/ab9262
https://doi.org/10.1523/ENEURO.0069-15.2015
https://doi.org/10.1134/S2635167621060240
https://doi.org/10.1007/s12668-020-00743-z
https://doi.org/10.1088/0957-4484/22/48/485203
https://doi.org/10.1038/s41586-018-0649-2
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

	Memristive circuit-based model of central pattern generator to reproduce spinal neuronal activity in walking pattern
	1. Introduction
	2. CPG circuit
	2.1. Input signals of 200 and 20 Hz
	2.2. What is a 100 Hz signal used for?
	2.3. PANI-based memristive device
	2.4. Memristive neurons
	2.5. Adder and leakage integrator blocks
	2.6. The operation of the leakage integrator at various resistances of the memristive device
	2.7. Learning feedback and PWM generator blocks
	2.8. Delay and motor neuron

	3. Results
	4. Discussion and conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


