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Abstract—The central pattern generator (CPG) is one of the key elements of the nervous system of Verte-
brates, determining the motor, breathing, swallowing, etc. cyclic motor patterns of a living organism, which
require constant maintenance and prompt (or immediate) recovery in the case of injury. In this context, the
construction of neuroprosthetic systems requires the development of electronic analogs (the corresponding
CPGs). It is proposed to use memristive devices as adaptive elements with continuous tunable characteristics
in these systems, because they exhibit a property, similar to bio-synaptic plasticity. The CPG model is devel-
oped, which yields an output activity, similar to that of biological objects. The requirements for the temporal
characteristics of tunable elements for their successful use as artificial synapses are also specified. Memristive
devices of a new type are fabricated according to the Langmuir—Schaefer technique using benzothieno[3,2-
b] [1]-benzothiophene (BTBT) dimer as an active layer. BTBT-based devices make it possible to switch the
conductivity at low voltages and currents, which is important in the development of energy-efficient neuro-
prosthetic systems, and the characteristic switching times are about several hundred milliseconds, which indi-

cates that they can be used as analogs of synapses upon instrumental realization of the CPG.

DOI: 10.1134/52635167621060240

INTRODUCTION

The ability of neuromorphic systems to imitate the
operation of individual parts of the nervous system and
the brain is an important specific feature [1]. It is crit-
ical that these systems must be implemented at the
device level, because it will allow for parallel data pro-
cessing and provide energy efficiency, which is espe-
cially urgent in the formation of implantable neuro-
prosthetic devices.

Currently, memristive devices are widely used in
the development of neuromorphic systems, because
they exhibit some peculiar properties, which make it
possible to consider them as electronic analogs of bio-
logical synapses [2—9]. These elements have been suc-
cessfully used to construct networks, capable of Heb-
bian learning [10—13], and even for the synaptic con-
nection of two living neurons of the cerebral cortex of
a rat [14], which can be considered as the first step in
developing a synapse prosthesis.

Organic memristive devices are of particular inter-
est because they do not require electroforming (which,
as arule, requires the application of high voltages) and
can be organized in a flexible arrangement [15—21].
Both these features are necessary factors in consider-
ing the possibility for the formation of implantable
systems.

The central pattern generator (CPGQG) is a vital part
of the nervous system, which determines the forma-
tion of a sequence of pulses, required for some actions
(e.g., the coordinated stimulation and inhibition of
muscles during walking, taking into account stimuli,
arriving from the tactile sensors of the foot skin) [22].
In this context, it is important to implement a CPG
analog using memristive devices.

Currently, the possibility for implementing CPG
using memristive devices was considered in two stud-
ies. In particular, a circuitry solution for this problem
was proposed in [23]. Although the corresponding
block diagram was designed and simulation showed its
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Fig. 1. Simplest scheme of a CPG for connecting the motor neurons of a reflector-arc part and second-level interneurons, which
generates the walking pattern. Two signals with frequencies of (S1) 200 and (52) 40 Hz, which correspond to the sensor input and
epidural stimulation, respectively, are supplied to interneurons (OM1—3), where OM3 is implemented using a memristive neu-

ron. Only the 40-Hz signal is supplied to the motor neuron.

fundamental functionality, the requirements for the
element base (in particular, memristive devices),
which would guarantee the possibility for its physical
implementation, were not formulated. A method,
which was assumed to be used for instrumental reali-
zation of a half center oscillator (an important CPG
element), was proposed in [24]. Not only the simula-
tion data but also experimental results were shown in
that study. Among the possible drawbacks of the pro-
posed solution, one can mention the absence of
mechanical plasticity of used silicon-based memris-
tive devices, which is preferred upon the implementa-
tion of implantable devices.

Successful instrumental realization of a pattern
generator consists of the following three stages: devel-
opment of a block diagram and simulation of its oper-
ation (as a result, this stage should yield requirements
for the properties of memristive devices); the imple-
mentation and testing of memristive devices with the
required properties; and the fabrication and testing of
an analog of a pattern generator.

The purpose of this study is to realize the first two
stages of the proposed scenario: development and test-
ing of a block diagram and implementation of the nec-
essary memristive devices with the required proper-
ties. The memristive devices are fabricated using ben-
zothieno[3,2-b] [1]-benzothiophene (BTBT). This
compound is chosen for active-channel realization
due to the following two factors. First, recently, deriv-
ative compounds of benzothiophene have been of sig-
nificant interest due to a high carrier mobility (up to
1 cm?/V s) [25]. The siloxane dimer of BTBT makes it
possible to form a two-dimensional crystalline single
layer according to the Langmuir technique due to
hydrogen bonds between the siloxane group and water
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molecules. Long aliphatic spacers increase the solu-
bility in organic solvents, which makes it possible to
prepare films using different methods. Second, this
compound was not previously used for the formation
of memristive devices.

EXPERIMENTAL
Simulation

Figure 1 shows a block diagram of the CPG and
high-level description of the experiment, where a
motor neuron is subjected to epidural electrical stimu-
lation (EES) at a frequency of 40 Hz (the most effi-
cient frequency for neurorehabilitation [26, 27]). The
CPG consists of two levels: the monosynaptic level, in
which afferents (sensor neurons) affect directly the
motor neuron, which passes the signal to the muscle,
and the polysynaptic level, which processes the input
signals from the afferents and passes them to the motor
neuron indirectly via interneurons of the spinal cord
(OM1-3). In this diagram, the monosynaptic level is
approximated by a 40 Hz generator (EES) and the
soma of a motor-neuron cell (implemented as leaky
integrator MOTO). The polysynaptic-level interneu-
rons are activated by a coactivation of a sensor input
signal with a frequency of 200 Hz and a EES with a fre-
quency of 40 Hz. The CPG consists of three levels
(OM1-3), where OM3 is implemented using a mem-
ristive neuron. As a result, a monosynaptic response to
40 Hz stimulation and a polysynaptic response to
the interneuron stimulation are formed on the
motor neuron.

The schematic diagram of the memristive neuron
(shown by the rectangle in Fig. 1) consists of the fol-
lowing parts: input signals, a memristive device, a
No. 6
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Fig. 2. (a) Structure and power-supply circuit of the memristive device. (b) Cyclic current—voltage characteristics of the fabri-
cated device in (on the left) conventional and (on the right) logarithmic coordinates. Direction of the curve traversal is indicated
by the arrows. (¢) Kinetics of switching to the conducting and nonconducting states.

leaky integrator, and learning feedback. Triangles S1
and 52 are input excitation channels (200 and 40 Hz)
for receiving positive spike signals (neuron potentials)
to the artificial neuron scheme. When signal .51 passes
through the memristive device, its amplitude changes
depending on the memristor resistance. The following
part of the CPG electric circuit, which plays the role
of a soma (cell body) of a biological neuron in the
developed artificial neuron, is a leaky integrator,
which consists of a RC chain for charging and dis-
charging the electric potential; an integrator of the sig-
nals, passed through the RC circuit; and a threshold,
at which the output signal is formed. The generated
output signal is transferred, first, to the excitation
inputs of other neurons, passing through the transmis-
sion-delay block, and, second, to the learning feed-
back, where (along with signal S1) it forms time
delay Az. The transmission-delay chain simulates/
implements the time of signal transmission over a bio-
logical-neuron axon and in a synapse between neu-
rons and is a part of the RC chain, designed to form a
time delay of the input signal, which depends on the
capacitance (it increases from OM1 to OM3) of the
capacitor, located in this circuit. The learning feed-
back generates pulses, which depend on Azand change
the memristor resistance. Based on the formed delay
At between the input and output signals of the mem-
ristive neuron, the learning feedback generates pulses
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in the spike-timing dependent plasticity (STDP) form
of Hebbian learning, which increase or decrease the
memristor conductivity. The schematic diagram was
simulated using the LTSpice software package.

Fabrication of a Memristive Device

The material was synthesized according to the
technique described in [28]. The compound was dis-
solved in toluene in a concentration of 0.33 g/L.. The
Langmuir layers were formed in a Minitrough (KSV,
Finland) with a maximum area of 243 cm? under com-
pression at a rate of 7.5 cm?/min to a pressure of
30 mN/m. After compression, 10 layers were succes-
sively transported in the horizontal direction. The sub-
strates were SiO, on Si wafers with gold electrodes on
a chromium sublayer, fabricated using explosive pho-
tolithography. The interelectrode distance was 10 um.

After film formation and drying, a small portion
around the channel was limited by a polyimide film.
Then, a polymer electrolyte was deposited, which
consisted of polyethylene oxide (PEO, 600 000 g/mol)
with a concentration of 75 g/L and perchlorate lithium
with a concentration of 0.65 M in acetonitrile. A silver
wire 50 um in diameter, used as a counter electrode,
was placed into the electrolyte. After all operations,
the device was dried in an air flow for 2 h. The device
structure and power-supply circuit are shown in Fig. 2a.
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Fig. 3. Recording of the potential of the 125-ms-long motor neuron, sliced into five 25-ms-long segments in correspondence with
a stimulation frequency of 40 Hz, using the LT Spice simulator (monosynaptic and polysynaptic responses are in the ranges of
0—5 and 10—25 ms, respectively). (a) High memristor resistance: polysynaptic responses on slices 4 and 5 are absent. (b) Medium
memristor resistance: polysynaptic responses are formed in the range of 18—25 ms. (c) Low memristor resistance: polysynaptic

responses are formed randomly on slices 3—35.

RESULTS AND DISCUSSION

Figure 2b shows the typical cyclic current—voltage
characteristic of the fabricated device in conventional
(solid curve) and logarithmic (dotted curve) coordi-
nates. In the experiment, the voltage step was 50 mV
and the hold time of each voltage value was 1 s. It can
be seen in Fig. 1 that the fabricated memristive ele-
ment yields different currents in the forward and back-
ward directions of the voltage change in the range from
1.2to 1.6 V, which is indicative of the presence of resis-
tive switching in the material under study. The possible
reasons for this switching in these structures are the
formation of a double electrical layer [30]; doping with
protons, formed from trace amounts of water [31]; and
the electrochemical redox reaction [32]. Detailed
analysis of the switching mechanisms requires addi-
tional investigations and is beyond the scope of this
study.

Figure 2c shows a change in the device resistance at
potentiating (+2 V) and depressing (—0.1 V) voltages.
The switch-on instants of the corresponding voltages
are indicated by vertical dotted lines. The sampling
rate was 0.5 s. Even for the first measurement after
switching on the voltage, the device resistance
changed radically. This means that the characteristic
time of a change in the conductivity of this device is
several hundred milliseconds.

A structure with three interneuron levels (OM),
which was modelled using LTSpice, is shown in
Fig. 1a. Two signals with frequencies of 40 and 200 Hz
were supplied to each OM (the 200-Hz signal was
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switched successively from OM1 to OM3, which cor-
responded to a change in the sensor input upon heel-
to-toe weight transfer). The output signal from OM
was transferred with a delay to a motor neuron, the
value of which increased successively from OMI1 to
OM3. At the supply of a 200-Hz signal to OM3, its
resistance was varied to simulate the operation of a
memristor (the results are shown in Fig. 3). The plots
show the potential of a 125-ms-long motor neuron,
sliced into five segments with lengths of 25 ms in cor-
respondence with the 40-Hz stimulus, where the
monosynaptic response is in the range from 0 to 5 ms
and stronger than the polysynaptic response. The first
segments (1, 2) are not changed, because the polysyn-
aptic responses are caused by OM1 and OM2 (the
resistance at the input of these levels was not varied).
In the first case (Fig. 3a), the memristor resistance is
high (100 MQ) and polysynaptic responses are not
formed on segments 4 and 5, because the amplitude of
the 200-Hz signal at the OM3 input after transmission
through the memristor is insufficient (upon summa-
tion with the 40 Hz signal) to exceed the threshold at
the leaky integrator. The required walking pattern
(Fig. 3b), similar to the biological one [29], is formed
at the medium memristor resistance (25 MQ),
because the output signal of the memristive neuron is
formed in the case of summation of two signals from
the 200-Hz and 40-Hz generators. In the third case, at
a low resistance of 1 MQ (Fig. 3c), the polysynaptic
responses are formed randomly (at the end of slice 3,
at the beginning of slice 4, and on slice 5 immediately
Vol. 16
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after the monosynaptic response), which does not
facilitate walking-pattern formation. This situation
occurs because one 200-Hz stimulus applied to the
memristive neuron is sufficient for output-signal for-
mation.

Thus, the hypothesis of the applicability of mem-
ristive devices, the difference in the resistances of
which at the ON and OFF states is two orders of mag-
nitude, was proposed and simulated. There exists the
optimal value of the memristive-device resistance for
formation of the correct walking pattern in a CPG.

CONCLUSIONS

The simplest scheme of a central pattern generator
was proposed. This scheme was simulated in LTSpice
and consisted of three analog interneurons (one of
which is memristive) and one motor neuron. The per-
formed CPG simulation made it possible to determine
the optimal weights (memristor resistances), sufficient
for the formation of interneuron responses, which will
be implemented in an instrumental device. A memris-
tive device, which completely corresponded to the
requirements, established at the simulation stage, was
also fabricated and investigated. We note that the
compound, which was used for the active channel of
the device, was used for the first time in the imple-
mentation of memristive devices. Further studies will
be aimed at the physical implementation and testing of
a pattern generator, based on the developed memris-
tive devices. We hope that these studies bring closer
the prospect of forming adaptive neuromorphic sys-
tems, which are used for neural prostheses of the most
important motor functions of an organism.
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