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Abstract—Brain-inspired neuromorphic computing architec-
tures are receiving significant attention in the consumer electron-
ics field owing to their low power consumption, high computa-
tional capacity, and strong adaptability, where highly biomimetic
circuit design is at the core of neuromorphic network research.
Myelin sheaths are crucial cellular components in building stable
circuits in biological neurons, capable of adaptively adjusting the
conduction speed of neural signals. However, current research on
neuronal circuits relies on simplified mathematical models and
overlooks the adaptive functionality of myelin sheaths. This paper
is based on the dynamic mechanism of myelination, utilizing
physical devices such as memristors and voltage-controlled vari-
able capacitors to simulate the physiological functions of myelin
sheaths, and other organelles. Furthermore, adaptive biomimetic
neuronal circuit system (ABNCS) is constructed by connecting
various devices according to the physiological structure of neu-
rons. PSpice simulations show that the ABNCS can adjust its
parameters autonomously as the number of action potentials
(APs) increase, which modifies the neuron’s activation criteria
and firing rate. Through circuit experiments, PSpice simulations
were further validated. Implementing myelin sheath functions in
the neuronal circuit improves adaptability and reduces power
consumption, and when combined with artificial synapses to
construct neural networks, can form more stable neural circuits.

Index Terms—Myelin sheath, Memristor, Neuromorphic net-
works, Ion channel, Neurodynamics, Biomimetic neuronal cir-
cuits.

I. INTRODUCTION

Developing intelligent, high-speed, and low-power con-
sumer electronics has become the primary focus of the elec-
tronics industry [1], [2]. Neuromorphic networks, which emu-
late biological systems, are gaining attention in consumer elec-
tronics for their high speed and low power consumption [3]-
[5]. As the biological foundation for the study of neuromorphic
networks, cognitive neuroscience research suggests that the
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Fig. 1. Comparison of Signal Conduction Speed between Myelinated and
Unmyelinated Neurons.

intrinsic computational capability and plasticity of neurons are
essential foundations for performing tasks involving associa-
tion, memory, and learning [6], [7], where the plasticity can
be achieved through the well known synapses, in addition to,
myelin sheaths [8], [9]. Myelin sheaths typically occur around
the axons of neurons in vertebrates and some arthropods.
Oligodendrocytes produce a substantial amount of new myelin
along the axon during the growth of neurons. The formation
and development of myelin sheaths are promoted by neuronal
activity [10]-[12] and influence the type of axons [10], [13].
The insulation formed by myelin sheaths between neurons
effectively prevents mutual interference during the process
of signal transmission and increases the speed of neuronal
signal transmission by several tens of times [14], [15], as
shown in Fig. 1. Higher vertebrates with myelin sheaths
gradually developed ultra-low power intelligence over millions
of years of evolution. A certain level of intelligence and low
power consumption are essential for electronic products like
smartphones and smart home systems.

Myelin sheaths are crucial for neuronal activity, allowing for
rapid exchange of information between brain regions, which
is essential for cognitive function and human intelligence
development [16]. The speed at which neurons transmit signals
is the basis for all neural activity over time [17], [18]. The axon
serves as the foundational conduit for high-speed transmission
of neural signals [19], and its length, diameter, and myelin
sheath layers directly influence the speed and duration of
signal transmission [14], [20], [21]. Myelin sheaths serve as
the physical foundation for the quick transmission of neural
signals [22], [23]. Spike code depends on the firing rate of sig-
nals, which is influenced by stimulus intensity, synaptic plas-
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ticity, excitatory and inhibitory regulation, as well as intrinsic
membrane properties. From a cellular structural perspective,
membrane properties are the primary factors influencing signal
firing rates [24]. The growth of myelin sheaths can alter
membrane properties, thus affecting neural signal firing rates.
In conclusion, myelin sheaths have the ability to influence the
propagation speed of neural signals and the frequency of pulse
firing. Therefore, the biological functionality of myelin sheaths
should not be overlooked in research related to neuromorphic
computing.

Artificial synapses and ion channels are often built with
memristors for their low power consumption, ease of inte-
gration [25]-[27], nonlinearity [28]-[31], consumer electron-
ics [32], [33]. Additionally, high-order memristors’ nonlinear
properties are frequently utilized with capacitors to simulate
the discharging characteristics of biological neurons [34]-[36].
Alternatively, referencing the Hodgkin-Huxley (HH) model,
memristors and other components are employed to simulate
the functions of ion channels, synapses, and other cellular
organelles, thereby constructing neuronal circuits [37]-[40].
While both neuronal circuit designs, developed through differ-
ent design approaches, have achieved considerable biomimetic
characteristics, for lack of consideration of the function of the
myelin sheath, they suffer from limitations such as fixed firing
rates, fixed excitation thresholds, and fixed signal transmission
speed. The growth of myelin sheaths accompanies the entire
brain development process [41], which implies that the same
neuron may exhibit different firing rates and signal conduction
velocities at different stages. Incorporating myelin sheath
function into neuronal circuit design will provide smarter
and low-power design methods for the consumer electronics
products.

However, few current neuromorphic networks consider
myelin sheath function in artificial neurons, the regulation
of neuronal firing rates is achieved indirectly by increasing
stimulation and altering the connection strengths of artificial
synapses, which is not conducive to forming stable and effi-
cient neural circuits, making it difficult to establish “muscle
memory”. Artificial neurons with fixed excitation conditions
may not activate in deep networks due to signal attenuation
or vanishing. This phenomenon is quite common in spiking
neural networks [42].

Myelination growth can alter the activation conditions of
neurons, making the neurons at the end of the neural circuit
more prone to activation. Therefore, introducing myelination
functionality into artificial neuronal circuits is crucial. This not
only enhances the computational capabilities of individual ar-
tificial neurons but also strengthens the overall adaptability of
artificial neural networks. Furthermore, it can also reduce the
power consumption of neural circuitry. This paper studies the
structure and biological characteristics of myelin sheaths and
designs a biomimetic neuronal circuit system that incorporates
myelin sheath functionality, providing a biological solution to
the above issues.

The rest of this paper is organized as follows. Section
Il primarily discusses the essential biological background
knowledge, mathematical models of ion channel memristors,
voltage-controlled capacitors, and voltage-controlled resistors,

and the dynamical equations of ABNCS. Section III covers
PSpice simulations, detailing the experimental schematics and
the results and analysis of the simulation results. Section IV
involves practical circuit experiments conducted to validate the
effectiveness of simulating myelin sheath functionality using
voltage-controlled capacitors and voltage-controlled resistors,
as well as to demonstrate the adaptability of ABNCS through
controlled variable components. Section V focuses on the
applications of ABNCS. Coupling comparative experiments
further validate ABNCS’s capability to adaptively modify neu-
ral circuit discharge frequency and speed, enhancing stimulus
responsiveness. Additionally, it addresses the challenge of
forward training in pulse neural networks. Section VI is the
conclusion, summarizing the paper.

II. PRELIMINARY

In this section, we will provide a detailed introduction to the
physiological structure and signal transmission mechanism of
myelinated neurons. Additionally, we will also present math-
ematical models of memristors, variable capacitors, and other
devices constituting various cellular components of neurons.

A. Biological structure of myelinated neurons

As shown in Fig. 2(a), the myelin sheath wraps around the
surface of the axon, leaving sections of the axon exposed at
regular intervals, forming the nodes of Ranvier. Unlike un-
myelinated axons, myelinated axons do not have ion channels
on the surface of the axonal cell membrane that is wrapped by
the myelin sheath. Ionic exchange inside and outside the axon
can only occur through ion channels on the cell membrane
at the nodes of Ranvier. The physiological structure of myeli-
nated neurons forms the basis for the saltatory propagation of
neural signals.

B. The signal transmission mechanism of myelinated neurons

Neurons transmit signals by continuously altering the mem-
brane potential of the axon. As shown in Fig. 2(c), the genera-
tion of APs leads to changes in the axon membrane potential,
subsequently stimulating sodium and potassium ion channels
in the direction of signal transmission to generate new APs,
until the signal is transmitted to the axon terminal. As shown
in Fig. 2(b), due to the myelin sheath wrapping, ion channels
are only present at the nodes of Ranvier in the axon, where
APs can be generated. Therefore, the signaling transmission
in myelinated neurons occurs in a saltatory manner, and the
transmission speed is exceptionally fast. Understood from the
perspective of physical parameters, the ratio of the propagation
speed V, spatial constant  (also referred to as ‘“characteristic
length scale”), and time constant  of neural signals is directly

proportional, v / = [14], [43]-[45]. and are determined
by Eq. (1) and Eq. (2) [46].
r__ r
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of neurons will be compromised. Therefore, we utilize various
devices to simulate the functions of different organelles and
refer to the HH model to construct a neuronal circuit system,
to achieve more closely the biomimetic characteristics.
lon channels are crucial cellular components for generating
APs, and their characteristics are similar to those of high-speed
memristors. Hence, we simulate ion channels by utilizing high-
speed memristor models. Neurons generate APs in response
to stimuli. APs are classi ed as either excitatory postsynaptic
potentials (EPSPs) or inhibitory postsynaptic potentials (IP-
SPs) depending on the stimulus typéa*, K*, and Ca?*
ion channels are involved in the generation of EPSP or IPSP
[471-[49]. Hence, we employ high-speed memristor models to
simulate these three types of memristors. N&* channels
involved in generating APs possess characteristics of rapid
activation and inactivation, with an activation threshold of
approximately 55mV. K* andCa?* channels exhibit fast
activation and slow inactivation characteristics, with activation
thresholds of approximateBOmV and 80mV, respectively.
The biological characteristics dfla* and Ca?* channels
are similar, thus requiring parameter adjustments to implement
their functions using the same memristor model. The dynamic
equation of this memristor model is described by Eq. (3), (4),
and (5). Eg. (3) depicts the variation in memristor resistance,
Fig. 2. (a) the physiological structure of myelin sheath; (b) Signal tran£&q. (4) describes the switching speed between high and low

mission mode of myelinated neurons; (c) Signal transmission mode @sjstance states, and Eq. (5) characterizes the nonlinearity of
unmyelinated neurons. the memristor

- . V= Rt xR i(); ©)

where longitudinal and transversal resistors are denoted by

R, andRt, r, andr, are the differentials oR, and Ry,

respectively.C represents the capacitance of the axonal cell gql K f(x) i(t) R; V(t)>Vps

membrane, and is the diameter of the axon. dl : 0 V2 <V () Vi @)
When the axon is wrapped by multiple layers of the myelingt ~ ~ 3 X o !

sheath, its effect is equivalent to multiple capacitors in series, ® Koe F(x) i(t) Ry V() Vinz;

as shown in Fig. 2(b), which leads to a rapid decrease in axonal

capacitanceC and an increase in membrane resistaRge f(x) =a @+x% ®)

According to Eq. (2), due t& decreasing faster thaRt  \hereV (1) represents the voltage across the memristor's two
increasing, the overall value of decreases, and the time forerminals Ry is the high resistance value of the memristor,
generating an AP is shorter. lon channels are only presgplq4 R s the difference between the high resistance value
at the nodes of Ranvier, so when an AP is generated, iQ8S, and the low resistance valiRy, . Thex is the resistance
within the axoplasm can only move along the axon and canng§istment coef cientj(t) is the current passing through the
freely exchange with extracellular ions. Furthermore, the ARamristor and (x) is the window function. They, &, as,

will decay more slowly, resulting in larger spatial leaps, 88, Koit » kon, @ and p are all parametersvin1 and Vi o

depicted in Fig. 2(c). This signi cantly enhances the signalbresent the activation threshold and inactivation threshold,
transmission speed. The same conclusion can also be deri ectively.

from physical parameters..According to Eq. (1): myelination Compared toNa* and Ca2* channels,K* channels
increases membrane resistanRe and axon diameted, gy hibit relatively unique inactivation characteristics, which re-
leading to a larger spatial constant..Thls allows APs to traV&‘L'Jires the usage of a different memristor model. The dynamic
further along the axon and neural signal. equation of this memristor is described by Eq. (3), (5), and
(6). Theb, andhb, are both parameters, in Eq. (6).
C. Electronic device equivalent replacement for neurocellular
8 .

organelles > k% f(x) i(t) Ry V(t)>Vun1

From a cellular structure perspective, neurons are, in factjdl — 0 : Vina V(1) >Vnha (6)
high-order chaotic systems composed of various nonlineadt > Kb g ()% R VIt Vi o
organelles. If higher-order nonlinear devices are adopted for ot T(X) i(t) ; (t)  Vina:
neuronal functionality in order to achieve greater integration, Due to differences in ion concentrations inside and out-
it is likely that certain biological characteristics and robustnesfde the neuron, a resting membrane potential is established.



