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Abstract: Memristors have emerged as prospective two-terminal elements, having appli-
cations in memory, neuromorphic systems, and analog circuits. Biological materials such
as egg albumin exhibit memristive behavior, displaying a distinctive pinched hysteresis
signature in their current-voltage characteristics. However, such memristive behavior
must be mathematically modeled to gain insights into the material’s operation and utilize
it in various circuit applications. This article proposes a novel SPICE-level framework
for fabricated egg albumin memristors using Joglekar’s memristor model. Experimental
current-voltage characteristics are used to calibrate the SPICE model, ensuring accurate
reproducibility of the experimental results. Additionally, the impact of variations in model-
specific parameters on dynamic resistance and device performance is explored.

Keywords: memristor; egg albumin; SPICE; Joglekar’s model; drop-cast

1. Introduction
CMOS technology is fast approaching its fundamental limitations with the growing

demand for miniaturization. Excessive heat dissipation and increasing fabrication cost are
primary concerns as the transistor density on the chip increases [1]. The memory problem
where the memory latency and bandwidth become insufficient for instruction and data
transfer to a processor is also more prominent with the ever-increasing amount of data
computations using conventional microelectronics technology [2]. Conventional memory
technologies such as Flash, DRAM, and SRAM are not able to keep up with the demand for
scaling and low power.

Similarly, several studies have explored advancements in non-volatile memory tech-
nologies, focusing on improving efficiency, reliability, and integration with modern comput-
ing architectures. Mohammad et al. introduced an efficient and compact Fe-CNTFET-based
ST using only two transistors. The hysteretic behavior of Fe-CNTFETs enables an auto-
non-volatile structure, eliminating the need for additional non-volatile components. To
demonstrate its practical applications, two auto-non-volatile latches were shown to enhance
the soft error tolerance of traditional ST-based latches [3].

Traditional CMOS-based methods often suffer from high energy consumption and
large circuit footprints. Addressing this, researchers utilized two crossbar arrays of ferro-
electric FinFETs to compute the Mahalanobis distance, a key metric for outlier detection in
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correlated data. When tested on the Wisconsin breast cancer dataset, the design achieved
94.1% accuracy while consuming only 13.56 picojoules, highlighting its efficiency in com-
plex data analysis [4].

Additionally, Xiu-Lan Cheng et al. explored Ga-doped phase change memory (PCM)
as a next-generation non-volatile memory candidate. Their study focused on the unique
data storage mechanism of PCM, particularly for sub-65 nm technologies. Their simula-
tions demonstrated methods to enhance Ga-doped PCM’s performance and reliability for
embedded non-volatile memory applications [5].

Berdan et al. developed a SPICE-compatible model for resistive random-access mem-
ory (ReRAM) that accounts for state drift and resistance degradation over time—challenges
often overlooked in idealized models. By incorporating the physical mechanisms of resis-
tive switching, their model enables realistic simulations, improving circuit design and per-
formance predictions for memory storage and neuromorphic computing applications [6].

In contrast to conventional metal–oxide ReRAM, GIG-based ReRAM eliminates the
need for an initial forming process, simplifying circuit integration. Researchers developed
a physics-based model incorporating key switching mechanisms, demonstrating that GIG
ReRAM offers improved performance and lower power consumption, making it a strong
candidate for next-generation non-volatile memory and neuromorphic computing [7].

Memristors, an upcoming nanoscale technology, have the ability to address these
difficulties [8]. In 1971, Leon Chua predicted the existence of a fourth fundamental element
(the other three are resistor, capacitor, and inductor) known as the memristor (memory with
resistor) [9]. Following Chua’s conceptualization, HP Labs fabricated the first TiO2-based
memristor in 2008, which consisted of a titanium dioxide (TiO2) layer sandwiched between
two platinum electrodes [10].

On the other hand, protein is a natural material with interesting electrical properties.
It has been utilized to create field-effect transistors (FETs), memristors (resistive switching
devices), non-volatile memory devices, and lab-on-chip architectures. Egg albumin is
biodegradable, bioresorbable, and ecologically friendly, making it a promising material for
electronic applications. Egg albumen has been employed as an active or dielectric layer to
create high-performing thin-film transistors and resistive switching devices. It has also been
utilized to increase ultraviolet (UV) fluorescence by adding Au nanoparticles. Although
there has been progress, more effort is still required to improve the performance, stability,
and dependability of egg albumin-based memristor devices and to clarify the functioning
mechanics. To provide full electronic functionalities, further device and operation types are
required for future applications [11].

Interestingly, various biological samples exhibit memristive behavior. Organic materials
such as sweat ducts, the Mimosa pudica plant, Dionaea muscipula (Venus flytrap), and amoebas
have demonstrated characteristics akin to memristors, as described by Chua [12–14]. Sueoka
et al. investigated neural facilitation in a honey-based organic synaptic memristor [15–17],
while Gale et al. observed memristive properties in the protoplasmic tubes of Physarum
polycephalum [18]. Additionally, Johnsen et al. reported that human sweat ducts exhibit
memristor-like behavior [19]. Hota et al. successfully synthesized transparent memristors
using silk fibroin protein derived from Bombyx mori silkworm cocoons [20].

Egg albumin has also been explored as a bio-material for memristor fabrication due
to its inherent dielectric properties. Memristor devices leveraging egg albumin have po-
tential applications in non-volatile memory storage and neuromorphic computing, where
synaptic processes are mimicked to develop advanced neural network-inspired systems.
The fabrication process typically involves preparing a uniform egg albumin dielectric layer,
integrating aluminum (Al) electrodes, and constructing a memristor structure such as
Al/egg albumin/Al. The memristive behavior is validated through electrical characteriza-
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tion, particularly current–voltage (I–V) measurements, to assess hysteresis and switching
dynamics. These findings highlight the potential of egg albumin-based memristors for
bio-inspired computing and memory applications.

Egg albumin-based bio-memristors offer numerous advantages, including a simple
structure, scalability, potentially low cost, and low power consumption [21,22]. However,
concerns remain regarding the environmental and health impacts of toxic organic materials
often used in these devices. To address these issues, researchers have been actively investi-
gating non-toxic bio-material alternatives for the past two decades. Egg albumin, being
biodegradable, biocompatible, and environmentally friendly, has emerged as a promis-
ing candidate [23]. Protein-based materials have already been successfully employed to
fabricate bio-memristors [24].

Despite significant advancements, further research is necessary to fully understand
the electrical properties of bio-memristors, as their behavior remains somewhat ambigu-
ous. Given their adaptability and relevance in electronic applications, SPICE (Simulation
Program with Integrated Circuit Emphasis) models are widely used to evaluate funda-
mental memristor models, facilitating further development [25]. SPICE models play a
crucial role in the modeling and design of novel electronic devices, enabling engineers to
predict and analyze circuit behavior before actual implementation. By allowing parameter
modifications, these models offer flexibility in developing emerging technologies such
as memristors, supporting the simulation of device behavior under various conditions.
This capability aids in designing memristor-based circuits, including neural networks and
memory arrays, before fabrication [26].

The SPICE memristor model enables adjustments to the I–V characteristics through
modifications of various parameters. Given the diversity in memristor compositions and
structures, multiple SPICE modeling techniques have been developed. Several compact
SPICE models have been introduced to replicate the behavior of existing memristor de-
vices, and numerous subcircuits have been designed to simulate memristors in SPICE
simulations [27].

While these models align well with experimental data for sinusoidal inputs, they ex-
hibit deviations for intermediate-resistance states. Since the inception of memristor devices,
numerous SPICE models have been proposed, each employing a state-variable equation
to determine dynamic resistance [28]. The dynamic resistance is inversely proportional
to the physical properties of the memristor, which are reflected in the value of the state
variable. Consequently, the state-variable equation can be utilized to determine various
I–V characteristics [29].

In this context, the Joglekar model is widely used in memristor research due to its
simplicity, computational efficiency, and ease of implementation. One of its key advantages
is the window function, which ensures that the state variable remains within physical
limits, preventing unrealistic growth beyond the thickness of the memristor. This feature
makes the model particularly valuable for theoretical studies and circuit simulations,
providing a smooth transition between different resistance states that aligns well with real-
world memristive behavior. Additionally, the model can be adapted to various memristor
devices by adjusting parameters such as mobility and charge-dependent dynamics, further
enhancing its applicability [30].

In comparison to other memristor models, the Joglekar model is often preferred
for foundational and theoretical research. While the Yakopcic model introduces voltage-
dependent switching for greater physical realism, and the Biolek model improves boundary
handling, these enhancements come with increased complexity. The Joglekar model, on
the other hand, offers a tunable nonlinearity parameter that allows flexible variation of
memristor behavior while maintaining a simplified structure. This makes it ideal for
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preliminary investigations where computational efficiency is prioritized over detailed
hardware modeling [31,32].

Although the Biolek and Yakopcic models provide improved accuracy near state
boundaries, the Joglekar model remains a popular choice in SPICE simulations and an-
alytical studies due to its ease of implementation. For applications that do not require
extensive physical constraints, it presents an efficient and practical approach to memristor
modeling [31,32].

This paper focuses on the fabrication and characterization of a bio-memristor using egg
albumin as the memristive material. The material exhibits resistive behavior, and the exper-
imental I–V curves fit well with existing memristor models. A SPICE-level implementation
of drop-cast PLA/Al/egg albumin/Al memristors is described in this paper.

The primary contributions of this article are as follows:

• The Joglekar memristor model is used to build egg albumin memristors at the SPICE
level. The model’s parameters are adjusted based on the parameters that are taken
from the experimental data.

• Discussing and summarizing the effects of altering the various SPICE model parameters.
• Understanding how important parameters affect the hysteresis loop. Therefore, a set

of parameters is presented to describe quantification of the hysteresis loops in the
I–V plane.

The rest of the paper is organized as follows: Section 2 details the fabrication process
and electrical characterization of the egg albumin memristors. Section 3 introduces a SPICE-
level structural model for the memristors, and the results are comprehensively discussed in
Section 4. Finally, the conclusions are presented in Section 5.

2. Fabrication and Electrical Characterization of PLA/Al/Egg Albumin/
Al Memristor

This section briefly describes the methodology used to fabricate drop-cast egg albumin
memristors on 3D-printed substrates.

2.1. Fabrication Process

The fabrication process of the egg albumin memristor involved several steps. In step A,
10 mL of chicken egg albumin was extracted from the egg yolk using a dropper and a strainer.
In step B, a rectangular substrate with dimensions 27 × 15 mm2 and a thickness of 2 mm was
fabricated using EN-PLA material and a 3D printer (Model No. Ender 1200P). The substrate
was then cleaned with deionized water after printing. The active area of the memristor was
coated with chicken egg albumin using a drop-casting process.

An aluminum electrode with dimensions 48 × 8 mm2 and a thickness of 0.15 mm
was used, with the electrode gap in the active region set to 0.5 mm. The egg albumin,
possessing memristive properties, was deposited on the active region of the bio-memristor
using a dropper, and the sample was dried at room temperature (300 K) for further analysis.
Figure 1A,B illustrate the methodology.
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Figure 1. Workflow showing the methodology: (A) egg albumin extraction; (B) deposition of chicken
egg albumin on the 3D-printed substrate; (C) electrical characterization; (D) SPICE model.

2.2. Electrical Characterization

In step C, the I−V characteristics of the egg albumin memristor were measured using a
source measurement unit (SMU). Finally, in step D, a memristor subcircuit with parameter
variations was implemented to analyze the device’s performance. Figure 1C,D illustrate
the methodology. The electrical characterization of the egg albumin bio-memristor was
performed using an SMU, with all measurements conducted at room temperature.

The current–voltage (I−V) characteristics of the fabricated bio-memristor are presented
in Figure 2a, where the arrows indicate the sweep direction of the applied voltage, ranging
from −12 V to +12 V. A switching ratio of 0.26 was observed within the pinched hysteresis
loop. For the positive half-cycle, the loop exhibited minimum and maximum currents
of 0.4 mA and 10 mA, respectively, while for the negative half-cycle, the minimum and
maximum currents were 0.244 mA and 9.69 mA, as illustrated in Figure 2b. Table 1 presents
a comparative analysis of the switching ratio of the proposed memristor with other bio-
based memristors. Readers can refer to Supplementary Materials provided in this work for
more details.
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Figure 2. Measured I−V characteristics for egg albumin memristors on (a) linear scale and (b) loga-
rithmic scale.

Table 1. Different types of memristors for bio−materials and their switching ratios.

Ref. Bio-Material Method ron, rof f
ron
rof f

[33] Sweat ducts in the skin Dry disc electrodes 360 kΩ, 417 kΩ 0.86

[34] Leaf of aloe vera Identical (Pt or Ag/AgCl) electrodes
for measuring and as reference (Ref) 218 kΩ, 321 kΩ 0.67

[35] Potato tubers

Teflon-coated platinum wires with a
0.076 mm diameter and AgCl

electrodes for measurement and
reference (Ref) in every experiment

2042 kΩ, 6060 kΩ 0.33

[36] Pumpkin seeds Platinum Electrode Based
Measurement 393 kΩ, 419 kΩ 0.93

[37] Protein blend Liquid Sample Holder in a Potential
Divider Arrangement 0.4 kΩ, 1.112 kΩ 0.35

[21] Egg albumin Deposition Using Spin Coating 0.06 kΩ, 99.2 kΩ 6 × 10−4

[38] BiFeO3 @egg albumen
nanocomposite Deposition Using Spin Coating 0.073 kΩ, 0.181 kΩ 4 × 10−1

This work Egg albumin Drop-casting is used to deposit egg
albumin into PLA substrate 0.782 kΩ, 2.899 kΩ 0.26

3. SPICE-Level Framework for Proposed Memristors
This section presents a detailed description of the SPICE-level framework for the egg

albumin memristors, along with the steps for parametric extraction from the experimental
characteristics.

3.1. SPICE Models
3.1.1. Joglekar Model

The Joglekar model is a mathematical model that describes the behavior of memristors.
It includes a window function to manage state-variable evolution and avoid uncontrolled
expansion. The change in the state variable x (which influences memristance) is repre-
sented as

dx
dt

= kI(t) f (x) (1)

where x is the normalized state variable (0 ≤ x ≤ 1), k is a scaling constant controlling the
switching speed, and I(t) is the applied current.
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In the Joglekar model, the window function is defined as

f (x) = 1 − (2x − 1)2pi (2)

where pi is a positive integer that affects the function’s shape and x is the normalized state
variable, which ranges from 0 to 1 [30].

3.1.2. Knowm Memristor Model

The Knowm Memristor Model, particularly the Generalized Metastable Switch (MSS)
model, is intended to accurately represent the behavior of various memristive devices.
The model defines a state variable x to reflect the device’s metastable-state occupancy
probability. The evolution of x over time is governed by

dx
dt

= f (x, V, T) (3)

where V is the applied voltage, T is the temperature, and f describes the rate of change of
x based on the device’s physical properties and external conditions.

The current passing through the memristor is given by

I = g(x, V, T) (4)

where the function g simulates the device’s conductance based on the state variable x,
applied voltage V, and temperature T [39].

3.1.3. Biolek Memristor Model

The Biolek memristor model enhances comprehension of memristive behavior by
integrating nonlinear dopant drift and an asymmetric window function. This approach
more accurately represents real-world memristor dynamics, particularly near the device
boundaries.

The rate of change of the state variable w is given by

dw
dt

= µv
ron

D
I(t) f (w, I) (5)

where µv is the mobility of dopants, ron is the low resistance state, D is the thickness of the
memristive layer, I(t) is the applied current, and f (w, I) is the Biolek window function.

The window function, which influences the development of the state variable, espe-
cially at its boundaries, is defined as

f (w, I) = 1 − |w − sgn(I)|2p (6)

where w is the normalized state variable (0 ≤ w ≤ 1), sgn(I) is the sign function of the
current, and p is a positive integer controlling the window’s sharpness [40].

3.2. Joglekar Memristor Model and SPICE Subcircuit

The Joglekar memristor model serves as a foundational framework for memristor
research, yet it exhibits significant limitations that constrain its applicability to real-world
devices. One major drawback is its reliance on a symmetric window function, which fails
to accurately capture the asymmetric switching behavior observed in many memristors.
This symmetry can introduce errors when modeling a device’s response to varying voltage
polarities. Additionally, the window function flattens near the state variable’s boundaries,
causing the state to approach its limits too slowly. This characteristic poses challenges in
modeling memristors with abrupt resistance transitions between high and low states [41].
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Organic memristive devices can be simulated using the Joglekar memristor model
because it can capture the special properties of these materials. When it comes to resistive
switching, organic memristors frequently display nonlinear ion drift and boundary effects.
These problems are addressed by the Joglekar model by introducing a window function
that modifies the development of the state variable. The Joglekar model is an important
and simple tool for researchers investigating and building organic memristive systems
because it makes it possible to replicate the slow resistance changes and hysteresis seen in
organic structures [42].

Ascoli et al. discuss the difficulties in modeling circuits based on memristors. Mem-
ristors are nonlinear two-terminal devices with complicated dynamical behaviors that
can cause numerical errors and convergence problems when their governing differential-
algebraic equations undergo computer-aided integration. The authors provide a strategy
that entails reformulating the initial differential-algebraic equation sets into an ongoing
and differentiable form in order to avoid these difficulties. This reformulation ensures
well-behaved numerical solutions while faithfully capturing the dynamics of the original
memristor model. The altered set of equations is made to operate with commercial circuit
simulators, making it easier to incorporate into current design processes [43].

The primary mechanism behind multi-level switching in these devices is attributed
to the trapping and de-trapping of charge carriers [37]. Chen et al. fabricated and charac-
terized non-volatile resistive switching memory devices using unprocessed chicken egg
albumen as a dielectric layer. Low-frequency noise (LFN) measurements, commonly used
to analyze conduction mechanisms, fluctuation sources, and defect states in electronic
devices, revealed that carrier trapping and de-trapping phenomena significantly influence
noise behavior. Chen et al. also observed that electron capture and emission within con-
ductive filaments dominate the current transport mechanism in albumen-based resistive
switching devices, as indicated by the measured 1/f noise characteristics [21].

The experimental I–V properties of egg albumin memristors are modeled using the
Joglekar memristor model [30]. Table 2 lists the equations of the Joglekar memristor
model along with their explanations. A bio-memristor within the SPICE framework can be
represented by varying several parameters derived from the mathematical expressions of
the Joglekar memristor model.

The Appendix A provides the SPICE model. The starting state variable (S) is repre-
sented by a terminal, as depicted in Figure 3a, where the top electrode (T) and bottom
electrode (B) serve as terminals for applying voltage across the memristor [44].
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Figure 3. (a) Structure of memristor SPICE circuit [44] and (b) schematic showing extraction of Vp,
Hp,Vn, and Hn.
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Table 2. Joglekar memristor model equations and their description [30].

Joglekar Memristor Model Equation Physical Quantities Description

Cint · dS
dt = I(t)

Cint = capacitance; dS
dt = rate of

change of state variables;
I(t) = current

Initial condition of a capacitor
representing internal capacitance.

V(S(0)) = x0
V(S) = voltage; V(S(0)) = initial

state variable; x0 = initial condition
Initial condition for voltage, where x0

is the initial state.

Gs(0, S) ={
k · V(T, B)

ron · V(S) + roff · (1 − V(S))

×
[
1 − (2 · V(S)− 1)2pi

]}
GS = current source; k = constant;

V(T, B) = voltage across memristor;
V(S) = state variable; ron = low
resistance; ro f f = high resistance;
pi = Joglekar window parameter

Equation defining Gs0S,
incorporating linear and nonlinear

components of the memristor model.

G1(T, B) =
V(T, B) ·

[
1

ron·V(S)+roff·(1−V(S))

]
G1(T, B) = current through

memristor; V(T, B) = voltage
applied across terminals;

V(S) = state variable; ron = low
resistance; ro f f = high resistance

Calculates G1 based on parameters
and variables related to T, B, S, and

constants.

3.3. Extraction of Hysteresis Loop-Based Parameters

Figure 3b represents the extraction methods of hysteresis loop-based parameters such
as Vp, Hp, Vn, and Hn for the I–V characteristics of different values of the constant (k),
positive integers (pi), and initial state variable (x0). Here, Vp and Hp represent the vertical
and horizontal coordinates for the positive half-cycle, while Vn and Hn denote the vertical
and horizontal coordinates for the negative half-cycle. The detailed extraction process of
Vp, Hp, Vn, and Hn is given below.

a. Measure the maximum voltage of the pinched hysteresis loop for both the positive
and negative half-cycles.

b. Calculate half of the maximum voltage for each cycle.
c. Draw a line that divides the positive and negative parts of the pinched hysteresis

loop equally, based on half of the maximum voltage.
d. Select two vertical points from the line drawn between the two half-cycles; these

points are referred to as Vp.
e. Determine the midpoint of the two vertical points by dividing Vp/2 for each half-

cycle.
f. Draw a line between the midpoints of the two vertical positions to calculate Hp for

each half-cycle.

Here, Vp and Hp represent the vertical and horizontal coordinates for the positive
half-cycle, while Vn and Hn denote the vertical and horizontal coordinates for the negative
half-cycle. The detailed extraction process of Vp, Hp, Vn, and Hn is given below.

The constant k is an important parameter in the SPICE subcircuit code for a memristor
model because it determines the dynamics of the state variable V(S), which represents the
internal state of the memristor. The capacitor Cint is used to integrate the time derivative,
which determines how the state variable V(S) changes over time. The voltage-controlled
current source Gs controls the current flowing into Cint. The equation for Gs is given by

Gs =

{
k · V(T, B)

ron · V(S) + roff · (1 − V(S))
×

[
1 − (2 · V(S)− 1)2pi

]}
(7)
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Here, k acts as a scaling factor for the rate at which the state variable V(S) changes in
response to the voltage applied across the memristor terminals.

The window function in the Joglekar memristor model uses the term pi (a positive
integer) to regulate how the state variable (memristance) varies when the device is operating.
In the Joglekar model, the window function is given by

f (x) = 1 − (2x − 1)2pi (8)

where pi is a positive integer that affects the function’s shape and x is the normalized state
variable, which ranges from 0 to 1.

The memristor’s resistance (memristance) is determined by its internal state variable
x0, which is described by the Joglekar memristor model. The initial state variable x0, which
has a major impact on the electrical properties of the device, is the initial value of x at time
t = 0. The differential equation that describes how the state variable x changes is

dx
dt

= k · I(t) · f (x) (9)

where x is the normalized state variable (0 ≤ x ≤ 1), k is a constant, I(t) is the applied
current, and f (x) is the Joglekar window function.

4. Results and Discussion
This section presents the key findings of the study and discusses their implications.

The results are analyzed in comparison to existing models and methodologies, highlighting
the advantages of the proposed approach. Additionally, a comparative table summarizing
the key parameters obtained in this work alongside recent related studies is presented.

4.1. Calibration of SPICE Simulation Framework

This section presents results on the SPICE framework for egg albumin memristors,
including the significant parameters used to represent egg albumin memristors in the
SPICE framework. The SPICE model developed has been compared with the experimental
results, as shown in Figure 4 in the logarithmic plot. Table 3 presents the various pa-
rameters used in the SPICE simulations, tuned to accurately represent an egg albumin
memristor. As observed, the developed SPICE model fits closely with the experimental
results, demonstrating the accuracy of the developed model.

Table 3. SPICE model parameters (Figure 4) used for simulating egg albumin memristors [40].

SPICE Parameter SPICE Parameter Value Parameter Description

ro f f 2899 Low-resistance state

ron 782 High-resistance state

k 800 Constant

pi 1 Positive integer

x0 0.906 Initial state variable
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 Figure 4. I−V characteristics showing experimental results calibrated with the SPICE model.
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Figure 5. The voltage−time characteristics for Vm (voltage across the memristor) and V1 (input
voltage) are illustrated for three cases: (a) constant (k); (b) positive integer (pi); and (c) the initial state
variable (x0).

Based on the voltage sweep on the SMU for the experimental characteristics, a triangu-
lar pulse is applied to the circuit with a time of 0.526 s and rise and fall time of 0.26 s. A 1 kΩ
resistor is connected in series with it to visualize the voltage drop across the memristor.

4.2. Analysis of Key Parameters of the Calibrated SPICE Model

The I–V characteristics for different constants (k) are shown in Figure 6. The plots
indicate that loop widths increase as the value of ‘k’ increases. Figure 7 displays the
extracted graphs of Vp, Vn and Hp, Hn, showing a consistent increase with higher constant
(k) values.
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Figure 6. SPICE simulation of experimental data−calibrated egg albumin memristor model for
different constants (k) on (a) linear scale and (b) logarithmic scale.For Constant(k): Fig 7 in manuscript 
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Figure 7. (a) Extracted VP, Vn and (b) extracted HP, Hn for different values of constant (k).

The width of the hysteresis loop increases with k because quicker state development
allows for more resistance change within each cycle, resulting in higher voltage swings.
However, the actual loop width is also determined by the material properties (such as ion
mobility and defect density) and device design (such as thickness and electrode materials),
all of which impact how quickly resistance varies in physical devices.

The memristor’s resistance (memristance) is determined by its internal state variable
x0, which is described by the Joglekar memristor model. The initial state variable x0, which
has a major impact on the electrical properties of the device, is the initial value of x at time
t = 0.

The memristor I–V characteristics for different values of the parameter positive integer
(pi) are plotted in Figure 8. The values of VP and Hp increase as the positive integer value
(pi) increases. This implies increases in the current and voltage in both the positive and
negative half-cycles. Figure 9 shows the extracted graphs of Vp, Vn and Hp, Hn for different
positive integers (pi).
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Figure 8. SPICE simulation of experimental data−calibrated egg albumin memristor model for
different positive integers (pi) on (a) linear scale (b) logarithmic scale.

The initial state variable is often the variable that reflects the device’s status before
it begins operating. This state variable is frequently associated with internal memristor
features, such as ion dispersion or material flaws. Figure 10 displays the I–V characteristics
of the simulation model with varying values of the initial state variable (x0). As shown
in Figure 11, as we vary the initial state-variable values, Vp, Vn, and Hp are observed to
increase. Table 4 presents a comparative analysis of previously reported studies with this
work. Readers can refer to Supplementary Materials provided in this work for more details.
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Figure 9. (a) Extracted VP, Vn. (b) Extracted HP, Hn for different values of positive integer (pi).
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Figure 10. SPICE simulation of experimental data−calibrated egg albumin memristor model for
different initial state variables (x0) on (a) linear scale and (b) logarithmic scale.
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Table 4. Memristor models for different materials along with the important model parameters and
simulation platform.

Year Memristive
Material

Memristor
Model Parameters Simulation

Platform Ref.

2009 TiO2 Biolek
ron = 1 kΩ, ro f f = 100 kΩ,

Rinit = 80 kΩ, D = 10 N, uv = 10 F,
p = 1

PSPICE [40]

2017 TiO2 Yakopcic

η = 1, x0 = 0.11, xp = 0.35,
xn = 0.55, αp = 1, αn = 5, Vp = 0.1,

Vn = 0.1, Ap = An = 4 × 103,
b = 2 × 10−5, a1 = a2 = 17 × 105

PSPICE [45]

2017 TiO2 Pickett

foff = 3.5 µA, ioff = 115 µA,
aoff = 1.2, fon = 40 µA, ion = 8.9 µA,
aon = 1.8, b = 500 µA, wc = 107 mV,

k1 = 11.3153, k2 = 44.6944µ,
k3 = 1.34192, k4 = 3.0364,

k5 = 11.4919 n,
k6 = 24.1384, Rs = 232.047 Ω

CADENCE 16.6 [46]

2024
rGO-CdS

nanocompos-
ites

Thang Hoang ron = 753 Ω, ro f f = 1325 Ω,
T = 300 K, MEF = 1.76 MATLAB [47]

2024 Egg albumin Joglekar ron = 869 Ω, roff = 2508 Ω,
k = 0.8 × 103, pi = 1, x0 = 0.906 LTSPICE 24.1.3 This work
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Figure 11. (a) Extracted VP, Vn and (b) extracted HP, Hn for different values of initial state vari-
able (x0).

5. Conclusions and Future Scope
This study calibrated a SPICE simulation model using experimental data from egg

albumin memristors fabricated on 3D substrates. The calibrated model was used to analyze
key parameters, including the constant k, positive integer, and initial state variable. The
significant findings indicate that Joglekar memristor mathematics can effectively represent
bio-memristors, such as egg albumin-based memristors. Additionally, the constant k is
found to be a crucial parameter in the Joglekar memristor model, while the initial state
variable x0 plays a vital role in calculating the I–V loop area. The presented subcircuit
facilitates the development of memristor crossbar array models, enabling the study of
important challenges such as sneak paths. Furthermore, using the SPICE model, similar
conclusions can be drawn for other organic material-based memristors. Strategies can be
developed to incorporate mathematical models that capture slight changes in resistance
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states across different cycles. The design and assembly of crossbar arrays for neuromorphic
computing circuits represent a promising area for future research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/electronics14050838/s1, Figure S1: I-V characteristics of duck
egg albumin memristor for 40 cycles (a) Device1; (b) Device2. Figure S2: Resistance state of parameter
(a) Constant (k); (b) Positive integer (pi); (c) Initial state variable (x0).
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Appendix A. Memristor SPICE Model
This appendix presents the SPICE model for a memristor, based on the work of

Joglekar et al. [30]. The model parameters and circuit elements are described below.

.subckt Memristor T B S

*Memristor Parameters:
.params ron=782 roff=2899 k=0.8e3 pi=1 x0=0.906

*Capacitor for integrating the state variable time derivative:
Cint S 0 {1}
.IC V(S)=x0

*High-valued resistance for preventing convergence problems:
Rad S 0 10G

*Memristor state modeling:
Gs 0 S value={(k*V(T,B)*(1/(ron*(V(S))+roff*(1-V(S))))

*(1-pow((2*(V(S))-1),(2*pi))))}

*Memristor conductance:
G1 T B value={V(T,B)*((1/(ron*(V(S))+roff*(1-V(S)))))}

.ends Memristor

https://www.mdpi.com/article/10.3390/electronics14050838/s1
https://www.mdpi.com/article/10.3390/electronics14050838/s1
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