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Engineering, Energy and Modeling Laboratory (BEEMo.Lab.), Higher Institute of Science and Technology (HIST), University of Mountains, P.O. Box 208,

Bangangte, Cameroon.

ABSTRACT This paper is devoted to the dynamical probing, microcontroller execution, and chaos annihi-
lation based on genetic algorithms (GAs) in a non-smooth air-gap permanent magnet synchronous motor
(NSAGPMSM) without external disturbances. The numerical simulations of NSAGPMSM in the absence of
external disturbances reveal the existence of two different shapes of chaotic characteristics, reverse period
doubling and periodic characteristics. The dynamical characteristics are certified by the microcontroller execu-
tion of NSAGPMSM in the absence of external disturbances. By optimizing the parameters of NSAGPMSM in

KEYWORDS
Non-smooth air-gap
Permanent magnet
synchronous motor
Microcontroller execu-
tion

Annihilation of chaos
Genetic algorithms

the absence of external disturbances, thanks to the convergence of the objective function and its convergence
rate, it is proven that GAs is effective in optimizing system parameters, leading to annihilation of chaos in the

system to one of its three steady states.

INTRODUCTION

The introduction of high-performance permanent magnets, such
as rare-earth magnets, has led to the development of a new gen-
eration of synchronous machines (Kiener et al. 1984; Pouillange
1987; Song et al. 2015). Due to their superior properties, such as
high efficiency, compact size, high torque-to-weight ratio, high
power density, fault tolerance, and low maintenance, permanent
magnet synchronous motors are widely used in many industrial
applications, such as machine tools, industrial robots, air condi-
tioners, and packaging machines (Ananthamoorthy and Baskaran
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2015; Chan and Chau 1997; Do et al. 2014a). However, these uses
are not without challenges, particularly in the face of growing
energy, industrial, and automotive concerns. Permanent magnet
synchronous motors with non-smooth air gaps may exhibit insta-
bility during operation and may be subject to physical phenomena,
such as chaos, which can lead to a complete collapse of the drive
system (Machkour et al. 2022; Liao et al. 2017). These disturbances
can be caused by mechanical vibrations (rotor imbalance), abrupt
variations in the applied load, etc. To overcome these challenges,
it is essential to develop innovative control strategies that take the
performance of NSAGPMSM into account.

The high performance of permanent magnet synchronous mo-
tors depends on the absence of chaos (Igbal and Singh 2019; Tak-
ougang Kingni ef al. 2020; Tsapla Fotsa et al. 2025), without con-
sidering the impact of variations in the saliency ratio through the
quadrature inductance. It should be noted that while variations
in quadrature inductance are not always beneficial due to the po-
tential for chaotic behavior, they can lead to an increase in the
amplitude of angular velocity. However, it is important to note
that in permanent magnet synchronous motors, the direct and
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quadrature inductances must be different (Yamdjeu et al. 2024,
2025).

To eliminate chaotic behaviors in permanent magnet syn-
chronous motors, researchers have employed various control meth-
ods, such as control using Lyapunov’s principle for global asymp-
totic stability (Kemnang Tsafack et al. 2020; Natiq et al. 2022; Do et al.
2014b), simple adaptive sliding mode control (Kemnang Tsafack
et al. 2020; Maeng and Choi 2013), fuzzy adaptive control schemes
(Luo 2014), passive control schemes (Wang et al. 2005), model
predictive control, feedback control schemes (Du-Qu and Xiao-
Shu 2008), dithering signal control schemes (Tung and Chen 1993;
Wei and Wang 2013), and chaos control based on GAs to opti-
mize the performance of NSAGPMSM with temperature through
the objective function value (Yamdjeu ef al. 2025; Cvetkovski and
Petkovska 2016).The authors of (Yamdjeu et al. 2024) studied the
dynamics, microcontroller implementation, and control approach
in NSAGPMSM without external disturbances.

The NSAGPMSM without external disturbances displayed
bistable chaos, periodic spikes, chaotic spikes, coexistence of pe-
riodic and chaotic characteristics, and a period-doubling route to
monostable chaos. Two single controllers were used to bring chaos
back to stable operation, with the second single controller being
more effective due to its ability to meet selection criteria such as
settling time and peak overshoot. Chaos annihilation based on
GAs in NSAGPMSM without external disturbances embedded in
the microcontroller is investigated in this paper.

The choice of the latter method is inspired by natural evolution,
as GAs use techniques such as inheritance, mutation, selection, and
crossover to generate solutions to optimization problems. Its versa-
tility makes it a powerful tool for global optimization and the anal-
ysis of large data sets (Markku et al. 2007; Tian et al. 2019). Many
researchers have focused on using GAs to reduce harmful vibra-
tions or eliminate noise in permanent magnet synchronous motors
(Pinto et al. 2024; Yi and Hsu 2003; Randi et al. 2013). This paper is
organized into an introduction, two sections, and the conclusion:
Section two presents the dynamical probing and microcontroller
execution in NSAGPMSM without external disturbances. Section
three brings out the chaos annihilation in NSAGPMSM without
external disturbances based on GAs. The conclusion highlights a
summary of the paper.

DYNAMICAL PROBING AND MICROCONTROLLER EXE-
CUTION IN NSAGPMSM WITHOUT EXTERNAL DISTUR-
BANCES

The PMSM is presented in Fig. 1.

Figure 1 Permanent Magnet Synchronous Motors (PMSM) and
its space representation (Grellet and Clerc 1997; Caron and Hau-
tier 1995).

The PMSM is presented in Fig. 1. Phase transformation is a
key technique in designing and controlling PMSM, converting a
three-axis reference frame to a two-axis frame to simplify the mo-
tor’s differential equations (Grellet and Clerc 1997). The machine
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electrical equations in matrix form is given by (Caron and Hautier
1995):

d
[VSabc} = [R} [ISubc] + E[lpSubc]r 1

The stator voltage Vs, is represented as a resistive term R mul-
tiplied by the axes current components Is,,. and a flux variation
term Pggpc.

The magnetic equations defined by the stator flux equations
can be expressed in matrix form as follows:

[l/JSubc] = [L] [ISabc} + [¢ruhc]~ ()

The stator flux includes the self-flux and the flux generated by the
magnets. The fluxes ¢, are the rotor fluxes as seen by the stator
windings given by:

cos 6
Yrabe = ¥Ym | cos(6 —27t/3) |, 3)
cos(6 —47m/3)

where 1, is the constant magnet flux located along the direct axis
of the (d-q) frame. The mechanical equation is given by:

dQ)
Cem - Cr = ]TTV +var1 (4)

where C,y, is the electromagnetic torque, C, is the load torque,
dﬁ" is the angular acceleration, and f is the viscous friction. The
electromagnetic torque is produced by the interaction between the
poles formed by the magnets on the rotor and the poles gener-
ated by the magnetomotive forces in the air gap due to the stator

currents given by:

3P
Com = j(wrlq + (Lg — Lg)1aly), )

where the coefficient 3P /2 denote the pole-pairs. Thanks to the
Phase transformation and some mathematical manipulations, the
set of equations describing the NSAGPMSM are given by:

dI
de—: =g — RI;+ Lyl (6a)

dl,
qE :]/lq—RIq—Qr(LdId—lIJm), (6b)

dQ) 3P

] dT’ = 7(¢,1q + (Lg — Lg)Ialy) — C — foy. (60)
With the following transformations: yig = g = C = 0, T = wt,
we = Ly/R —Qé—ﬁe—e(l—é)e—wzk%” =
c — Hq /17;7_2/ — Ly’ — €0 s €0 — ]/ -

rﬁlpy’ o= f”;dc, v = %‘;’, I = %id, I; = kig,and Q, = w%w, the
corresponding system depicting the NSAGPMSM without external

disturbances are [12, 31, 32]:
dig

= ~0ia  pjge, (7a)
%:—i —ijiw + yw (7b)
dt 1 ’
dw . .
i o(iy — w) + €igig, (7c)

with the currents in the q- and d-coordinates defined respectively
by i, 15, the rotor’s mechanical speed given by w and 6,7, v, 7, € the
constant parameters. The local maxima of i; and the corresponding
greatest Lyapunov exponent (GLE) versus ¢ are depicted in Fig. 2.
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Figure 2 (a) Local maxima of i; and associated GLE (b) versus ¢
fore =041,y =13.27,17, = 1.0and 6 = 0.2.

Figure 2(a) displays chaotic region with windows of periodic
characteristics, reverse period doubling, and limit cycle. The GLE
plotin Fig. 2(b) confirms the dynamical characteristics encountered
in Fig. 2(a). The chaotic characteristics encountered in Fig. 2 are
depicted in Fig. 3.

10 12 i 14 16
d

Figure 3 Phase plane trajectories in the plane (iy, i;) for given
values of 0: (a) 0 = 1.4 and (b) ¢ = 4.44. The other parameters
aree = 041, =13.27, 7 = 1.0,6 = 0.2 and (i4(0),1;(0), w(0)) =
(0.01,0.01,0.01).

Two different shapes of chaotic characteristics are shown in Fig.

3. The shapes of chaotic attractors of Fig. 3 are different from the
ones found in (Yamdjeu et al. 2024).

Figure 4 shows the microcontroller execution setup of
NSAGPMSM described by system (7).

Computer

ATMEGA2560
microprocesso

Digital Oscilloscope of the
Proteus Software showing the
dynamics of the NSAGPMSM
unveiled in system (7).

Arduino software Interface

Figure 4 Microcontroller execution setup of NSAGPMSM with-
out external disturbances described by system (7).
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Figure 4 depicts the microcontroller experimental setup com-
prised of the ATmega2560 microcontroller, featuring an 8-bit AVR
architecture and operating at a clock speed of 16 MHz. It includes
256 KB of flash memory, with 8 KB allocated for the bootloader,
along with 8 KB of static random-access memory and 4 KB of
electrically erasable programmable read-only memory. The micro-
controller offers 54 digital input/output pins, 16 analog input pins,
and supports various communication protocols, making it ideal
for complex projects. The input and output of the Arduino Mega
ATMEGAZ2560 are respectively connected to the computer and an
oscilloscope of clock frequency 16 MHz through a R-2R resistor
network. The program of system (7) describing the NSAGPMSM
without external disturbances solved through the 4"-order Runge-
Kutta scheme using the software Arduino compiler is then inserted
in the Arduino Mega microcontroller, which delivers its output sig-
nal through the R-2R resistor network. The R-2R resistor network
transforms the digital signals into an equivalent analog signal,
which is employed to feed the oscilloscope of the Proteus software.
The dynamical characteristics encountered in Fig. 3 are established
in Fig. 5 from the microcontroller execution setup of Fig. 4.

Figure 5 Microcontroller results of NSAGPMSM without exter-
nal disturbances described by system (7): (a, b) have the same
parameters as those in Figs. 3 (a, b).

The experimental phase plane projections of Fig. 5 found from
Fig. 4 confirm the phase plane projections of Fig. 3 obtained
numerically.

CHAOS ANNIHILATION IN NSAGPMSM WITHOUT EXTER-
NAL DISTURBANCES BASED ON GAS

The GAs enhances the robustness of chaotic systems by enabling
global and multi-objective optimization across various engineer-
ing fields, such as mechanical, power, chemical, robotics, and
aerospace engineering. They effectively control chaotic behav-
iors, improving safety and performance in real-world applications
like ship roll and hybrid piecewise-smooth systems. Inspired by
natural selection, genetic algorithms utilize concepts like fitness
functions, mutation, and selection to iteratively create new popula-
tions, successfully addressing chaos in both discrete and continu-
ous systems without needing complex derivations or integrations
(Venkatesh et al. 2025). The chaotic characteristics encountered in
NSAGPMSM without external disturbances are controlled based
on GAs. The objective function is given by:

1 n

fitness = — ) [X; — E{, 8
Bl "
[EER Computer Science



where X; = (ig, ig, w)! and E; is the equilibrium point. For e = 0.41,
1p = 10,0 = 14,6 = 02, and v = 13.27, Based on (Yamd-
jeu et al. 2024), the following three steady states are obtained for

= 041,17, = 10,0 = 14,6 = 02 and v = 1327: E; =
(0.0,0.0,0.0)!, E; = (13.06276867, 0.7358009139, 3.550625834)" and
E3 = (13.06276867, —0.7358009139, —3.550625834)¢. For a more
stable convergence and to be adaptable to the system, the lim-
its for each parameter ¢,d,7p,¢€,77 are defined with the initial
states (i;(0) = 0.01,i4(0) = 0.01,w(0) = 0.01) after adjusting
the parameters of the GAs. To suppress the chaos encountered in
NSAGPMSM described by system (7) to the equilibrium point E;,
the optimized parameters of system (7) found are given in Table 1.

Table 1 Optimized parameters of NSAGPMSM described by
system (7) based on AGs to suppress the chaos to the equilib-
rium point E;.

Parameter Value

o -0.33552431
1) 3.96840578
p 2.46271175
€ -1.77251272
¥ 8.06415182

Using the optimized parameters of Table 1, the objective func-
tion, change rate, error states, optimized phase diagram, and time
evolutions of state variables are simulated and exposed in Fig. 6.

S £ 0.0012 e -
=g N -
gtnamo‘*-—--_______ gggl -
E g‘g gggg Function hb_d\-rl:i\r_ § D(}l
$ 200004, T Pateochange T
51U 0.0002 —0.01'
5 .
£720.0000/—— S —0.02."
o 0 20 40 60 80 100 0 10 20 30 40 50
Generations t
w  0.04 =
0.015 5 0.03]
0.010 = 0.02]
= 0.005 s 001]_
0.000 > 0.00
=0.005 = —0.01
=0.010 B -0.02 . . : .
0 5 10 15 20 25 0 10 20 30 40 50
lg t

Figure 6 (a) Objective function and convergence rate versus

the iteration, (b) time evolution of the error state variables, (c)
optimized phase diagram in the (i, i;) plane, and (d) optimized
state variables.

To suppress the chaos encountered in system (7) to the equilib-
rium point Ep, the optimized parameters of system (7) found are
given in Table 2.

Computer Science

Table 2 Optimized parameters of NSAGPMSM described by
system (7) based on AGs to suppress the chaos to the equilib-
rium point Ej.

Parameter Value

o 0.79055438
1) 0.77378635
fp 3.49183549
€ 0.20809594
0% 13.23148673

Using the optimized parameters of Table 2, the objective func-
tion, change rate, error states, optimized phase diagram, and time
evolutions of state variables are simulated and exposed in Fig. 7.

cw
% g agL — !ur-:h::n objective 10
= el ==== Rate of change 5
u:_ E‘I- 0.6 —— . [ 0
on 04 g
25 0.2 w =5
] 0.0
3 T o5 -10 |
o® 0 20 40 60 80 100 0 10 20 30 40 50
Generations t
ﬁ' B __\ @ 20|
N /,/’r N
- |' NN = 10
! = | [1+]
_g \h\\} /}// ; 5.
4 E o
-l = Y wi . < = :
0 5 1'3. 15 20 25 0 10 20 30 40 50
I t

Figure 7 (a) Objective function and convergence rate versus

the iteration, (b) time evolution of the error state variables, (c)
optimized phase diagram in the (i4, i;) plane, and (d) optimized
state variables.

To suppress the chaos encountered in NSAGPMSM described
by system (7) to the equilibrium point Ey, the optimized parame-
ters of system (7) found are given in Table 3.

Table 3 Optimized parameters of NSAGPMSM described by
system (7) based on AGs to suppress the chaos to the equilib-
rium point Eg.

Parameter Value
0.921774470
) 0.57436885
Mp 2.85432314
€ 0.2727070
0% 13.26536079

Using the optimized parameters of Table 3, the objective func-
tion, change rate, error states, optimized phase diagram, and time
evolutions of state variables are simulated and exposed in Fig. 8.

The objective functions stabilize after decreasing with the num-
ber of iterations, and the convergence rates tend towards zero,
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Figure 8 (a) Objective function and convergence rate versus

the iteration, (b) time evolution of the error state variables, (c)
optimized phase diagram in the (iy, i;) plane, and (d) optimized
state variables.

which provides information on the efficiency and speed with which
the GAs reach an optimal solution as shown in Figs. 6(a), 7(a), and
8(a). The time evolutions of the errors of the state variables in
Figures 6(b), 7(b), and 8(b) converge to zero. GAs is effective to
suppress chaos found in NSAGPMSM described by system (7) to
the steady state E;, as illustrated in Figs. 6(c, d), 7(c, d), and 8(c, d).

CONCLUSION

The paper was devoted to the numerical, microcontroller imple-
mentation, and chaos annihilation methods in a non-smooth air-
gap permanent magnet synchronous motor (NSAGPMSM) with-
out external disturbances. Two different shapes of chaotic charac-
teristics, reverse period doubling and periodic characteristics, were
encountered in NSAGPMSM without external disturbances. These
dynamical characteristics found numerically in NSAGPMSM with-
out external disturbances were confirmed by the microcontroller
execution of NSAGPMSM without external disturbances. By op-
timizing the parameters of NSAGPMSM without external distur-
bances based on genetic algorithms, the chaotic characteristics
encountered in NSAGPMSM without external disturbances con-
verged to one of its three steady states. In future considerations,
additional control schemes and optimization methods such as
Particle Swarm Optimization (PSO), Differential Evolution (DE),
and classical Proportional-Integral-Derivative (PID) tuning will be
utilized to mitigate complex behaviors in the NSAGPMSM. A com-
parison will be made to highlight the similarities and differences
with the approaches discussed in this paper.
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ABSTRACT This study investigates the effect of varying aluminum (Al) content on the thermodynamic properties and phase stability
of Mg-Al-Zn alloys using Computational Materials Science techniques. Three Mg-Al-Zn alloys were modeled with 3 wt%, 6 wt%, and 9
wit% Al, while the zinc (Zn) content was fixed at 1 wt% and magnesium (Mg) made up the remaining balance. Phase fraction diagrams
were generated using the JMatPro software to analyze the phase transformations and their evolution with temperature. Additionally, the
phase compositions and thermodynamic behavior of the alloys at a fixed temperature of 300 °C were examined. The chemical potential
(Mp) of each element was calculated to assess the energy state and stability of Mg, Al, and Zn in the alloys. Furthermore, the activity
values of the elements were determined to evaluate their deviations from ideal behavior and effective thermodynamic concentrations
within the alloys. The results reveal that increasing Al content significantly influences the phase stability and transformation behavior of
the Mg-Al-Zn system. Higher Al concentrations led to a greater proportion of the intermetallic phase (Mg;7Aly2) at 300 °C, which in turn
affected the chemical potential and activity of the constituent elements. This computational investigation provides insights into the role of
Al in tailoring the thermodynamic properties and phase constitution of Mg-Al-Zn alloys, offering valuable guidance for alloy design and
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optimization in lightweight structural applications.

INTRODUCTION

Magnesium alloys, particularly Mg-Al-Zn systems, have garnered
significant attention in recent years due to their exceptional prop-
erties such as lightweight, high specific strength, and excellent
corrosion resistance, making them ideal candidates for structural
applications in automotive, aerospace, and electronic industries
(Huang et al. 2023; Luo ef al. 2012). The precise control of alloy
composition, particularly the content of aluminum and zinc, plays
a pivotal role in optimizing the thermodynamic and mechanical
properties of these alloys. This study investigates the influence of
varying aluminum concentrations (3 wt.%, 6 wt.%, and 9 wt.%) on
the phase transformation behavior and thermodynamic stability
of Mg-Al-Zn alloys, with zinc content fixed at 1 wt.%, through
computational modeling using the JMatPro software. Previous
studies have highlighted the critical role of aluminum in enhanc-
ing strength and reducing density, yet the detailed phase stability
mechanisms remain underexplored (Kaya 2020; David et al. 2016).

The utilization of computational thermodynamics, particularly
Computational Materials Science (CMS)-based software like JMat-
Pro, has revolutionized the design and analysis of alloy systems.

Manuscript received: 28 March 2025,
Revised: 7 June 2025,
Accepted: 5 July 2025.

Tyuzunoglu@beu.edu.tr (Corresponding author)

Computer Science

It provides valuable insights into phase diagrams, phase frac-
tions, and thermodynamic properties under varying conditions
(Avedesian and Baker 1999). Prior investigations have shown the
effectiveness of such simulations in predicting phase equilibrium
in Mg-Al-Zn alloys; however, the combined effects of aluminum
variation on specific phase fractions and thermodynamic activities
at intermediate temperatures, such as 300°C, remain inadequately
studied (Brubaker and Liu 2004). This study aims to bridge this
knowledge gap by analyzing the phase transformation diagrams,
thermodynamic properties, and chemical potential of alloy compo-
nents at 300°C.

In this research, the Mg-Al-Zn alloys with 3 wt.%, 6 wt.%, and 9
wt.% aluminum were simulated, and the results were compared to
provide a comprehensive understanding of aluminum’s impact on
the alloy’s phase behavior and thermodynamic stability. Addition-
ally, the activity and chemical potential values were computed to
evaluate the deviation from ideal behavior, offering insights into
the energetic and interaction dynamics of the constituent elements
within the alloy matrix. Previous works have shown that increased
aluminum content can enhance mechanical strength but also alter
the thermodynamic equilibrium (Yuzbekova ef al. 2019; Dai et al.
2013). Our findings align with this observation and further eluci-
date the quantitative effects on phase stability and phase fraction
at elevated temperatures.
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The results of this study contribute significantly to the under-
standing of thermodynamic behavior in Mg-Al-Zn alloys, enabling
improved alloy design strategies for structural applications. By
comparing the outcomes with existing literature, such as works
on Mg-Zn-Al ternary phase diagrams and thermodynamic models
(Hayashi et al. 2020; Li et al. 2010), this research underscores the
importance of aluminum content in determining phase stability
and highlights the utility of computational methods in alloy de-
sign (Uzunoglu and Alaca 2025b; Emin et al. 2025). Computational
methods provide significant efficiency and convenience in generat-
ing the datasets required for artificial intelligence applications in
alloy design. In particular, the findings from our previous studies
involving the integration of artificial intelligence with computa-
tional methods demonstrate the potential for further advancement
of this approach and highlight the facilitative role of computational
materials science techniques in Al-assisted alloy design (Uzunoglu
et al. 2025; Alaca et al. 2025; Uzunoglu and Alaca 2025a).

MATERIALS AND METHODS

In this study, the thermodynamic behavior and phase stability of
Mg-Al-Zn alloys were analyzed using computational materials
science techniques. The JMatPro software was employed to model
and simulate three different alloy systems with varying aluminum
(Al) content of 3 wt%, 6 wt%, and 9 wt%, while zinc (Zn) content
was held constant at 1 wt%, and the remaining balance was
magnesium (Mg). The primary objective was to investigate the
influence of increasing Al content on phase transformations,
chemical potential, and activity of the constituent elements within
the Mg-Al-Zn system.

The methodology involved three key steps, as illustrated in the
Proposed Model (Figurel):

e Alloy Modeling: The alloys were constructed by systemat-
ically varying the Al content to 3 wt%, 6 wt%, and 9 wt%,
while fixing Zn at 1 wt%.

e Simulation: Phase fraction diagrams were generated for
each alloy composition using JMatPro to identify the phase
evolution across a temperature range. This provided insight
into phase transformations as a function of Al concentration.

¢ Thermodynamic Calculations at 300°C: To further analyze the
thermodynamic properties at a single temperature, the weight
fractions of the phases, chemical potential (M), and activity
values of Mg, Al, and Zn were calculated at 300°C.

The results were evaluated to determine how increasing Al con-
tent influenced the formation and stability of phases, specifically
the Mg;7Aly; intermetallic phase. Additionally, the chemical po-
tential and activity values provided a quantitative measure of the
energy state and the thermodynamic behavior of each element in
the alloys. This integrated approach, as summarized in Figure 1,
provides a systematic framework to evaluate the effect of Al con-
tent on the thermodynamic properties of Mg-Al-Zn alloys, offering
critical insights for alloy design and optimization.

Alloy Modeling

The alloy compositions were designed by varying the aluminum
content to 3 wt.%, 6 wt.%, and 9 wt.%, with the zinc content fixed
at 1 wt.%, and the balance being magnesium. This compositional
range was selected based on previous studies that have explored
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the effects of Al and Zn concentrations on the microstructure and
properties of Mg-based alloys. For instance, Yu and Li investigated
the precipitated phases in Al-Zn-Mg-Cu alloys, highlighting the
significance of Al content in phase formation (Yu and Li 2011).
Similarly, Liang et al. provided a thermodynamic description of
the Al-Mg-Zn system, emphasizing the role of Al in phase stability
(Liang et al. 1997).

Simulation

Phase fraction diagrams for each alloy composition were gener-
ated using JMatPro, a computational tool that has been extensively
utilized for modeling phase transformations in multicomponent
alloys (JMatPro Sense Software Accessed in 2024). The simulations
were conducted over a temperature range of 200 ° C to 600 ° C to
capture the evolution of various phases, including the intermetal-
lic phase Mgj7Al;,, which is known to influence the mechanical
properties of Mg-Al-Zn alloys (Alidoust et al. 2020). The accuracy
of JMatPro in predicting phase equilibria has been validated in
studies such as those by Yu and Li, who modeled precipitated
phases in Al-Zn-Mg-Cu alloys (Yu and Li 2011).

Thermodynamic Calculations at 300°C

At a fixed temperature of 300 ° C, detailed thermodynamic calcu-
lations were performed to determine the weight fractions of the
existing phases, as well as the chemical potential (¢) and activity
values of Mg, Al, and Zn. These parameters are crucial for under-
standing the thermodynamic stability and the deviation from ideal
behavior of each element within the alloy matrix. The selection
of 300 ° C is pertinent, as it aligns with temperatures commonly
encountered in the processing and application of Mg-Al-Zn alloys
(Zhang et al. 2024). The methodologies employed for these cal-
culations are consistent with those used in prior thermodynamic
analyses of similar alloy systems (Silva et al. 2022).

The selection of 300 ° C as evaluation temperature is highly rele-
vant for industrial applications, particularly in the automotive and
aerospace sectors, where magnesium alloys are increasingly em-
ployed for structural components that demand both lightweight
and high thermal stability. Components such as engine blocks,
transmission cases, and aircraft interior structures are commonly
exposed to service temperatures ranging between 200°C and 350°C.
At this intermediate temperature regime, the stability of intermetal-
lic phases, such as Mgj7Aly5, and the thermodynamic behavior of
alloying elements become critical for maintaining mechanical per-
formance and dimensional stability. Therefore, understanding the
phase constitution and chemical potential characteristics of Mg-Al-
Zn alloys at 300 ° C provides practical insight into their suitability
for high-temperature service conditions and helps in the devel-
opment of alloys with optimized phase stability and mechanical
reliability under operational stresses.

The chemical potential (My) quantifies an element’s propensity
to integrate into or separate from an alloy, influenced by factors
such as concentration, temperature, and pressure within the alloy
matrix. A more negative chemical potential signifies a lower free
energy state, indicating greater stability of the element within the
alloy (Matsushita and Mukai 2018).

Activity («) measures the deviation of an element’s behavior
from ideality in an alloy. In an ideal solution, an element’s ac-
tivity equals its mole fraction; however, real alloys often exhibit
deviations due to interactions among constituent elements (Chen
2019). Activity reflects the effective concentration of an element,
contingent upon the alloy’s composition, temperature, and the
presence of other elements. An activity value close to 1 signifies
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Figure 1 Proposed Model for Investigating the Thermodynamic Properties and Phase Stability of Mg-Al-Zn Alloys

ideal behavior, while values much lower than 1 indicate a signif-
icantly reduced effective concentration, meaning the element is
only weakly dissolved in the alloy.

The relationship between chemical potential and activity is ex-
pressed by the equation:

p=pu°+RTIna 1)
where:

® yu: Chemical potential

u°: Standard chemical potential of the pure element
® R: Universal gas constant

e T: Absolute temperature (Kelvin)

® o Activity

This equation illustrates that an increase in activity corresponds
to a less negative chemical potential, signifying a higher energy
state and reduced stability within the alloy (Sahoo et al. 2024).
By integrating alloy modeling, phase diagram simulation, and
thermodynamic calculations, this study provides a comprehensive
understanding of how varying aluminum content affects the phase
stability and thermodynamic properties of Mg-Al-Zn alloys. The
findings contribute to the optimization of alloy compositions for
enhanced performance in practical applications.

RESULTS AND DISCUSSION

In this section, the results of the computational simulations and
thermodynamic analyses performed on the Mg-Al-Zn alloys are
presented and discussed in detail. The primary focus is on under-
standing the influence of increasing aluminum (Al) content (3 wt%,
6 wt%, and 9 wt%) on phase stability, chemical potential (M), and
activity of the constituent elements.
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First, the phase evolution behavior of the alloys was examined
through phase fraction diagrams generated using JMatPro. These
diagrams illustrate the formation and stability of phases such as
the primary magnesium (Mg) matrix, the intermetallic Mg;7Al;;
phase, and the liquid phase over a temperature range. The results
highlight the relationship between Al concentration and the in-
creasing presence of the Mgi7Aly; phase, which plays a critical
role in the mechanical and thermal properties of the alloys. Sec-
ond, thermodynamic calculations at a fixed temperature of 300 °C
provide detailed insights into the chemical potential and activity
values of Mg, Al, and Zn. These parameters offer a quantitative
evaluation of the energy state, stability, and effective thermody-
namic concentration of each element in the alloys. Comparisons
between the three alloy compositions reveal significant trends,
such as the decrease in Mg chemical potential and the increase in
Al contribution to phase stability with rising Al content.

The findings are analyzed in light of previous studies on Mg-
Al-Zn alloys to validate the results and highlight their implications
for alloy design. Trends observed in phase stability and thermo-
dynamic behavior are discussed, with emphasis on their impact
on the structural integrity and application potential of the alloys.
This section provides a comprehensive evaluation of the results,
correlating phase transformations with thermodynamic properties
to explain the role of Al in modifying the behavior of Mg-Al-Zn
systems.

Phase Fraction Diagrams

The phase fraction diagrams for the three Mg-Al-Zn alloys, corre-
sponding to 3 wt% Al (Figure 2), 6 wt% Al (Figure 3), and 9 wt% Al
(Figure 4), were generated using JMatPro to investigate the effect of
increasing Al content on the phase stability and evolution across a
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temperature range. These diagrams provide detailed insights into
the phase transformations, including the stability of the primary
magnesium (Mg) phase, the Mg17Aly; intermetallic phase, and the
liquid phase.

Mg-3.0A1-1.07n Wt(%)

a 100% MG

&0 Liguip

MG
WUG1TALI2
WPHI_ALMGZIN

Wit % Phase

0 100 ‘\ 200 300 400 &00 BO0 Fo0
46.75 2
Temperature(C)

Figure 2 Phase Fraction Diagram of Mg-3.0Al-1.0Zn Alloy. LIQUID:
Represents the molten phase where the alloy constituents exist

in a fully liquid state above the solidus temperature. MG: Denotes
the primary magnesium-rich solid solution phase that forms the
matrix of the alloy. Mgq7Al1»>: A hard and brittle intermetallic phase
known to enhance high-temperature strength but reduce ductility

in magnesium alloys. PHI_AIMgZn: A ternary intermetallic phase
that forms at low temperatures in the Al-Mg-Zn system, with limited
thermodynamic stability and relatively low prevalence.

The phase fraction diagram for the Mg-3.0A1-1.0Zn alloy shows
that the primary Mg phase (green line) dominates at low and in-
termediate temperatures up to approximately 553.64 °C. At this
temperature, the liquid phase (cyan line) begins to form, reach-
ing full transformation at approximately 631.33 °C. The Mg;7Al;,
phase (blue line) appears at lower temperatures and remains rela-
tively low, accounting for only a small fraction (less than 5%) below
213.92 °C. This indicates that at 3 wt% Al the alloy remains pri-
marily composed of the Mg matrix phase, with minimal formation
of the intermetallic Mg17Al;,. The PHI_AIMgZn phase (magenta
line) is observed only at very low temperatures (146.75 °C) and
remains negligible.

The results suggest that at 3 wt% Al, the alloy exhibits high
phase stability dominated by the primary Mg phase, with limited
precipitation of the Mg;7Aly, intermetallic. This behavior aligns
with findings reported in similar Mg-Al-Zn systems, where lower
Al contents result in negligible formation of secondary phases (Yu
and Li 2011; Liang et al. 1997).

For the Mg-6.0A1-1.0Zn alloy, a notable increase in the Mg;7Al;,
phase fraction is observed. The primary Mg phase (green line) still
dominates the microstructure but begins to decline slightly as the
temperature decreases below approximately 308.3 °C. At 300 °C,
the Mg phase accounts for 99.13%, with the Mgj7Al;, phase (blue
line) contributing 0.87%. The liquid phase (cyan line) begins to
form at around 497.28 °C and becomes fully dominant by approxi-
mately 615.69 °C. The PHI_AIMgZn phase (magenta line) remains
insignificant, forming only at temperatures below 100 °C and at a
negligible fraction. Compared to the 3 wt% Al alloy, the increase in
Al content to 6 wt% promotes the formation of the Mg;7Al;, phase,
albeit still at a relatively low fraction. This trend agrees with the
literature, where Al is identified as a key element in the formation
of intermetallic phases, which can enhance mechanical strength at
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Figure 3 Phase Fraction Diagram of Mg-6.0Al-1.0Zn Alloy

elevated temperatures JMatPro Sense Software (Accessed in 2024),
Alidoust et al. (2020). However, the dominance of the Mg phase
indicates that the alloy remains largely single-phase at 300 °C.
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Figure 4 Phase Fraction Diagram of Mg-9.0Al-1.0Zn Alloy

The phase fraction diagram for the Mg-9.0Al-1.0Zn alloy re-
veals a significant increase in the Mgj7Al;, phase compared to the
previous two alloys. The primary Mg phase (green line) begins
to decrease more noticeably below approximately 379.65 °C, con-
tributing 90.78% at 300 °C. Simultaneously, the Mg;7Al;, phase
(blue line) grows to 9.22%, indicating a substantial increase in
the intermetallic fraction as Al content rises. The liquid phase
(cyan line) starts to form at approximately 450.00 °C and becomes
fully dominant by 599.73 °C. Similar to the previous cases, the
PHI_AIMgZn phase (magenta line) remains negligible, appearing
only at very low temperatures (<60 °C).

The increased formation of MgjyAly; at 9 wt% Al highlights
the critical role of aluminum in promoting this intermetallic phase.
This trend is consistent with prior studies, which have shown that
higher Al concentrations in Mg-Al-Zn alloys significantly enhance
the stability and volume fraction of the Mg;7Al;; phase (Zhang
et al. 2024; Silva et al. 2022). The presence of this intermetallic phase
is known to influence the alloy’s mechanical properties, such as
hardness and creep resistance, which are desirable for structural
applications (Liang et al. 1997).

The phase fraction diagrams demonstrate a clear correlation
between increasing Al content and the formation of the Mgj7Al»
phase. At 3 wt% Al, the Mg matrix remains dominant with min-
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imal intermetallic formation. At 6 wt% Al, a slight increase in
Mgi7Al;, is observed, while at 9 wt% Al, the intermetallic phase
grows substantially, accounting for approximately 9.22% of the
microstructure at 300 °C. These results underscore the role of alu-
minum as a critical element in phase evolution within Mg-Al-Zn
alloys, providing valuable insights into the alloy design process
for enhanced mechanical and thermodynamic properties.

Single Calculations

To investigate the effect of aluminum (Al) content on the thermody-
namic properties of Mg-Al-Zn alloys at a fixed temperature of 300
°C, single temperature calculations were performed. The weight
percentages of Mg, Al, and Zn in each phase, as well as their chem-
ical potential (M) and activity values, were determined for the
three alloy compositions: 3 wt%, 6 wt%, and 9 wt% Al The results
are presented in Figure 5, which combines the summary data for
the three alloys.
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Total Gibh's Energy G: -886.10438 Jig  Heat Capacity Cp: 1.13698 Jifg k)
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Figure 5 Effect of Aluminum Content on Phase Compositions,
Chemical Potential, and Activity of Mg, Al, and Zn at 300 °C
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Phase Compositions

From Figure 5, it is evident that increasing the Al content from 3
wt% to 9 wt% significantly influences the phase distribution and
the composition of Mg, Al, and Zn in each phase:

Figure 5a (At 3 wt% Al): The alloy predominantly consists of
the Mg phase (96.0 wt% Mg, 3.0 wt% Al, and 1.0 wt% Zn). The
Mg7Alj; phase is not present at this Al concentration. Figure
5b (At 6 wt% Al): The Mg phase accounts for 93.33 wt% Mg,
5.7 wt% Al and 0.97 wt% Zn, indicating that some Al has been
partitioned into the intermetallic Mg;7Al;, phase. The Mg;7Al»
phase forms and contains 55.58 wt% Mg, 39.79 wt% Al, and 4.63
wt% Zn. This indicates that Al has become a significant constituent
of the Mgy7Alj; phase. Figure 5¢ (At 9 wt% Al): The Mg phase
has a slightly increased Al content (5.81 wt% Al) but remains
similar in Mg and Zn content (93.45 wt% Mg and 0.74 wt% Zn).
The Mgj7Aly; phase fraction increases, containing 55.98 wt% Mg,
40.45 wt% Al, and 3.57 wt% Zn. This trend highlights that as the
Al content increases, more Al is incorporated into the Mg;7Al»
phase, while Zn shows limited solubility.

Chemical Potential (M)

The chemical potential (Myu) values of Mg, Al, and Zn provide
insights into the energy states and thermodynamic stability of
these elements in the alloys.

Magnesium (Mg): The chemical potential of Mg decreases
slightly with increasing Al content.

Table 1 Change in the Chemical Potential of Mg with Increasing
Aluminum Content

Aluminum Content (wt.%) 3% Al 6% Al 9% Al

Miing (J/mol) —138.82 —234.26 —232.78

This indicates that Mg becomes more stable (lower energy state)
as Al content increases, which aligns with the formation of the
intermetallic Mg;7Alj, phase, consuming Al and stabilizing the
Mg matrix.

Aluminum (Al): The chemical potential of Al remains signifi-
cantly lower compared to Mg and Zn, reflecting its strong affinity
to form intermetallic phases.

Table 2 Change in the Chemical Potential of Al with Increasing
Aluminum Content

Aluminum Content (wt.%) 3% Al 6% Al 9% Al

M (J/mol) —95569.59 —-7161.07 —7109.41

As the Al content increases, the magnitude of the chemical
potential becomes less negative. This suggests that excess Al is
less energetically favorable in the Mg phase and preferentially
partitions into the intermetallic Mg;7Al;, phase.

Zinc (Zn): The chemical potential of Zn remains largely un-
changed across all compositions, indicating its minimal impact on
the phase transformations.
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Table 3 Change in the Chemical Potential of Zn with Increasing
Aluminum Content

Aluminum Content (wt.%) 3% Al 6% Al 9% Al

Mjizy (J/mol) —24139.72 —24112.92

This stability in the chemical potential of Zn suggests that Zn
primarily remains in solid solution and does not significantly par-
ticipate in intermetallic phase formation.

Activity (o)
The activity values of Mg, Al, and Zn reflect their deviation from
ideal behavior and effective thermodynamic concentrations within
the alloy.

Magnesium (Mg): The activity of Mg decreases slightly as Al
content increases.

Table 4 Change in the Activity of Mg with Increasing Aluminum
Content

Aluminum Content (Wt.%) 3% Al 6% Al 9% Al

Activity of Mg (arg) 097 095 095

Since all values are close to 1, it is observed that Mg behaves
nearly ideally within the Mg matrix phase but shows slight de-
viations with increasing Al content due to the formation of the
Mg17Aly; phase.

Aluminum (Al): The activity of Al increases with higher Al
content but remains significantly lower than Mg.

Table 5 Change in the Activity of Al with Increasing Aluminum
Content

Aluminum Content (wt.%) 3% Al 6% Al 9% Al

Activity of Al (aa1) 0.13 0.22 0.22

The low activity values (values much lower than 1) indicate that
Al strongly deviates from ideal behavior due to its incorporation
into the intermetallic phase, where it exhibits lower thermody-
namic freedom.

Zinc (Zn): The activity of Zn remains very low across all com-
positions.

Table 6 Change in the Activity of Zn with Increasing Aluminum
Content

Aluminum Content (wt.%) 3% Al 6% Al 9% Al

Activity of Zn (azy) 0.00631 0.00635 0.00484

This further supports the observation that Zn has minimal in-
teraction with other phases and remains as a dilute solute.
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—25398.84

In conclusion, the single temperature calculations at 300 °C
demonstrate that increasing Al content leads to:

* A greater partitioning of Al into the Mgj7Al;; phase, reducing
its presence in the Mg phase.

* A stabilization of the Mg phase, reflected by a slight decrease
in Mg’s chemical potential.

¢ Lower chemical potential and activity values for Al, empha-
sizing its strong tendency to form intermetallic phases.

* Minimal changes in the chemical potential and activity of Zn,
indicating its limited role in the phase transformations.

These results align with the trends observed in phase fraction
diagrams and highlight the critical role of Al in determining the
phase stability and thermodynamic properties of Mg-Al-Zn alloys.

CONCLUSION

In this study, the effect of increasing aluminum (Al) content (3 wt%,
6 wt%, and 9 wt%) on the phase stability and thermodynamic prop-
erties of Mg-Al-Zn alloys was investigated using JMatPro compu-
tational materials science software. Zinc (Zn) content was held con-
stant at 1 wt%, and the remaining balance was magnesium (Mg).
Key findings from the phase fraction diagrams, single-temperature
thermodynamic calculations, and chemical potential and activity
analyses at 300 °C are summarized as follows:

* Phase Evolution: The phase fraction diagrams revealed
that increasing Al content promotes the formation of the
intermetallic Mgi7Al;» phase. At 3 wt% Al, the alloy
is dominated by the primary Mg phase, with negligible
Mgi7Al;, formation. As Al content increases to 6 wt% and
9 wt%, the volume fraction of Mg;7Alj, grows significantly,
highlighting the critical role of Al in phase transformation
behavior.

* Thermodynamic Properties: The chemical potential (Myu) of
magnesium decreases slightly with increasing Al content,
reflecting enhanced stabilization of the Mg phase due to
Al partitioning. In contrast, the chemical potential of Al
becomes less negative as it preferentially forms the Mgi7Alj»
phase, while the chemical potential of Zn remains relatively
unchanged across all compositions.

e Activity of Elements: The activity of Mg decreases marginally
with rising Al content, indicating near-ideal behavior with
slight deviation due to phase interactions. Aluminum exhibits
low activity, particularly at higher Al contents, emphasizing
its thermodynamic preference to form intermetallic phases.
Zinc maintains very low activity values, confirming its
limited participation in phase transformations and its role as
a dilute solute in the alloy system.

* Mechanical Properties: The formation and increased vol-
ume fraction of the Mgj7yAl;, intermetallic phase have no-
table implications for the mechanical performance of Mg-Al-
Zn alloys. As a relatively hard and thermally stable phase,
Mgi7Al;, contributes positively to the alloy’s hardness and
high-temperature strength by hindering dislocation motion
and improving creep resistance. However, due to its brittle
nature and limited deformability, excessive formation of this
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phase can detrimentally affect the alloy’s ductility and impact
resistance, particularly under dynamic or cyclic loading con-
ditions. Therefore, the thermodynamically predicted increase
in Mgj7Alj; content with higher aluminum additions must
be carefully balanced in alloy design to achieve an optimal
combination of strength and toughness for structural applica-
tions. This underscores the importance of correlating phase
evolution with mechanical behavior in the development of
advanced Mg-based materials.

Overall, this study demonstrates that increasing Al content in
Mg-Al-Zn alloys significantly influences phase stability, partic-
ularly through the formation of Mg;yAlj,, while stabilizing the
Mg phase. These insights provide a deeper understanding of the
thermodynamic behavior of Mg-Al-Zn alloys and offer a system-
atic framework for optimizing alloy compositions to enhance their
structural performance. Future studies may explore the mechanical
properties and microstructural evolution of these alloys to further
validate the findings and facilitate their practical applications in
lightweight structural materials.
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ABSTRACT This study aims to enhance the suturing skills of medical practitioners by leveraging artificial intelligence (Al) techniques.
Initially, a dataset of sutures was obtained from a hospital setting and underwent preprocessing to align with the model requirements.

Subsequently, data augmentation was applied to enhance the dataset for improved performance. Using transfer learning, a classification
algorithm was trained on the augmented dataset with %96.59 training and %79.24 validation accuracy. To ensure interpretability, SHAP
(SHapley Additive exPlanations) analysis was employed to explain the decisions made by the classification algorithm, revealing the
influential pixels in suture success. In the final stage, users were introduced to the project via a mobile application developed with Flutter
and Dart. This app allows users to capture images of their sutures, which are then uploaded for analysis. The SHAP analysis results are
presented visually to users, indicating which parts of the suture are deemed successful and which are not via heatmaps. By providing this
feedback loop, the application aims to assist medical professionals in assessing and improving their suturing skills. This study presents a
valuable tool for evaluating and enhancing medical suturing abilities, with potential implications for medical education and practice. In the
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future this preliminary study will be test with application users which will provide continuous feedback for model refinement.

education

INTRODUCTION

Mastering surgical skills is an essential component of medical
training, crucial for aspiring clinicians as they progress towards
professional competence. However, the path to acquiring these
skills is filled with challenges. Traditionally, medical students
have practiced suturing in hospital environments, using costly kits
under the guidance of experienced professionals, either on real pa-
tients or animal models. This conventional approach, however, is
marred by significant drawbacks. First of all, the financial implica-
tions of sourcing high-cost materials for suturing practice can place
a considerable strain on students, particularly those navigating
financial constraints.

The steep prices of suturing kits and related materials not only
impose an economic burden but also threaten the inclusivity and
fairness of surgical education. This may inadvertently prevent
some students from acquiring critical surgical competencies (So-
lakoglu 2014). Furthermore, the logistical challenges of securing
adequate time, space, and resources for hands-on suturing prac-
tice further complicate the learning process. The scarcity of ideal
conditions for such practical training can severely limit students’
opportunities to refine their suturing skills, thereby stunting their
development in this essential aspect of medical practice (Haroon
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et al. 2020; Habuza et al. 2021). In contrast, the burgeoning field
of Al is revolutionizing various facets of medicine, including ed-
ucational methodologies. Al’s integration into medical training,
through innovative tools like surgical simulations and virtual pa-
tient scenarios, is paving the way for more effective skill acquisi-
tion. These technological advances offer a promising solution to
the practical hurdles faced in traditional medical education, en-
abling a more efficient and engaging learning experience (Yang
et al. 2021; Nguyen et al. 2021; Lekadir et al. 2021). Additionally, the
widespread adoption of smartphones has facilitated the emergence
of mobile applications equipped with Al technologies. These apps
offer medical students the flexibility to practice and enhance their
suturing skills anytime and anywhere, significantly expanding the
avenues for practice and learning (Chakraborty et al. 2022; Gupta
et al. 2022).

This study is driven by the ambition to make suturing education
more accessible and impactful for medical students by leveraging
the potential of Al and mobile technology. By bypassing the limi-
tations inherent in conventional training methods, our proposed
approach seeks to democratize the learning process, making it
more cost-effective, flexible and conducive to skill development.
Through this innovative lens, our aim is to enrich the educational
landscape for medical students, ensuring they can acquire and
refine their suturing skills with greater ease and efficiency (Zhang
et al. 2023; Prentzas et al. 2023; Erdal et al. 2023).
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This study introduces a novel approach that combines Explain-
able AI (XAI) and mobile technology to provide an accessible,
scalable, and interpretable suturing training platform. Unlike pre-
vious solutions, this study integrates SHAP analysis to enhance
transparency, allowing users to understand Al decision-making
processes in real-time.

The structure of this paper is organized as follows: Section
offers a comprehensive background on XAI and application in
health, introducing key principles and technologies that under-
pin our approach. In Section , the research methodology, which
uses the capabilities of XAI to improve suture education, is given.
Sections and ?? present and discuss the results of XAI, respec-
tively. Finally, Section concludes the paper by summarizing the
key findings and identifying avenues for future work, suggesting
directions for further research and development in this promising
field.

RELATED WORKS

This section provides an overview of the research landscape, start-
ing with the broad applications and challenges of XAI, with a
particular emphasis on its pivotal role in healthcare and medicine.
This is followed by an overview of Al-based suture training.

XAl in Medicine

In the era marked by rapid advancements in open-source technolo-
gies, industries, including healthcare, are navigating the integra-
tion of Al into their practices. Academic research plays a pivotal
role in this integration, pushing the boundaries of Al applications
and fostering its adoption across various sectors, including the
critical field of medicine (Haroon et al. 2020).

The development of Al solutions for medical decision support
has been extensively reviewed by Prentzas et al. (2023), who em-
phasize the need for collaboration between medical and Al experts
to design frameworks that improve the design, implementation,
and evaluation of XAl Erdal et al. (2023) emphasize the importance
of interoperability and collaboration for adopting Al algorithms in
healthcare. The healthcare sector, a primary beneficiary of these
advancements, has witnessed transformative changes in service
delivery, partly due to the integration of Al into medical prac-
tices. This integration has sparked interest in XAI, aiming to make
Al’s decision-making processes more transparent, especially in
diagnostic applications (Habuza et al. 2021).

Significant contributions to improving the explainability of Al
in medicine include studies on multimodal and multicenter data
fusion techniques, as well as innovative uses of Al in combating
the COVID-19 pandemic (Yang et al. 2021; Nguyen ef al. 2021). Al
integration into medical education has advanced significantly, es-
pecially in enhancing surgical skills. This study introduces a novel
approach that combines XAI and mobile technology to provide an
accessible, scalable, and interpretable suturing training platform.
Unlike previous solutions, this study integrates SHAP analysis to
enhance transparency, allowing users to understand Al decision-
making processes in real-time ement of surgical skills. Duamwan
and Bird (2023) highlight that simulation-based approaches in
surgical training can be made more accessible and customized to
individual needs through Al-driven models.

XAI systems, in particular, enable healthcare professionals to
better understand the decision-making processes of Al algorithms,
thus fostering greater trust and transparency in training. Luitse
and his team illustrate that XAI, applied to cancer detection and
the early diagnosis of Alzheimer’s disease, visualizes the decisions
made by Al models, thereby offering healthcare professionals more
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interpretable and reliable predictions. These techniques are also
relevant to surgical training, where the interpretability of Al sys-
tems plays a significant role in advancing surgical skills.(Luitse
et al. 2024)

The significance of Al-based imaging and analysis tools in med-
ical education is increasingly recognized, as these tools shorten the
learning curve and offer more personalized training experiences.
Duamwan and Bird (2023) highlight that XAI techniques are criti-
cal not only in education but also in patient safety and treatment
planning. Similarly, Luitse et al. (2024) demonstrate that Al ap-
proaches integrated with XAI can continuously monitor student
performance in surgical training, develop individualized learning
plans, and provide real-time, interpretable feedback.

Al-Based Suture Applications

The exploration of Al’s potential has led to the development of
technologies aimed at improving surgical training. Earlier studies
by Dubrowski et al. (2005); Dosis et al. (2005) laid the ground-
work for these advancements by focusing on the quantification of
forces and movements during suturing and developing a dexterity-
based motion analyzer, respectively. Kil ef al. (2017) developed a
computer vision algorithm to assess suturing ability, leveraging a
synthetic deep-formed platform to evaluate critical metrics related
to suturing skills. Following this, Choi and Ahn (2019) introduced
a flexible sensor for suture training, embedded in an artificial skin
simulator to enhance the sensory training aspect of surgical skills.

Further advancements include the study by Handelman et al.
(2020), which combined computer vision-based software with fiber
optic strain sensors to evaluate suture performance in surgery.
While, Mansour et al. (2023) has developed a computer based
suture training system which employs deep learning algorithms
for suture training application. This study aims to build upon these
advancements by evaluating and explaining suture images with
XAL In the field of surgical simulation training, the development
of Al-powered systems has rapidly advanced. However, there
remains a limited number of fully automated systems utilizing
Explainable AI (XAI) for the evaluation of suturing skills and
surgical techniques. Existing studies primarily focus on tracking
forceps movements or rely on manual video-based assessment
systems (Nagaraj et al. 2023). Al-based solutions have made it
possible to provide real-time feedback and objective evaluations
during training sessions (Fukuta et al. 2024). Nevertheless, there is
a noticeable gap in the application of XAI for the comprehensive
assessment of critical skills like suturing. Thus, the incorporation of
both a mobile system and XAI in our study represents a significant
innovation in this area.

Previous studies in this field have predominantly focused on
simulation-based systems or tracking forceps movements for sur-
gical training and assessment, yet a fully automated system specif-
ically for suture training has not been developed. While these
works have significantly contributed to the improvement and ob-
jective evaluation of surgical skills, the absence of studies utilizing
explainable artificial intelligence (XAI) in this area highlights a
clear gap in the literature. Consequently, although a direct per-
formance comparison is not feasible, our research distinguishes
itself by incorporating both mobile system usage and the relatively
novel approach of XAI This combination not only enhances the
usability of surgical training but also provides deeper analytical
insights, setting our work apart from previous studies.
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MATERIALS AND METHODS

In this section, we outline the methodology followed in our study
aimed at enhancing medical suture skills through AI and mobile
technology. The approach involved several key components, in-
cluding dataset acquisition, data augmentation techniques, VGG-
16 transfer learning for model training, explanation of model de-
cisions using SHAP analysis, and the development of a mobile
application environment for user interaction.

Dataset

The dataset for suture training included real images of sutures,
representing different types and quality levels. Each image con-
tained different suture examples and sutures made under various
conditions. When constructing the dataset, we considered factors
such as different suturing materials, thread types, and suturing
techniques. This allowed our model to recognize and classify a
wide range of sutures. Training subset of the dataset consists of
both successful and unsuccessful suture images. This inclusion
enabled our model to learn from examples of both successful and
unsuccessful sutures, facilitating a more comprehensive under-
standing of suture quality. Furthermore, the dataset was balanced
via including a sufficient number of examples representing each
suture type, thereby enhancing the model’s ability to accurately
classify different suture characteristics. The dataset consists of
2,000 images that encompass both successful and unsuccessful
suture examples, offering a robust foundation for model training
and evaluation. This extensive dataset significantly enhances the
model’s capability to accurately differentiate between various su-
ture characteristics. Figure 1 presents illustrative examples of both
successful and unsuccessful sutures

Figure 1 Suture examples from dataset a) Successful suture ex-
amples b) Unsuccessful suture examples
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Data Augmentation

Data augmentation plays a crucial role in enhancing the robustness
and generalization ability of our suture classification model. By
applying various augmentation techniques to our dataset, we effec-
tively increased its size and diversity, providing our model with a
broader and more representative training example set. Techniques
such as rotation, flipping, scaling, and shifting were utilized to
simulate real-world variations and perspectives in suturing condi-
tions. Additionally, random noise and distortions were introduced
to images to mimic common flaws encountered in suturing tasks.
This augmentation process not only expanded the dataset but also
exposed the model to a wider range of suturing scenarios, thereby
reducing overfitting issues. As a result, the model became more
proficient in recognizing and classifying sutures under different
conditions, ultimately enhancing its performance on unseen data.
A series of images demonstrating these augmentation techniques
is shown in Figure 2.

Figure 2 Data augmentation techniques implemented

Model Training

To train the suture classification model,transfer learning was em-
ployed using the VGG-16 architecture, a pre-trained convolutional
neural network (CNN) widely recognized for its effectiveness in
image classification tasks. Leveraging the features learned by VGG-
16 on a large data set such as ImageNet, the model is adapted to our
specific task of suture classification by fine-tuning its parameters
on our augmented data set.
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Figure 3 VGG-16 Structure

The convolutional base layers were freezed and only training
the fully connected layers, the ability to capture high-level features
was retained relevant to suturing patterns while minimizing the
risk of overfitting, particularly given the relatively limited size
of the dataset. This approach allowed us to exploit the general-
ization capabilities of VGG-16 while tailoring the model to our
specific domain, resulting in improved performance and speed of
convergence during training.
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Model Explanation

To augment the transparency of VGG-16 model and provide clini-
cally meaningful interpretations, SHapley Additive exPlanations
(SHAP) has been employed as an interpretability tool. The Shapley
value ¢; of a feature (i ) is calculated as:

wip=_y EEREE=Rpsom - o

SCN\{i}

here f(S) is the prediction of the model for feature subset S, and
N is the set of all features.

SHAP offers a robust and intuitive framework for explaining
model predictions by quantifying the contribution of each input
feature to the final output. Shapley values for each pixel were com-
puted in the input image, which generates visualizations that high-
light the significance of individual pixels in the model’s decision-
making process. This facilitated a deeper understanding of which
regions of the image played pivotal roles in the classification pro-
cess, enabling us to pinpoint areas of focus and potential biases.
In Figure 4, a heatmap visualization were presented depicting the
results of our SHAP analysis, providing valuable insights into
the factors driving our model’s predictions and enhancing trans-
parency and interpretability.

3 .3
2 .
\

I I
—0.0010 -0.0005 0.0000 0.0005 0.0010
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Output 0

Figure 4 Explaining the image classificiation

Mobile App Development

In the development of our mobile application, Flutter has been
employed for its efficiency and versatility in creating high-quality
interfaces for both Android and iOS. The framework’s rich widget
library and hot reload feature greatly facilitated rapid prototyping
and iterative development, allowing us to seamlessly refine user
experience. Leveraging Dart, with its modern syntax, we imple-
mented application logic and interface components that ensured
a smooth and responsive user experience across various devices.
Firebase played a crucial role as the app’s backbone, offering a
scalable and reliable infrastructure for functionalities like real-time
data sync, user authentication, and cloud storage. Utilizing Fire-
base’s Firestore database enabled efficient storage and retrieval of
suture classification data, integrating seamlessly with our app and
ensuring secure user authentication for personalized data access.
Our mobile application provides users the ability to capture
and upload images of their suturees, receive instant feedback on
classification results, and thus make informed decisions to improve
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their suturing skills. This capability fosters a dynamic community
of enthusiasts, supported by an interface that emphasizes intuitive
design, sleek navigation, and interactive features. The app’s design
focuses on usability and visual clarity, allowing users to easily
navigate its features and access needed information.

It has been committed to continuous improvement based on
user feedback, aiming to create an app that not only fulfills func-
tional requirements but also appeals aesthetically and is user-
friendly. The successful integration of Flutter and Firebase high-
lights the potential of these technologies to advance medical ed-
ucation and practice. Our application stands as a testament to
the effectiveness of these tools in providing a practical, efficient,
and engaging platform for medical practitioners to enhance their
suturing skills.

SUTURE
XAIMAP

>
Open Gallery

Figure 5 UI the Mobile App

RESULTS AND DISCUSSION

In this section, the results of training the transfer learning model
for the surgical suturing task. An overview of the model’s perfor-
mance metrics is given in Table 1, followed by a detailed analysis
of the results.

Table 1 Hyperparameters for Transfer Learning

Parameter Value
Base Model VGG-16
Optimizer Adam

Loss Function Binary Crossentropy

Learning Rate Default (0.001)
Batch Size 32

Epochs 10

Final Training Accuracy 96.59%
Validation Accuracy 79.24%

The transfer learning model was trained using the VGG-16 ar-
chitecture with hyperparameters specified in Table 1. The training
process resulted in a final training accuracy of 96.59.
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In classification tasks such as surgical suture image classifica-
tion, the confusion matrix plays a crucial role in evaluating the
performance of the model. It provides a detailed breakdown of
the model’s predictions compared to the ground truth labels, al-
lowing us to identify any patterns of misclassification. Specifically,
the confusion matrix displays the true positive (TP), true negative
(TN), false positive (FP), and false negative (FN) predictions. From
this information, key metrics such as precision, recall, and F1-score
can be calculated, providing insights into the model’s ability to
correctly classify different classes. Analyzing the confusion matrix
allows us to identify areas where the model struggles, enabling
targeted improvements to boost overall performance. Additionally,
in Figure 6, the confusion matrix of the trained model is presented
in its final state, providing a visual representation of the model’s
performance across different classes with heatmaps as shown in
Figure 7.

The implications of this study are profound, extending the
application of Al-driven feedback to enhance suture skills and
democratize medical education (Mansour et al. 2023). Similarly
to the advancements discussed by Kil et al. (2017); Choi and Ahn
(2019); Handelman et al. (2020), this study leverages Al to make
advanced training tools more accessible, echoing the need for col-
laboration highlighted by Prentzas et al. (2023); Erdal et al. (2023).
The adoption of SHAP analysis to interpret Al decisions mirrors
the movement of the broader healthcare sector toward transpar-
ent and trustworthy Al systems, underscoring the importance
of explainability in Al, as advocated by Habuza et al. (2021) and
the collaborative frameworks suggested by Prentzas ef al. (2023).
Furthermore, this study’s emphasis on interdisciplinary collabo-
ration aligns with the innovative solutions seen in the works of
Dubrowski et al. (2005); Dosis et al. (2005), where technical and
medical expertise converge to enhance surgical training. In the
future, the integration of Al-driven feedback systems with med-
ical training simulations could parallel the exploratory efforts in
multimodal Al techniques discussed by Gupta et al. (2022) and the
development of comprehensive tools such as those by Dosis et al.
(2005), pushing the boundaries of surgical skill training.

This study’s approach exemplifies a promising step towards
leveraging Al not only to enhance specific medical skills but also to
improve the accessibility and quality of medical education, resonat-
ing with the goals outlined by Chakraborty et al. (2022); Zhang et al.
(2023) to use technology to advance healthcare outcomes. The find-
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ings of this study are in line with those discussed by Dubrowski
et al. (2005), who emphasized the importance of various criteria
for skill assessment. Similarly, our study highlights the limitations
of Al models in generalizing across different suture techniques.
Expanding the dataset to include a wider range of procedures
would improve the generalization capabilities of the model, just
as strength-based metrics provide comprehensive assessment in
various surgical contexts (Trejos et al. 2014).

The conclusions of this study align with the findings of Choi
and Ahn (2019), which emphasize the importance of adapting med-
ical training tools to varying hardware capabilities. Much like how
Choi and Ahn (2019) highlighted the need for flexible solutions in
diverse training environments, we recognize that the accuracy of
suture classification may vary depending on mobile device specifi-
cations, such as camera quality and processing power. In response,
our future work will focus on implementing advanced image pro-
cessing techniques and adaptive algorithms to ensure consistent
model performance across a range of devices, thus enhancing the
accessibility and reliability of the application in diverse medical
contexts. The development and deployment of our mobile ap-
plication provide a cost-effective alternative to traditional suture
training methods, which typically require professional surgeons to
evaluate suture quality. Utilizing XAI on our server, the applica-
tion eliminates the need for such costly assessments. This aligns
with findings by Jiang et al. (2019), who demonstrate that mobile
health apps can significantly reduce costs and enhance efficiency
compared to conventional methods. Our approach thus offers a
financially advantageous and effective solution for suture training.

CONCLUSION

The results demonstrate a promising step toward the refinement
of medical education, particularly in suture practice. By achieving
a high training accuracy and a respectable validation accuracy, the
model underscores the viability of using transfer learning to tailor
preexisting, robust neural network architectures to specific medical
tasks. SHAP analysis further enhances this approach by providing
interpretable insights into model predictions, thereby demystify-
ing the AI’s decision-making process and fostering trust among
users. The mobile application, developed using Flutter and Fire-
base, offers a user-friendly platform that bridges the gap between
sophisticated Al models and end-users, namely medical students
and professionals seeking to refine their suturing skills. The ability
of the app to provide instant feedback on suturing technique rep-
resents a significant leap towards accessible, personalized medical
education.

In future work, the reach and efficacy of this innovative edu-
cational tool will be improved by enriching the data set with a
wider variety of suture types and conditions that could further
improve the robustness and accuracy of the model. Incorporating
user-generated data from the mobile app could provide a contin-
uous feedback loop for model refinement. The next phase of this
project will involve deploying the mobile application in clinical
training environments to assess its impact on real-world medical
education. This phase will evaluate the application’s usability and
its potential to enhance clinical skills training. Future iterations
will include empirical testing with medical students and health-
care professionals, collecting detailed feedback on the application’s
effectiveness in real-world settings. Incorporating this feedback
will allow us to refine the application’s functionality and ensure it
meets the practical needs of medical practitioners.

In the long term, Al-enhanced suture training holds the po-
tential to improve not only medical education but also patient
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outcomes by providing more accessible and consistent training.
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ABSTRACT The growing prevalence of digital communication and interconnected devices has amplified the need for robust data

KEYWORDS

security measures. True random number generators (TRNG) play a pivotal role in protecting information by generating unpredictable

and irreproducible sequences required for encryption, secure authentication, and cryptographic key generation. This research presents

Nonlinear dynam-

a TRNG model based on the fractional-order Sprott B chaotic system. The chaotic properties of the system were confirmed through ics

Lyapunov exponent calculations, bifurcation diagrams, and phase space analyses. The fractional-order dynamics enhance the complexity

Chaos

and unpredictability of the generated entropy source, making it suitable for secure applications. The performance of the generated

random numbers was assessed using the NIST 800-22 statistical test suite, successfully passing all tests and meeting the randomness
requirements. This study introduces a unique approach by leveraging the fractional-order Sprott B chaotic system for TRNG design,
demonstrating its effectiveness in cryptographic systems and secure communication frameworks.

TRNG
Fractional-order
chaotic systems

INTRODUCTION

True Random Number Generators (TRNGs) have become one of
the foundational components of security in modern digital systems.
Applications such as cryptographic key generation, authentication,
digital signatures, secure communication protocols, blockchain sys-
tems, and hardware-based security modules require high-quality
and unpredictable random numbers. Especially in sensitive fields
such as quantum key distribution, biometric systems, and military
communications, the deterministic nature of pseudo-random num-
ber generators cannot provide sufficient security, making TRNGs
based on physical entropy sources the preferred choice.

For instance, in the study conducted by Park et al. (2020), a
physically implemented TRNG design based on beta radiation
was presented and optimized for low-power IoT applications. The
entropy source of the TRNG relies on ionization events caused by
beta particles, enabling the generation of highly secure randomness
based on external physical processes. The designed TRNG was
implemented at the hardware level and successfully validated
through NIST 800-22 and ENT tests, demonstrating its applicability
for use in IoT devices. Such studies clearly reveal that TRNGs are
not only theoretically significant but also play a critical role in real-
world hardware-level applications. Therefore, the development of
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TRNG architectures with high entropy and irreproducibility has
become more important than ever for information security.

Among recent developments, FPGA-based TRNG designs have
gained significant attention in recent years due to their ability to
provide both high-speed performance and hardware-level flexi-
bility. In this context, Frustaci ef al. (2024) proposed a DSP-based
true random number generator architecture optimized for FPGA
implementation. The design leverages jitter from oscillator-based
entropy sources and integrates a lightweight digital signal pro-
cessing scheme to enhance randomness. The generated bitstreams
were subjected to the NIST 800-22 statistical test suite, with results
confirming that the TRNG output possesses sufficient entropy
and unpredictability for cryptographic applications. This study
highlights the feasibility and importance of developing efficient
and secure TRNG structures directly in reconfigurable hardware
environments such as FPGAs.

Similarly, Della Sala et al. (2022) introduced an ultra-compact
TRNG architecture that is compatible with FPGA platforms and
utilizes latched ring oscillators as the entropy source. The de-
sign emphasizes area-efficiency while maintaining a high level of
randomness quality suitable for cryptographic uses. By exploit-
ing the metastability behavior of digital latches in ring oscillator
configurations, the proposed system ensures a non-deterministic
output stream. The statistical evaluation, including NIST 800-22
tests, confirms that the TRNG meets the criteria required for se-
cure embedded systems. This work demonstrates the potential
for implementing compact and effective TRNGs within resource-
constrained hardware environments.
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Furthermore, Garipcan and Erdem (2020) proposed a True Ran-
dom Number Generator (TRNG) architecture that utilizes ring
oscillators (ROs) as the physical noise source, with true random-
ness extracted from jitter. To enhance the statistical quality of the
raw random bitstream, they introduced a novel post-processing
technique based on a chaotic entropy pool, composed of discrete-
time chaotic maps including quadratic, cubic, Bernoulli shift, and
tent maps. Their user-controllable and dynamically adaptable post-
processing structure allows the combination of multiple chaotic
systems, providing both flexibility and improved entropy. The
TRNG was successfully implemented on an FPGA platform, and
statistical evaluations confirmed its compliance with cryptographic
standards, demonstrating its effectiveness for secure hardware ap-
plications.

Among the numerous chaotic systems introduced in the litera-
ture, the Sprott B system is particularly notable due to its simple
structure and rich dynamic behavior (Sprott 2003). Unlike its
counterparts, the Sprott B system offers a balance between com-
putational efficiency and chaotic complexity, making it an ideal
candidate for hardware implementations of TRNGs. Despite its
potential, the Sprott B system remains underexplored in the con-
text of random number generation, particularly in fractional-order
configurations.

In recent years, fractional-order chaotic systems have gained
attention for their high entropy generation capabilities, making
them suitable for a variety of cryptographic applications. Their
inherently complex dynamic behavior and high sensitivity to ini-
tial conditions enable them to serve as effective physical entropy
sources, especially in secure data transmission and image encryp-
tion. For instance, a recent study conducted a thorough numerical
analysis of a fractional-order chaotic system and successfully ap-
plied its chaotic outputs in biometric data encryption (Gokyildirim
et al. 2024). Such implementations demonstrate that chaotic sys-
tems are not only of theoretical interest but also practically viable
for security mechanisms, offering alternative entropy sources for
TRNG designs.

To enhance entropy diversity in chaos-based TRNG designs,
exploring systems with multiple coexisting chaotic attractors offers
significant advantages. Lai and Chen (2016) proposed a polyno-
mial function-based method to extend the dynamics of the Sprott B
system, enabling the generation of multiple chaotic attractors from
distinct initial conditions. Their approach increases the number of
index-2 saddle foci, allowing the system to exhibit two, three, or
even four coexisting chaotic attractors. These attractors were vali-
dated using standard nonlinear analysis tools such as bifurcation
diagrams, Lyapunov exponent spectra, and phase portraits. This
method highlights the potential of structurally simple systems like
Sprott B to generate rich dynamical behaviors, making them more
versatile and robust candidates for secure entropy generation in
hardware-based TRNGs.

(Lai et al. 2019), it was demonstrated that the Sprott B system can
generate multiple independent chaotic and periodic attractors un-
der different initial conditions and system parameters. Moreover,
multistability was achieved in the system using a sign function,
and a controller was designed to enable transitions between the
chaotic attractors. This feature is particularly valuable for TRNGs
designed using fractional-order chaotic systems, as it enhances
the entropy generation capacity of the system and improves the
quality of randomness.

Ramamoorthy et al. (2022) introduces a novel four-dimensional
memristive extension of the Sprott B chaotic system, revealing rich
dynamical behaviors including multistability, attractor coalescence,
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and symmetry transitions. Notably, the system is capable of tran-
sitioning between rotational symmetry and symmetry-breaking
states via a tunable bias term, resulting in coexisting chaotic at-
tractors. These phenomena, particularly partial amplitude control
and offset boosting are critical for enhancing entropy generation
in chaos-based TRNG designs. Such dynamic flexibility is espe-
cially relevant when employing fractional-order chaotic systems,
where maximizing entropy diversity and improving randomness
quality are key requirements for cryptographic robustness. The
controllable multistable behavior demonstrated in this memristive
system provides valuable insights for designing advanced TRNG
architectures with reconfigurable entropy sources.

In this study, a novel approach for True Random Number Gener-
ator (TRNG) design is presented by integrating the fractional-order
Sprott B chaotic system. The chaotic characteristics of the system
are thoroughly analyzed using standard dynamical tools such as
phase portraits, and its suitability for secure entropy generation
has been validated (Wolf et al. 1985). The generated random bit
sequences have been subjected to rigorous statistical evaluations,
including the NIST 800-22 test suite, to confirm compliance with
global randomness standards.

This research aims to fill the literature gap by demonstrating
the potential of the fractional-order Sprott B system as a reliable
entropy source for TRNGs. By providing both theoretical insights
and practical evaluations, the study contributes to the ongoing
development of secure random number generators and offers a
foundation for future research in chaos-based cryptographic sys-
tems (Jun and Kocher 1999).

FRACTIONAL ORDER SPROTT B CHAOTIC SYSTEM AND
CIRCUIT REALIZATION

In 1994, Sprott (1994) introduced several chaotic systems with
five and six terms, which he named A to S. These systems model
chaotic behavior using simple differential equations and each of
them exhibits different dynamical properties. Among them, the
Sprott B chaotic system is a dynamical system described by a
set of three-dimensional nonlinear differential equations and is
expressed as given in Equation 1. The Sprott B system is expressed
by the following autonomous differential equations:

X=yz
y=x-y @
z=1-xy

Here, x, y, and z denote the state variables.

Fractional-order differential equations provide a more compre-
hensive mathematical framework compared to classical differential
equations. This is particularly important in the analysis and con-
trol of chaotic systems, where fractional dynamics offer enhanced
realism and flexibility in modeling complex behavior. In this study,
the Sprott B chaotic system is formulated using fractional-order
differential equations, as presented in Equation 2.

In this formulation, x, y, and z are the state variables of the
system, while g1, 2, and g3 denote fractional orders of differenti-
ation. The dynamic properties of the Sprott B system are further
explored by adopting a fractional-order approach. Consequently,
the system is represented as an incommensurate fractional-order
chaotic model, as given in Equation 2.
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Here, x, y, and z represent the state variables, and D7 denotes
the fractional-order differential operator. Parameters a and § are
system-specific constants. Fractional calculus generalizes classical
calculus by introducing non-integer order derivatives and inte-
grals, denoted as Df. This operator performs differentiation for
g > 0 and integration for 4 < 0, and encompasses several defini-
tions such as Griinwald-Letnikov, Riemann-Liouville, and Caputo.
Among these, the Caputo definition is widely preferred due to its
compatibility with classical initial conditions.

The Caputo-Euler method is a numerical technique for solving
fractional differential equations based on the Caputo definition.
It extends the classical Euler method by approximating fractional
derivatives using a discretized form of the Caputo operator. This
method iteratively computes the solution over a defined time span,
making it particularly suitable for the analysis of systems exhibit-
ing fractional-order dynamics. In this study, the Caputo—Euler
method is employed to numerically solve the fractional-order dif-
ferential equations. Its effectiveness in capturing complex behav-
iors such as chaos, phase-space evolution, and bifurcations makes
it a powerful tool for investigating the dynamic properties of the
system.

The practical implementation of chaotic systems on embedded
platforms offers valuable opportunities for various scientific and
engineering applications. In this study, the Sprott B chaotic system
is implemented on the Nvidia Jetson AGX Orin embedded system
platform. However, since the Nvidia Jetson AGX Orin platform
does not have analog output, a 16-bit resolution TI DAC8552 based
converter board with SPI interface is used to convert digital sig-
nals to analog signals [2]. The converter board is controlled by
software written in Python programming language. Thanks to
this approach, digital outputs are converted to analog signals with
high accuracy, making it possible to make the Sprott B chaotic
signal directly usable in the physical world. The general struc-
ture of the system for the application is given in Figure 1. The
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Oscilloscope
(HMO01522)

Converter Board
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Figure 1 General structure of the implementation system.

fractional-order Sprott B chaotic System is analyzed using the Ca-
puto definition, with a selected order of g = 0.9, system parameters
a = 0.8, B = 0.82, and initial conditions (xo, y0,20) = (1,1,1). The
aim is to investigate the influence of the fractional-order parameter
g on the system’s dynamic and chaotic behavior. For this purpose,
phase portraits and oscilloscope screenshots were generated for
three different values of g: 0.9, 0.93, and 0.95. These visualiza-
tions serve to assess the sensitivity of the system to changes in its
fractional dynamics.
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Figure 2 illustrates the simulation results for g = 0.9, revealing
the system’s inherent chaotic nature under the specified initial
conditions and parameter set. The phase-space trajectories in the
x-Yy, y-z, and x-z planes, along with the corresponding oscilloscope
views, depict well-developed chaotic attractors. Figure 3 presents
the results for 4 = 0.93. Compared to the previous case, subtle
changes in the structure and density of the trajectories are observed,
indicating that small variations in g significantly affect the system’s
dynamical characteristics. Figure 4 shows the phase portraits and
oscilloscope outputs for g = 0.95. The attractor geometry evolves
further, highlighting an increase in complexity and trajectory dis-
persion. This demonstrates the growing sensitivity of the system’s
behavior as the fractional order increases.

il

|t

i
(o]

Yt

Figure 2 Phase Portraits of Fractional Order Sprott B system for
g = 0.9; (a) phase portrait in x-y plane, (b) phase portrait in y-z
plane, (c) phase portrait in x-z plane, (d) oscilloscope image of
the x-y plane, (e) oscilloscope image of the y-z plane, (f) oscillo-
scope image of the x-z plane.

Figure 3 Phase Portraits of Fractional Order Sprott B system for
g = 0.93; (a) phase portrait in x-y plane, (b) phase portrait in y-z
plane, (c) phase portrait in x-z plane, (d) oscilloscope image of
the x-y plane, (e) oscilloscope image of the y-z plane, (f) oscillo-
scope image of the x-z plane.
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Figure 4 Phase Portraits of Fractional Order Sprott B system for
g = 0.95; (a) phase portrait in x-y plane, (b) phase portrait in y-z
plane, (c) phase portrait in x-z plane, (d) oscilloscope image of
the x-y plane, (e) oscilloscope image of the y-z plane, (f) oscillo-
scope image of the x-z plane.

DESIGN OF A TRUE RANDOM NUMBER GENERATOR
BASED ON EMBEDDED SYSTEMS

This flowchart presents the design of a True Random Number Gen-
erator (TRNG) that integrates a fractional-order Sprott B chaotic
system with real-time temperature data from the Orin Nano GPU.
As illustrated in Figure 5, the TRNG process follows a systematic
flow to ensure high-entropy, unpredictable random bit generation.

Fractional-order Sprott B chaotic system Orin Nano GPU Temperature

@ “
32 Bit
GPU
Temp

from LSB 0-7
bits

from LSB 8-15
bits

32 Bit
Phase Y

Using LSB 8-bits,
we obtained
1076 bits.

Using XOR 8-bits,
we obtained
1016 bits.

r
=

NIST 800-22

Figure 5 Flowchart of Fractional-Order Sprott B Chaotic System-
based TRNG.
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The design begins with the chaotic system’s outputs, which con-
sist of three phases: Phase X, Phase Y, and Phase Z. These phases
are converted into 32-bit floating-point representations using the
IEEE 754 standard. Specifically, the Phase Y output is chosen for
further processing. The least significant 8 bits (LSB) from this 32-bit
value are extracted to form a large dataset of random bits. This
step is crucial since the LSBs in chaotic signals are typically the
most unpredictable and contribute significantly to randomness.
Simultaneously, the system records real-time temperature data
from the Orin Nano GPU, which also undergoes conversion into a
32-bit floating-point format following the IEEE 754 standard. The
system extracts two specific byte ranges from the 32-bit temper-
ature value: the first 8 bits (LSB) and the second byte (bits 8 to
15). These two segments are combined using an XOR (exclusive
OR) operation to form another sequence of random bits. This step
leverages environmental variability, as temperature fluctuations
introduce physical randomness.

The two independent sequences, one from the chaotic system
and the other from the temperature sensorare then merged using a
second XOR operation. This final XOR combination blends deter-
ministic chaotic dynamics with physical randomness, ensuring a
highly complex and unpredictable final sequence of 10° bits. To
validate the quality of the generated random sequence, it is sub-
jected to the NIST 800-22 statistical test suite, a widely recognized
standard for evaluating randomness. This test suite assesses vari-
ous properties such as uniform distribution, independence, and
unpredictability to ensure the output meets stringent international
randomness standards.

In summary, the integration of the fractional-order Sprott B
chaotic system and the real-time temperature data ensures that
the TRNG produces a robust and secure random bit sequence.
The use of chaotic phase data and temperature readings, com-
bined through XOR operations, enhances entropy and reduces any
potential correlations, making this approach suitable for crypto-
graphic applications. The results of the NIST 800-22 statistical tests
demonstrate that the random bit sequence generated by the True
Random Number Generator (TRNG) meets rigorous international
randomness standards. A detailed interpretation of these results is
presented in Table 1.

Table 1 NIST 800-22 Test Results for Sprott B Chaotic System-
Based TRNG

Test Type P-Value  Conclusion
Frequency Test (Monobit) 0.0672 Passed
Frequency within a Block 0.3761 Passed
Run Test 0.5410 Passed
Longest Run of Ones 0.3397 Passed
Binary Matrix Rank 0.3633 Passed
DFT (Spectral) Test 0.4408 Passed
Non-Overlapping Template 0.2993 Passed
Overlapping Template 0.0591 Passed
Maurer’s Universal 0.6973 Passed
Linear Complexity 0.9899 Passed
Serial Test 1 0.3801 Passed
Serial Test 2 0.5467 Passed
Approximate Entropy 0.1549 Passed
Cumulative Sums (Forward)  0.0440 Passed
Cumulative Sums (Reverse) 0.1162 Passed
Excursions Test (—4) 0.9233 Passed
Excursions Variant (—9) 0.5929 Passed
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The Frequency Test (Monobit) confirms that the number of
1s and Os in the sequence is approximately equal, indicating a
balanced distribution. Similarly, the Frequency Test within a Block
verifies that the balance of 1s and 0s is maintained across different
blocks of the sequence. The Run Test ensures that the lengths of
consecutive sequences of identical bits (runs of Os or 1s) match
expected distributions for a random sequence. The Longest Run of
Ones in a Block test further supports this by checking the longest
sequence of 1s in each block, confirming that the bitstream does
not exhibit unusual clustering.

The Binary Matrix Rank Test evaluates the rank of matrices
formed from the bit sequence to detect any linear dependencies.
The results show no significant linear patterns, reinforcing the ran-
domness of the sequence. The Discrete Fourier Transform (Spec-
tral) Test checks for periodic features and verifies the absence of
predictable repeating patterns.

The Non-Overlapping Template Matching Test and Overlap-
ping Template Matching Test search for predefined patterns in the
sequence. The passing results indicate that the sequence does not
show excessive occurrences of specific bit patterns, suggesting that
the sequence is unpredictable. The Maurer’s Universal Statisti-
cal Test assesses the compressibility of the sequence. The high
p-value suggests that the sequence is incompressible and, there-
fore, random. Similarly, the Linear Complexity Test measures the
complexity of the sequence by determining the shortest feedback
register that could generate it. The passing result indicates that the
sequence cannot be generated by a simple process.

The Serial Test checks the uniformity of overlapping bit pat-
terns, and both sub-tests confirm that the sequence maintains a
balanced distribution of these patterns. The Approximate Entropy
Test further validates the sequence by ensuring that it does not
contain repeating patterns beyond what would be expected in a
random sequence. The Cumulative Sums (Forward and Reverse)
Test examines the cumulative sum of the sequence in both forward
and reverse directions, confirming that the bitstream behaves as
expected for a truly random sequence.

The Random Excursions Test evaluates the number of times
the cumulative sum of the sequence visits specific states within a
defined range. The results show that the transitions through these
states occur at frequencies consistent with random behavior. The
Random Excursions Variant Test extends this analysis to a larger
range of states and similarly indicates that the state transitions are
consistent with randomness. In summary, the TRNG passes all
tests in the NIST 800-22 suite, demonstrating that the generated
sequence is uniformly distributed, free from detectable patterns,
and unpredictable. These results confirm the effectiveness of the
TRNG based on the fractional-order Sprott B chaotic system, mak-
ing it a reliable solution for secure cryptographic applications that
require high-quality random sequences.

CONCLUSION

This study presents the design and implementation of a True
Random Number Generator (TRNG) based on a fractional-order
Sprott B chaotic system, demonstrating its potential as a secure
entropy source for cryptographic applications. By leveraging the
unique properties of fractional-order dynamics, the system en-
hances the unpredictability and complexity of the generated ran-
dom sequences. The Caputo-Euler method was employed to solve
the fractional differential equations accurately, ensuring precise
modeling of the chaotic behavior. The integration of environmen-
tal entropy, in the form of real-time temperature readings from the
Nvidia Jetson AGX Orin platform, further strengthens the random-
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ness of the generated bitstreams. The combination of chaotic phase
data and physical randomness using XOR operations results in a
highly secure and robust random bit sequence.

The performance of the proposed TRNG was rigorously val-
idated through the NIST 800-22 statistical test suite, where the
system passed all randomness tests. This confirms that the gener-
ated sequences exhibit uniform distribution, independence, and
unpredictability, satisfying stringent global randomness standards.
In conclusion, the fractional-order Sprott B chaotic system provides
a promising basis for TRNG design by combining mathematical
richness with efficient implementation. The results indicate that
this method can be effectively used in secure communication and
cryptographic applications. Future work may focus on optimiz-
ing the hardware implementation and exploring the use of other
fractional-order chaotic systems to further enhance entropy gener-
ation.
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