


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 Journal of Undergraduate Research International  

Volume 2, Issue 1, March 2026 

 

 

 

 

 

 

 

 

 

 

 



 







i
i

“JURI-00109-2025” — 2026/4/4 — 9:09 — page 1 — #1 i
i

i
i

i
i

Diamond Open Access 

Article Aerospace Engineering

Optimal Design of a Setpoint Filter and Fractional-Order PID
Controller for Unstable Launch Vehicles Using the Zebra
Optimization Algorithm
Yazan Zwawi and Fadi Alyoussef*

Cite https://doi.org/./juri/

Submitted: November ,  Revised: February ,  Accepted: February , 

ABSTRACT

Attitude control of an unstable launch vehicle (ULV) is crucial for maintaining an accurate spatial orientation and ensuring a pre-
cise location for communication, maneuvering, and scientific research. Classical proportional-integral-derivative (PID) controllers
are frequently used to control spacecraft attitude owing to their simplicity. However, their robustness and agility in response to
dynamic space conditions and disturbances do not meet the required design standards. To improve the system stability, in this
study, we propose a fractional-order PID (FOPID) controller with a setpoint filter, which is optimally tuned using the zebra opti-
mization algorithm (ZOA). The performance of the proposed FOPID–ZOA controller is compared with that of a traditional PID
controller. The proposed optimization strategy is applied offline to tune the controller parameters, which remain constant during
simulation tests. The simulation results show that the proposed approach outperforms the classical PID in terms of robustness,
accuracy, disturbance rejection, and overall performance. Notably, compared with the traditional PID controller, the proposed con-
troller requires a significantly lower control voltage during the transient response. Thus, the peak voltage is reduced from 20 V to
1 V (or approximately 95% less), which in turn reduces energy consumption and improves system stability. Therefore, the pro-
posed approach represents a promising solution for systems exhibiting ULV-like dynamics, particularly where energy efficiency is a
primary concern.

Keywords: attitude control of unstable launch vehicle, PID, fractional-order PID, zebra optimization algorithm

. INTRODUCTION

Solving the control problem of unstable launch vehicles (ULV)
is crucial for successful space exploration missions, satellite com-
munications, and general Earth observations. Attitude control
confirms that the space vehicle preserves its desired pitch orien-
tation using actuators such as reaction wheels or thrusters, which
allow correction of the measured pitch angle. Several impor-
tant publications have focused on controlling ULV since the
1960s. In such systems, the center of gravity lies behind the
neutral point, which is an inherent characteristic of ULV 1. Con-
sequently, the angles of attack must be prevented from diverging.
In addition, the achievable closed-loop performance is limited by
actuator constraints and phase delays 1. Thus, a robust control
system is necessary to control the ULV. Classical ULV control
design generally linearizes the ULV dynamics around an oper-
ating point using the small-perturbation theory. Also, traditional
proportional-integral-derivative (PID) controllers are still domi-
nant in attitude ULV control 1,2, but they cannot effectively han-
dle nonlinearities, uncertainties, and external disturbances. Addi-
tionally, PID controllers generate response with large overshoots
in integrating systems 3–6. Notably, the pitch control dynamic of
the ULV is an integrating process. A large overshoot implies that

the controller uses more control energy, which can potentially
cause instability, considering the physical limitations of the actu-
ators 7,8. Therefore, a more robust control strategy for the ULVs
should be developed.

Fractional-order PID (FOPID) controllers are robust alter-
natives to classical PID controllers 6. FOPID increases the con-
troller degree of freedom by adding the fractional orders λ and
µ as extra design parameters. This imparts engineers the capabil-
ity to select parameters for improved stability margins. The right
tuning of FOPID parameters reduces overshoot and decreases
control effort, helping avoid actuator limitations. FOPID handles
PID’s disadvantage for higher-order plants where PID increases
unmodeled dynamics. FOPID is particularly useful for unstable
systems with long time delays due to its flexibility. These features
confirm that compared with standard PID, FOPID offers robust
performance and better balance among disturbance elimination,
noise mitigation, and overshoot 4,6,9–11.

Optimization algorithms are used to compute system parame-
ters as well as to improve system stability 12–14. Thus, in this study,
we suggest using an FOPID controller, tuned by the zebra opti-
mization algorithm (ZOA), to improve the ULV attitude control
accuracy and stability. The limited utilization of fractional-order
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controllers in ULV systems, which can be identified by integrat-
ing unstable dynamics, is the primary research requirement of this
study. The control design of a ULV is challenging owing to these
characteristics. Therefore, a robust control solution was required.
The contributions of this study are as follows:

1. The classical PID design methods for ULV reported in 1,2 has a
large overshoot and slow disturbance rejection. However, the
proposed FOPID with a setpoint filter handles these advan-
tages, reduces overshoot, and improves disturbance rejection.
Also, the proposed method is simple and can be easily imple-
mented in real time.

2. The ZOA was used to optimally adjust the proposed FOPID
and setpoint filter gains to reduce the control engineer’s time
allocated for the tuning process.

The remainder of this paper is structured as follows. The atti-
tude dynamics model of the ULV is presented in Section 2;
the suggested controller is described in Section 3; the outcomes
of the simulation and performance evaluation are discussed in
Section 4; and the conclusions are presented in Section 5.

. UNSTABLE ATTITUDE DYNAMICS MODEL OF
UNSTABLE LAUNCH VEHICLE

The behavior of engineering systems (Figure 1), including
unmanned aerial vehicles, satellite attitude control systems, and
missile guidance systems, can be represented as integrating sys-
tems with an integrator in their dynamics. This control problem
provides a benchmark for numerous real-world applications and
is of great practical interest. From theoretical and industrial per-
spectives, investigating reliable control mechanisms for such sys-
tems is crucial. The proposed control approach can be applied to
other systems with comparable dynamic structures, demonstrat-
ing its wider applicability for various control applications.

In this study, the ULV system is considered an integrating sys-
tem and is inherently unstable. The small-perturbation theory
was used to model the ULV dynamics. The model is represented

Figure 1. Examples of integrating systems

by the following set of equations 1:

d2θ

dt2 = mq
dθ

dt
+ mα + mδcδe

dγ

dt
= cαα + cδeδe

θ = γ + α

q =
dθ

dt

(1)

where α, γ , θ , and q denote the angle of attack, flight-path angle,
pitch angle, and pitch rate, respectively, and δe is the elevator
deflection. The pitching-moment derivatives mq, mα , and mδe,
and the lift slopes cα and cδe characterize the vehicle’s stability
and control effectiveness; their values are obtained from aerody-
namic analysis or system identification, such that the dynamics
of the launch vehicle are captured over the operating points. The
elevator is driven by a control voltage δ through an actuator that
is modeled as a pure time delay:

δe = δe−Ls (2)

where s is the Laplace variable, and L is the delay constant
reflecting the actuator bandwidth and other lags. L has a pro-
nounced impact on both the transient response and achievable
control performance. Combining equation (1) with equation (2)
and performing the standard linearization and algebraic reduc-
tion yields the longitudinal (pitch-axis) transfer function of the
statically unstable launch vehicle, as presented below 1:

θ (s)
δ (s)

=
km (Tns + 1)

s (τ s − 1) (Tds + 1)
e−Ls (3)

where km is the static gain, Tn and Td are lead–lag time constants,
and τ denotes the time constant corresponding to the unstable
aerodynamic pole. Equation (3) shows a mathematical model
with an integrator and an unstable pole, increasing the difficulty
of control design 5,15–17.

. PROPOSED SETPOINT FILTER AND FRACTIONAL PID
CONTROLLER

The proposed FOPID, along with the setpoint filter, is mathe-
matically defined as follows:

G (s)FOPID = kp +
ki

sλ
+ kdsµ (4)

G (s)setpoint−filter =
1

kf s + 1
(5)

where kp, ki, kd , and kf are the proportional, integral, derivative,
and filter gains, respectively; these are positive design parameters.
λ and µ are the fractional-order terms in the range [0, 2]. Figure
2 illustrates the proposed controller.

In this study, the parameters kp, ki, kd , λ, µ, and kf are com-
puted using ZOA, which will be explained in the next subsection.
The optimization algorithm was executed offline, and the result-
ing optimal parameters were stored and used directly in the
controller without real-time updating.
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Figure 2. Proposed controller

. ZEBRA OPTIMIZATION ALGORITHM

Zebras are native to eastern and southern Africa and are com-
monly classified into three species: Grevy’s, plain, and mountain
zebra. Plain zebras usually inhabit grassy ecosystems; mountain
zebras are found in mountainous and hilly regions, while Grevy’s
zebra occupy dry grasslands and deserts 18. Zebras feed on grass,
branches, leaves, bark, and other plant material and usually live in
herds. They are protected from flies and predators by their char-
acteristic black-and-white striped patterns, mostly distributed
along the body and neck. Zebras exhibit strong defensive behav-
iors to protect themselves from predators when they feel threat-
ened. Their behavior can be broadly divided into two stages:
foraging and protective responses to predators. Herd movement
is usually guided by a lead zebra 19.

Lead zebras typically direct herding movements. Each "zebra"
in the swarm-based ZOA is an autonomous search agent travers-
ing a virtual plain, which is the problem’s decision space. A full
candidate solution or a particular assignment for every decision
variable is encoded by the location of the zebra. The optimal pop-
ulation comprises the herd as a whole. To promote wide explo-
ration, the zebras were initially randomly dispersed inside the
permitted boundaries. Equation 6 specifies the ZOA population
matrix 19.

X =



X1
...

Xi
...

XN


NxM

=



x(1,1) . . . x(1,j) . . . x(1,m)

...
...

...
...

...
x(i,1) . . . x(i,j) . . . x(i,m)

...
...

...
...

...
x(N,1) . . . x(N,j) . . . x(N,m)


NxM

(6)

Here, the population is the full herd of candidate solutions. Zebra
i denotes the i-th member of the herd, and its list of entries stores
the proposed values for m decision variables (the j-th entry corre-
sponds to variable j). The herd contains N zebras. Because each
zebra encodes a complete solution, the objective (fitness) value
can be computed for each zebra from its proposed variable set.
The resulting N objective values are collected into a vector, as
summarized in equation (2) 19:

F =



F1
...

Fi
...

FN


Nx1

=



F1 (X1)
...

Fi (Xi)
...

F (XN)


Nx1

(7)

Zebras travel to obtain their favorite foods, engage in social inter-
actions, and congregate to sleep at night. They spent 60–80% of
their time feeding 18. Each zebra modifies its position as a pioneer
zebra (PZ) leads the herd toward its destination. The following
equation mathematically defines the foraging phase 19:

xnew,P1

(i,j)
= x(i,j) + r

(
PZj − (round (1 + rand)) x(i,j)

)
(8)

Xi =

{
Xnew,P1

i , Fnew,P1
i < Fi

Xi, else
(9)

Here, the pioneer’s position influences the random variations
that zebras use to explore new positions. A new position is
adopted if it increases the function value of the objective; other-
wise, the old location is retained. The function rand(•) generates
random numbers uniformly distributed within the interval [0,
1]. The notation Xnew,P1

i denotes the updated position of the i-th
zebra during the foraging phase, and xnew,P1

(i,j)
represents its coordi-

nates in the j-th dimension. The parameter Fnew,P1
i corresponds to

the objective function value evaluated at the new position.
Zebras are most vulnerable to predation by lions when graz-

ing, although other carnivorous species, such as leopards, hyenas,
cheetahs, and wild dogs, can also pose threats. Furthermore,
crocodiles present a major threat when zebras are located close
to water sources. Zebras use various defense strategies to com-
bat these threats. When a lion attacks, it can decide to run away,
whereas it reacts more violently to hyenas and wild dogs. The
zebrafish defense pattern is determined using a specific tech-
nique 18. To evade lions, zebras often engage in zigzag and irreg-
ular lateral movements that are mathematically described by the
following equations 19:

xnew,P2
(i,j)

=

{
S1 : x(i,j) + R (2r − 1)

(
1 −

t
T

)
x(i,j), Ps ≤ 0.5

S2 : x(i,j) + r
(

AZj − (round (1 + rand)) x(i,j)

)
, else

(10)

Xi =

{
Xnew,P2

i , Fnew,P2
i < Fi

Xi, else
(11)

Additionally, in response to an attack, both predators and other
zebras may react dynamically to an attack. To scare or confound
the predator, other zebras in the group may move in synchroniza-
tion toward the targeted member, forming protective barriers.
This behavior is then used to update the position of the zebra.
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Figure 3. ZOA flowchart

This procedure is a part of a larger optimization mechanism that
occurs in two stages during each iteration to continuously move
closer to the best solution 18. The flowchart of the ZOA is shown
in Figure 3.

. SIMULATION RESULTS AND DISCUSSION

The following system transfer function for an unstable launch-
vehicle attitude is used 1:

G (s) =
0.0520 (279.74s + 1)

s (0.7490s − 1) (0.7448s + 1)
e−0.05s (12)

The parameters of the proposed controller (kp, ki, kd , λ, µ,
and kf ) are computed using ZOA using 30 search agents and
50 iterations. The lower and upper bounds of the parameters
are assumed to be [0.1 0.1 0.1 0.1 0.1 0.1] and [3 3 3 2 2 2],
respectively. Smaller upper bounds are selected to accelerate the
optimization algorithm. Here, integral of squared error (ISE),
ISE = ∫

∞

0 e (t)2 dt (See Figure 4), is used as objective function.
Figure 5 shows the convergence curve of the ZOA. The final
values of the proposed controller are: kp = 2.3498, ki = 2.9909,
kd = 0.5858 , λ = 0.7981, µ = 1.1513, and kf = 1.1513. All the

parameters of the proposed algorithm are summarized in Table 1.
The performance of the proposed controller is compared with
that of the classical PID controller reported in 1. The classical PID
parameters are kp = 0.8644, ki = 0.2, and kd = 0.2811 1.

Figure 6 compares the tracking and rejection of disturbances
between the classical PID controller 1 and the proposed FOPID
controller. The plant output is shown in panel (a), and the
equivalent control effort is shown in panel (b). At t =0 s, a
unit-step reference is applied, and at t =15 s, a disturbance with
amplitude 1 is introduced into the closed-loop system. The PID
shows a larger overshoot, while the suggested controller gener-
ates a nearly monotonic climb with virtually no overshoot. This
improvement is accomplished with significantly lower peak actu-
ation values: at t=0 s (zoom-in in (b)), the PID reaches >20 V,
whereas the FOPID peaks at just ∼1 V. In addition to lower-
ing the risk of windup and instabilities from actuator saturation,
the decrease in initial control demand maintains an appropri-
ate margin to hardware limits. Compared to PID 1, the FOPID
rejects the disturbances with a shorter recovery time after the
disturbance at t=15 s (right-hand zoom-in in Figure 6 (b)).
The performance is improved without significant control spikes
or increased actuation demand. The approach is suitable for
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Figure 4. Zebra-optimized FOPID controller pulse setpoint filter

unstable launch-vehicle dynamics with strong actuator limits and
atmospheric disturbances through its tight disturbance rejection
and minimal control effort.

The proposed method findings are in line with other research
showing that FOPID outperform standard PID in terms of
robustness and disturbance rejection. However, the suggested
solution uses an offline optimization framework to produce bet-
ter transient response and a large reduction in peak control effort
(about 95%) and consequently reduced overshoot, in contrast to
various existing approaches such that of PID reported in 1, as clear
in Figure 6. This demonstrates how well fractional-order control

and metaheuristic tuning in addition to the setpoint filter work
together for unstable launch-vehicle applications.

It is also important to emphasize that the considered plant in
equation (3) is characterized by the presence of an integrator and
an unstable pole, which are common system models in launch-
vehicle attitude dynamics and other unstable aerospace systems.
Therefore, the proposed control strategy is not limited to the spe-
cific case studied here, but can be extended to systems exhibiting
similar dynamic characteristics. This general structure enhances
the applicability of the proposed method to a broader class of
unstable control problems.

Figure 5. Convergence curve of ZOA
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Figure 6. (a) Attitude; (b) control signals

. CONCLUSION AND FUTURE OUTLOOK

In this study, we investigated the feasibility of using an FOPID
pulse setpoint filter controller optimized with the ZOA for atti-
tude control of unstable spacecraft. Achieving attitude control of
these systems is challenging because of the existence of unsta-
ble and integrated poles. However, the proposed approach suc-
cessfully solved this difficult control problem. Compared with
previously reported PID in the literature strategy for ULV, the
proposed method provides enhanced transient response and
improved disturbance rejection while maintaining implementa-
tion simplicity. However, several limitations should be acknowl-
edged. First, the controller parameters were optimized offline
under predefined operating conditions. Therefore, performance
under varying system parameters or extreme disturbances was
not investigated. Second, the validation was limited to simu-
lation without full-scale hardware-in-the-loop spacecraft valida-
tion. Additionally, the stochastic nature of ZOA may introduce
slight variability in the obtained gains. Future studies will focus on
hardware-in-the-loop implementation and investigation of adap-
tive or online tuning mechanisms to further enhance robustness
under varying mission scenarios.

Table 1. Controller and ZOA parameters

Controller Optimization algorithm
parameters parameters

kp 2.3498 Search agents 30

ki 2.9909 Iterations 50

kd 0.5858 Optimized variables 6

λ 0.7981 Lower bounds [0.1 0.1 0.1 0.1 0.1 0.1]

µ and kf 1.1513 Upper bounds [3 3 3 2 2 2]
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ABSTRACT

Unmanned Aerial Vehicle (UAV) swarms exhibit strong potential for complex missions. However, there has been limited research
on their behavior during search-and-track missions, particularly under sensing limitations. This study explores a leader–follower
UAV swarm that performs a search-and-track mission in which sensing capabilities are concentrated on the leader UAV. In this
scenario, the leader detects and tracks the target, while the follower drones operate with limited sensing and receive updates from the
leader. Once the target is detected, the swarm transitions into a coordinated ring formation surrounding the target, with the leader
guiding the overall ring formation. This study aimed to demonstrate how limited follower sensing affects the formation quality,
response to target motion, and overall tracking performance. A simulation framework was developed to evaluate swarm behavior
under sensing limitations. The results showed that effective tracking and encirclement can be achieved even when advanced sensing
is concentrated on the leader, thereby demonstrating the potential of building scalable and cost-efficient UAV swarm systems.

Keywords: unmanned aerial vehicle swarm, leader--follower control, limited sensing, search-and-track, ring formation, multi-agent systems

. INTRODUCTION

Unmanned Aerial Vehicles (UAVs) are essential tools for surveil-
lance, reconnaissance, search-and-rescue missions, and environ-
mental monitoring 1,2. UAV swarms offer clear advantages over
single-UAV systems owing to their ability to coordinate and dis-
tribute tasks, as well as cover large areas efficiently 3. Inspired by
biological swarms, these systems exhibit strong potential for com-
plex missions that require adaptability and cooperation among
multiple agents 3.

Although many studies have assumed that UAVs within a
swarm possess similar sensing and processing capabilities 3, real-
world constraints often render this assumption unrealistic. Fac-
tors such as the weight, power consumption, cost, and sensor
limitations create significant differences among agents 3,4. Con-
sequently, swarm architectures that rely on heterogeneous sens-
ing, where one UAV carries advanced sensing equipment while
others operate with limited capabilities, are gaining attention 3.
However, research on the behavior of such swarms during search-
and-track missions remains limited 5.

Methodologies for search-and-track operations where only the
leader UAV has full sensing capabilities, while the follower UAVs
possess limited sensing and take orders from the leader UAV,
remain limited 3,6. Our study addresses this research gap. The
existing literature has explored leader–follower models and coop-

erative search strategies 7,8; however, few studies have analyzed
how sensing asymmetry affects the performance and coordinated
encirclement of a detected target 8–10.

This study proposes a simulation framework to evaluate the
behavior of a leader–follower UAV swarm in which the leader
possesses full sensing and processing capabilities, while the fol-
lower UAVs operate with limited local sensing and execute com-
mands issued by the leader. The framework simulates the transi-
tion of a swarm into a formation surrounding a detected target,
with the leader coordinating the movement. The aim is to assess
the impact of sensing limitations on swarm performance during
tasks such as searching, tracking, and encircling. This proof-of-
concept highlights the feasibility of deploying UAV swarms with
limited sensing capabilities, offering valuable insights into the
design of scalable and cost-effective UAV swarm systems for real-
world applications where sensing resources are often unevenly
distributed.

The remainder of this paper is organized as follows. Section 2
presents the proposed methodology, including the overall frame-
work, the system model, and the developed algorithm. Section 3
reports the results obtained from the study. Section 4 discusses
the findings and their implications. Finally, Section 5 concludes
the paper by summarizing the key contributions and outlining
potential directions for future work.
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Figure 1. Leader UAV performing the search phase with follower UAVs moving in straight lines before transitioning to a ring formation

. METHODOLOGY

This study evaluated the behavior of a leader–follower UAV
swarm in search-and-track missions. The following subsections
describe the simulation setup, swarm model, and the formation
and coordination strategies.

.. Framework. Swarm behavior was evaluated using a
simulation framework developed in Simulink software. The sim-
ulation environment models a three-dimensional search area in
which a leader–follower UAV swarm performs a search-and-track
mission. The number of UAVs, their initial positions, and the
target trajectory are configurable parameters. This framework
allows the monitoring of UAV positions and velocities at each
step, enabling a detailed analysis of swarm coordination and
formation dynamics.

.. Leader--Follower Model. In the initial phase of the
mission, leader UAV performs a search operation using a right-
left sinusoidal motion to scan the area, as shown in Figure 1. The
follower UAVs move in straight lines until the leader detects the
target.

Once the target is found, the follower UAVs dynamically
adjust their positions based on the information received from the
leader, ensuring synchronization as the leader moves through the
search area.

Each swarm UAV is controlled using a velocity controller. A
proportional derivative (PD) controller was used. The control
law is given by:

vi = Kp ∗
(
pleader − pi

)
+ Kd ∗ (vleader − vi) , (1)

where vi is the velocity of the follower UAV i; pleader and pi are
the positions of leader and follower UAVs, respectively; vleader

and vi are the velocities of the leader and follower UAVs, respec-
tively; and Kp and Kd are the proportional and derivative gains,
respectively.

Once the target is detected, the swarm transitions into a ring
formation around the target to continue the tracking mission,
whereas the leader remains closer to the target than the follower
UAVs. This dynamic adjustment ensures that the UAVs maintain
a coordinated formation.

.. Circular Formation Algorithm. Once the target is
detected by the leader UAV, the swarm transitions from search
mode to formation mode around the target. As shown in Figure
2, the leader UAV remains close to the target, guiding the fol-
lower UAVs in a ring formation. The target remains at the center

of the formation. Although the leader is positioned closer to the
target, it still participates in ring formation, ensuring coordinated
movement and guiding the follower UAVs.

The position of each follower UAV in the circle is calculated as
follows:

pi = ptarget + r ∗ cos (θ i) ∗ i +r ∗ sin (θ i) ∗j (2)

where (r) is the radius of the circular formation and (θ i) is the
angle of the UAV relative to the leader and other followers. This
ensures that the UAVs maintain fixed positions relative to each
other around the target.

.. Communication. Communication between UAVs is
leader-to-follower only. The leader broadcasts its position and
the estimated position of the target at regular intervals. Fol-
lowers update their velocities based on the latest information,
whereas no direct communication occurs between them, thereby
simulating a limited hardware capability.

vi = f
(
pleader , ptarget , 1t

)
(3)

Figure 2. Leader UAV guiding the swarm into a circular formation
around the target after detection
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Figure 3. Top views of motion and transition to ring formation of the leader UAV at different times (a) t = 0.0 s; (b) t = 0.8 s; (c) t = 1.6 s; (d) t =

2.4 s; (e) t = 3.2 s; (f) t = 4.0 s

. RESULTS

This section presents the key findings of the study, highlighting
the performance of the leader–follower UAV swarm during the
search-and-track mission with limited sensing capabilities in fol-
lower UAVs. The results were analyzed in terms of the tracking,
formation stability, and response to the target. The data col-
lected from the simulation provide insight into how the sensing
capabilities, geometric formation parameters, and follower syn-
chronization of the leader contribute to the overall performance
of the swarm.

.. Swarm Evolution in a Three-dimensional Arena.
As shown in Figure 3, at t = 0.0 s, the UAV swarm begins from the
starting position, and the follower UAVs continue to follow the
path of the leader. Over time, follower UAVs dynamically adjust
their positions based on the movements of the leader, ensuring
synchronization. Following the search pattern, the leader UAV
gradually narrows to the target, which is marked by a green dot.
This movement allows the swarm to explore the search area
efficiently.

In the initial phase of the mission, the UAV swarm behavior
was analyzed in a three-dimensional environment. As shown in
Figure 4, the leader UAV (black) in search mode moves in a
right-left sinusoidal motion, whereas the follower UAVs remain
in straight lines until the leader detects the target (green dot). It
can be observed that at t = 6.0 s, the UAVs start transitioning into
a ring formation around the target.

Figure 4 shows the evolution of the UAV swarm over time,
highlighting the adjustments made by each UAV.

At t = 3.95 s, the camera of the leader UAV detects the target
for the first time.

.. Ring Formation. Once the leader UAV detects the
target, the swarm transitions into a circular formation around the
target. As shown in Figure 5, the follower UAVs (D2, D3, D4, and
D5) adjust their positions to maintain a fixed distance between
each other and the target. The final positions of the UAVs in the
circular formation show the leader UAV (D1, marked in blue)
remaining near the target, and the follower UAVs (D2, D3, D4,
and D5) forming a stable perimeter around the target.

The ring formation ensures that the swarm can continuously
track the target, maintaining synchronization between the UAVs
while preserving the desired formation. The results show that
the UAVs successfully maintain a coordinated path and that the
leader remains at an optimal distance from the target.

The distance between the leader and the target, as well as the
convergence of the followers, was measured over time.

Figure 6 illustrates the convergence of the leader and followers
to the target over time. The leader UAV, shown in blue, initially
maintains a distance from the target, but the distance is quickly
reduced once it detects the target. The follower UAVs follow the
movements of the leader and gradually reduce their distance to
the target.

The tracking performance measured by the distance to the tar-
get indicates that the leader UAV plays a key role in guiding the
swarm to track and approach the target effectively.

The ability of the swarm to converge to a circular formation
can be observed as the leader UAV guides the followers toward
the target. As shown in Figure 7, the trajectory of the leader UAV
(in blue) initially follows a path toward the target. The follower
UAVs dynamically adjust their positions to ensure that the for-
mation converges around the target. The final position of the
leader UAV is indicated by blue dots, and the target is marked in
red.
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Figure 4. Overview of motion and transition to ring formation of the leader UAV at different times (a) t = 2.0 s; (b) t = 3.0 s; (c) t = 4.0 s; (d) t = 5.0
s; (e) t = 6.0 s; (f) t = 10.0 s

The evolution of the swarm can be observed as the leader
moves toward the target and the followers adjust their posi-
tions accordingly. A smooth transition to a circular formation is
demonstrated as the UAVs synchronize their movements while
maintaining the correct formation relative to each other. The
results show that the proximity of the leader to the target plays a
crucial role in enhancing the coordination and tracking efficiency
of the swarm.

. DISCUSSION

This study provides valuable insights into the behavior of leader–
follower UAV swarms during a search-and-track mission, particu-
larly when follower UAVs have limited sensing capabilities. A key

Figure 5. Final ring formation around the target

point is the importance of the role of the leader UAV in ensur-
ing effective target tracking and maintaining formation stability.
Despite the sensing limitations of the followers, the swarm can
adapt and stay synchronized, which highlights the potential of
leader–follower systems for missions where communication and
sensing resources are constrained.

.. Role of the Leader UAV. The results clearly demon-
strate that the sensing capabilities of the leader UAV play a critical
role in the success of a tracking mission. With the leader being
able to detect and track the target efficiently, the follower UAVs
can adjust their positions in response to the movements of the
leader when the target is detected. This shows that even with lim-
ited sensing, follower UAVs can function effectively when they

Figure 6. Convergence to the target and tracking performance
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Figure 7. Swarm path and convergence to ring formation

receive accurate information from the leader. This is particu-
larly useful for reducing the need for constant communication
among all the UAVs in a swarm, as demonstrated in this study.
These findings align with previous research on leader–follower
models, which suggests that such systems are effective even with
asymmetry in sensing and communication capabilities 9,10.

.. Proximity of the Leader to the Target. A key deci-
sion in this study was to position the leader UAV closer to the
target than the follower UAVs. The proximity of the leader allows
it to perform critical tasks, such as handling payloads or making
precise adjustments to interact with the target, which is crucial
for mission success.

The results showed that this asymmetric configuration, with
the leader near the target, significantly improved the coordi-
nation and efficiency of the swarm. This allowed followers to
maintain their formation without requiring extensive resources.
This setup is particularly effective for missions such as surveil-
lance and environmental monitoring, where the proximity of the
leader to the target can enhance the overall performance of the
swarm.

.. Limitations. This study does not account for three-
dimensional flight dynamics, aerodynamic disturbances, or envi-
ronmental uncertainties. The communication model assumes
idealized periodic updates, which may not fully represent prac-
tical wireless network behavior. Moreover, the leader is assumed
to possess accurate and reliable sensing. The follower dynamics
are also modeled using simplified kinematic control laws without
considering actuator saturation or hardware constraints. Finally,
the single-leader architecture introduces a dependency on one
agent, making the swarm vulnerable to performance degradation
in the event of leader failure.

. CONCLUSIONS

This study investigated the behavior of a leader–follower UAV
swarm performing a search-and-track mission with limited sens-
ing capabilities in follower UAVs. This research aimed to assess
performance parameters, such as coordination, tracking, forma-
tion stability, and response to target motion.

Geometric parameters, such as UAV spacing and formation
size, play a critical role in maintaining the formation and effective
tracking of the target. The results showed reasonable agreement

with the existing literature on UAV swarm behavior, with track-
ing accuracy and formation stability aligned with reported values,
offering new insights into the behavior of leader–follower UAV
swarms with limited sensing. The proximity of the leader UAV to
the target also opens new possibilities for advanced applications,
such as payload execution and precise target interaction, where
the leader can perform more complex tasks. This proximity sig-
nificantly enhances the operational flexibility of a UAV swarm,
allowing for more diverse mission profiles in dynamic environ-
ments. The findings support the potential use of leader–follower
UAV swarm systems with limited sensing in various applications,
such as surveillance and environmental monitoring, provided
that further validation under real-world service conditions and
long-term assessments are conducted.

The results of this study contribute to a growing body of
research focusing on improving the efficiency and applicability of
UAV swarms in real-world scenarios. Future work may include
long-term performance studies, real-world testing, and computa-
tional modeling to optimize swarm behavior and expand the use
of limited sensing UAVs for complex missions.
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ABSTRACT

Rovers require advanced guidance and navigation systems to accurately determine their position and orientation while navigating
uneven terrain and avoiding hazards. Therefore, inertial navigation systems (INS) have been integrated with available satellite nav-
igation data to meet these requirements and achieve reliable autonomous navigation on other planets. This study presents a hybrid
navigation solution for planetary rovers that targets robust autonomous localization under intermittent or degraded satellite cover-
age consist of global navigation satellite system (GNSS) and inertial navigation system (INS). The proposed approach combines
high-rate inertial measurements with periodic GNSS position fixes using a Kalman-filter-based sensor fusion architecture. By com-
bining the continuous motion propagation of the INS with the long-term stability of GNSS updates, the method bounds the inertial
drift while preserving the smooth state estimates during GNSS outages. The predicted update loop was implemented using a low-
power Arduino Mega 2560 microcontroller. A hardware prototype integrating an inertial measurement unit and a global positioning
system receiver was developed to validate the framework. Experimental results demonstrated that the fused GNSS/INS solution
closely tracked the ground truth, reducing position drift by approximately 75% relative to INS-only dead reckoning and improving
the overall trajectory accuracy compared with single-sensor approaches. This compact, embedded implementation highlights the
feasibility of low-cost and reliable navigation systems for future planetary rover missions.

Keywords: planetary rover, inertial navigation system, global navigation satellite system, navigation, Kalman filter

. INTRODUCTION

Planetary rover missions, which operate in harsh and uncer-
tain environments and perform complex scientific tasks that rely
on precise onboard navigation, are essential for interplanetary
exploration, as demonstrated by the Sojourner (1997) and Mars
Exploration Rovers 1,2. As rovers require advanced navigation
systems to accurately determine their position and orientation,
researchers have integrated inertial navigation systems (INS)
with available satellite navigation data to enable reliable navi-
gation on other planets. The recently developed global naviga-
tion satellite system (GNSS)/INS integration methods leverage
experience from terrestrial applications and lunar exploration
efforts 3,4.

The long communication delay with the Earth is a funda-
mental challenge in Mars exploration. The latency of two-way
radio signals between Mars and Earth (>10 min) 5. Thus, the
rover must utilize onboard sensors to safely navigate and make
independent decisions while traversing long distances.

The operational range of a rover that depends solely on a
GNSS-like satellite navigation system is limited by the avail-
ability of reliable satellite signals. Deep-space missions may lack
dedicated GNSS coverage and planetary-orbiting satellites pro-
vide only occasional position fixes. Nevertheless, GNSS may still

support lunar navigation with errors 6. However, an INS can con-
tinuously propagate the estimated position, velocity, and attitude
of the rover by integrating data from onboard accelerometers
and gyroscopes 7. Planetary rovers typically augment the inertial
and wheel iodometries with vision-based localization to mitigate
slippage 8.

Based on these insights, the hybrid GNSS/INS navigation
architecture leverages the complementary advantages of each
technology 9,10. In this study, a complete GNSS/INS fusion was
developed, including a Kalman filter-based navigation algorithm
and embedded integration of the GPS receiver and an inertial
measurement unit (IMU). Experimental validation and dataset
analysis demonstrated a compact, low-cost hybrid navigation
solution with improved accuracy compared with standalone iner-
tial dead reckoning.

. METHODOLOGY

This section describes the experimental and algorithmic pro-
cedures used to design, implement, and validate the proposed
hybrid GNSS/INS navigation system for planetary rovers.

.. Rover System Architecture. Figure 1 (a) shows the
rover prototype and illustrates its physical implementation. This
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Figure 1. Prototype of the rover and its circuitry

integrated design emphasizes system modularity and scalability,
which allows subsystems to be added or removed with mini-
mal reconfiguration, while ensuring consistent and reliable power
delivery 11. Figure 1 (b) illustrates the centralized power and
control architecture of the rover, featuring a central distribution
board at its core to interconnect all the major subsystems via
a unified wiring schematic. This is employed as a centralized
hub for interfacing all the subsystems to ensure robust operation
under varying load conditions 12.

.. Kalman Filter-Based Sensor Fusion Framework.
Sensor fusion techniques are essential for ensuring robust nav-
igation in GNSS-degraded or-denied environments. Although
GNSS provides absolute position measurements with high accu-
racy, it lacks the capability to estimate orientations and may
experience signal loss owing to planetary terrain or interfer-
ence. By contrast, IMU continuously estimates motion through
accelerometer and gyroscope data; however, its output drifts over
time because of sensor bias and noise over time. Integrating both
the sensors using a Kalman filter combines the strengths of each
sensor and compensates for their individual limitations. Because
of its easy implementation and small computational load, as well
as the low speed of the rover, the Kalman filter is widely used in
real-time embedded navigation sensor-fusion applications 13.

In this study, a model of the rover motion along a single axis
(x-direction) was applied to estimate its position and velocity
over time. The IMU of the rover provides acceleration ax, while
the GNSS provides discrete position updates. The system state
vector is defined as

Xk = [xk νk]T (1)

where xk and νk denote the position and velocity, respectively,
at the time step k. The motion model assumes constant acceler-
ation over each time interval 1t, resulting in the following state
transition model:

A =

[
1 1t
0 1

]
(2)

B =
[

0.5 1t2, 1t
]T (3)

Xk|k−1 = A · Xk−1 + Buk (4)

This propagates the previous state forward using IMU accelera-
tion, enabling the prediction equations to estimate the next state
and its uncertainty as follows.

x̂k|k−1 = A · x̂{k−1} + B · ak (5)
Pk|k−1 = A · Pk−1 · AT

+ Q (6)

where x̂, Pk|k−1,and Q denote the predicted state, predicted error
covariance, and process noise covariance matrix (tuned empiri-
cally), respectively.

The GNSS provides noisy measurements of the position for
the updated state, modeled as

zk = H · xk + wk (7)
H = [1, 0] (8)

The Kalman gain Kk is computed as:

Kk = Ph|k−1 · HT
·
(
H · Ph|k−1 · HT

+ R
)−1 (9)

The state and covariance are then updated as

x̂k = x̂k|k−1 + Kk ·
(
zk − H · x̂k|k−1

)
(10)

Pk = (I − Kk · H) · Pk|k−1 (11)

where R denotes the measurement noise covariance (from the
GNSS uncertainty); zk is the measured GPS position; and Kk
denotes the Kalman gain determining the filter trust in the GPS
vs. prediction.

.. Embedded Sensor Fusion Implementation. The
proposed hybrid navigation framework was validated using a
hardware-in-the-loop prototype constructed using an embed-
ded microcontroller platform. This implementation enabled real-
time acquisition, processing, and fusion of sensor measurements
under practical operating conditions, thereby providing a repre-
sentative testbed for evaluating the feasibility of the navigation
architecture. Table 1 summarizes the primary components used
in this implementation and compares their key aspects.

The algorithm flow followed the classical predict–update
paradigm of the Kalman filter. The INS measurements were inte-
grated to propagate the estimated state of the rover (position and
velocity), whereas the GNSS observations periodically corrected
the accumulated drift. Thus, the system leveraged the continuous
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Table 1. Summary of hardware components used in the embedded navigation system

Component Function Update Rate Error Behavior Accuracy

Arduino Mega 2560 Central microcontroller platform
handling sensor data acquisition
and fusion

- - -

IMU (MPU6050) Provides 3-axis acceleration and
angular rate data, serving as the
INS input

High (50–1000 Hz) Drift over time Degraded over time in both
position and velocity

GPS Receiver Provides absolute geolocation fixes
(latitude, longitude, altitude) for
GNSS input

Low (1–10 Hz) Noisy and delayed 3–5 (m) in positions; few cm/s
with Doppler-based in velocity

availability of INS data and the absolute accuracy of the GNSS
to enhance the navigation reliability. In this way, the framework
exploited the complementary strengths of both sensing modali-
ties: the high-rate responsiveness of the INS and the long-term
absolute referencing capability of GNSS.

This embedded implementation demonstrates that a hybrid
navigation system can be realized in a compact and low-power
architecture suitable for planetary rover applications. The proto-
type integrates an Arduino Mega 2560 with a GPS receiver, GPS
antenna, and MPU6050 to implement the proposed GNSS/INS
fusion framework in real time. Figure 2 shows the wiring dia-
gram of the prototype, illustrating the interconnection between
the sensors and microcontroller.

. RESULTS AND DISCUSSION

As shown in Figure 3, the IMU-only position diverges from
the true trajectory, which is characteristic of unbounded iner-
tial drift. For instance, after approximately 1 (min) of run time,
the pure IMU solution accumulates a horizontal position error
of tens of meters. Approximately 15–20 (m) of horizontal drift

was observed in 60 (s) under simulated bias and noise condi-
tions. This large error accumulation highlights the limitations of
stand-alone inertial navigation. Although the GPS-only positions
remain bounded, they are noisy and intermittent, and the sam-
pled GPS trajectory exhibits high-frequency measurement noise
about the true path with an average error of a few meters. Dur-
ing the 1 (Hz) intervals between samples, the rover’s inter-epoch
motion is not directly observed. However, the Kalman-fused
position tracks the true rover path with significantly reduced
error. High-rate IMU integration provides high-rate state prop-
agation between GNSS epochs and sparse GPS updates, whereas
GPS measurements prevent long-term drift. Visually, the fused
trajectory in the figure remains near the GPS track; however, it
has a lower reduced variance than the GNSS position fixes and
does not exhibit the unchecked divergence of the inertial solu-
tion. The fusion effectively reduces the effective inertial drift rate
by approximately 70–80%, thereby allowing the rover to navigate
for sufficiently long time with minimal position error growth.

Figure 4 compares the velocity obtained by direct accelerom-
eter integration (IMU-only dead reckoning) with the Kalman
filter estimate produced by GNSS/INS fusion. As expected, the

Figure 2. Wiring diagram of the embedded navigation system
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Figure 3. Position from GPS, IMU, and Kalman fusion

IMU-derived velocity exhibits a bias-driven drift; small residual
acceleration biases and measurement noise are continuously inte-
grated, causing the velocity estimate to remain offset from zero
after the vehicle transitions to rest. During stationary intervals,
this appears as a nonzero residual velocity (on the order of a
few tenths of meters per second), demonstrating the cumula-
tive nature of inertial error growth in the absence of external
corrections.

In comparison, the fused Kalman estimate remains bounded
and physically consistent. During motion, it follows the com-
manded velocity profile, while during stop intervals, it returns to
approximately 0(m/s), indicating that the filter successfully sup-
presses the inertial drift. This behavior is achieved by exploiting
the GNSS updates (and the associated measurement residuals)
to continually re-anchor the inertial solution, thereby prevent-
ing unbounded error accumulation and enforcing the correct
zero-velocity condition when the rover is stationary.

Figure 5 illustrates the raw and bias-compensated accelerome-
ter readings over time. The unfiltered IMU acceleration exhibits

a clear bias offset and high-frequency noise; during static periods,
the raw output remains around 0.08–0.10 (m/s 2) instead of zero,
indicating a bias of approximately 0.1 (m/s²). After bias com-
pensation within the Kalman framework, the acceleration output
is centered near 0 (m/s 2) during stationary intervals, and the
high-frequency noise is attenuated. Quantitatively, the standard
deviation of the acceleration noise decreases from approximately
0.2 (m/s 2) to approximately 0.1 (m/s 2) after filtering, indicat-
ing improved signal fidelity for downstream velocity and position
estimation.

These results demonstrate the critical value of integrat-
ing GNSS measurements with an IMU-based navigation. The
improved performance of the fused solution can be explained
by the complementary strengths and weaknesses of the two sen-
sors. GNSS provides absolute position information and good
long-term stability, but its performance can deteriorate because
of signal blockage, multipath effects, poor satellite geometry, and
temporary outages. In contrast, the INS provides high-rate, self-
contained motion estimates and preserves short-term navigation

Figure 4. Velocity from differentiated GPS, IMU, and Kalman fusion
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Figure 5. Raw and bias-corrected IMU acceleration

continuity, but its errors accumulate over time because of
accelerometer and gyroscope bias, noise, scale-factor error, and
misalignment. Consequently, GNSS can correct the long-term
drift of the INS, whereas the INS can bridge short GNSS degra-
dations. This complementary behavior is consistent with the
present results, in which the integrated solution was more robust
and accurate than either sensor used alone.

These findings are also consistent with those reported in
recent studies on low-cost rovers and mobile robot localization.
For example, Basri and Sahrir 14 developed a low-cost Arduino-
based rover that relied on GPS, with an ultrasonic sensor for
obstacle detection, but not on an IMU-based inertial solution.
Consequently, the positioning error of their robot exceeded 2
(m), highlighting the limitations of GPS-only navigation relative
to those of integrated GNSS/INS navigation. Taken together,
both the present results and previous studies indicate that single-
sensor navigation may be insufficient for reliable localization in
challenging environments, whereas sensor fusion can provide a
more stable and accurate solution by combining the absolute
positioning capability of GNSS with the short-term continuity of
inertial sensing.

Despite these advantages, the proposed technique still has
several limitations. First, its performance remains dependent on
the availability and quality of GNSS updates. Although the INS
can maintain continuity during short GNSS interruptions, the
navigation error will increase during prolonged outages because
inertial drift is unavoidable, particularly when low-cost IMUs
are used. Second, the overall accuracy of the integrated solution
depends strongly on sensor calibration. Residual accelerometer
and gyroscope biases, scale-factor errors, axis misalignment, and
temperature-dependent drift can significantly reduce estimation
accuracy if they are not properly modeled or compensated. Third,

the method remains sensitive to degraded GNSS observations
caused by multipath propagation, non-line-of-sight reception,
weak satellite visibility, or rapidly changing signal conditions. In
such cases, corrupted GNSS measurements may not fully cor-
rect the inertial drift and may even degrade the fused solution
if they are not adequately rejected. Fourth, practical implemen-
tation issues, such as imperfect time synchronization between
the GNSS receiver and the IMU, incorrect sensor mounting,
and unmodeled lever-arm offsets, can introduce systematic errors
that propagate through the navigation solution. Fifth, the perfor-
mance of the fusion method may depend on the tuning of the
algorithm and the assumed sensor noise characteristics; a fixed
tuning strategy may not remain optimal under different motion
conditions or environments. Finally, the proposed technique was
evaluated under the specific experimental conditions considered
in this study, and its generalizability to longer missions, more
aggressive maneuvers, rougher terrain, or more severe GNSS-
denied environments still requires further validation. Therefore,
although the proposed method represents a clear improvement
over GNSS-only or INS-only navigation, it should be regarded
as a practical and effective enhancement rather than a complete
solution to all localization challenges.

. CONCLUSIONS

In this study, we developed and experimentally validated a hybrid
GNSS/INS navigation system for planetary rovers to improve
autonomous localization and operational reliability.

The proposed GNSS/INS framework combines GNSS abso-
lute positioning with INS high-rate motion propagation to ensure
navigation continuity under intermittent satellite updates. The
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Kalman filter integration corrects the bias-driven drift and yields
consistent state estimates by balancing short-term IMU respon-
siveness with long-term GNSS stability.

Compared with single-sensor baselines, the integrated
GNSS/INS approach provides a smoother trajectory than GPS-
only measurements and a substantially lower accumulated error
than INS-only dead reckoning, which reduces the cumulative
position drift by approximately 70–80% under the tested con-
ditions. These findings demonstrate the potential of hybrid
sensor fusion to support more accurate and resilient navigation
in challenging extraterrestrial environments.

The results of this study contribute to the advancement of
planetary rover navigation systems. Future work should focus
on improving sensor calibration, developing more robust out-
lier rejection and adaptive fusion strategies, and validating the
method across a broader range of real-world operating condi-
tions.
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ABSTRACT

The complex interactions of aerodynamics, particularly the downwash effect associated with vertically configured vehicles, make
stable flight challenging during the coordination of dense swarms of mini-quadcopter unmanned aerial vehicles (UAVs). Nor-
mal control approaches fail to consider the two-way dynamics among UAVs in a swarm; thus, these control approaches require a
high safety margin. Thus, this paper presents a comparative study on the application of traditional proportional–integral–derivative
(PID) and fractional-order PID (FOPID) control algorithms for the stabilization of dense UAV swarms. We propose a simplified
six-degree-of-freedom dynamic model of quadcopter UAVs with a disturbance model of the downwash effects among aerial vehicles.
The simulation results show that, compared with the traditional PID controller, the FOPID controller exhibits a 26.9% reduction in
settling time, a reduced overshoot of 36.6%, and four-fold reduction in steady-state tracking error. In addition, the FOPID controller
exhibits a better disturbance response because the time taken is 3.5 s shorter than that for the PID controller in a tight swarm config-
uration. These findings highlight the potential of the proposed FOPID controller for practical applications such as close-formation
flight, swarm surveillance, and search-and-rescue missions, where safe and stable operation in dense UAV configurations is critical.

Keywords: aerodynamic, downwash, close-proximity, fractional-order PID and UAVs

. INTRODUCTION

As unmanned aerial vehicle (UAV) swarms continue to advance
toward their final forms, establishing stable closed-formation
flights is becoming arduous owing to challenges in manag-
ing aerodynamic disturbances 1,2. The most significant issue
associated with this type of flight is the management of the
downwash—airflow generated by one UAV, which negatively
affects the other UAV(s) in its wake (i.e., generates a downward
force), as shown in Figure 1 3,4. In the case of multirotor UAVs,
Figure 1 depicts the effect of downwash generated by a multiro-
tor UAV operating above a second multirotor UAV that is flying
in a vertical alignment directly below it. The downwash creates
large amounts of air moving toward the ground, causing it to push
against the rotors of the bottom multirotor UAV. This interac-
tion reduces the effective lift of the lower vehicle and introduces
pitch or roll instabilities. The visual sequence shows how the dis-
turbed airflow alters the attitude and altitude of the lower UAV,
emphasizing the need for advanced control strategies, such as
the proposed fractional-order proportional–integral–derivative
(FOPID) controller, to maintain stability during close-proximity
flight operations.

Conventional control methods such as classic PID controllers
are inadequate for addressing these intricate interconnections 5.
Consequently, UAVs are frequently maintained at greater dis-
tances than required, e.g., up to 60 cm for the Crazyflie 2.0,

despite their actual physical downwash thresholds being signifi-
cantly lower 4. This gap emphasizes the limitations of simple PID
control and necessitates the use of more sophisticated techniques
that enable compact, safe, and accurate forms.

This study investigates how of FOPID control addresses these
constraints and enhance classical PID by incorporating fractional
calculus. This enables the controller to account for the memory
and historical states of the UAV system, resulting in an enhanced,
precise, and resilient flight performance 6,7. Unlike traditional
PID controllers, which can only react to errors in real time,
FOPID controllers incorporate previous data to better handle
swarming scenarios, with even greater efficacy in densely popu-
lated swarms. The state-of-the-art approach, which involves the
use of neural swarm and neural lander 7, focuses more on ground
aerodynamic disturbances and utilizes deep learning to approxi-
mate aerodynamic disturbances. However, it is highly dependent
on pre-trained models that do not handle swarming dynamics.
The proposed approach combines FOPID controllers with a real-
time control environment and does not require external learning
to handle swarming dynamics 8,9.

Numerous studies have been conducted on the optimal use
of space rotors or velocity field models to model the effects of
UAVs on flight performance 10. However, both methodologies
have limitations in terms of dynamic or nonstatic swarm opera-
tions 11. In contrast, other methodologies rely on predetermined
safety zones (ellipsoidal, cylindrical, etc.) for guiding UAVs’
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Figure 1. Downwash Effect due to Close-proximity Flight of two UAVs

movement 12,13. This results in limited flexibility and requires
extensive flight testing to ensure that UAVs do not collide during
operation. FOPID control provides the opportunity to modify
the control of a UAV on an as-needed basis, thus allowing the
UAVs to change their flight paths and be spaced much closer
together while still flying safely 14.

Although solutions for contact force estimates and motion
planning are available 15,16, they generally depend on offline opti-
mized models 17 and are ineffective for real-time applications 18.
Our proposed framework employs a real-time adaptive FOPID
method, which enables the controller to dynamically adjust gains
and swiftly respond to aerodynamic variations without sacrific-
ing stability 19–21. Experimental validation revealed that FOPID
control decreases the worst-case altitude-tracking errors by as
much as four-fold relative to normal PID control 22, particularly
in dense swarm scenarios 23–25. At this stage, the study is focused
on simulations; however, in the future, the proposed FOPID
control method is expected to demonstrate scalability 26 with
increased swarm sizes, showing potential for implementation
in real-world operations 27–30. To improve the robustness and
trajectory accuracy, adaptive, fractional-order, and neuro-fuzzy
controllers have been investigated in studies on UAV control.
Previous studies 31–33 have proposed a fractional-order controller
that decreases wind disturbances for fixed-wing UAVs 34. Accord-
ing to engineering reports, swarm-specific, disturbance-aware
systems are lacking, according to engineering reports 35. Recent
studies have used ANFIS and sliding mode control to control
fixed-wing UAVs with unknown dynamics 36,37 and advanced
quadcopter nonlinear controllers utilizing super-twisting or fuzzy
PID 38,39. These methods work well for individual UAVs but
do not account for swarm aerodynamic interactions or use
fractional-order control 40. Our FOPID-based approach directly
includes fractional memory effects in the control law, allowing
real-time aerodynamic interaction correction in tight swarm for-
mations. This advances the theory and scalability beyond PID

control and addresses high-density swarm coordination difficul-
ties.

Achieving stable close-proximity flights in multirotor UAV
swarms is difficult because of their nonlinear aerodynamics. In
particular, the downwash from multiple vertically aligned UAVs
produces significant aerodynamic interactions that can lead to
the breakdown of stable flight performance when multiple UAVs
are operating close together. Current controllers based on PID
control principles successfully stabilize an individual UAV but
do not consider the aerodynamic interactions between UAVs
when they are operating close together. Therefore, PID control
increases the spacing between UAVs and reduces the tracking
performance in UAV formation flying. Learning-based control
approaches developed using either neural networks or rein-
forcement techniques require large training datasets and com-
putational resources, thereby limiting their real-time deploy-
ment. Therefore, developing a computationally efficient, physics-
informed control framework, capable of modeling the aerody-
namic disturbances produced by UAVs and ensuring robust, real-
time stabilization of UAVs operating in close proximity to each
other within a UAV swarm, is crucial. The primary contributions
of this study are as follows:

1. An aerodynamic disturbance model, linearized based on the
relative positions and velocities of multiple UAVs, is devel-
oped to represent the downwash impact resulting from the
relative positions and velocities of multiple UAVs, making it
easier to integrate into a control loop.

2. A framework of control with fractional order is developed and
implemented to enhance the stability of UAV swarms in the
presence of aerodynamic disturbances.

3. Compared with conventional PID controllers, the proposed
controller based on the Caputo operator and the recursive
approach of Oustaloup achieves a settling time reduction of
26.9%, an overshoot of 36.6%, and an error-value reduction

https://doi.org/./juri/ JURI () () −

https://doi.org/10.64589/juri/219335


i
i

“JURI-00093-2025-04” — 2026/4/2 — 14:58 — page 22 — #3 i
i

i
i

i
i

Journal of Undergraduate Research International 

by a factor of four. This confirms that the FOPID controller
exhibits outstanding robustness and precision.

The remainer of this paper is organized as follows. Section 2
describes the proposed mathematical model for the downwash
problem. Section 3 describes the theoretical concepts for the
proposed methods of controlling downwash. Sections 4 and
5 present the results of the simulation study and conclusions,
respectively. Finally, Section 6 presents recommendations for
future research.

. PROBLEM FORMULATION

Maintaining flight stability and accurate trajectory tracking
within swarms of multirotor UAVs operating in close forma-
tions is challenging. Downwash and airflow disturbances from
adjacent flying drones complicate flight stability maintenance.
The behavior of each UAV is determined by the nonlinear flight
dynamics involving interactions with other agents. The state of
each UAV contains measurements of position, velocity, orien-
tation, and angular velocity. Conventional controllers such as
PID controllers cannot achieve satisfactory performance in this
scenario because of the exclusion of dynamic aerodynamic inter-
actions. Consequently, they result in a conservative intervehicle
distance and reduced control. However, these models require sig-
nificant data processing and exhibit limited real-time flexibility.
In previous studies, efforts were made by researchers to achieve
these phenomena by applying machine learning algorithms, such
as deep learning models. However, these models fail to simulate
these phenomena.

In this study, a physics-informed approach is introduced that
computes the aerodynamic disturbance terms depending on the
relative positions and velocities of adjacent UAVs. The estimates
of these disturbance terms are incorporated into the control
system using a linear approximation model, which is computa-
tionally efficient and suitable for real-time systems. The defined
form facilitates the integration of such disturbance estimates into
more sophisticated control schemes, such as FOPID control.
By adopting this control approach, which aims to utilize the
expected aerodynamic disturbance terms to dynamically modify
the control inputs, UAVs can maintain accurate formation flying
operations with fewer tracking errors and better robustness. The
introduced disturbance model can be used for cases in which the
distance between agents is greater than approximately 0.3 m. The
model assumes a moderate level of aerodynamic disturbance.
Higher-order models or machine learning-based models may be
used to attain better accuracy for formation flying operations
at extremely close ranges, where highly nonlinear phenomena
occur.

. PROPOSEDMETHODOLOGY

The modeling and control framework used to analyze and miti-
gate the aerodynamic interaction effects, particularly downwash,
in concentrated UAV swarm formations is described in this
section. PID and FOPID controllers were used to model the
dynamics of multirotor vehicles operating in close proximity.

MATLAB’s integrated toll was used to optimize the control
improvements.

.. Modeling of TwoUAVs in Close Proximity. When
two multi-rotor UAVs reduce their vertical and horizontal dis-
tances, considerable aerodynamic disturbances result from the
interaction and wake effects generated by the rotors. Among the
major disturbances found in this category is the downwash phe-
nomenon in which the generated wind affects the stability of
other drones. To explain this phenomenon, we demonstrate the
interaction of two UAVs that are close to each other. Both UAV
systems were represented using a six-degree-of-freedom model
comprising both translation and rotation elements. In this cate-
gory, the disturbance forces and torques generated on the drone
were functionally expressed based on the distances and velocities
of the derived entities. For the aerodynamic disturbance model,
the disturbance is assumed to be linearly dependent on the vec-
tor separating the two UAVs. For the simulation model, when the
distance separating the two UAVs is shorter than the critical dis-
tance measurement (typically at 0.3 m), the UAV is assumed to
be susceptible to vertical disturbances, resulting in inefficient alti-
tude and attitude measurements. These disturbances can be used
to verify and validate the proposed control scheme in determin-
ing the level of effectiveness of the PID and FOPID approaches
used to mitigate disturbances and maintain the stability of the
UAV when flying close to each other.

... Plant and disturbance model formulation. The
dynamics of each quadrotor UAV are represented by a simpli-
fied six-degrees-of-freedom model linearized around the hover
conditions. The state vector is defined as

x = [z, ż, φ, φ̇, θ , θ̇ ]
T (1)

where z denotes the altitude, φ and θ are the roll and pitch angles,
respectively, and the dotted terms represent their respective rates.
The control input vector is given by

u =
[
u1, u2, u3]

T
=

[
T, τφ , τθ ]

T (2)

where T is the total thrust, and τφandτθ are the control torques
about the roll and pitch axes, respectively. Plant dynamics are
expressed in the state-space form as follows:

ẋ = Ax + Bu + Dw (3)

where

A =


0 1 0 0 0 0
0 0 0 0 0 0
0 0 0 1 0 0
0 0 0 0 0 0
0 0 0 0 0 1
0 0 0 0 0 0

 ,B =


0 0 0
b1 0 0
0 0 0
0 b2 0
0 0 0
0 0 b3

 , (4)

with b1 = 1/m, b2 = 1/Iφ , and b3 = 1/Iθ . The aerodynamic
downwash disturbance affecting the lower UAV is modelled as a
function of the relative vertical spacing 1z between UAVs:

w = kde−α1zżupper (5)

where kd = 0.015 and α = 6.2 are empirically fitted coeffi-
cients obtained from experimental thrust–velocity relations of
the Crazyflie 2.0 28,29. The downwash force that appears as an
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additive disturbance within the vertical dynamics of the D matrix
contributes to a large number of disturbances in the altitude con-
trol loop; therefore, whenever the induced downwash force is
greater than or equal to 1z < 0.3 m, robust compensation must
be provided via the FOPID controller.

.. PID and FOPID Control Design. To evaluate track-
ing performance under aerodynamic disturbances, we imple-
mented both classical PID and FOPID control strategies. These
controllers regulate the altitude and attitude of the UAV by min-
imizing tracking errors in the presence of dynamic disturbances.
The standard PID control law is given by

u (t) = Kp ∗ e (t) + Ki ∗ ∫ e (t) dt + Kd ∗ de (t) /dt (6)

where e (t) is the tracking error, and Kp, Ki, and Kd are the pro-
portional, integral, and derivative gains, respectively. The FOPID
controller extends the PID controller by introducing fractional-
order integration and differentiation, defined as

u (t) = Kp ∗ e (t) + Ki ∗ D−λe (t) + Kd ∗ Dµe (t) (7)

where D−λ represents the fractional integral of order λ, and Dµ

represents the fractional derivative of order µ. Terms such as
λand µ are real-valued orders that provide additional degrees of
freedom in tuning; Kp,Ki, and Kd are the same gain constants
as those defined in PID control; however, now, these are applied
over fractional operators. The additional tuning parameters in
FOPID (λ and µ) allow for better memory of past system dynam-
ics, which is beneficial in rejecting slowly varying disturbances
such as downwash.

.. Controller Tuning. The values for all control gains,
including the fractional orders (λ and µ), were optimized using
the optimization capabilities in the MATLAB R2024a software
environment, including the PID tune, FPID, and FMINCON
functions. The control gains and fractional orders were optimized
to minimize control error and obtain the best tracking response.
During the controller optimization, the PID and FOPID gain
parameters (Kp, Ki, and Kd) were constrained to ensure numer-
ical stability and actuator feasibility. The optimization was per-
formed using MATLAB’s FMINCON function with parameter
bounds of Kp ∈ [0, 3], Ki ∈ [0, 1], and Kd ∈ [0, 0.5]. These lim-
its were selected based on a prior stability analysis and verified
experimentally to prevent oversaturation and maintain consistent
control efforts across the test cases.

.. Fractional Operator and Numerical Implementa-
tion Details. The FOPID controller used in this study was
formulated according to the standard control law, as expressed
in Eq. (7). The Caputo definition of the fractional operator is
adopted because of its suitability for physical systems with well-
defined initial conditions. This operator is expressed as follows:

Dα
t f (t) =

1
0 (n − α)

∫ t

0

f (n) (τ )

(t − τ)α+1−n dτ (8)

where n − 1 < α < n, and 0 (·) denotes the Gamma function.
For the numerical simulation, the Oustaloup recursive approx-
imation method is employed to represent the fractional integral
terms within a practical frequency range. The fractional opera-
tor s±α was approximated as a rational transfer function of order

N = 5 over a frequency band of [0.1, 100] rad/s, ensuring
accurate dynamic behavior across the control bandwidth of the
UAV system. The approximate filter form is as follows:

s±α
≈ k

N∏
i=1

s + ωzi

s + ωpi
(9)

The FOPID parameters ωzi and ωpi represent the Filter’s poles
and zeros, respectively, and k is a gain constant that maintains
the frequency domain consistent. Through a sensitivity analy-
sis, these settings confirmed a proper tradeoff between compu-
tational efficiency and fractional dynamic fidelity. Hence, the
proposed implementation guarantees a numerically stable and
accurate portrayal of the dynamics of an FOPID controller during
both setpoint tracking and disturbance rejection evaluations.

. RESULTS AND DISCUSSIONS

This section reviews the effectiveness of the proposed con-
trol methods. PID and FOPID controllers are evaluated for
multirotor UAVs operating within dynamic environments with
proximity-based swarm behavior, specifically, tracking specified
locations, handling disturbances, and adapting to changing tra-
jectory requirements. This Section highlights how aerodynamic
forces affect the performance levels of both controllers, with
FOPID controllers providing greater robustness and more pre-
cise tracking than conventional PID controllers.

Figure 2 shows the altitude response of three UAVs flying in
formation, comparing the baseline flight to configurations with
varying number of neighboring drones, from two to four UAVs
within proximity. The tracking performance of each UAV dete-
riorates when approaching more UAVs, primarily because of
severe aerodynamic disturbances, particularly downwash. The
baseline controller performance without compensation deviated
considerably from the reference setpoint, especially in the lower
altitude layers. These outcomes highlight the incorporation of
real-time disturbance compensation into swarm settings. It also
supports the model assumption that significant aerodynamic cou-
pling occurs when the inter-UAV distance decreases to less than
0.3 m. Figure 2 was simulated in MATLAB/Simulink using the
ode45 solver based on a variable-step Runge–Kutta method. A
maximum step size of 1×10−3 s was used to ensure numerical
stability and high-resolution dynamic response. The simulation
output rate was set to 100 Hz, corresponding to a sampling period
of 0.01 s for data logging and plotting.

To ensure the statistical validity of the observed data for the
altitude responses, each simulation test (baseline, two, three, and
four UAVs) was repeated 10 times independently with small
random variations in the aerodynamic coupling constants and
initial conditions. Figure 2 shows the average path of the simu-
lation experiments. The standard deviation of the altitude errors
was maintained at approximately ±0.015 m, which indicated that
the observed differences in the tracking behaviors among dif-
ferent scenarios remained consistent and replicable. Thus, the
variations in these experiments lie within the dynamic tolerance
of the model; therefore, the observed phenomena, particularly
the increased deviation at higher-density conditions, are sta-
tistically representative of the system’s aerodynamic coupling
characteristics.
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Figure 2. Baseline Flight with varying number of Adjacent drones

The comparative step responses of the PID and FOPID con-
trollers are shown in Figure 3. The FOPID controller has faster
convergence, smaller overshoot, and better damping than the
PID controller.

Figure 4 compares the perturbation-rejection abilities of the
two controllers for two distinct disturbances. In all cases, the
FOPID controller showed fast recovery after the injection of
external disturbances, indicating its immunity against external
aerodynamic forces. Although both controllers reached the set
point, the PID controller had longer transient periods and larger
peak deviations. Figure 3 presents a unit step response compar-
ison of the classical PID and FOPID controllers. In this figure,
the blue line indicates a unit-step input with a magnitude of 1.0,
which was injected at t = 0 s without prefiltering. Both controllers

were tuned under identical operating conditions to achieve stable
performance in altitude control. The FOPID controller exhib-
ited a shorter rise time of 0.91 s, reduced overshoot of 36.57%,
and quicker settling of 7.68 s compared with those of the PID
controller (0.96 s, 52.67%, and 10.50 s, respectively). In addi-
tion, the reduced oscillations and smooth convergence indicate
improved damping and memory when the fractional-order terms
are introduced into the system, thereby validating the improved
precision and robustness of the FOPID controller under tran-
sient conditions. To ensure the consistency of the disturbance
rejection depicted in Figure 4, each simulation was conducted
10 times under identical initial conditions, with minor random
variations in both the disturbance amplitude and timing of dis-
turbance injection. The plotted curves represent the average of

Figure 3. Performance of setpoint tracking in UAV Swarm utilizing PID and FOPID controllers
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Figure 4. Performance of disturbance rejection in a quadrotor drone utilizing PID and FOPID controllers

the reactions in all runs. The standard deviation of the ampli-
tude error remains at approximately ±0.02, which is extremely
small and thus confirms statistical consistency. The FOPID con-
troller exhibits a shorter recovery time (31.84 s) compared with
that for the PID controller (35.33 s) and smaller post distur-
bance deviations, which is indicative of enhanced robustness
and effectiveness in damping out aerodynamic disturbances. The
average trajectories of these runs are shown in Figure 2. The stan-
dard deviation of the altitude error is maintained within ±0.015
m, implying that any variations in tracking behavior between
configurations are stable and reproducible. Consequently, the
variance within runs was within the dynamic tolerance range of
the model. This implies that the observed trends, notably the
increased deviation with increasing swarm density, are statisti-
cally representative of the system behavior due to aerodynamic
coupling.

Table 1 shows that FOPID control performs best in terms
of settling time and overshoot during disturbance rejection and

provides smaller control variation around the desired trajec-
tory. Table 1 also compares the PID and FOPID controllers for
quadrotor setpoint tracking, disturbance rejection, and variable
setpoint tracking. All parameters indicate that FOPID control
performs better than PID control. In the setpoint-tracking task,
for example, FOPID control takes less time to rise (0.91 s com-
pared to 0.96 s for PID) and settle (7.68 s compared to 10.50
s for PID) within smaller reaction variance around setpoints; it
causes less overrun (36.57%) compared to PID (52.67%) and
peaks sooner. Although both controllers exhibit overshoot under
sudden disturbances during setpoint tracking , FOPID recov-
ers in less time (31.84 s compared to 35.33 s for PID) and
exhibits smaller tracking errors during setpoint tracking and dis-
turbance rejection . In addition, FOPID control responds earlier
to disturbances injected during setpoint tracking and disturbance
rejection or setpoint tracking error correction. Providing addi-
tional memory for controls may facilitate efficient rejection of
disturbance effects or aerodynamic disturbances.

Table 1. Core level peaks for all elements in the sample

Rise Settling Settling Settling Overshoot Peak
Condition Controller Time (s) Time (s) Min (s) Max (s) (%) Time (s)

Setpoint Tracking FOPID 0.91 7.68 0.91 1.37 36.57 2.35

PID 0.96 10.50 0.81 1.53 52.67 2.47

Disturbance Rejection FOPID 0.88 31.84 0.93 1.55 54.89 26.32

PID 0.93 35.33 0.80 1.56 53.72 26.83

Variable Setpoint Tracking FOPID 60.91 67.54 1.82 2.73 35.20 62.41

PID 61.45 70.64 1.63 3.13 54.12 62.63
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Figure 5. Graphical comparison of time-domain performance metrics (PID vs. FOPID)

In variable setpoint tracking, the reference input changes fre-
quently; therefore, the adaptive ability of the controller is a
desirable attribute. In this case, FOPID is found to adapt bet-
ter because it has a shorter settling time (67.54 s vs. 70.64 s for
PID) and a smaller overall overshoot (35.20% vs. 54.12% for
PID). In this scenario, the steady-state error of the conventional
PID approach was approximately 19% lower than that of the tra-
ditional PID controller. The findings show that the proposed
FOPID controller has less overshoot, faster settling times, and
fewer steady-state errors than conventional PID controllers. In
addition, the proposed technique permits significantly more flex-
ibility than conventional controllers and is therefore more appli-
cable to the practical challenges of aerodynamic disturbances and
rapid trajectory interpolation associated with high-performance
quadrotor systems.

To assess repeatability and ensure consistent statistical out-
put, 10 simulations of each controller configuration (PID and
FOPID) were conducted using the same uniform reference input
and boundary conditions. To broaden the authenticity of flight
variations, small random variations were added to the aerody-
namic disturbance parameters when simulating the response of
each controller configuration. Table 1, which presents average
metric values, indicates that the standard deviation from the
average of the 10 runs is less than or equal to ±0.02 for every
performance metric. This result confirms the high repeatabil-
ity and robustness of the findings. Figure 5 demonstrates the
performance metrics for each controller (PID and FOPID).

. CONCLUSIONS

The main differences between conventional PID and FOPID
controls for swarms of quadrotor UAVs flying in proximity to
each other, considering aerodynamic effects such as "downwash"
between them, are presented in this paper by adding a simplified

model for disturbances (influenced by relative positions among
the UAVs within the formation) directly inside the control sys-
tem for real-time processing and adjustments. Using built-in
MATLAB tools to optimize the gain coefficients for the imple-
mented control systems, FOPID was found to always be superior
to PID with respect to rise time, settling time, overshoot, and
waypoint accuracy. The key findings are as follows:

• A position-based linearized disturbance model was integrated
online to correct for downwash effects that are sometimes
overlooked in traditional designs.

• The optimized FOPID controller performed better than the
conventional PID controller in terms of rise time, settling time,
overshoot, and trajectory accuracy.

• The FOPID showed improved disturbance rejection,
smoother changes in trajectories, and faster convergence in
proximity maneuvers.

• Finally, the combination of fractional-order dynamics makes
the system more robust and scalable, making the FOPID con-
troller a reliable choice for UAV formation flight control in
practical applications such as search-and-rescue missions, envi-
ronmental monitoring, surveillance, and delivery operations.

. FUTURE RECOMMENDATION AND DIRECTIONS

Although the FOPID controller performed better when the aero-
dynamic coupling was moderate, a few areas can still be explored
to further extend this research. Future studies will be focused
on scalability experiments involving larger swarm sizes (such
as swarms consisting of three, five, and nine UAVs) to inves-
tigate the distribution of control efforts, limits to the distance
between UAVs, and stability analysis. The effectiveness and
applicability of the FOPID method have already been validated
for cases involving close-range UAV formations and pairs. How-
ever, a comprehensive analysis involving its scalability, including
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an analysis of its performance and control effort, for higher-
density swarm formations will be performed in future studies.
In future studies, the disturbance model needs to be further
developed to capture the stronger nonlinearities attributed to
aerodynamic couplings achieved at closely approaching ranges
(less than 0.3 m). This needs to be achieved by implement-
ing learnable paradigms such as neural networks and adaptive
observer techniques. Real-time implementation and validation
involving a multi-quadrotor setup are essential for determin-
ing the computational and communication overheads involved
during coordinated operations.

Moreover, future extensions should examine adaptive FOPID
or hybrid FOPID-linear quadratic regulator (LQR) controllers
to provide increased robustness against system uncertainties and
disturbances such as wind or sensor noise. Expanding the idea
of UAV swarms composed of different UAVs operating remotely
in a GPS environment will add to their practical applicability in
multiagent aerial robotics.
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ABSTRACT

Under the harsh Martian environment, maintaining reliable communication during Martian exploration missions is challenging.
Limited power availability and mass constraints necessitate innovative solutions for communication systems. This study presents
the design and simulation of a medium-gain Ka-band microstrip patch antenna optimized for rover-to-orbiter communication
links. Two configurations, a single patch and 1 × 2 series array, were developed, analyzed, and optimized using the CST Stu-
dio Suite antenna software. The single-element antenna achieved a bandwidth of 1.8 GHz (25.38–27.18 GHz) with a return loss
of –16.95 dB at 26.5 GHz. The 1 × 2 array achieved a wider bandwidth of 3.8 GHz (24.7–28.5 GHz) with a return loss of –
23.24 dB, centered at 26.5 GHz, implemented on the Rogers RT/Duroid 5880 lossy material, whose dielectric constant εr is 2.2.
The proposed antenna design was optimized for lightweight implementation while achieving reliable medium-gain performance
for rover-to-orbiter links, satisfying the Ka-band requirement and providing a wide field of view. The proposed design leverages
microstrip patch antenna technology to improve the signal directionality and adaptability for planetary research while maintaining
lightweight structures. A preliminary simulation analysis indicated promising performance characteristics, demonstrating the feasi-
bility of this antenna for deep-space communication. Future extensions include expanding the array size to meet the Earth-return
communication requirements.

Keywords: microstrip patch antenna, array antenna, Ka-band, satellite relay orbiter, Mars rovers, rover-to-Earth communication, deep-space
exploration, CST studio suite

. INTRODUCTION

With the advancement of planetary missions and the increas-
ing need for high-data-rate telemetry, reliable communication
between rovers and orbiters has become a critical component for
mission success. Traditional communication systems have relied
on the S-band and X-band; however, with the growing demand
for bandwidth and efficiency, the Ka-band (26.5–40 GHz) is
emerging as a viable alternative because of its ability to support
higher data rates, better spectral efficiency, and reduced antenna
size for a given gain requirement 1. The concept of planetary
rovers with onboard low-, medium-, and high-gain antennas is
illustrated in Figure 1. Rovers normally send most data via UHF
to a Mars orbiter, which can handle up to ~2 Mb/s and then
forward it to Earth; the UHF band and modest-gain omni or low-
gain antennas are robust against terrain or attitude changes. For
Direct-to-Earth, rovers use steerable X-band high-gain antenna,
narrow beams, and higher gain for reliable long-range links to the
DSN, and some missions and orbiters demonstrate or plan the
Ka-band for even higher downlink efficiency 2. The two primary
communication pathways illustrated in Figure 2 for Mars rovers
are Direct-to-Earth links for immediate transmission and relay

communications via the Mars Reconnaissance Orbiter, which
enhance the reliability and efficiency of the data transfer.

The Mars Global Surveyor Ka-Band Link Experiment
(KaBLE-II) validated the effectiveness of Ka-band communica-
tion in space, demonstrating a 5–6 dB link improvement over the
X-band under similar conditions 1. This improvement is signifi-
cant for applications such as planetary rovers, where constraints
on mass, volume, and power require highly efficient subsystems.
However, designing a compact, high-gain antenna that can reli-
ably operate in the Ka-band on rover platforms poses notable
challenges owing to increased signal attenuation and fabrication
sensitivity at higher frequencies.

Microstrip patch antennas (MPAs) are suitable for addressing
these challenges owing to their low profiles, ease of fabrication,
conformability to curved surfaces, and lightweight structures.
Thus, MPAs are ideal for integration on space-constrained plat-
forms such as Mars rovers. Additionally, patch antennas can be
configured into arrays to achieve a higher gain and improved
directivity without significantly increasing the physical foot-
print 3,4.

This study presents the simulated design of a high-gain
microstrip antenna operating at 26.5 GHz, optimized for Mars
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Figure 1. Planetary rovers with onboard low, medium, and high-gain
antenna Orbiter (credit: NASA 2)

rover–orbiter communication. Both a single patch and 1 × 2
patch array were evaluated in terms of return loss, gain, and
bandwidth to assess their viability for robust high-frequency com-
munication links in extraterrestrial environments.

. LITERATURE REVIEW

Several researchers have advanced the development of Ka-band
antennas for terrestrial and spatial communication. Chrysler
et al. 3 developed a circularly polarized 2 × 2 subarray at 26 GHz
that achieved a gain of over 12 dBi while maintaining a compact
feed network, showing potential for application in mobile and
aerospace systems. Similarly, Patil et al. 5 compared integrated
and conventional feeding networks for 2 × 2 patch arrays and
concluded that integrated feeding provided better impedance
matching and higher efficiency.

A compact single-element Ka-band antenna with an enhanced
bandwidth and return loss was proposed by Md. Rana et al. 6, tar-
geting wireless links at 26.5 GHz. Their antenna design exhibited
improved performance when using inset-fed patches and opti-
mized ground planes. Similarly, Johari et al. 7 emphasized the
importance of ground plane modifications and feed positioning
in achieving high gains for small antenna arrays used in 5G and
satellite systems.

Figure 2. Direct-to-Earth and relay communications via Mars Recon-
naissance Orbiter (credit: NASA 2)

For future 5G and deep-space applications, Arivarasu et al. 4

designed a multiband patch antenna with slotting techniques
to enhance the bandwidth and minimize the return loss. These
modifications have proven to be effective for tuning the resonant
frequency and bandwidth without increasing the antenna size,
which is critical for aerospace applications. Complementary work
by Nabil et al. 8 focused on the geometry for gain enhancement.

In addition to single- and small-array configurations, phased
arrays have been explored for adaptive beamforming in deep-
space missions. For instance, Morabito et al. 1, detailed the
success of a Mars Global Surveyor experiment using a 1.5 m
parabolic antenna with a Ka-band link, highlighting the benefits
of frequency scaling for increased antenna gain. At the structural
level, phase-array systems for spacecraft face strict mechanical
and thermal constraints, as analyzed by Wang et al. 9, where
reliability in launch and space environments is paramount.

In terms of system intelligence and adaptability, Dakulagi
et al. 10 have outlined various smart antenna techniques, including
beamforming and direction-of-arrival estimation methods. They
identified robust algorithms, such as LMS and MUSIC, as crit-
ical for interference suppression and accurate signal tracking in
dynamic communication environments. These adaptive features
are increasingly relevant for autonomous systems such as rovers,
which must maintain communication links despite changes in
position and orientation.

Gao et al. 11 presented a comprehensive review of antenna
integration into small satellites, detailing challenges such as mul-
tipath mitigation and structural loading, which are also relevant
for compact rover platforms. Finally, Gatti et al. 12 discussed
the phased-array antenna design strategies specifically tailored
for deep-space communications, providing foundational design
considerations for Ka-band platforms.

Collectively, the literature underscores the growing relevance
of compact high-gain microstrip antenna systems in Ka-band
communications, particularly for applications such as Martian
surface missions. The combination of lightweight design, array
scalability, and smart signal processing positions MPAs as a key
technology for next-generation planetary communication sys-
tems.

Unlike prior studies that primarily focused on large-phase
arrays or complex feeding networks, this study emphasizes a com-
pact and low-complexity Ka-band microstrip patch array suitable
for planetary rover platforms. The contribution of this study lies
in the direct comparative analysis of a single patch and a simple
1 × 2 series-fed array under identical constraints, demonstrat-
ing clear performance gains while maintaining minimal structural
and fabrication complexities. This makes the proposed design
particularly relevant for lightweight and power-constrained deep-
space rover applications.

. ANTENNA DESIGN CONFIGURATION AND PROPOSED
MATERIAL

This section describes the implementation of the simulation pro-
cedures, with an emphasis on the antenna design and material
selection. The antenna configurations for both the single patch
and the 1 × 2 patch array, modeled in the CST Studio Suite,

https://doi.org/./juri/ JURI () () −

https://doi.org/10.64589/juri/218956


i
i

“JURI-00099-2025” — 2026/4/4 — 9:03 — page 31 — #3 i
i

i
i

i
i

Journal of Undergraduate Research International 

Figure 3. Configuration of antenna design for single and 1 × 2 array patch from CST Studio Suite (a) Antenna Design for Single Patch and (b) Antenna
Design for 1 × 2 Patch Array

are illustrated in Figure 3. As shown in Figure 3 (a), the single-
patch antenna consists of a rectangular patch element fed by a
microstrip line, with a substrate layer and ground plane forming
the basic structure. The dimensions of 9.19 mm × 7.99 mm are
optimized for resonance at 26.5 GHz. As demonstrated in Figure
3 (b), the 1 × 2 patch array integrated two identical rectangu-
lar patches connected by a microstrip feed network on the same
substrate. The overall size of 14.85 mm × 9.88 mm reflects the
larger aperture, enabling higher gain and directivity compared to
the single patch.

The selected substrate for both designs is Rogers RT Duroid
5880, known for its low dielectric constant (εr = 2.2) and
loss tangent (tan δ = 0.0009), which minimizes signal loss
at millimeter-wave frequencies 13–15. A substrate thickness t of
0.787 mm was used to achieve a balance between compactness
and bandwidth.

For the single-patch design, a rectangular microstrip patch
antenna was designed using standard transmission-line model

equations to determine the patch width W and length L based on
the target resonance at 26.5 GHz. The antenna was fed using a
microstrip line with an inset feed to improve impedance match-
ing 6.

In the 1 × 2 array configuration, two identical rectangular
patches were arranged along the x axis and connected via a
microstrip series feed network. The series-fed design was selected
because of its simplicity, compactness, and ease of fabrication—
features well-suited for planetary rovers, where system integra-
tion is a major concern.

. SIMULATION RESULTS AND DISCUSSION

The antenna design models were discretized using a tetrahedral
high-frequency mesh in the CST Studio Suite with the frequency-
domain solver. An automatic surface-based meshing scheme was
employed, enabling adaptive refinement in electrically critical
regions such as the patch edges, feed line, and substrate–air
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Figure 4. Single-patch antenna reflection coefficient (S11) versus
frequency

interfaces. The final mesh consisted of approximately 84,076
tetrahedra with a minimum edge length of 0.001 mm and a
maximum edge length of 4.21 mm.

Mesh quality was monitored to ensure numerical accuracy,
resulting in an average mesh quality of 0.71. The mesh con-
vergence was verified by confirming stable S-parameters and
gain responses across successive adaptive refinement steps. This
adaptive meshing strategy ensures reliable computation of the
S-parameters, radiation characteristics, and gain at Ka-band fre-
quencies.

.. Single-Patch Antenna Performance. The single-
patch antenna (Figure 4) was designed to resonate at a center
frequency of 26.5 GHz. The CST Studio Suite simulation results
and S11 plot revealed that the antenna achieved a −10 dB band-
width from 25.38 GHz to 27.18 GHz, yielding a total operational
bandwidth of 1.8 GHz with a return loss of –16.95 dB at 26.5
GHz. This wide bandwidth ensures stable performance for Ka-
band rover communication, with some tolerance for frequency
drift or mismatch.

The voltage standing wave ratio (VSWR) performance of
the single-patch antenna is illustrated in Figure 5. At the reso-
nant frequency of 26.5 GHz, the antenna exhibits a VSWR of
approximately 1.38, which indicates good impedance matching
and efficient power transfer between the feed line and the radi-
ating patch. The VSWR remains below the standard threshold
of 2 within the –10 dB bandwidth (25.38–27.18 GHz), con-
firming stable operation and minimal reflection losses across the

Figure 5. VSWR of the single-patch antenna

Figure 6. 1 × 2 array patch antenna reflection coefficient (S11) versus
frequency

intended Ka-band frequency range. These characteristics make
the single-patch design suitable for scenarios requiring moderate
gain with broad angular coverage.

..  ×  Patch Array Antenna Performance. The 1
× 2 series microstrip array antenna was simulated under the
same design constraints, incorporating two identical radiating
elements with a series feed configuration. According to the sim-
ulation results shown in Figure 6, this configuration achieved
a broad −10 dB bandwidth from 24.7 GHz to 28.5 GHz, cor-
responding toa total bandwidth of 3.8 GHz. The return loss
reached –23.24 dB at the center frequency of 26.5 GHz, repre-
senting a significant enhancement compared to the single patch
antenna.

The VSWR of the 1 × 2 array patch antenna across the sim-
ulated frequency range is shown in Figure 7. At the resonant
frequency of 26.5 GHz, the antenna achieves a VSWR of approx-
imately 1.08, which is very close to the ideal value of 1, indicating
excellent impedance matching and minimal reflection. Further-
more, the VSWR remains well below the acceptable threshold
of 2 across the –10 dB bandwidth (24.7–28.5 GHz), confirm-
ing efficient power transfer and stable performance throughout
the operating band. This result demonstrates the superior match-
ing characteristics of the array compared with the single-patch
design.

.. Performance Comparison. The comparative per-
formances of the single-patch and 1 × 2 patch array antennas are

Figure 7. VSWR of the 1 × 2 array patch antenna
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Figure 8. Radiation pattern comparison of single-patch antenna and 1
× 2 patch array antenna

summarized in Table 1. The array demonstrated superior perfor-
mance with a wider bandwidth 3.8 GHz, higher gain 10.7 dB, and
narrower half-power beam width (46.1°) than a single patch.

According to the classical array theory, combining multiple
radiating elements in a phase, results in an increase in gain owing
to constructive interference. While larger arrays generally pro-
vide higher gain, they also increase the structural complexity and
feeding network losses. The proposed 1 × 2 array achieves a
gain of 10.7 dB, demonstrating that efficient performance can be

Table 1. Comparative performance of single patch and 1 × 2 patch array
antenna

Antenna Characteristics / Type Single Patch 1 × 2 Patch Array
Frequency range (GHz) 25.38–27.18 24.7–28.5
Bandwidth (GHz) 1.8 3.8
Gain (dB) 7.7 10.7
HPBW (deg) 86.1° 46.1°
Side-lobe-level (dB) −16.0 −19.5

Additionally, the array achieved a lower side-lobe level, indicating
improved radiation efficiency and directivity.

obtained with a minimal number of elements, which is advan-
tageous for compact rover platforms 16 . The validation analysis
shows that the theoretical gain increase from a single patch to a
1 × 2 array follows classical array theory, where combining two
identical in-phase radiating elements ideally increases the gain by
approximately 3 dB. This theoretical expectation aligns well with
the simulation results, where the single patch and 1 × 2 array
achieve gains of 7.7 and 10.7 dB, respectively.

Figure 8 compares the radiation patterns of the single patch
and 1 × 2 patch array at 26.5 GHz. The single patch exhibits a
peak realized gain of 7.7 dB, whereas the 1 × 2 array achieves a
higher gain of 10.7 dB. This confirms that the array configuration
successfully enhances the antenna performance by approximately
3 dB owing to the constructive combination of the radiated fields

Figure 9. Surface-current distribution at 26.5 GHz (a) Single-patch antenna: (left) non-transparent view and (right) transparent view. (b) 1 × 2 patch
array antenna: (left) non-transparent view and (right) transparent view
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from both elements. The proposed antenna operates with linear
polarization and is commonly employed in rover communication
systems owing to its simplicity and ease of integration. In the
single-patch configuration, the radiation exhibits broader angu-
lar coverage, resembling semi-omnidirectional behavior. When
extended to a 1 × 2 array, the polarization remains linear but
becomes more directionally focused due to constructive field
combination, resulting in improved gain and beam shaping. Addi-
tionally, the array provides improved directivity while maintain-
ing broadside radiation characteristics.

Figure 9 shows the current distribution, where the left-hand
side presents a non-transparent view, and the right-hand side
shows a transparent view for both the single patch and 1 × 2
array patch antenna at 26.5 GHz. Figure 9 (a) shows the surface-
current distribution of the single-microstrip patch antenna oper-
ating at 26.5 GHz. The current was predominantly concentrated
along the feed line and central portion of the patch, with reduced
intensity observed toward the radiating edges. This distribution
validates the excitation of the maximum current at the patch cen-
ter and minimum at the open-circuit edges. The transparent view
further illustrates the fringing fields around the patch periphery,
which are responsible for emitting radiation into free space.

Figure 9 (b) shows the surface-current distribution of the pro-
posed 1 × 2 microstrip patch array at 26.5 GHz. The current is
strongly concentrated along the feed network and symmetrically
distributed across both patches, indicating effective excitation of
the array elements. The highest current density appears near the
feed junction and patch centers, whereas the edges exhibit weaker
currents, which is consistent with the radiating boundaries.

This distribution validates the proper operation of the series-
fed configuration, which ensures in-phase excitation of both
patches, achieving a higher gain and enhanced directivity com-
pared to those achieved using the single-element design.

. CONCLUSIONS

In this study, we designed and simulated a medium-gain Ka-
band microstrip patch antenna, which was optimized for rover-
to-orbiter communication links. The simulation results revealed
that both the single-microstrip patch antenna and 1 × 2 series
array exhibited high performance at Ka-band frequencies and
were thus suitable candidates for Mars rover-to-orbiter commu-
nication systems. However, distinct differences in bandwidth,
gain, and radiation patterns highlighted the tradeoffs between
compactness and performance.

In rover-to-orbiter communication, antenna performance
characteristics, such as gain, bandwidth, and beamwidth, directly
influence the link reliability and data throughput. A higher gain
improves the link margin and supports higher data rates, whereas
a wider bandwidth ensures robustness against frequency drift and
fabrication tolerances. The narrower beamwidth of the 1 × 2
array enhances directional energy transmission toward orbiters
with predictable trajectories, thereby improving communication
reliability compared with a single patch antenna.

The single-patch antenna provides a moderately wide band-
width of 1.8 GHz (25.38–27.18 GHz) with a peak gain of 7.7
dB, suitable for short-range, omnidirectional, or semi-directional
links. Its broader 3 dB beamwidth of 86.1° ensures wide angular

coverage, which is ideal for applications in which alignment with
an orbiter cannot always be precisely controlled. Consequently, a
single element is advantageous in low-complexity and low-weight
environments, especially when the gain demands are modest.

In contrast, the 1 × 2 array delivers significantly enhanced per-
formance in terms of gain and bandwidth. The array achieves
a broader bandwidth of 3.8 GHz (24.7–28.5 GHz) and a main
lobe gain of 10.7 dB, which are critical for reliable high-data-
rate transmission and extended link distances. The narrower
beamwidth of 46.1° indicates focused energy radiation, which
is particularly beneficial for directional communication with
orbiters flying over the head or in known positions. Addition-
ally, the improved side-lobe-level suppression (19.5 dB) reduced
interference and energy loss.

These findings are consistent with those reported in the litera-
ture, in which array configurations have been shown to enhance
the gain and improve link margin in Ka-band systems 3,5,8. The
high total efficiencies greater than ~90% in both designs also val-
idate the use of Rogers RT Duroid 5880 as a low-loss substrate
for millimeter-wave applications. Ultimately, the 1 × 2 series-fed
patch array provides superior performance and is recommended
for primary deployment in Martian surface communication plat-
forms. However, a single patch remains valuable in scenarios
requiring reduced hardware complexity and power consumption.

A single-patch antenna serves as a fundamental and widely
accepted baseline for evaluating improvements in array perfor-
mance. The comparative results obtained under identical sub-
strate material, operating frequency, and feed configuration con-
ditions directly highlight the performance enhancement achieved
solely through array formation, without introducing additional
design complexity.

Future investigations may extend the proposed design to
higher-order array configurations for 2 × 2 or larger arrays
to achieve a higher gain and narrower beamwidth. Such
extensions would further enhance link robustness for longer
rover-to-orbiter distances. In addition, experimental fabrication
and measurements were performed to validate the simulated
performance.
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ABSTRACT

A critical component of the biocompatibility of a bone scaffold lies in its mechanical, chemical, and physical properties. However,
less attention has been paid to the scaffold’s transport properties, which determine its interaction with the host biological environ-
ment. We propose a hydrodynamic measure of tortuosity in relation to mean particle residence time (MRT) and its effect on bone
scaffold performance. Using high-fidelity computational fluid dynamics (CFD), we quantified MRT, volumetric flow rates, and geo-
metric tortuosity to establish their relationship with permeability and hydraulic resistance. Our results demonstrate that increased
geometric tortuosity reduces MRT under pressure-driven flow due to localized nozzle-like acceleration. This study provides a mea-
sure of tortuosity, both geometrically and from particle residence time, with the overarching objective of matching it to bone in
future studies.

Keywords: bone scaffold, computational fluid dynamics, tortuosity, particle residence time

. INTRODUCTION

Bone defects due to trauma, infection, tumors, congenital dis-
abilities, and degenerative diseases remain major clinical chal-
lenges in modern orthopedic surgery 1. Although autografts and
allografts are used globally, they are limited by the postsurgical
immune response, risk of disease transmission, insufficient avail-
ability, and donor-site morbidity, especially in cases with severe
bone loss or critical-sized defects 2–4. Therefore, following the
foundational work of Vacanti 5, bone tissue engineering has intro-
duced the concept of combining scaffolds, cells, and bioactive
cues to regenerate functional bone, rather than merely replacing
missing tissue. Bone tissue engineering is considered a promis-
ing alternative for developing biomimetic scaffolds because of
its ability to guide successful osseointegration, transmit loads,
and enable nutrient diffusion and vascularization 6. As these out-
comes largely depend on how the scaffold interacts with its
biological environment, the architecture of the transplanted scaf-
fold governs both the mechanical stability and transport behavior
experienced by biomolecules, significantly affecting the success
of these bioengineered scaffolds.

Various scaffold architectures have been proposed to opti-
mize the balance among mechanical strength, biological per-
formance, and manufacturability (Figure 1). Generally, scaffold
architectures can be categorized into two main types: whole-
structure and unit-cell-based designs. Whereas whole-structure
design focuses on the entire geometry being designed as a
continuous structure (e.g., functionally graded or topologically
optimized forms), unit-cell-based design is constructed from
repeating motifs 7. Unit-cell scaffolds can be generated through

parametric approaches, including Voronoi and triply periodic
minimal surfaces (TPMS), or nonparametric approaches, such as
body-centered cubic, face-centered cubic, polyhedral, or honey-
comb lattices.

TPMS scaffolds, such as gyroids, double gyroids, Schwarz dia-
monds, and primitive structures, are constructed using specific
trigonometric equations called level-set equations with mean cur-
vatures close to zero 8. TPMS have gained significant attention
compared to traditional lattice designs because of their high
surface-area-to-volume ratio, tunable porosity, and enhanced
permeability, each of which contributes to improving cell adhe-
sion, proliferation, and transport of growth factors, oxygen, and
nutrients, as well as the removal of waste 10–12. TPMS possess
complex interconnected pore networks that replicate the trabec-
ular structure of native bone, explaining their rapid adoption
in next-generation bone implants. Several studies have inves-
tigated how the mechanical architecture of a TPMS exhibits
optimized load-bearing behavior and energy-dissipating capabil-
ity that match the behavior of cancellous bone. These studies
show how the continuity of the TPMS surfaces enables a uniform
stress distribution, which minimizes localized stress concentra-
tion and lowers the probability of mechanical failure 13,14. These
advantages explain their rapid adoption as a next-generation bone
implant.

Moreover, considering that transport behavior within porous
scaffolds is instrumental in determining tissue regeneration suc-
cess, several studies have analyzed velocity and pressure pro-
files, quantified Darcy’s permeability and wall shear stress,
and tested mass transfer performance to demonstrate how
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Figure 1. Bone Scaffold Design. Classification of scaffold design approaches, including whole-structure designs and unit-cell-based designs, adopted
from 8,9

geometric offsets affect the tortuosity and sinuosity of the porous
medium, while improving mass transfer behavior 13,15–19. How-
ever, a few studies have fully investigated the mean particle
residence time (MRT; the time a single particle spends within
the pores and paths of the structure before leaving) of TPMS
structures. In addition, the current literature fails to address the
correlation between tortuosity and MRT within TPMS-based
bone scaffolds. In particular, the multifaceted biocompatibility
requirements remain incomplete without matching the transport
properties of the scaffold, which should receive the same level
of attention as its chemical and mechanical characteristics (e.g.,
avoiding stress shielding).

In this study, we investigated how TPMS scaffold geome-
try influences MRT and its relationship with tortuosity using a
computational fluid dynamics-based approach. By assessing the
tortuosity geometrically and through the MRT, this study pro-
vides a framework for predicting the tortuosity of scaffolds and
general lattice structures via fluid flow.

. METHODS

.. Overall Workflow. The workflow integrates numer-
ical fluid dynamics simulations with morphological analyses to
extract key transport metrics relevant to bone tissue engineering.

As illustrated in Figure 2, the workflow commenced with
the generation of scaffold geometries using MS-Lattice software
1.0 20. Numerical flow simulations were performed using COM-
SOL Multiphysics 6.3 21 to compute the hydraulic resistance and
mean residence time (MRT). In parallel, morphological analysis
was performed using Dragonfly 22 to quantify scaffold tortuosity
based on geometric path analysis.

.. Computational Domain and Scaffold Design.
Gyroid and double gyroid architectures were selected based on
in vivo studies reporting superior bone ingrowth compared to
that of other TPMS designs 23. The fluid domain consisted of a
prismatic cylindrical region with length L = 10 mm and diame-
ter D = 10 mm. Figure 3a shows the non-architectured domain
used as a reference. We analyzed gyroid structures with two
unit-cell sizes, 0.5 D and D, and a double gyroid of unit size
D. TPMS structures were generated using MS-Lattice 24. The
selected TPMS geometries are standard and have been exten-
sively studied from a mechanical perspective, although to a lesser
extent in terms of their transport properties. All TPMS scaffolds
were generated with a porosity of ϕ ~40%, representing an opti-
mal balance between mechanical strength and permeability, a
level known to provide high robustness relative to both lower
and higher porosities (i.e., enhanced strength and toughness),
and therefore adopted here 25. For each TPMS case, the fluid
domain corresponded to the complementary space obtained by
the Boolean subtraction of the solid TPMS from the cylindrical
domain. An empty case without a scaffold geometry was simu-
lated under the same boundary conditions and material prop-
erties to provide a baseline for evaluating the influence of the
porous scaffold on flow transport.

The model was driven by a pressure difference of 1P = 1
Pa, with a no-slip condition imposed at the interface between
the TPMS walls and fluid domain, as well as on the circumfer-
ential sides of the fluid domain to simulate the pipe enclosure
(Figure 3b). This pressure difference does not precisely mimic a
physiological value, but rather falls within the range of pressure
differences typically used; for example, in studies of interstitial
fluid flow around osteocytes 26 and bioreactor cultures of bone
tissue constructs 27, which are typically on the ~10 mm scale 28.
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Figure 2. Overview of the computational workflow integrating CFD simulations and morphological analysis to extract hydraulic resistance, mean
residence time, and tortuosity of scaffolds

The model assumed laminar flow (Reynolds number <2200) and
a Newtonian fluid governed by a constitutive law with viscosity
µ = 3 mPa · s and density ρ = 1000 kg/m3. The fluid domain
was governed by the well-known Navier–Stokes equations 29.

First, the velocity field and fluid kinematics were mesh inde-
pendent in the mesh sensitivity study. The velocity magnitude
fields for all geometries are shown in Figure 4a–4d for the non-
architectured case, two gyroids, and double gyroid. We begin
with the non-architectured case (i.e., fluid passing through a
pipe). We selected gyroid variants owing to their strong geomet-
ric resemblance to natural bone 30. The reference case exhibited
the expected parabolic velocity profile, where the velocity con-
tours were zero near the wall (blue, approximately y = D/2)
and increased parabolically toward a maximum at the center.
A cross-sectional plot of the velocity along the longitudinal
axes x, vx confirms this parabolic trend (Figure 4b). This case
represented Poiseuille flow. The computational fluid dynamics
(CFD) results showed an error <2% relative to the analytical
model.

With confidence in the established CFD framework, we intro-
duced a gyroid architecture with a 0.5D unit-cell. This structure
immediately produces spatial heterogeneity in the velocity field,
with a maximum of approximately 0.02 m/s occurring in nar-
row, nozzle-like regions where the flow accelerates. However,
this peak velocity is only about one-tenth that of the non-
architectured reference case, indicating that the TPMS signifi-
cantly slows the overall flow. The qualitative distribution of the
velocity contours is similar among the TPMS cases, with the high-
est velocities observed for the gyroid with a unit-cell size of D
(Figure 4e). Overall, all three TPMS geometries generate alter-
nating high- and low-velocity regions; the greater the number of
tortuous channels and stagnation pockets, the lower the overall
velocity magnitude.

The flow within these TPMS geometries is highly complex,
and determining the specific channel features that contribute to
flow acceleration or deceleration requires further analysis. These
scaffolds are expected to exhibit varying particle transport and
residence-time behaviors.

Figure 3. Adopted TPMS structures and CFD model. (a) No architecture (reference), Gyroid with unit-cell size 0.5 D, double Gyroid, and Gyroid
with unit-cell size D. The fluid domain is a cylindrical domain of length L=10 mm and diameter D = 10 mm. (b) Simulation setup driven by a pressure
difference (1P = 1 Pa), showing the fluid domain (orange) and boundary conditions. The full computational domain includes the surrounding pipe
along with the imposed inlet and outlet pressure boundary conditions used in the CFD analysis
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.. Governing Equations and Material Properties.
The flow within the domain was modeled using the steady incom-
pressible Navier–Stokes Eqs 29:

ρ (u · ∇) u = ∇ · [−pI + K] + F

K = µ(∇u + (∇u)T)
(1)

where ρ is the fluid density, which equals 1000 kg/m3, u is the
velocity field vector, P is the static pressure, and K = µ(∇u +

(∇u))T is the viscous stress tensor. F = 0 because no body
forces were considered. The fluid was assumed to be Newtonian
with material viscosity µ = 3 mPa.s.

.. Boundary Conditions. At the inlet of the pipe, a
pressure condition was applied with a suppressed backflow and
normal flow enforcement. The system was driven by a pressure
difference, where the inlet pressure was 1 Pa, and outlet of the
pipe had a fixed pressure of 0 Pa with a suppressed backflow
(Figure 3b).

P(x = 0) = 1 Pa and P(x = L) = 0 Pa (2)

All walls of the pipe and scaffold were assigned a no-slip con-
dition, except at the inlet and outlet boundaries (Figure 3b).

u = 0 (3)

.. Solver Configuration. Equations (1)–(2) were
solved using COMSOL Multiphysics. The study was conducted
using a stationary (steady-state) solver with a pseudo-time range
of 0–1 in increments of 0.1. The simulation results were analyzed
to assess the velocity and pressure distributions, with particular
attention to the formation of gradients in and around the scaffold
region.

.. MeshingStrategy&MeshSensitivityAnalysis. A
physics-controlled mesh is employed and iteratively refined by
tuning the minimum element size, curvature resolution, growth
rate, and boundary-layer thickness. Mesh independence was ver-
ified by monitoring the convergence of the velocity field and
pressure drop across the scaffold. A mesh was adopted after a
stable saturated solution was obtained.

Figure 4. Velocity field contours and verification of the CFD model. (a) No architecture (reference), (b) verification of the CFD axial velocity, vx (in
red), against Poiseuille’s solution (black continuous line). v̄ is the mean velocity while vmax is the maximum velocity located at y = 0. (c) Gyroid with
unit-cell size 0.5 D, (d) double Gyroid, and (e) Gyroid with unit-cell size D. The color bar range of vx is from 0−2.0 m/s. Flow direction is indicated by
the blue arrow in panel (a)
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To ensure the accuracy and mesh independence of the MRT
results, a sensitivity test was conducted on the gyroid scaffold
geometry. The MRT was calculated for several mesh domain ele-
ment sizes until it was observed that the MRT stabilizes after
3.42 million refinement elements (Figure 5). Mesh physics corre-
sponding to this element size were adopted to perform the MRT
analysis for other bone scaffold designs.

.. Residence Time Computation. The residence time
was evaluated using two methods to determine the transport
characteristics of the porous scaffolds. The domain-averaged res-
idence time, denoted as tr , was defined in COMSOL by introduc-
ing the custom variable:

V =

∫∫∫
dxdydz

Q = v · ndA

tr =
V
Q

(4)

where V is the overall volume across the entire geometry domain
obtained using nonlocal coupling integration, and Q is the volu-
metric flow rate at the outlet obtained by integrating the normal
velocity over the outlet boundary (Eq. (3)). The resulting MRT,
tr , is defined as the volume divided by the flow rate (Eq. (3)).

In addition to the average residence time measurements, the
flow velocity field and pressure contour plots were analyzed to
understand the flow behavior and gradient. A streamline plot
based on the velocity field was added under the velocity field
graph to visualize the flow trajectories and analyze the transport
pathways in relation to the geometrical properties of the scaffold.
These analyses provide both quantitative and qualitative insights
into scaffold-fluid interactions.

.. Tortuosity Analysis. Geometric tortuosity τ is the
ratio between the mean length of the geometric flow paths within
a porous medium and direct straight-line distance across it 31:

τ = L/ [r2 − r1] (5)

Where L is the actual flow path, and the straight line is between
the points (r1, r2) represented by the vector [r1 − r2] 19.

Figure 5. Mesh sensitivity analysis. Variation in mean residence time
was observed as the mesh volume increased. The results converge
beyond 3.4 million elements, indicating sufficient mesh independence
for subsequent simulations

Figure 6. Bounding Box of Region of Interest (ROI) of the scaffold

Effective tortuosity was computed using Dragonfly 22, via the
skeletonization of the pore space. In this approach, the void
region enclosed by the TPMS sheets within a user-defined region
of interest (ROI), corresponding to the entire TPMS scaffold
shown in Figure 6, was converted into a skeletonized graph rep-
resenting the pore network. First, STL files were generated for
each geometry and imported into Dragonfly, where a bounding
box was defined for each structure to establish a structural grid
as Region of Interest 1 (ROI1; Figure 6). The interior of ROI1
was filled in three dimensions, and a convex hull was generated to
create the second region of interest (ROI2). Subtracting ROI1
from ROI2 yielded a third region of interest representing the
pore space (ROI3). Pore Network Modeling was then applied to
ROI3 to generate a network representation of the pores. Tortuos-
ity was calculated from pore network measurements, specifically
using longest-path analysis. The resulting graph consists of nodes
(endpoints) and segments that define the pathways connected
through the TPMS structure. For each path, the tortuosity was
computed as the ratio of the actual path length along the seg-
ments to the straight-line (Euclidean) distance between the path
endpoints (Eq. (4)). Histograms of the curvilinear path lengths
were obtained, and the mean and median tortuosity values were
determined. This procedure was repeated for all three scaffold
geometries.

.. Permeability and Hydraulic Resistance. Perme-
ability and hydraulic resistance were quantified using Darcy’s law
based on the volumetric flow rate Q obtained from the CFD
simulation. The pressure difference 1P across the scaffold was
measured from the imposed inlet pressure condition and zero-
pressure outlet. The effective permeability kwas then determined
using the following.

k =
µQL
A1P

(6)

where µ is the fluid viscosity, L is the scaffold length, and A is
the inlet cross-sectional area (Eq. (6)).
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Figure 7. Transport characteristics under varying hydraulic resistance. (a) Permeability–resistance curve showing an inverse dependence of k on ℜ.
(b) Residence-time–resistance curve showing direct proportional growth of mean residence time with ℜ

Hydraulic resistance ℜ was calculated as:

Q =
1P
ℜ

(7)

which, when substituted into Eq. (6) and solved for
ℜ,becomes:

ℜ =
µL
A

1
k

(8)

This characterizes the opposition of the structure to the flow
(Eq. (5)). These calculations provide geometry-dependent trans-
port parameters that are directly linked to the applied physics and
simulated flow fields.

. RESULTS AND DISCUSSION

.. Hydraulic Resistance and Permeability. As the
simulation can capture the overall field flow, we can obtain the
permeability, hydraulic resistance, and MRT (Methods). The
relationship between permeability, k, and hydraulic resistance,
ℜ, for the examined TPMS scaffolds is shown in Figure 7a. As
expected for laminar flow through porous structures, the perme-
ability decreased with increased hydraulic resistance, following
a power-law profile. Scaffolds with lower ℜ exhibited higher k,
indicating reduced opposition to fluid transport. In geometrically
constricted architectures, such as the 0.5D gyroid, exhibited sig-
nificantly lower k and higher ℜ compared to that of theDunit-cell
size gyroid.

This behavior is driven by geometric restrictions controlling
fluid transport through porous networks. Permeability reflects
the ability of a scaffold to accommodate flow, which is primarily
controlled by the effective cross-sectional openness and continu-
ity of pore pathways. Scaffolds with frequent constrictions reduce
the hydraulic diameter, which increases geometric obstruction,
leading to reduced permeability. This inverse trend reflects the
theoretical relationship between structural complexity and flow
as defined by Darcy’s law (Eqs. (6) and (5)) and quantifies

how structural complexity influences the transport performance
across scaffold designs.

The relationship between hydraulic resistance, ℜ, and MRT,
tr , is shown in Figure 7b. As shown in the figure, the MRT is
directly proportional to the hydraulic resistance. The four studied
architectures, including flow in a simple tube, provide four (tr , ℜ)
combinations that followed a linear trend. Designs exhibiting the
highest ℜ generate the longest tr values, whereas low-resistance
geometries have shorter particle transit through the pore net-
work.

This linear correlation occurs because higher hydraulic resis-
tance reflects increased obstruction, which reduces the average
flow velocity under a constant pressure drop (Eq. 7), thereby
extending the time particles remain within the pore network.

From a transport standpoint, under a constant imposed pres-
sure drop (Figure 3b), geometries with higher hydraulic resis-
tances resulted in lower volumetric flow rates (Eq. (7)). This
reduction in the flow rate for a given scaffold geometry decreases
the average velocity of the flow, thereby increasing the residence
time according to Eq. (4).

These observations imply that the MRT can be indirectly
tuned through scaffold architecture modifications that alter the
hydraulic resistance. Designs optimized for enhancing the pro-
longed exposure of particles inside scaffolds would therefore ben-
efit from architectures that minimize hydraulic losses. Hence, the
MRT acts as a sensitive indicator of the redistribution of hydro-
dynamic loading within the scaffold, and its direct increase with
hydraulic resistance provides a powerful metric for predicting the
transport performance across different TPMS designs.

.. Tortuosity and Particle Residence Time. Figure 8
illustrates the tortuosity distributions for the three architectured
scaffolds compared to that of a non-architectured pipe (τ =1).
The red dotted vertical line indicates the median tortuosity. The
cases are arranged from the lowest to the highest median, and τ .
The gyroid with unit-cell size D exhibited the lowest median τ ,
followed by the 0.5D gyroid and double gyroid. All three TPMS
structures exhibited comparable distribution widths. The 0.5D
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Figure 8. Tortuosity histograms and distributions for (a) a Gyroid with unit-cell size, D, (b) a Gyroid with unit-cell size 0.5D, (c) a double Gyroid with
unit-cell size D, and (d) a simple pipe without the TPMS architecture. The histograms show the frequency versus tortuosity of the elements within each
TPMS structure, along with their respective median tortuosity, (τ , dimensionless)

gyroid contained more surface elements in the tortuosity compu-
tation, resulting in higher raw frequency values. The raw median
τ values for the three TPMS cases (Figure 8a–c) are 1.24, 1.26,
and 1.34, respectively.

Figure 9 shows the MRT tr versus the median tortuosityτ for
the architectured and non-architectured cases (Eqs. (3) and (4),
and Methods). The flow in a pipe without any internal architec-
ture exhibited the lowest tr and, as expected, the lowest tortuosity

(τ =1). The TPMS cases display an inverse correlation between
tr and median tortuosity τ : cases with higher median tortuosity τ
showed shorter residence times tr .

Such a trend is typically associated with the conditions under
which the inlet velocity (or volumetric flow rate Q ) is imposed,
such that Q is effectively fixed, and the pressure drop adjusts
to the geometry (i.e., to different TPMSs). Under these condi-
tions, narrow passages within the TPMS act as nozzles, locally

https://doi.org/./juri/ JURI () () −

https://doi.org/10.64589/juri/218963


i
i

“JURI-00145-2025” — 2026/4/4 — 11:45 — page 43 — #8 i
i

i
i

i
i

Journal of Undergraduate Research International 

Figure 9. Mean residence time versus median tortuosity τ

accelerating the flow and enhancing advective transport, which
reduces tr as τ increases 32–34.

However, in our simulations, a fixed pressure difference was
applied across the TPMS. While the Darcy regime theory sug-
gests, one would then expect Q to decrease with increasing
tortuosity, and thus tr to increase with increased τ 35. Observ-
ing a decreasing tr with increased τ suggests that the imposed
pressure difference placed the system in a forcing-dominated
regime 36. In this regime, the resulting Q and local velocities
are sufficiently high that the nozzle effects inside the TPMS
dominate the flow. As such, this high constant 1P has a sim-
ilar effect to a velocity-inlet-pressure-outlet condition, which
makes the observed reduction in tr with increasing tortuosity
plausible.

. CONCLUSIONS

We investigated the influence of TPMS-based scaffold geom-
etry on the transport behavior by quantifying hydraulic resis-
tance, tortuosity, and MRT. Using a validated CFD model
applied to gyroid and double gyroid structures, we demon-
strated how geometric features dictate internal fluid dynamics.
Our results indicate that increased hydraulic resistance correlates
with decreased permeability and increased MRT, aligning with
Darcy-type behavior under a fixed pressure difference.

Tortuosity analysis revealed distinct architectural differences
among the three TPMS cases. Although the gyroid with unit-
cell size D exhibited the lowest median tortuosity and double
gyroid the highest, the MRT varied inversely with tortuosity.
This is physically consistent with the trend, which appears coun-
terintuitive but becomes physically consistent when considering
the high forcing level created by the imposed pressure differ-
ence, wherein narrow TPMS passages act as nozzles that locally
accelerate the flow.

Overall, this work provides a robust methodology to quantify
scaffold tortuosity using fluid flow, relating it to residence time
and hydraulic resistance. These relationships highlight the impor-
tance of integrating transport properties with mechanical and

biological criteria when designing TPMS scaffolds for bone tissue
engineering. Future work should explore a broader range of pres-
sure differences to examine the conditions whereby increased
tortuosity scales directly with MRT and perform a direct compar-
ison with native trabecular bone.

In summary, the analytical approach presented herein estab-
lishes a unified framework for quantifying tortuosity and res-
idence time in architectured porous scaffolds. These findings
provide foundational tools for designing TPMS structures with
tunable transport performance, potentially improving nutrient
delivery, antimicrobial efficacy, waste clearance, and functional
optimization in bone tissue engineering applications.
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ABSTRACT

Two-dimensional (2D) MoS2/MoO3 nanosheets have attracted significant attention for room-temperature NO2 gas sensing owing
to their large surface areas and tunable electronic properties. In this work, pristine and Co-/Ni-doped MoS2/MoO3 nanosheets
were synthesized at 240 °C via a hydrothermal method. Structural and morphological characterizations confirmed the formation of a
semiconducting 2H phase in pristine MoS2/MoO3, while Co and Ni doping induced slight lattice distortions. Gas-sensing measure-
ments showed that at room temperature, pristine MoS2/MoO3 exhibited a response of ~28% at 1 ppm, which increased to ~46%
at 50 ppm of NO2 gas concentrations. The response improved further when the operating temperature was raised to 55 °C. The
doping-induced lattice strain promoted NO2 adsorption and led to slower recovery compared with the pristine sample. Selectiv-
ity tests indicated a stronger response to NO2 than to ammonia (NH3), acetone (C3H6O), ethylene (C2H4), and methane (CH4)
under identical conditions. Density functional theory (DFT) calculations revealed that doping modified the Mo-S bond lengths and
electronic structure, thereby affecting the adsorption and charge-transfer behavior, consistent with our experimental observations.
These findings provide insights into how subtle structural modifications influence the gas-sensing performance, guiding the design
of high-performance MoS2-based sensors and other transition-metal-sulfide systems.

Keywords: transitional metal chalcogenides, hydrothermal synthesis, gas sensor, density functional theory, nitrogen dioxide, electronic structure

. INTRODUCTION

Air pollution is an escalating threat to human health and the envi-
ronment. In 2019, the World Health Organization (WHO) esti-
mated that outdoor air pollution contributed to approximately
4.2 million premature deaths globally, underscoring the urgent
need for continuous monitoring of key air pollutants, such as
nitrogen dioxide (NO2). As a highly reactive and corrosive gas,
NO2 poses significant risks to human respiratory and cardiovas-
cular systems, even at very low concentrations. Exposure to NO2
in children has been linked to increased incidence of eczema,
pneumonia, and other respiratory illnesses, as well as high mor-
tality 1–3. In addition, NO2 adversely affects terrestrial and aquatic
ecosystems and is a major atmospheric pollutant contributing to
environmental challenges such as the greenhouse effects 4. These
health and environmental risks highlight the urgent need for
rapid and accurate NO2 monitoring systems.

To address this need, a wide range of gas-sensing technologies
have been developed in recent decades, including electrochem-
ical 5,6, optical 7,8, acoustic 9,10, field-effect-transistor-based 11–13,
and metal-oxide semiconductor chemoresistive platforms 14–16.
Despite their progress, each approach faces inherent limitations:
electrochemical sensors suffer from short lifetimes, signal drift,
and sensitivity to humidity; optical methods remain costly and
complex, requiring precise alignment and long optical paths;

acoustic sensors demand intricate fabrication and sensitive pack-
aging; and field-effect transistor-based devices encounter fabri-
cation complexity, stability and hysteresis issues, and challenges
related to gas accessibility 5–16. Among available technologies,
metal oxide-based chemiresistive gas sensors have been widely
used owing to their low cost, compact design, and simple elec-
trical readouts. In most cases, the active layers in such sensors
are metal oxide semiconductors, such as SnO2

17–19, In2O3
20–22,

and ZnO 23–25, which offer high sensitivity, wide detection ranges,
and good stability. However, these sensors require elevated oper-
ating temperatures (often up to 400 °C), which demand addi-
tional heating systems that increase cost, power consumption,
and safety concerns. Consequently, conventional metal-oxide-
semiconductor-based chemiresistive sensors are not suitable for
portable and low-power applications 26.

To overcome these challenges, two-dimensional (2D) transi-
tion metal chalcogenides (TMDs), such as MoS2, have gained
significant attention. A recent study shows that hydrothermally
synthesized 2D MoS2 exhibits tunable bandgap, strong adsorp-
tion affinity, and abundant defect sites, enabling highly sensi-
tive detection of various oxidizing gases 27. Moreover, defect
engineering further improves room-temperature sensitivity by
increasing the number of active adsorption sites and strengthen-
ing the electron transfer pathways 28. Consequently, hydrother-
mally synthesized MoS2-based nanomaterials have demonstrated
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Figure 1. Schematic illustration of the hydrothermal synthesis of pristine and doped MoS2/MoO3

strong potential for room-temperature NO2 sensing. During
hydrothermal synthesis, the MoO3 precursor may not be com-
pletely converted to MoS2, leading to the coexistence of MoS2
and residual MoO3. Such mixed MoS2/MoO3 systems can
modify electron coupling and adsorption behavior, potentially
enhancing the sensitivity to oxidizing gases 29,30. Recent studies
have further demonstrated that engineering MoS2/MoO3 het-
erostructures is an effective strategy to boost low-temperature
NO2 sensing by strengthening the interfacial charge transfer
and increasing the number of accessible adsorption sites. For
example, creating MoS2/MoO3 heterojunctions via controlled
surface oxidation can enhance room-temperature sensitivity of
~18.9% response at 1 ppm (parts per million) NO2, provide fast
response/recovery, and enable detection down to the ppb (parts
per billion) range. This highlights the importance of an optimized
heterostructure and preserved 3D morphology in accelerating
carrier transport and gas–surface interactions 31. Complemen-

tary results have also been reported for MoS2/MoO3 hybrid
architectures, which show a p-type response and improved selec-
tivity attributed to interfacial charge redistribution and the for-
mation of a hole-rich region in MoS2 during NO2 exposure 32.
In addition, hydrothermally derived MoS2/MoO3 nanocompos-
ites have been used for NO2 detection at mild temperatures
(50 °C), where heterojunction effects and defect-assisted adsorp-
tion/desorption pathways strongly influence sensing polarity,
magnitude, and reversibility 33. Furthermore, MoS2/MoO3 com-
posites have been integrated into self-powered sensing configu-
rations, indicating that the heterostructure design can be coupled
with stable signal transduction for practical monitoring under
ambient conditions 34. The structural phase of MoS2 is signifi-
cantly affected by the reaction temperature and sulfur availability.
Higher temperatures favor a stable 2H (semiconducting) phase,
whereas lower temperatures or sulfur-deficient conditions pro-
mote the formation of a metastable 1T (conducting) phase 35.

Figure 2. Preparation of MoS2/MoO3-based gas sensors via drop-casting onto Au–IDEs
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Figure 3. (a) Raman spectra and (b) XRD patterns of pristine (red), Ni-doped (green), and Co-doped MoS2/MoO3 (blue)

In parallel with experimental advances, computational
approaches have been extensively utilized to elucidate the gas-
sensing behavior of TMDs. Density functional theory (DFT)
calculations on pristine and defect-engineered MoS2 consis-
tently show that S vacancies markedly enhance NO2 adsorption
and charge transfer, resembling most active sites. These predic-
tions are consistent with experimental findings 36,37. Another
DFT study investigated oxygen-incorporated monolayer MoS2
using both finite cluster and periodic calculations, and the results
show that progressive S→O substitution reduces the band gap,
while maintaining charge transfer pathways. The subsequent
bond rearrangements in MoS2−xOx layers, which lead to MoO3
formation, relieve lattice strain and stabilize the resulting MoS2/
MoO3 heterostructures 38.

Despite the above experimental and computational advances,
several aspects of MoS2/MoO3-based NO2 sensing systems
remain unclear. First, although MoS2/MoO3 heterostructures
have been widely studied for low-temperature NO2 sensing, most
reports focus on oxidation-derived interfaces, surface function-
alization, or device integration. The effects of transition-metal
doping (such as Co and Ni) on adsorption strength, selectiv-
ity, charge transfer, and overall room-temperature response have
not been systematically investigated. Second, the sensing perfor-
mance reported experimentally is not always directly linked to
atomistic-level mechanisms, and a unified picture that correlates
dopant-induced structural/electronic changes (from DFT) with
measured NO2 sensing performance remains limited. Address-
ing these gaps is important for the rational design of MoS2-based
sensors with predictable low-temperature performances.

In this study, we combined experimental and computa-
tional approaches to investigate the NO2 sensing performance
of hydrothermally synthesized pristine, Co-doped, and Ni-
doped MoS2/MoO3. The obtained powders were comprehen-
sively characterized using Raman spectroscopy, X-ray diffraction
(XRD), scanning electron microscopy (SEM), and transmis-
sion electron microscopy (TEM). The gas-sensing performance
is evaluated at various NO2 concentrations and two different
temperatures (25°and 55 °C). Moreover, the selectivity of the
MoS2/MoO3 sensors toward NO2 is compared with other inter-
fering gases. To complement the experiments, DFT calculations

were performed to determine the NO2 adsorption configurations
and associated electronic structure changes, including band gap
modulation and density of state (DOS) evolution before and
after NO2 adsorption. Taken together, these results provide an
integrated understanding of low-temperature NO2 sensing on
MoS2/MoO3 and offer a robust foundation for the design of
next-generation 2D gas sensors.

. EXPERIMENTAL AND COMPUTATIONAL
METHODOLOGY

.. Hydrothermal Synthesis of MoS/MoO.

... Preparation of pristine MoS2/MoO3 without dop-
ing. To prepare a homogenous precursor solution, 0.046 g of
MoO3 powder (≥99.5%, ACS Reagent Grade) and 0.062 g of
thiourea (≥99.0%, ACS Reagent Grade) were dissolved in 32.5
mL of deionized water and stirred for 30 min. Then, the obtained
mixture was transferred to a 50 mL stainless-steel autoclave and
heated in an oven at 240 °C for 24 h. After naturally cooling to
room temperature, the resulting black precipitate was collected
by centrifugation at 38,000 rpm and repeatedly washed using
ethanol and deionized water until the pH was neutral (Fig. 1).
Finally, the products were dried in an oven at 60 °C and ground
into a fine powder.

... Synthesis of MoS2/MoO3 with Co and Ni dop-
ing. Before hydrothermal treatment, 5 wt.% of cobalt nitrate
hexahydrate (Co(NO3)2•6H2O) or nickel nitrate hexahydrate
(Ni(NO3)2•6H2O) was directly added to the raw material solu-
tion. The hydrothermal reaction for both doped samples was
conducted at 240 °C, and subsequent centrifugation, washing,
drying, and grinding were performed following the same proce-
dure as used for the pristine sample.

... Preparationofgas sensors. A drop-casting method
was employed to fabricate MoS2/MoO3-based gas sensors. First,
0.006 g of doped or undoped-MoS2/MoO3 was dispersed in
100 µL of isopropanol-2 and sonicated for 30 min to obtain a
well-dispersed solution. Then, 10 µL of the obtained solution
was drop-cast onto a gold interdigitated electrode (Au–IDE) and
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Figure 4. SEM images of a) MoS2/MoO3, b) Co-MoS2/MoO3, and c)
Ni-MoS2/MoO3

dried at room temperature to form a homogeneous sensing layer
(Fig. 2).

.. Computational Details. All spin-polarized DFT cal-
culations were performed using the Vienna Ab initio Simula-
tion Package (VASP) code, version 5.4.4 39,40. The electron-ion
interactions were described using the projector augmented-wave
(PAW) method 41, and the exchange-correlation functional was
treated within the generalized gradient approximation (GGA)

using the Perdew (Burke) Ernzerhof parameterization. A plane-
wave basis set with a kinetic energy cutoff of 500 eV was used for
all calculations. Geometry optimization was conducted using a
conjugated gradient algorithm with a 3 × 3 × 1 Monkhorst-Pack
k-point mesh for the Brillouin zone sampling. The convergence
criteria for electronic and ionic relaxations were set to 10−5 eV
and –0.02 eV/Å, respectively. The vacuum region above the
MoS2 slab was set to 20 Å. Gaussian smearing was used for all sys-
tems. The DFT-D3 method with Becke–Johnson damping was
included to account for the van der Waals interactions, which
are critical for describing the adsorption phenomena. 42 Elec-
tronic structure analyses, including the calculation of the density
of states (DOS), projected density of states (pDOS), and elec-
tron localization function (ELF), were performed on the fully
optimized structures using a denser 13 × 13 × 1 k-point mesh.
The band structure (pDOS) was calculated using the VASP kit
(version 1.5). 43

. RESULTS AND DISCUSSION

.. Structural Analysis of Pristine and Ni/Co-doped
MoS/MoO . The structural characteristics of the synthesized
samples were examined using Raman spectroscopy and XRD. As
shown in Fig. 3a, the Raman spectrum of undoped MoS2/MoS3
exhibits two distinct peaks at ~378 and ~403 cm−1 , correspond-
ing to the E1

2g and A1g vibrational modes of a 2H-MoS2 phase,
respectively. This confirms that the hydrothermal temperature
is sufficient to produce the 2H semiconducting phase. The dif-
ference between the two peaks (1ω) is approximately 25 cm−1

, indicating the formation of a few layers of MoS2, rather than
bulk MoS44

2 . An additional peak at ~500 cm−1 and a broad low-
intensity band from 600 to 900 cm−1 correspond to the M-O
vibrations of MoO3, indicating partial retention of the MoO3
precursor.

Under the same hydrothermal conditions, we subsequently
prepared 5 wt.% Co- and 5 wt.% Ni-doped MoS2/MoS3 to inves-
tigate the effect of transition-metal doping on the structure. The
spectrum of the Co-doped sample (blue line) displays two char-
acteristic peaks at 373.6 and 397.7 cm−1, which are assigned to
the in-plane E1

2g mode and out-of-plane A1g mode of 2H-MoS2,
respectively. For the Ni-doped sample (green line), these modes
were observed at 375.59 and 399.6 cm−1. In both cases, the pres-
ence of the E1

2g and A1g modes confirm that the 2H-MoS2 struc-
ture was preserved after Co and Ni incorporation, demonstrating
the successful synthesis of doped 2H-MoS2. The slight shifts in
peak positions and changes in linewidth relative to those of the
pristine sample reflect the influence of dopant incorporation on
the local lattice environment and electron-phonon interactions,
providing further evidence of effective Co and Ni doping into the
2H-MoS2 lattice. Additionally, both spectra exhibit characteristic
bands at around ~500 and ~950 cm−1, verifying the coexistence
of MoO3 and thus the formation of MoS2/MoO3

45,46.
The crystalline phases of the synthesized MoS2/MoO3 were

examined by XRD, and the corresponding patterns are presented
in Fig. 3b. All three samples exhibit a set of diffraction peaks that
can be indexed to the standard JCPDS patterns of MoS2 and
MoO47

3 . The intense reflection in the low-angle region around

https://doi.org/./juri/ JURI () () −

https://doi.org/10.64589/juri/219159


i
i

“JURI-00171-2025-03” — 2026/4/4 — 12:05 — page 49 — #5 i
i

i
i

i
i

Journal of Undergraduate Research International 

Figure 5. (a) TEM image of a pristine sample showing thin, wrinkled nanosheets. (b) HRTEM images of pristine MoS2 with a lattice spacing of ~0.600
nm. (c) Co-doped sample with a slightly expanded spacing of ~0.632 nm. (d) Ni-doped sample with a spacing of ~0.633 nm

2θ ≈ 14°is assigned to the (002) plane of MoS2, while addi-
tional peaks at higher angles correspond to the (101), (103),
and (110) planes of MoS2. The diffraction peaks ascribed to
the (020), (060), (002), and (171) planes of the MoO3 phase
are also observed. The diffraction patterns of Co- and Ni-doped
samples closely resemble that of undoped MoS2/MoO3, with
no additional peaks related to secondary or impurity phases,
indicating that the MoS2/MoO3 crystal structure was preserved
upon doping. The observed minor changes in peak intensity
and line broadening may be associated with lattice distortion
or crystallite size effects due to the incorporation of Co and Ni
species 47. Overall, XRD analysis confirms the successful forma-
tion of MoS2/MoO3 heterostructures, which remain intact upon
Co and Ni doping.

.. Morphological and Microstructural Analysis.
SEM was employed to examine the morphologies of the as-
synthesized samples (Fig. 4a−c). All three samples (pristine, Co-
doped, and Ni-doped) exhibit similar morphological features,
characterized by agglomerated, porous, and granular structures at
a magnification of 2500. The particles appear as loosely stacked,
flower-like assemblies, indicating the formation of multilayered
MoS2/MoO3.

To complement the above observations, the fine structural
features and crystallinity of the synthesized samples were inves-
tigated by TEM (Fig. 5). Pristine MoS2/MoO3 (Fig. 5a) consists
of few-layered nanosheets with transparent areas and stacked,
slightly folded morphologies, indicating the formation of layered
structures with large surface areas, which can provide more active
sites for gas adsorption during sensing. The high-resolution TEM
image of pristine MoS2/MoO3 (Fig. 5b) also confirms the lay-
ered structure. The lattice fringes are observed clearly with an
interlayer spacing of 0.6 nm corresponding to the (002) plane of
MoS2, which confirms the high crystallinity of the material. The
presence of connected and uniform fringes supports the forma-
tion of a 2H (semiconducting) phase at 240 °C, consistent with
the Raman results.

The overall morphologies of the doped samples (Fig. 5c−d)
remain similar to that of the pristine MoS2/MoO3, despite slight
variations in the interlayer spacing (0.632 nm for Co-doped
MoS2/MoO3 and 0.633 nm for Ni-doped MoS2/MoO3). The
increased d-values are attributed to localized stress or distortion
in the Mo-S lattice, which weakens the bonds. Such distortion
often occurs when foreign metal ions are incorporated into the
structure, creating higher-activity sites that enhance the reaction
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Figure 6. Gas-sensing analysis and performance of the MoS2/MoO3 sensor. (a−b) Dynamic NO2 response of pristine MoS2/MoO3 at 25 °C and 55
°C. (c−d) Responses of Co- and Ni-doped samples at 25 °C showing enhanced sensitivity. (e) Relative response of pristine sample at 25 °C and 55 °C
at various NO2 concentrations. (f) Selectivity at 55 °C toward different gases (5 ppm)

with the gas and reduce the recovery time. Despite this distortion,
the layered structure remains intact and highly crystalline.

In summary, TEM images confirm that all samples fabricated
at 240 °C exhibit layered nanostructures, with minor lattice
expansion observed upon the incorporation of Co or Ni, which
may affect the gas-sensing performances of doped samples.

.. Gas Sensing Analysis.

... Response calculation and mechanism. In this
study, the gas-sensing performance was evaluated using a

chemiresistive configuration, in which sensing is achieved
by monitoring the change in the electrical resistance of
MoS2/MoO3 layer when gas molecules chemically interact with
the surface. All measurements were performed under atmo-
spheric pressure. The prepared MoS2/MoO3 was deposited onto
an Au-IDE substrate inside a sealed test chamber and exposed
to air until its resistance stabilized. In this study, an approxi-
mate stabilization period of 5000 s was used. After stabilization,
NO2 at different concentrations was introduced into the cham-
ber. Once the gas reacts with the sensor surface, the resistance
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Figure 7. Optimized atomic structures and adsorption-induced bond reconstruction. (a–c) Top and side views of the optimized geometries before
NO2 adsorption for (a) pristine 2H-MoS2, (b) Cobalt-doped MoS2 (Co-MoS2), and (c) Nickel-doped MoS2 (Ni-MoS2). Key bond lengths (in Å) are
indicated. (d–f) Corresponding structures after NO2 adsorption

begins to decrease, indicating p-type behavior. The resistance was
recorded when it reached a constant level. When the gas was
turned off, the chamber was cleaned with a flow of air to des-
orb gas molecules and allow the sensor to return to its original
resistance. This cycle was repeated for each NO2 concentration
to measure the repeatability and recovery of the sensor. The rela-
tive sensor response was calculated using the following equation:

Response (% ) =
Rair − Rgas

Rair
× 100, (1)

where Rair is the resistance of the sensor under air flow, and
Rgas is the resistance of the sensor in the presence of gas analytes.
A higher relative response value indicates a strong interaction
between the sensor and the gas. All the relative response graphs
were calculated using the above equation.

... Response behavior of the pristine MoS2/MoO3
sample. The pristine MoS2/MoO3 sample (Fig. 6a) shows a
dynamic response at room temperature. When an oxidizing gas
(NO2) was introduced, it was absorbed on the available active
sites. As a strong electron-withdrawing gas, NO2 accepts elec-
trons from the sensor substrate and forms adsorbed NO−

2 species.
Electron withdrawal from the p-type material increases the hole
concentration, leading to a significant decrease in resistance. The
rapid interaction between gas molecules and the sensor surface

results in a prompt response at room temperature, consistent
with the expected behavior of a p-type material exposed to an
oxidizing gas.

The response gradually increased with gas concentration,
starting from ~28% at 1 ppm to ~46% at 50 ppm. This proves
that the pristine sample can detect NO2 across different concen-
trations and that the response increases proportionally with the
gas concentration.

... Responseand recoverykinetics. The response and
recovery times were extracted from the dynamic resistance–time
curves, as shown in Fig. 6(a–d). The response time (t90) was
defined as the time required for the sensor resistance to reach
90% of its total resistance after NO2 exposure. Similarly, the
recovery time (t90) was defined as the time required for the resis-
tance to return to 90% of its original baseline value after the NO2
flow was stopped and the chamber was purged with air.

For the pristine MoS2/MoO3 sensor at room temperature
(Fig. 6a), the response time was approximately 70–90 s at 1
ppm NO2, which decreased to ~50–60 s at 50 ppm, indicating
faster adsorption kinetics at higher gas concentrations. The cor-
responding recovery time increased from ~120–150 s at 1 ppm
to ~200–230 s at 50 ppm, reflecting stronger gas–surface interac-
tion at elevated NO2 levels. Similar tests were conducted at a high
temperature (55 °C) to examine its effect on sensing performance
(Fig. 6b, discuss in 3.3.4 section).
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Figure 8. Electron Localization Function (ELF) maps of pristine and doped MoS2 structures before and after NO2 adsorption. (a–c) ELF iso-surfaces
for (a) pristine 2H-MoS2, (b) Co-doped MoS2, and (c) Ni-doped MoS2. (d–f) ELF maps after NO2 adsorption on (d) pristine, (e) Co-doped, and (f)
Ni-doped MoS2. All slices correspond to the (1 0 0) plane at a distance of 3.98 Å from the origin. To clearly visualize the ELF of the NO2 molecule in
(d), the inset shows the (1 0 0) slice at 5.53 Å from the origin

In comparison, the Co- (Fig. 6c) and Ni-doped (Fig. 6d)
sensors exhibited similar response times but noticeably longer
recovery times at room temperature. At 1 ppm NO2, the recovery
times were approximately 200–240 s for Co-doped and 230–270
s for Ni-doped samples, which further increased at higher con-
centrations. This behavior suggests that transition-metal doping
strengthens NO2 adsorption, leading to slower desorption and
prolonged recovery.

... Effect of operating temperature. The effect of
temperature has studied to examine sensing performance. The
pristine MoS2/MoO3 sensor exhibits a shorter response time
and improved recovery at 55 °C (Fig. 6b) compared with 25 °C
(Fig. 6a). This enhancement can be attributed to increased sur-
face activation for faster charge transfer at a higher temperature,
which facilitates the interaction between NO2 molecules and the
active sites on the gas sensor. However, the response magnitude
does not increase significantly when the temperature is elevated
from 25 to 55 °C (Fig. 6e), indicating that the sample is suffi-
ciently active at room temperature and that thermal activation
plays a limited role. This suggests that increasing the operating
temperature provides no additional advantages for sensing, with
temperature primarily affecting the reaction kinetics.

... Effect of Co and Ni doping on sensing behavior.
The Ni- and Co-doped samples were tested at room temperature
(Fig. 6c−d) to study the effects of doping. Both samples retained
the p-type response pattern and repeatable cycles observed in the
pristine sample, and the response magnitude increased with the
NO2 concentration. Although the doped samples did not show
a higher response magnitude than the undoped one, their recov-
ery was slower. As shown in the TEM images, the incorporation

of Co or Ni caused a slight expansion in lattice spacing, gener-
ating additional defect sites. These structural changes alter local
charge distribution and create new adsorption sites, affecting the
adsorption kinetics of NO2. The additional defect sites bind to
NO2 molecules more strongly and trap them for a longer period,
increasing the stability of adsorbed NO−

2 species and making
desorption less efficient.

... Selectivity. To examine the selectivity of the
MoS2/MoO3 sensor, it was exposed to several common toxic
gases, including NH3, acetone, C2H4, and CH4, each at a con-
stant concentration of 5 ppm and a test temperature of 55 °C
(Fig. 6f). The response to NO2 was significantly higher than
that to the other gases. This selectivity toward NO2 can be
explained by the strong oxidizing nature and high electron affin-
ity of NO2, which allow more effective reactions with active sites
on the MoS2/MoO3 surface, particularly sulfur edge sites and
oxygen-containing groups. These sites tend to attract electrons,
increasing the hole concentration in the p-type sensing layer and
resulting in greater changes in resistance. By contrast, reducing
gases, such as NH3, or weakly interacting molecules, such as
CH4, C2H4, and acetone, induce less charge transfer, resulting in
weaker sensing responses. These observations indicate that the
prepared sensor exhibits good selectivity, even at low tempera-
tures. This is a crucial requirement for portable and low-power
NO2 detection.

Notably, the selectivity comparison in Fig. 6f is based on the
responses measured under the same experimental conditions
(including operating temperature, gas concentration, and base-
line environment) for all analytes. Systematic evaluation under
controlled relative humidity (RH) levels is an important topic for
future work to quantify humidity-induced baseline variations and
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Figure 9. Electronic band structure analysis of pristine and doped MoS2 structures before and after NO2 adsorption. (a−c) Band structures of (a)
pristine, (b) Co-doped, and (c) Ni-doped MoS2 before NO2 adsorption. Doping introduces spin-polarized mid-gap states, narrowing the band gap and
inducing magnetic moments, with Ni doping showing more pronounced spin splitting with bands crossing the Fermi level. (d−f) Band structures after
NO2 adsorption on (d) pristine, (e) Co-doped, and (f) Ni-doped MoS2

assess long-term environmental robustness of the MoS2/MoO3
sensor.

.. Computational Analysis of Pristine and Doped
MoS: Structural, Electronic, and Adsorption Behavior.
Geometric optimization of the pristine and doped 2H-MoS2 sys-
tems revealed distinct structures due to transition metal doping
(Fig. 7a−c). The pristine 2H-MoS2 (Fig. 7a) lattice served as a
stable reference, with the Mo-S bond lengths consistently mea-
sured at ~2.41 Å. Substitution with Co (Fig. 7b) caused profound
local lattice distortion. The resulting Co-S bond length was con-
tracted to ~2.29 Å because of the smaller covalent radius of Co
compared with that of Mo. This contraction induced a strong,
localized lattice strain, thereby creating a potent defect site. By
contrast, substitution with iso-valent Ni (Fig. 7c) did not con-
tract the Ni-S bond lengths, which remained at ~2.41 Å, nearly
identical to the original Mo-S bonds, despite the smaller size of
Ni. The lack of measurable contraction suggests a complex elec-
tronic reorganization at the Ni site that effectively compensates
for the expected geometric strain.

The adsorption of NO2 molecules (Fig. 7d−f) also depends
on the doping elements in 2H-MoS2. For pristine 2H-MoS2
(Fig. 7d), NO2 adsorption was weak (physisorption), inducing
a negligible change in the Mo-S framework (the bond length
remained at ~2.41 Å). In the Co-doped system (Fig. 7e), the

already contracted Co-S bonds (2.29 Å) underwent a substan-
tial elongation to ~2.92 Å upon NO2 adsorption. This increase
of ~0.63 Å is a hallmark of strong chemisorption. The NO2
molecule interacts strongly with the S site, weakening the Co-S
bonds as a new N-O bond is formed. The Co-doped site acts as a
sacrificial anchor, and the adsorption energy is partially compen-
sated through the relaxation of pre-existing strain. By contrast,
the Ni-doped system (Fig. 7f) shows adsorption-induced struc-
tural instability. Upon NO2 adsorption, the local symmetry was
completely broken. Specifically, one Ni–S bond elongated dra-
matically to 3.05 Å, while the remaining two Ni–S bonds con-
tracted sharply to 2.23 Å. This bifurcation of bond lengths trans-
forms the Ni site from symmetric coordination to a highly asym-
metric reconstructed geometry. The newly formed N-S bonds
replace the existing Ni-S bonds, implying the stronger chemisorp-
tion of NO2 on the Ni-doped 2H-MoS2 structure. Compared
with pristine and Co-doped MoS2, the distance between the NO2
molecule and the basal plane of Ni-doped MoS2 is the shortest
(1.96 Å), confirming the stronger adsorption.

To investigate the electronic structure of the MoS2 basal
plane and its evolution upon Co or Ni doping and subse-
quent gas adsorption, we performed ELF analysis. For pris-
tine 2H-MoS2 (Fig. 8a), the ELF map displays high electron
localization (red/yellow regions) around the S atoms, reflecting
their electron-rich nature and the presence of strong, polarized
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Figure 10. Projected density of states (pDOS) of elements of undoped and doped MoS2 structures before and after NO2 adsorptions. (a) pDOS
of pristine MoS2 shows characteristic S-3p valence band and Mo-4d conduction band. (b) NO2 physisorption on pristine MoS2 induces a negligible
change. (c) Co-doping introduces hybridized Co-3d/Mo-4d/S-3p mid-gap states. (d) NO2 chemisorption on Co-MoS2 causes broadening, shifting,
and redistribution of these states, indicating charge withdrawal and orbital hybridization. (e) Ni-doping creates prominent spin-polarized mid-gap states.
(f) Strong chemisorption on Ni-MoS2 nearly obliterates these distinct defect peaks, splitting them into a continuum of hybridized states

covalent bonds with the underlying Mo atoms. Introducing a Co
or Ni dopant (Fig. 8b-c) fundamentally altered this electronic
property. The area surrounding the Co/Ni atom shows a notice-
ably different ELF profile compared with that of the Mo site in
Fig. 8a, with a reduction in high-localization features. This indi-
cates a modulation of the local charge density, which creates a
distinct electronic environment. The functional consequences of
this electronic pre-activation on NO2 adsorption are shown in
Fig. 8(d−f). For pristine MoS2 (Fig. 8d), the ELF shows virtu-
ally no shared electron density between the surface and the NO2
molecule, confirming a weak physisorptive interaction. By con-
trast, the adsorption on Co-MoS2 (Fig. 8e) reveals a new, shared
region of moderate electron localization (green) between the Co
atom and the NO2 molecule. This ELF feature indicates a nascent
chemical bond, confirming the transition from physisorption to
chemisorption. For the Ni-MoS2 system (Fig. 8f), a more robust
ELF basin forms a definitive "bridge" between the basal plane and
the NO2 molecule, providing direct evidence of strong covalent
interactions.

To complement the ELF analysis of chemical bonding, we
investigated the electronic band structures to elucidate the
impact of Co/Ni doping on the electronic and magnetic proper-
ties of MoS2. The band structure of pristine 2H-MoS2 (Fig. 9a)
exhibits a characteristic semiconductor profile with a clear band
gap, consistent with its well-known inertness. The introduction
of Co or Ni induces a dramatic electronic transition. Cobalt dop-
ing (Fig. 9b) introduces mid-gap states, narrowing the bandgap
and rendering the system semi-metallic features. Significant spin
polarization emerges, and the electronic states of the spin-up
and spin-down channels were asymmetric, generating a local
magnetic moment and transforming the originally nonmagnetic
MoS2 sheet into a magnetically active material. This effect was
even more pronounced with Ni-doping (Fig. 9c), where exten-
sive spin splitting occurs in the bands around the Fermi level
(EF). The resulting highly dispersive, spin-polarized bands cross-
ing EF suggest enhanced charge carrier density and mobility,
which are critical for promoting charge transfer during surface
reactions.
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The electronic band structure after NO2 adsorption is directly
correlated with the bonding interactions visualized by ELF. Upon
NO2 physisorption onto pristine MoS2 (Fig. 9d), the band struc-
ture remains nearly unperturbed, retaining its semiconducting
character, which confirms the absence of strong chemical inter-
actions expected for physisorption. By contrast, chemisorption of
NO2 onto Co-MoS2 (Fig. 9e) reorganized the electronic states.
The original mid-gap states are broadened and shifted, indicating
(i) strong hybridization between the S-3p states and the molec-
ular orbitals of NO2, (ii) the energy shifts of Co-3d and Mo-
4d orbitals after the NO2 chemisorption on the structure. This
hybridization, coupled with the preserved spin polarization, con-
firms a covalent bonding formation mechanism involving elec-
tron transfer and spin selection. The most profound change was
observed for the Ni-MoS2 system (Fig. 9f). Strong chemisorp-
tion completely reconfigured the band structure near the Fermi
level. The distinct spin-polarized bands of the pristine system are
replaced with a new set of hybridized states, consistent with the
electronic signatures observed in the ELF analysis (Fig. 8).

Projected density of states (pDOS) analysis was performed to
correlate the electronic states and the nature of the adsorbate-
substrate interaction (Fig. 10). The pDOS of pristine 2H-MoS2
(Fig. 10a) shows that its characteristic valence band maxi-
mum (VBM) is dominated by S-3p orbitals, and its conduction
band minimum (CBM) is dominated by Mo-4d orbitals. The
physisorption of NO2 (Fig. 10b) induces a negligible perturba-
tion of this electronic landscape, with only minimal changes near
the S-3p VBM, consistent with a weak, nonbonding interaction.
However, the introduction of transition-metal dopants creates
profound mid-gap states. For Co-doped MoS2 (Fig. 10c), these
mid-gap states arise from the Co-3d, S-3p, and Mo-4d orbitals,
which probably form a covalent "defect complex.” The presence
of these hybridized states is the orbital-level origin of the semi-
metallic character observed in the band structure (Fig. 10b). The
chemisorption of NO2 on the Co-doped sample (Fig. 10d) trig-
gers significant electronic reorganization. The broadening and
energy shifts of these defect states, particularly the redistribution
of spin-down Mo and S character into a narrower energy range (-
0.5 to +1.1 eV), provide direct evidence of orbital hybridization
between the adsorbate and the substrate. Specifically, localized
electrons in the S atoms interact with the unoccupied molecu-
lar orbitals of NO2, leading to electron density withdrawal from
the S-3p states. This charge redistribution results in energetic sta-
bilization and a reduced density of S-3p states. The transfer of
electron density toward the NO2 molecule is also supported by
the elongated Co-S bond length after NO2 adsorption. (Fig. 7e).

This phenomenon was more pronounced in the Ni-doped sys-
tem. Before adsorption (Fig. 10e), the mid-gap states feature a
particularly strong spin-down peak at +0.4 eV (Mo-4d, S-3p,
and Ni-3d). The adsorption of NO2 (Fig. 10f) almost elimi-
nates these distinct defect peaks. The reduced Mo-4d, S-3p, and
Ni-3d peak intensities in the mid-gap states and their splitting
over a close energy range (-0.5 to +0.8 eV) can be explained
using the same hybridization mechanism proposed for the Co-
MoS2 structure. However, the bond strength (i.e., the interaction
between the localized electrons of the S atoms and the unoc-
cupied molecular orbitals of NO2) is stronger than that of the
Co-doped structure. This conclusion aligns with our previous

findings from the geometric reconstruction (Fig. 7f) and ELF
mapping (Fig. 8f), which demonstrate massive charge transfer
and orbital mixing between the S-site and NO2.

. CONCLUSIONS

In this work, we combined structural characterization, chemire-
sistive gas-sensing measurements, and first-principle simulations
to investigate pristine and Co- or Ni-doped MoS2/MoO3 het-
erostructures as room-temperature NO2 sensors. XRD, Raman,
and TEM analyses confirmed the formation of layered 2H-
MoS2/MoO3 nanosheets at 240 °C, with Co and Ni incorpora-
tion preserving the main crystal framework while inducing subtle
lattice distortions. The pristine MoS2/MoO3 sensor exhibited a
clear p-type response, good sensing performance over the 1−50
ppm NO2 range, and pronounced selectivity toward NO2 over
other common gases, with only a modest dependence on operat-
ing temperature. DFT calculations further revealed that Co and
Ni dopants strongly modified the local bonding, electronic struc-
ture, and adsorption behavior, promoting chemisorption and
enhancing charge transfer at the doped sites, which helped ratio-
nalize the enhanced sensing performance of doped MoS2/MoO3.
Although repeatable response-recovery cycling was observed
within the measurement series, a systematic evaluation of long-
term aging stability was not included in the present study. Future
work will therefore focus on controlled humidity (%RH) testing
to quantify moisture-induced baseline variations, along with mul-
tiweek aging studies and post-aging structural characterization
to further assess the environmental robustness and long-term
stability relevant to practical deployment.
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ABSTRACT

This study experimentally characterized various green cementitious composites with inherent self-sensing capabilities for use in
structural health monitoring. Four composite mortar mixes were prepared using different combinations of ordinary Portland
cement, reactive magnesia, slag, and graphene oxide (GO), then cured in water (for cement mixes) or air (for magnesia–slag mixes).
Compressive strengths were determined by testing 50 mm cubic specimens cured for 28 d, and electrical properties were deter-
mined over a broad alternating current frequency range (10 Hz to 100 kHz) using four probes embedded in prismatic specimens
cured for 1–28 d or subjected to monotonic and cyclic loading after 28 d. The cement-based reference specimen exhibited the
highest compressive strength (~56.9 MPa) at 28 d; the strength of the GO-modified cement specimen (CGS) was only slightly
lower (52.3 MPa), indicating that the addition of GO had little effect on mechanical performance. By contrast, the magnesia–slag
specimens exhibited lower strengths of 10.2 MPa (without GO) and 9.0 MPa (with GO). The four-probe measurements revealed
that the incorporation of GO significantly reduced electrical resistance: the CGS specimen exhibited the lowest resistivity across
all frequencies, approximately 30% and 250% lower than the resistivities of the cement and magnesia–slag specimens without GO,
respectively. Notably, the CGS specimen also exhibited stable and repeatable piezoresistive responses under both monotonic and
cyclic loading. These results confirm that GO-modified cementitious composites can simultaneously provide adequate structural
capacity and reliable self-sensing functionality, thereby offering a promising solution for real-time structural health monitoring.

Keywords: self-sensing composites, graphene oxide, magnesia--slagmortar, electrical resistivity, sustainablematerials, structural healthmonitoring

. INTRODUCTION

.. Study Background. Concrete is among the most crit-
ical and widely used construction materials worldwide and is
second only to water in terms of global consumption 1,2. Its value
lies in its ease of production, relatively low manufacturing cost,
and versatility in applications, which range from foundations and
columns to bridges, roads, and dams 3. The ability to cast con-
crete in various shapes and sizes makes it particularly valuable
for diverse construction applications. However, despite these
advantages, concrete structures are subject to numerous issues,
including corrosion of embedded steel reinforcement, deteriora-
tion due to environmental exposure, cracking under service loads,
and degradation from chemical attack 4. These issues necessitate
continuous research to develop advanced concrete systems that
ensure enhanced durability, extended service life, and improved
performance.

Methods for monitoring the health of concrete structures
have attracted significant interest from researchers and design-
ers working in civil engineering 5,6. Structural health monitor-
ing (SHM) comprises the assessment of structure condition
using sensor data collected over coordinated time intervals to

predict potential damage in advance, facilitate timely mainte-
nance, and limit repair costs 7. Indeed, the early detection of
structural distress can significantly extend service life and pre-
vent catastrophic failures. Conventional SHM systems have been
successfully applied in major infrastructure projects, including
high-rise towers, long-span bridges, and large dams, where safety
requirements are particularly stringent 8,9. However, conven-
tional SHM approaches rely on external sensors, such as strain
gauges, accelerometers, and fiber optic sensors, which require
costly and complex installation procedures as well as regular
maintenance 10,11. These limitations have motivated researchers
to explore alternative solutions for improving the monitoring
efficiency, accessibility, and cost-effectiveness of this technol-
ogy, particularly in small-scale projects and routine infrastructure
applications.

Despite considerable advances in SHM technologies, most
recent studies have concentrated on large-scale projects and
employed advanced fillers and measurement systems, making
these solutions costly and impractical for smaller projects or sim-
ple laboratory conditions. Therefore, this study characterized
the electrical and mechanical performances of various cemen-
titious mixes incorporating graphene oxide, magnesia, and slag
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to design a composite with intrinsic self-sensing for practical,
low-cost SHM.

.. Self-sensing Cementitious Composites. Conven-
tional concrete structures require external sensors to monitor
their condition and detect problems or damage. By contrast, self-
sensing cementitious composites combine structural and sensing
functions within the same matrix 12,13 to monitor stress, strain,
and cracking through changes in electrical resistivity. This prin-
ciple relies on the piezoresistive effect, in which the electrical
resistance changes in response to mechanical load 14–16 following
Ohm’s law, which is given by

R =
V
I

(1)

whereR denotes the electrical resistance (�),V denotes the volt-
age drop across the specimen (V), and I denotes the applied
current (A).

The resistivity (ρ) of a material under applied stress is calcu-
lated by

ρ = R ×
A
L

(2)

where A denotes the electrode surface area and L denotes the
distance between electrodes.

Finally, the sensitivity of material resistivity/resistance to
stress can be expressed as the fractional change in resistiv-
ity/resistance (FCR) as follows:

FCR =
ρ − ρo

ρo
× 100 (3)

where ρ0 denotes the initial resistivity (or resistance) at zero
or reference stress (� · m), and ρ denotes the resistivity (or
resistance) measured under strain.

This piezoresistive mechanism enables an appropriately
designed cementitious composite to function not only as a load-
bearing material but also as an integrated sensor. Such self-
sensing functionality has been achieved in previous studies by
incorporating conductive fillers into cementitious matrices. The
use of carbon fibers for this purpose has been investigated exten-
sively: Han et al. 17 reported that carbon fiber-reinforced concrete
exhibits excellent piezoresistivity at gauge factors of up to 500.
The use of carbon nanotubes (CNTs) has also shown consider-
able promise, as reported by D’Alessandro et al. 18 and Konsta-
Gdoutos et al. 19, although challenges related to dispersion uni-
formity remain to be addressed. Graphene and graphene oxide
have emerged as particularly attractive materials for enabling
self-sensing because of their exceptional electrical conductivi-
ties, large surface areas, and cost-effectiveness compared with
CNTs 20–22. The use of metallic powders such as nickel for self-
sensing applications has also been explored 23,24.

The incorporation of such fillers creates conductive networks
that alter electron flow in response to mechanical deforma-
tion 12–15,17,18, allowing the composite to serve as both a structural
element and an integrated sensor. This study focuses on green
cementitious composites reinforced with graphene oxide and
magnesia–slag binders, as they represent the most sustainable
and cost-effective materials suitable for SHM.

.. Use of Graphene Oxide, Magnesia, and Slag in
Cementitious Materials. Graphene oxide (GO) possesses
many unique physical and chemical properties and has shown
considerable promise when used with cementitious materi-
als 25–27. Among its most valuable features are its large surface
area (typically 500–1000 m²/g) and abundant surface functional
groups (e.g., hydroxyl, epoxide, and carboxyl), which allow it to
disperse effectively within aqueous solutions and interact with
cement hydration products . 28. Another key characteristic of GO
is its ability to form conductive pathways within the cement
matrix, which is essential for enabling internal connectivity and
sensing capability 29. Furthermore, studies by Lv et al. 30 and
Pan et al. 31 demonstrated that GO can enhance the mechanical
strength of cementitious materials at optimal dosages (0.01–
0.05% by weight of binder), improve microstructural density,
and extend material service life through its nanoscale reinforcing
effect. Finally, GO is more cost-effective and easier to disperse
than alternatives such as CNTs, further increasing its practical
value 32.

Magnesia (MgO) has received increasing attention in recent
years from researchers investigating green cement and sustain-
able construction 33–35. When used as a replacement for ordi-
nary Portland cement, MgO plays a significant role in reduc-
ing the carbon emissions associated with cement production,
which account for approximately 8% of global CO2 emissions 36.
Upon hydration, reactive MgO forms magnesium hydroxide
(Mg(OH)2), which can contribute to strength development and
exhibits the potential for carbonation hardening 37,38. Research
conducted by Mo et al. 39 and Unluer and Al-Tabbaa 40 has shown
that MgO-based binders can achieve comparable performance
to Portland cement under appropriate curing conditions while
offering environmental benefits. Thus, MgO represents a valu-
able material for sustainable construction.

Ground granulated blast furnace slag (GGBFS) is a by-
product of the steel industry that provides environmental advan-
tages when used in cementitious composites 41,42. Indeed, its
utilization as a supplementary binder in cement-based materi-
als not only entrains industrial waste but also improves dura-
bility and long-term performance owing to its pozzolanic and
latent hydraulic properties 43. When blended with MgO, GGBFS
enhances hydration through the formation of calcium–silicate–
hydrate and magnesium–aluminum–silicate–hydrate phases,
improving mechanical properties while maintaining sustainabil-
ity benefits 44,45.

This study aims to evaluate whether a new type of green
cementitious composite developed by combining graphene oxide
with magnesia-slag binders can achieve both durability and
self-sensing functionality. While GO imparts sensing capabil-
ity through enhanced electrical conductivity, magnesia and slag
improve sustainability and reduce carbon footprint. Together,
these materials provide a cost-effective alternative to conven-
tional cementitious composites and represent a suitable approach
for SHM.

. METHODOLOGY

.. RawMaterials. In this study, different materials were
used to prepare various mortar mixes, and their performance was
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Figure 1. (a) Mixing and preparation of mortar specimens; (b) ultrasonication used to disperse GO in water before mixing

evaluated under the same conditions to determine the optimal
mix for SHM. These mixes comprised cement and sand (CS);
cement, GO, and sand (CGS); MgO, GGBFS, and sand (MS);
and MgO, GGBFS, GO, and sand (MGS) in the proportions
provided in Table 1.

.. Specimen Preparation. The specimen preparation
method varied according to the materials used in each mix.
First, the required quantities of all materials were measured accu-
rately. Next, the dry components (sand with cement or MgO
and GGBFS) were dry-mixed in a mechanical mixer until a uni-
form blend was obtained, then water (or a GO–water dispersion)
was added gradually. Mixtures containing GO were prepared by
initially dispersing the GO in water using a probe-type ultrasoni-
cator for 2 min at an amplitude of 60% to ensure adequate exfoli-
ation and enhance the dispersion of GO within the cementitious
composite; this process also reduced nanoparticle agglomeration
and minimized scattering during subsequent mixing. The dry and
wet components were mixed until a homogeneous consistency
was achieved; the average total mixing time was approximately 6
min.

Six specimens were prepared from each mix. Three 50 mm
cubic specimens of each mix were cast for compressive strength
testing. Three 40 mm ×40 mm ×160 mm prismatic specimens
of each mix were cast for electrical property measurement using
four stainless steel mesh electrodes inserted into the fresh mortar
at a 30 mm spacing to ensure consistent electrical contact with
the cementitious matrix through proper bonding and thereby
prevent contact degradation during subsequent curing.

Figure 1 illustrates the specimen mixing and preparation pro-
cesses, including the ultrasonic dispersion of GO. Figure 2 shows
and the casting procedure used to produce both the cubic and
prismatic specimens, including the embedded electrodes.

. EXPERIMENTALWORK

The prismatic specimen weight, voltage, current, and resistance
were measured after curing for 1, 7, 14, 21, and 28 d in water (for
cement-based specimens) or air (for MgO-based specimens) to
monitor their changes over time. The cubic specimen compres-
sive strength was determined after 28 d of curing in water or air
to determine the effects of the considered materials on the com-
posite strength. Finally, the prismatic specimens were subjected
to monotonic and cyclic loading after 28 d of curing to evaluate
their piezoresistive responses.

.. Four-probe Electrical Property Measurement. A
four-probe measurement method was used to assess the elec-
trical properties of the prismatic specimens at each curing age.
This technique has been extensively applied to cementitious and
composite materials because of its ability to limit contact resis-
tance and precisely determine the intrinsic electrical resistivity of
a specimen. In this experimental setup, shown in Figure 3, the two
outer embedded electrodes were connected to a constant alter-
nating current (AC) power supply, and the two inner embedded
electrodes were connected to a digital ammeter and voltmeter
to record the current and voltage drop across the embedded
electrodes simultaneously. This separation between the current
injection and voltage measurement points can effectively mitigate
the influence of the electrode–specimen contact resistance on the
measured voltage.

To gain insights into how the conductivity and sensing per-
formance of the specimens vary across low- and high-frequency
domains, the electrical properties of the composite specimens
were examined under different conditions by conducting mea-
surements at AC frequencies of 10 Hz, 100 Hz, 500 Hz, 1 kHz,
30 kHz, 100 kHz, 500 kHz, and 1 MHz. The collected data
were used to determine the changes in resistance and resistivity

Table 1. Mix proportions for the mortar specimens evaluated in this study

Binder (g)

Mix Cement MgO GGBFS GO (g) Sand (g) Water (g)

CS 1250 0 0 0 1250 625

CGS 1250 0 0 7.81 1250 625

MS 0 500 500 0 100 900

MGS 0 500 500 7 100 900
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Figure 2. Casting of mortar specimens showing cubic and prismatic molds with metallic mesh electrodes embedded to enable electrical measurements

of each specimen and thereby evaluate the self-sensing capabili-
ties of the composite specimens. These changes were quantified
using the FCR, calculated using resistivity in Equation (3), which
is a critical parameter for evaluating the self-sensing behavior
of cementitious composites. Note that the electrodes remained
embedded throughout the curing and testing periods to facili-
tate repeated and consistent electrical measurements at different
ages without disturbing the specimen. This configuration permit-
ted the reliable monitoring of the electrical property evolution
according to hydration progress, curing conditions, and material
composition.

.. Compressive Strength Testing. The compressive
strength of each cubic mortar specimen was determined in accor-
dance with ASTM C109/C109M. The fresh mortar was cast into
steel cubic molds in two layers, each of which was compacted
using 32 tamps to ensure proper consolidation before the surface
was leveled. Next, the specimens were covered and stored at 23
±2 °C for 24 ±2 h, then demolded and cured in water (or air)
at 23 ±2 °C until testing after 28 d of curing. Before each test,
the specimen was removed from its curing location, and its sur-
face moisture was wiped off. Next, the specimen was centrally

aligned between the platens of a calibrated compression-testing
machine. The compressive load was applied continuously and
without shock at a load-controlled rate of 0.9 ±0.2 MPa/s until
failure. The compressive strength was calculated as the ratio of
the maximum load to the loaded area; the values reported in this
paper represent the average result obtained by testing at least
three specimens for each mix.

.. Piezoresistive Response Testing. The piezoresis-
tive responses of the prismatic specimens when subjected to
cyclic and monotonic compression were evaluated after 28 d of
curing using the four-probe electrical measurement configuration
(detailed in Section 2.3.1) coupled with a uniaxial compression-
testing machine (described in Section 2.3.2). Before each
specimen was tested, electrical contacts were attached to the
embedded electrodes, and the baseline electrical resistance was
recorded. During the monotonic compression test, the load
was continuously applied at a constant displacement-controlled
rate until the target strain or failure was reached. During the
cyclic compression test, each specimen was subjected to repeated
loading-unloading cycles between predefined stress (or strain)
limits at a constant loading rate as the mechanical strain and

Figure 3. Electrical testing setup using the four-probe method to measure current and voltage across the mortar specimens at multiple frequencies for
resistivity analysis
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Figure 4. Electrical resistance of the considered specimens according to curing age when tested at 1 kHz AC

electrical resistance were continuously recorded. The piezoresis-
tive performance of each specimen was assessed by correlating
its FCR, calculated using resistance in Equation (3), with the
applied strain to evaluate its sensitivity, repeatability, and signal
stability under cyclic and monotonic loading conditions.

. RESULTS AND DISCUSSION

.. Electrical PropertiesofMortar Specimens. Figure
4 presents the variation in electrical resistance over time, and

Figure 5 presents the electrical resistance according to AC fre-
quency for the CS, CGS, and MS specimens. A consistent
trend can be observed across all specimens in which resistance
decreases as the frequency increases; this behavior is expected
in cementitious composites, as capacitive reactance decreases at
higher frequencies, resulting in a lower overall impedance and,
consequently, a reduction in measured resistance. Additionally,
the observed decrease in resistance with curing age reflects ongo-
ing hydration and microstructural refinement, which improve
internal connectivity and reduce ionic and pore resistance.

Figure 5. Electrical resistance of CS, CGS, and MS specimens after 28 d of curing according to the applied AC frequency
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Figure 6. Nyquist plots (–Zimag vs Zreal) for the CGS and MS specimens after 28 d of curing

Among the evaluated specimens, CGS exhibited the lowest
overall resistance, confirming the positive contribution of GO to
the formation of conductive pathways within the cement matrix.
Thus, the inclusion of GO can enhance electron mobility and
improve sensing performance. By contrast, MS and MGS exhib-
ited higher resistance values owing to the applied air-curing
regime and the presence of MgO and GGBFS, both of which
limit ionic conduction. Nevertheless, the gradual reduction in the
resistance of these specimens over time suggests the continued
formation of hydration and carbonation products that enhance
the electrical response throughout the curing period.

Figure 6 shows the impedance responses of selected mortar
specimens (CGS and MS) after 28 d of curing. In the Nyquist
representation, the real impedance component (Zreal) reflects
the bulk resistance of the specimen, whereas the imaginary com-
ponent (–Zimag) represents the capacitive behavior associated
with charge storage and polarization within the specimen pore
structure.

Both Nyquist plots clearly exhibit typical semicircular patterns
that are characteristic of cementitious materials tested under AC.
The semicircle in the Nyquist plot for the CGS specimen is
smaller than that for the MS specimen, suggesting that the addi-
tion of GO reduces overall impedance and improves electrical
conductivity by forming continuous conductive pathways that
enhance charge transfer through the cement matrix. By contrast,
the larger semicircle exhibited by the MS specimen confirms
its higher internal resistance and weaker conductive network.
Notably, the application of air curing and the use of MgO and
GGBFS limited ionic transport in this specimen compared with
that in the water-cured CGS specimen.

.. Compressive Strength Results. The compressive
strength results provide insights into the effects of different
binder systems and curing conditions on the overall mechani-
cal performance of the mortar specimens. As shown in Figure
7, a distinct contrast between the compressive strengths of the

Figure 7. Compressive strengths of the evaluated specimens after 28 d of curing
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Figure 8. Strain–FCR responses of the 28 d CGS specimen under (a) monotonic and (b) cyclic loading

cement-based (CS and CGS) and MgO–GGBFS-based (MS and
MGS) specimens was observed.

The CS specimen exhibited the highest strength (averaging
56.9 MPa), reflecting the strong bonding and dense structure
resulting from the hydration of Portland cement during water
curing. The strength of the CGS mix, which incorporated GO,
was slightly lower (averaging 52.3 MPa); this reduction is com-
mon in graphene-modified cement systems because GO initially
interferes with hydration before it enhances long-term perfor-
mance through superior stress distribution and microstructural
refinement.

The MS and MGS specimens exhibited considerably lower
strengths averaging 10.2 MPa and 9.0 MPa, respectively. These
results align with the expected behavior of air-cured MgO–
GGBFS binders, in which limited hydration and the absence
of continuous moisture lead to weaker mechanical bonds. The
inclusion of GO in the MGS specimen did not noticeably
improve its strength, suggesting that the conductivity benefits
of GO do not translate into structural reinforcement when the
mortar is dry-cured.

.. Piezoresistive Response Under Mechanical
Loading. Piezoresistive response testing was conducted under
monotonic and cyclic loading to evaluate the ability of GO-
modified mortar to sense mechanical deformation in real time
based on the FCR.

... Monotonic loading response. Figure 8(a) shows
the strain–FCR response of the CGS specimen under monotonic
loading. The FCR increased continuously with the applied com-
pressive strain, indicating a strong correlation between mechan-
ical deformation and electrical resistance. Indeed, the observed
increase in FCR reflects the piezoresistive mechanism of the com-
posite, in which applied stress alters the conductive pathways
formed by the GO within the cement matrix. The consistent
trend and absence of sudden fluctuations confirm stable sensing
performance during continuous compressive loading.

... Cyclic loading response. Figure 8(b) shows the
response of the same composite during three loading–unloading
cycles. Note that the FCR curve closely follows the strain pattern
in each cycle, with both strain and FCR increasing during loading
and decreasing during unloading in a nearly repeatable manner.

This repeatability across cycles confirms that the CGS mor-
tar exhibited reversible piezoresistive behavior, indicating that
its sensing response returned to the baseline value after each
unloading stage. This characteristic is essential for real-time SHM
applications in components subjected to repeated load cycles,
such as bridge members and pavements.

. CONCLUSIONS

This study developed and evaluated various green cementi-
tious composites incorporating ordinary Portland cement, reac-
tive MgO, GGBFS, and GO for use in SHM applications.
The cement-based reference specimen exhibited the highest 28-
d compressive strength (56.9 MPa), but the incorporation of
GO into this mix resulted in only a modest strength reduction
(52.3 MPa), confirming that self-sensing functionality can be
introduced without significantly compromising mechanical per-
formance. By contrast, the air-cured MgO–GGBFS specimens
exhibited substantially lower strengths owing to limited hydra-
tion and higher porosity. The addition of GO markedly enhanced
the electrical conductivity and impedance characteristics of the
specimens, reducing their resistance, shrinking their Nyquist
semicircles, and improving charge transfer within, with resistance
decreasing as curing progressed and the applied AC frequency
increased. Notably, the GO-modified cement specimen exhib-
ited stable and repeatable piezoresistive behavior under both
monotonic and cyclic loading, producing a strong strain–FCR
correlation with minimal hysteresis; by contrast, the plain cement
specimen exhibited negligible sensing capability. Water curing
promoted continuous hydration and strength gain in the cement
systems, whereas air curing led to moisture loss and inferior per-
formance in the MgO–GGBFS systems. Overall, GO-modified
Portland cement was identified as the optimal self-sensing mor-
tar composite, as it balances adequate structural strength against
enhanced electrical conductivity, reliable self-sensing response,
and practical workability. These findings confirm the strong
potential of GO-modified cementitious composites for use in
intrinsic, low-cost SHM.

Although this study demonstrated the feasibility of green
self-sensing cementitious composites, several limitations should
be acknowledged. First, this investigation primarily focused on
mechanical and electrical responses; advanced microstructural
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characterization techniques (e.g., scanning electron microscopy,
energy dispersive X-ray spectroscopy, X-ray diffraction, and mer-
cury intrusion porosimetry) were not employed to assess the GO
dispersion, hydration/carbonation products, or pore structure
evolution directly. Second, piezoresistive behavior was evaluated
only for the optimal CGS mix under a limited number of load-
ing cycles; long-term cyclic performance, fatigue behavior, drift,
and hysteresis were not examined. Third, all tests were conducted
under controlled laboratory conditions without considering the
effects of temperature, humidity, or aggressive environments.
Fourth, this study was restricted to small-scale specimens; scale
effects relevant to structural applications were not addressed.
Finally, the MgO–GGBFS specimens exhibited lower compres-
sive strengths than the cement-based specimens, reflecting the
need for further optimization to capitalize on the notable sustain-
ability advantages of these materials. Therefore, future research
should comprehensively investigate specimen microstructures,
undertake piezoresistive testing of all mixes under multiple load-
ing modes and long-term cyclic loading regimes, evaluate the
environmental and durability effects, optimize the dosage of GO
and hybrid conductive fillers, scale specimens up to structural
element size to evaluate the performance of the sensing net-
works embedded within, and optimize MgO–GGBFS formula-
tions (including the application of carbonation curing and acti-
vators). Furthermore, multiphysics modeling and field-oriented
application studies are recommended to support the practical
deployment of sustainable self-sensing cementitious composites
for SHM.
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ABSTRACT

The spread of fake news and AI-generated deepfakes poses a significant threat to public trust, particularly in Arabic-speaking
contexts where resources for misinformation detection remain limited. Although prior studies have examined Arabic fake-news
detection, existing datasets often rely on simplistic synthetic content or manually collected articles that do not fully reflect real-
world journalistic writing. This study addresses this gap by constructing a high-quality dataset of 21,000 authentic news articles
from Al Arabiya and CNN Arabic and generating an equal number of fabricated articles using the GPT-4.1-mini model. Four decep-
tion strategies were employed: context shifting, exaggeration, contradiction, and misattribution. The resulting dataset, comprising
more than 42,000 articles, was used to fine-tune the bidirectional encoder representations from transformers (BERT)-base-uncased
model, achieving 96% accuracy in distinguishing real from fake news. This work introduces a large-scale Arabic news dataset,
a reproducible deepfake generation methodology for Arabic news, and a transformer-based baseline for misinformation detec-
tion. However, the study is limited to modern standard Arabic and text-only content, highlighting the need for future research on
cross-domain and dialectal robustness.

Keywords: fake news detection, deepfake generation, Arabic language processing, transformer models, BERT, misinformation detection

. INTRODUCTION

Misinformation is a global concern that undermines public trust
and social stability. Digital platforms enable fabricated infor-
mation to spread at an unprecedented scale 1,2. In the Arabic-
speaking world, this challenge is acute because misinformation
research remains limited, and datasets are small and domain-
specific 3–5. These constraints hinder the development of reliable
Arabic models for detecting deceptive content. Arabic’s linguis-
tic properties further complicate detection. As a morphologically
rich language with optional diacritics and dialectal variation, it
increases data sparsity and limits generalization, especially for
long-form journalistic text written in modern standard Arabic
(MSA).

Recent advances in natural language processing (NLP) have
improved fake-news detection, especially in high-resource lan-
guages such as English. Benchmark datasets including LIAR 6 and
FEVER 7, have supported transformer-based models that clas-
sify news using contextual patterns. However, Arabic remains
challenging due to structural complexity and diglossia, encom-
passing MSA and regional dialects. Earlier studies relied on tra-
ditional machine learning models and were constrained by lim-
ited data. Recent work has introduced Arabic fake-news datasets
and transformer-based approaches. However, most remain small,
domain-restricted, or focused on short texts such as claims or
social media posts 8–10.

This study addresses these gaps by presenting a balanced
Arabic fake-news dataset of over 42,000 articles, evenly divided
between real and fake content. Unlike existing resources, the
dataset preserves journalistic structure and applies controlled,
domain-specific deception across domains. It also evaluates a
fine-tuned bidirectional encoder representation from transform-
ers (BERT)-base-uncased model for binary classification, estab-
lishing a benchmark for Arabic misinformation detection. Figure
1 summarizes the workflow from data collection to deepfake
generation, dataset preparation, and model evaluation.

The paper is organized as follows. Section 2 reviews related
work. Section 3 describes the methodology, including data collec-
tion, deepfake generation, and data cleaning. Section 4 outlines
the experimental setup and model implementation. Section 5
presents the results and comparative analysis. Section 6 con-
cludes with key findings and future research directions.

. RELATEDWORK

Several datasets have been proposed for Arabic fake-news and
misinformation detection, differing in scale, domain coverage,
and generation methodology. Early efforts focused on social
media platforms, particularly X (formerly Twitter). For example,
ArCOV19-Rumors collected Arabic COVID-19 claims for event-
specific misinformation detection 4. However, these datasets are

https://juri.kfupm.edu.sa JURI () () −
Published under an exclusive license by KFUPM

https://juri.kfupm.edu.sa/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.64589/juri/218957
https://juri.kfupm.edu.sa


i
i

“JURI-00113-2025” — 2026/4/3 — 14:02 — page 68 — #2 i
i

i
i

i
i

Journal of Undergraduate Research International 

Figure 1. Workflow of the proposed Arabic deepfake-text detection study

limited to short informal texts and specific events, restricting their
applicability to long-form journalistic content.

Other studies examined claim-level detection. Baly et al. 3

introduced a stance-based corpus linking claims to evidence,
emphasizing fact verification rather than full-article classifica-
tion. Alnabrisi and Saad 9 developed the ArabicFakeNews dataset
with approximately 2,000 articles and reported strong AraBERT
performance; however, the dataset remains small and domain-
constrained.

Recent work also explored AI-generated Arabic text. Harrag et
al. 13 evaluated GPT-2-generated tweets using transformer mod-
els, focusing on short texts. Khairallah and Zubiaga 10 proposed
ALHD, a benchmark for detecting large language model (LLM)-
generated Arabic text across genres; however, it is not limited to
journalistic news and does not apply controlled deception at the
article level.

These limitations reveal gaps in scale, domain diversity, and
text length. The proposed dataset addresses these gaps by pro-
viding balanced, domain-diverse Arabic news articles, enabling
more realistic evaluation of deepfake detection models. Table
1 summarizes representative datasets by size, text type, domain
coverage, and generation methodology.

. METHODOLOGY

.. Real Data Collection. We collected authentic Arabic
news articles using WebScraper.io 11, a browser-based web scrap-
ing tool designed to extract structured data from official news
websites. This method was selected for its efficiency in gathering
large volumes of text without requiring custom coding. Using the
tool’s graphical interface, articles were scraped from two Arabic-
language sources, Al Arabiya and CNN Arabic, both chosen for
their editorial credibility and broad coverage of regional and
international topics.

The scraper supported multi-page navigation and direct export
to comma-separated values (CSV) format. This feature enabled
the organized collection of metadata, including titles, content,
and domain. The final dataset of real articles comprised 21,591
unique records across five domains: 7,224 in politics, 6,629 in
technology, 3,876 in health, 2,920 in the Saudi economy, and
942 in sports. Figure 2 illustrates the domain distribution by

source website. Al Arabiya contributed the majority of articles,
whereas CNN Arabic provided fewer but complementary arti-
cles, particularly in politics and sports. All articles were written in
MSA.

Clear inclusion criteria guided article selection. Only arti-
cles with complete text were retained, whereas duplicate entries,
incomplete pages, and non-editorial content were excluded. In
addition, articles were filtered to ensure relevance to the pre-
defined domains and balanced topical coverage across sources.
Each record in the final CSV file contained the following fields:
ID, Link, Title, Content, Date, Domain, Dialect (MSA), Source,
Article Location, and Article Origin (Source Website).

After collection, all data were imported into Jupyter Note-
book for cleaning and normalization. The raw text from both
websites contained various web-related artifacts, including dupli-
cate headlines, embedded social media posts, and advertise-
ment placeholders. These were systematically removed using
customized regular expression rules that targeted each site’s
structural patterns. For example, recurring section titles such
as category chains ( ) were
identified and removed, leaving only the main journalistic con-
tent.

Additional preprocessing steps were taken to ensure that all
texts were consistent in orthography and linguistic form. HTML
tags and non-Arabic characters were removed, and character vari-
ants were normalized to the alef and hamza forms. Non-Arabic
characters, emojis, and excess punctuation were deleted to min-
imize tokenization noise. All real articles were then reviewed
and annotated by a domain expert in Arabic news to validate
domain assignments, remove miscategorized items, and con-
firm the linguistic and journalistic correctness of each text. This
expert-driven validation step ensured the quality and reliability of
the final dataset.

The adopted data collection and preprocessing strategy fol-
lows best practices commonly applied in low-resource language
settings. Similar principles were employed by Rahman et al. 14

in their work on large-scale Urdu document clustering, in which
news articles were collected from credible sources and subjected
to extensive cleaning and normalization before downstream anal-
ysis. Inspired by this methodology, the present study emphasizes
source credibility, article completeness, and linguistic normal-

Table 1. Comparison of Arabic fake-news and deepfake-text datasets

Dataset Year Size Text Type Domains GenerationMethod

ArCOV19-Rumors 2021 ~10K Tweets Health Social media rumors

ArabicFakeNews 2024 ~2K Articles Mixed Human-written

GPT-2 Arabic Tweets 2020 ~5K Tweets General GPT-2 generation

ALHD 2025 >50K Mixed genres Multi-domain LLM-generated

This Work 2025 43K Full articles 5 news domains Controlled GPT-4.1-mini
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Figure 2. Domain distribution for the real data

ization to ensure the reliability and usability of the constructed
Arabic news corpus. Table 2 summarizes the source-level statis-
tics, including the estimated volume of available articles and the
number selected for inclusion in the final dataset.

.. Deepfake Data Generation. An equal number of
21,591 synthetic articles was generated to establish a balanced
dataset. Generation was performed in Jupyter Notebook using
the OpenAI GPT-4.1 Mini language model via the OpenAI API
(API version: March 2025). Each synthetic article was generated
by conditioning the model on a corresponding real article and
applying a predefined deception strategy, ensuring a one-to-one
pairing between real and fake samples.

For reproducibility, a fixed prompt template was used across
all articles, with only three variables changing per instance: the
article text, its domain label, and the assigned deception strat-
egy. Each prompt consisted of the following components: (1)
input article text (a fully cleaned Arabic news article), (2) domain
specification (politics, technology, health, Saudi economy, or
sports), and (3) explicit deception instruction corresponding
to the assigned strategy. The prompt template followed this
structure:

“Rewrite the following Arabic news article as a realistic jour-
nalistic report. Preserve the writing style, tone, and structure of
professional Arabic news. Apply the following deception strat-
egy: [DECEPTION TYPE], while maintaining linguistic flu-
ency and coherence. Do not introduce obvious contradictions or
grammatical errors.”

Each domain used a single consistent deception strategy to
ensure controlled generation: political articles were generated
through misattribution, in which sources or officials were inten-
tionally altered. Technology articles followed an exaggeration
strategy, overstating innovations or performance claims to sim-
ulate promotional bias. Health articles employed contradiction,
introducing claims that contradict verified medical information.
Saudi economy articles employed context shifting, modifying the
locations, dates, or circumstances of real events, whereas sports
articles used contradiction by altering results or athletes’ perfor-
mances.

All generations used the same model configuration: tem-
perature = 0.9, top-p = 1.0, and maximum output length =

500 tokens. No additional frequency or presence penalties were
applied, and the model was prompted with a single user role

Table 2. Source-level statistics of real news articles

Source Available Articles* Selected Articles Domains Covered

Al Arabiya ~500,000 + 14,872 Politics, Economy, Health, Technology, Sports

CNN Arabic ~300,000 + 6,719 Politics, Health, Sports

Total ~800,000 + 21,591 5 domains

*Available article counts are approximate estimates inferred from publicly accessible site archives, sitemap coverage, and large-scale academic news
corpora.
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without system-level instructions. Each generated article was
constrained to 200–300 words, matching the length distribution
of the real articles. The generation process was automated in
batches using Python scripts, with progress tracked via the tqdm
library. Short delays were inserted between API calls to comply
with OpenAI rate limits and ensure stable execution.

Post-processing included removing newline artifacts and extra
formatting. A subset of the generated samples was manually
reviewed to ensure fluency and topical relevance, and any inco-
herent or illogical outputs were regenerated. The final collection
contained 21,591 fake articles that closely resembled authentic
news, each paired with its corresponding real article.

.. Dataset Preparation. The real and deepfake
datasets were merged to form a unified corpus of 43,182 Ara-
bic news articles, with balanced representation of real and fake
samples. Each record contained the text and its label, where 0
indicated a real article, and 1 indicated a fake article. The dataset
was randomly shuffled to ensure reproducibility. To prepare
for model training, the dataset was split into three subsets: 70%
for training, 15% for validation, and 15% for testing. A strat-
ified sampling technique was used to preserve class balance
across all partitions. This ensured that real and fake samples
were proportionally represented in each subset. Although the
dataset is balanced between real and fake samples, it is naturally
imbalanced across domains, as confirmed by the domain expert.
Because evaluation is based on a global binary label rather than
domain-level classification, this imbalance does not affect the
overall performance metric, which is reported as a single unified
score.

. EXPERIMENTALWORK

.. Model Architecture. The fine-tuning process was
based on the BERT-base-uncased architecture 12. BERT cap-
tures contextual dependencies in both directions, left-to-right
and right-to-left. This bidirectional approach allows the model
to understand the full context of a sentence rather than isolated
words, making it particularly suitable for detecting stylistic and
contextual irregularities that may appear in deepfake text.

BERT was selected over recurrent neural network (RNN)–
based architectures such as LSTM and GRU because of its
superior ability to model long-range dependencies. While RNNs
process text sequentially and may suffer from vanishing gradients
or limited context retention in long documents, BERT processes
tokens in parallel using self-attention, allowing it to learn global
contextual relationships across entire articles. This advantage
is especially important for long-form Arabic news texts, which
often exhibit complex syntactic structures and nuanced discourse
patterns. Moreover, transformer-based models have consistently
outperformed RNNs in misinformation detection and text clas-
sification tasks, establishing BERT as a strong baseline for this
study.

Although BERT-base-uncased was originally pre-trained on
large English corpora, it was selected for its demonstrated gener-
alization capability for normalized MSA text. The model consists
of 12 transformer encoder layers, each containing 12 attention
heads and producing 768-dimensional hidden representations.
This architecture enables rich semantic encoding and multi-head

attention across diverse linguistic features, making it suitable for
modeling long-form Arabic news articles. The term “uncased”
indicates that the model processes text without distinguishing let-
ter case, which aligns with Arabic script, as it does not encode
case distinctions. The overall architecture used in this study is
illustrated in Figure 3.

During fine-tuning, the contextualized [CLS] token represents
the entire article. This representation is fed into a linear classifica-
tion layer, followed by a softmax function to predict whether the
article is real or fake. All model parameters were updated during
training, enabling the model to adapt to Arabic sentence struc-
tures, writing styles, and domain-specific characteristics in the
dataset.

.. Model Training. The fine-tuning was performed on
Google Colab Pro using its built-in NVIDIA Tesla T4 GPU,
which provided sufficient computational capacity to process
thousands of long-text samples efficiently. The Trainer API from
Hugging Face was used to automate dataset loading, gradient
computation, and evaluation after each epoch. The AdamW opti-
mizer was used with a learning rate of 2 × 10−5 and a weight
decay of 0.01 to balance learning stability and model generaliza-
tion. Both the training and validation batch sizes were set to 32
to balance performance and GPU memory constraints. Training
was conducted for three epochs, chosen empirically after testing
different configurations and observing convergence behavior and
validation loss stability. Each epoch included periodic validation
every 500 steps to track model improvement. The model auto-
matically saved the best checkpoint based on the validation F1-
score, ensuring that the optimal parameters were preserved. All
logs, checkpoints, and intermediate results were stored in Google
Drive for backup and reproducibility. Upon completing train-
ing, the fine-tuned model and tokenizer were uploaded to the
Hugging Face Hub, allowing future use, sharing, and verification.

.. Evaluation Metrics. To evaluate model perfor-
mance, four standard metrics were used: accuracy, precision,
recall, and F1-score. These metrics were implemented through
a custom evaluation function integrated within the Trainer API.
Accuracy measured the overall proportion of correctly classified
samples, precision quantified the ratio of correctly predicted fake
articles to all predicted fake articles, recall measured the model’s
ability to identify all actual fake samples correctly, and the F1-
score provided a balanced harmonic mean of precision and recall.
The F1-score was also employed as the primary criterion for
selecting the best-performing checkpoint during training.

In addition to quantitative metrics, a confusion matrix and
classification reports were generated for both the validation and
test sets, providing insight into the distribution of correct and
incorrect predictions across labels. These analyses also helped
identify any systematic misclassification across deception strate-
gies or domains. The detailed numerical outcomes and analysis
are presented in the following section.

. RESULTS AND DISCUSSION

.. Training and Validation Performance. During
training, the model demonstrated rapid, stable convergence
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Figure 3. BERT-base-uncased architecture used for Arabic deepfake-text classification. Adapted from Elbatarny et al. 15

Figure 4. Training and validation loss curves across three epochs

within three epochs, with consistent decreases in training and val-
idation loss. Figure 4 illustrates this trend, showing that both loss
curves converge steadily and exhibit minimal overfitting during
fine-tuning. The validation accuracy reached 96.3%, indicating
that the model learned consistent patterns without signs of over-
fitting. As listed in Table 3, precision and recall values are nearly
identical across the real and fake classes, confirming balanced
performance. The fake class achieved slightly higher recall, indi-
cating that the model was more sensitive in detecting deceptive
articles, whereas the real class achieved higher precision, reflect-
ing fewer false positives.

This balance indicates that the model did not favor one label
over the other, which is crucial in misinformation detection, as
labeling real news as fake may undermine credibility. The confu-
sion matrix in Figure 5 illustrates this clearly, with most samples

falling along the main diagonal, indicating that the classifier cor-
rectly identified nearly all articles. The matrix corresponds to the
third validation epoch, which achieved the best F1-score and was
automatically saved as the optimal checkpoint during training.
The remaining errors involved only a small number of border-
line cases, typically articles that shared overlapping linguistic cues
such as neutral tone.

.. Test-Set Performance. When evaluated on the test
set of 6,477 unseen articles, the model achieved an accuracy of
96.62%, confirming its ability to generalize beyond the train-
ing data. As shown in Table 4, both real and fake categories
achieved nearly equal F1-scores, maintaining the performance
stability observed during validation. The precision for real arti-
cles at 98.21% indicates a low false detection rate. In contrast,
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Figure 5. Confusion matrix for the validation set at the final training
epoch

the recall for fake articles at 98.27% demonstrates the model’s
strong ability to identify deceptive samples. The confusion matrix
in Figure 6 supports this finding, showing that nearly all predic-
tions were correct, with few real articles misclassified as fake. This
strong generalization implies that the model captured not only
word-level patterns but also structural and contextual cues com-
mon in Arabic news. Such cues include emotional tone, sentence
complexity, and reporting style, all subtle yet powerful signals that
distinguish authentic journalism from AI-generated imitations.

.. Error Analysis. A closer examination of the misclas-
sified samples reveals two main types of errors. First, some real
articles were classified as fake, especially short factual reports or
formal summaries that lacked emotional or descriptive language.
Their neutral tone resembled machine-generated writing, leading
the model to misclassify them as inauthentic. Second, some fake
articles were classified as real when the generated text underwent
minor edits, such as replacing names or numbers while maintain-
ing the journalistic tone. These patterns show that although the
model is highly capable of recognizing linguistic irregularities, it
struggles when the deception is minimal or stylistically sophis-
ticated. This limitation indicates the model’s reliance on textual
surface patterns rather than factual verification. In other words,
the BERT model excels at detecting how something is written
but not at determining whether it is factually accurate. Address-
ing this gap would require integrating factual knowledge bases,

Table 3. Validation result

Precision Recall F1-score

FAKE 0.9465 0.9833 0.9646

REAL 0.9827 0.9444 0.9632

Accuracy 0.9639 0.9639 0.9639

Macro Avg 0.9646 0.9639 0.9639

Figure 6. Testing confusion matrix

fact-checking models, or explicit reasoning mechanisms in future
work.

.. Comparison with Related Work. Compared with
previous Arabic fake-news detection studies reported in the
literature, the current model achieved higher performance
and broader domain coverage. The comparison focuses on
transformer-based approaches applied to Arabic text, as these
models constitute the current state of the art in misinformation
detection. For instance, Baly et al. 3 focused on small datasets link-
ing news claims to stance labels, while Harrag et al. 13 explored
GPT-generated short texts using AraBERT on a few thousand
samples. In contrast, this study fine-tuned a transformer on a
larger, balanced corpus that included both human-written and
AI-generated content. This scale enabled the model to learn
nuanced representations of deception across politics, health,
economy, technology, and sports, making it more robust than
earlier models restricted to a single domain.

This study introduces a large article-level corpus of over
42,000 Arabic news samples, substantially larger than existing
datasets, while preserving full journalistic structure rather than
short claims or tweets. It also applies controlled, domain-specific
deception strategies, combining large-scale data, structured deep-
fake generation, and transformer-based benchmarking within a
reproducible framework. Future work may compare transformer
models such as BERT with traditional classifiers such as SVMs,

Table 4. Test-set results

Precision Recall F1-score

FAKE 0.9513 0.9827 0.9667

REAL 0.9821 0.9497 0.9656

Accuracy 0.9662 0.9662 0.9662

Macro Avg 0.9667 0.9662 0.9662
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Figure 7. Cross-domain model performance comparison

which rely on manual features and often struggle to capture
Arabic semantic dependencies.

For comparability, we report results from transformer-based
models fine-tuned under similar training conditions, including
three training epochs and an AdamW optimizer with a learning
rate of 2 × 10−5, as specified in the original studies. Where direct
retraining on external datasets was not feasible due to differences
in dataset availability, annotation schemes, or task formulation,
we report published benchmark results following common prac-
tice in comparative NLP studies.

As summarized in Table 5, the proposed dataset, com-
bined with a BERT-base-uncased model, achieves competitive
performance relative to existing Arabic misinformation bench-
marks while operating on longer texts and broader domains.
Unlike prior datasets that primarily focus on short tweets,
claims, or single-domain content, this study evaluates full-
length journalistic articles and applies controlled, domain-
specific deception strategies. These characteristics increase task
difficulty and better reflect real-world misinformation scenar-
ios, making direct accuracy comparisons conservative rather than
inflated.

Table 5. Quantitative comparison with Arabic fake and deepfake-text
datasets

Dataset Model Accuracy (%) F1-score

ArabicFakeNews AraBERTv2 97.9 -

GPT-2 Tweets AraBERT 91.2 0.9

ALHD XLM-R 93.4 0.93

This Work BERT-base-uncased 96.6 0.97

.. Cross-Domain Evaluation. To further assess the
model’s adaptability beyond traditional news data, a cross-
domain evaluation was conducted using four external datasets:
e-commerce, social media, entertainment, and government. As
summarized in Table 6 and illustrated in Figure 7, perfor-
mance declines on informal text, with accuracies below 50%
for e-commerce, social media, and entertainment. This degrada-
tion reflects the domain shift problem. These domains typically
use conversational language, emojis, and incomplete sentences,
which differ from the news writing style. Consequently, the
model’s learned patterns no longer aligned with the input style.

In contrast, the governmental dataset achieved the highest
cross-domain performance, with 65.8% accuracy and 0.64 macro-
F1, showing better alignment with traditional news style. This
suggests that BERT learned features closely tied to formal Ara-
bic syntax and journalistic tone rather than semantic truthfulness.
Future studies can address this limitation by applying domain
adaptation methods, such as fine-tuning on diverse corpora that
include both formal and informal text, or by using adversarial
training, which helps models focus on deeper semantic under-
standing rather than surface-level writing style. Another potential
direction is to include factual consistency checks or external

Table 6. Cross-domain evaluation results

Dataset Accuracy Macro F1

E-commerce 0.4362036455 0.3491038089

Social media 0.4963572268 0.4107288411

Entertainment 0.4946140036 0.3517277592

Governmental 0.6582294912 0.6369536261
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knowledge graphs to improve the detection of subtle factual
distortions that purely textual models may overlook.

. CONCLUSIONS

This study presented a large Arabic news corpus and proposed a
controlled GPT-generated deepfake methodology. A fine-tuned
BERT-base-uncased model achieved 96% accuracy in distin-
guishing real from fake articles, confirming the effectiveness of
transformer architectures for Arabic text classification. Results
highlighted strong performance on formal news with 96.6%
accuracy, but limited cross-domain generalization. Among the
external datasets, the governmental domain achieved the highest
cross-domain accuracy of 65.8%, emphasizing the need for dialec-
tal data and domain adaptation strategies. Looking ahead, future
systems could incorporate dialectal data, utilize multilingual
transfer learning, and improve resistance to adversarial manipula-
tion such as paraphrasing or disguised phrasing. Since this study
has some limitations, such as being limited to textual data, future
research could explore integrating multimodal features, such as
images, videos, and author metadata, to enhance reliability and
scalability. Finally, ethical transparency must remain a priority.
Given the sensitivity of misinformation in the Arabic context,
future models should be developed responsibly, with safeguards
against bias and misuse.

The GPT-generated articles were created under controlled
conditions, which may not cover the full range of real-world mis-
information or cases involving images and videos. The dataset
also focuses on MSA, limiting generalization to dialectal and
informal language. From an ethical standpoint, all synthetic arti-
cles were stored safely, clearly labeled as artificial, and used only
for research. No misinformation was publicly released, and the
study adhered to responsible AI and data-handling practices
to ensure its findings contribute positively to combating mis-
information rather than spreading it. In conclusion, this study
addresses an essential gap in Arabic NLP by providing a repro-
ducible dataset and a baseline model for fake-news detection,
laying the groundwork for more diverse, ethically aligned, and
resilient approaches to reducing digital misinformation.
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ABSTRACT

It has become increasingly challenging to distinguish between real and deepfake texts, particularly for low-resource languages such
as Arabic. This study aims to construct a reliable Arabic dataset to enable deepfake text detection by collecting authentic YouTube
comments and generating synthetic text using OpenAI GPT-4.0 Mini. The collected comments span four thematic domains—
entertainment, religion, health, and sports—to capture common discussion topics and linguistic variations present in Arabic online
communities. Synthetic samples were generated using a structured prompt-based methodology that applies predefined deception
techniques to simulate realistic misleading content. To validate the proposed dataset, a Bidirectional Encoder Representations from
Transformers (BERT)–based model was fine-tuned for binary classification. Experimental results achieved an accuracy of 91.43%,
demonstrating strong classification capability and confirming the effectiveness of the dataset for deepfake detection tasks. Although
the dataset remains limited in size and dialectal diversity, the results demonstrate the effectiveness of the proposed methodol-
ogy. The dataset and methodology are expected to support future research in Arabic natural language processing and improve the
reliability of automated deepfake detection approaches.

Keywords: deepfake text detection, machine learning, cross-validation, data collection, data preprocessing

. INTRODUCTION

With the rapid development of artificial intelligence (AI) and nat-
ural language processing (NLP), deepfake text has emerged as
a significant challenge. Deepfake text refers to synthetically gen-
erated content that closely mimics human language, making it
increasingly difficult to distinguish between authentic and manip-
ulated written text. This phenomenon raises serious concerns,
as deepfakes may erode trust in digital media, increase cognitive
load for readers, and trigger negative psychological responses 1.

Owing to these risks, research interest in deepfake text detec-
tion has increased in recent years. However, most existing studies
have focused primarily on the English language, leaving a con-
siderable gap in the detection of Arabic deepfake text 2. A major
limitation in this field is the absence of comprehensive and pub-
licly available Arabic datasets. In particular, the scarcity of labeled
benchmark datasets remains a key challenge in advancing Ara-
bic deepfake detection research 3. Existing research has mainly
relied on English datasets or domains such as news articles, e-
commerce reviews, and social media platforms. For example, Su
et al. introduced the HC3 dataset, which contains both human-
written and ChatGPT-generated English content and has been
widely used in deepfake detection studies 4. Nevertheless, Arabic
remains a relatively low-resource language in this field. Zita et al.
reported that, despite being one of the six official United Nations
languages, Arabic has received limited attention in AI-generated

text detection research 5. Similarly, a survey by Seyam et al. found
that approximately 91% of fake news detection studies focus
on English content 4. In addition, prior studies on Arabic deep-
fake detection have often constructed small synthetic datasets or
translated English datasets into Arabic. For instance, Barhoum
et al. created a fake news dataset using authentic data collected
from Kaggle combined with synthetically generated Arabic text 6.
Likewise, Alghamdi et al. investigated fake reviews on Arabic e-
commerce platforms, although the original dataset was initially
developed in English and later translated into Arabic 7.

Another important limitation in the current literature is
the limited exploration of streaming platforms, particularly
YouTube. Unlike traditional sources such as news or reviews,
YouTube provides rich user-generated content that reflects infor-
mal language and diverse Arabic dialects. Although one Arabic
YouTube dataset was introduced by Alahamdi 8, the data collec-
tion methodology was not clearly documented, especially regard-
ing the tools and application programming interfaces (APIs)
used. This lack of transparency makes it difficult to verify the
dataset’s reliability and reproducibility.Previous studies have
shown that the YouTube API is an effective tool for collecting
large-scale datasets. For example, Cruickshank et al. demon-
strated its usefulness for gathering authentic user-generated con-
tent 9, while Siersdorfer et al. collected more than six million
comments from over 67,000 YouTube videos to analyze user
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Figure 1. Workflow diagram

engagement 10. However, these datasets focused exclusively on
English content.

Overall, the literature highlights a clear gap: there is cur-
rently no verified, domain-specific, or publicly documented Ara-
bic dataset derived from YouTube that supports deepfake text
detection research. To address this limitation, this study aims
to construct a robust Arabic dataset for deepfake text detection
based on YouTube comments. The proposed dataset encom-
passes multiple Arabic dialects, including Modern Standard Ara-
bic (MSA), Saudi, Egyptian, Kuwaiti, and Iraqi, as well as content
from several domains such as sports, religion, entertainment, and
health.

The research was conducted in three stages, as illustrated in
Figure 1. The first stage involved dataset construction, including
YouTube data collection, preprocessing, deepfake text genera-
tion, and dataset integration. The second stage focused on model
development, including stratified data splitting, tokenization, and
fine-tuning of the Bidirectional Encoder Representations from
Transformers (BERT) model. The final stage involved model
evaluation and validation using accuracy, precision, recall, F1-
score, and a confusion matrix, along with cross-domain testing to
assess the model’s generalization capability.

This study contributes to the field by introducing a compre-
hensive Arabic YouTube-based dataset for deepfake text detec-
tion and demonstrating its effectiveness through cross-domain
evaluation. The dataset and experimental framework provide a
reliable foundation for future research in Arabic deepfake detec-
tion. Furthermore, this paper presents a detailed analysis of
dataset construction and validation, including data collection,
synthetic data generation, and model training and evaluation
procedures.

. METHODOLOGY

.. Data Collection and Preprocessing. The first stage
of this research involved the collection and preprocessing of real
Arabic data. YouTube was selected as the primary streaming

Figure 2. Number of real data records per domain

platform. Four domains were chosen before gathering the data—
Health, Sports, Religion, and Entertainment. These domains
were chosen because they represent popular topics among
Arabic-speaking users and capture diverse dialectal expressions.
The data were collected using a Python script executed in a
Google Colab environment. The script utilizes YouTube API to
ensure efficient, authentic, and user-generated content. YouTube
video IDs were manually collected and saved in a list. The script
utilized the list of IDs and collected the metadata from each
video, including comments, timestamps, author names, and other
relevant attributes. After executing the script, 14,854 Arabic com-
ments were collected from the selected fields. As shown in Figure
2, the distribution between the fields was balanced. Next, the
dataset was cleaned to ensure data accuracy and reliability. Dupli-
cate, empty or meaningless, and inappropriate comments were
removed from the dataset. Following data cleaning, the com-
ments were manually reviewed by a domain expert and classified
into the five Arabic dialects that best represented the content-
MSA, Saudi, Iraqi, Egyptian, and Kuwaiti. The cleaned dataset
was then organized and labeled based on these dialects, as shown
in Figure 3. The distribution of dialects was not balanced and was
biased towards MSA. This is because most YouTube comments
do not reflect dialects.

.. Deepfake Text Generation. After collecting and
cleaning the real dataset, synthetic Arabic deepfake text was gen-
erated using OpenAI GPT-4.0 Mini. Each deepfake instance was
produced from a carefully designed prompt that generated a
synthetic version of every real-text sample while preserving the
assigned dialect.

Because the dataset was collected from YouTube, the gen-
eration process incorporated deception techniques commonly
observed on that platform, including exaggeration, omission,
contradiction, satirical tone, clickbait phrasing, and mixed truths.
For each real text instance, one of these predefined techniques
was randomly assigned while maintaining the corresponding
dialect.

Figure 3. Number of real data records per dialect
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Table 1. Distribution of real and synthetic text samples across Arabic
dialects

Dialect Real Samples Fake Samples Total

MSA 11739 11727 23466

Saudi 1281 1283 2564

Kuwaiti 272 274 546

Iraqi 424 425 849

Egyptian 1137 1146 2283

The prompt was designed to ensure that the generated text
followed the selected dialect and produced a natural and conver-
sational deceptive rewrite consistent with user-generated online
discourse. To enhance realism, the generated text was required
to sound human-like and reflect the informal language typically
used in online discussions. Overly formal or highly structured
language was discouraged, and minor imperfections or repeti-
tions were permitted when they contributed to more authentic
outputs. In addition, the generation process prevented verba-
tim copying of the original text to ensure that synthetic samples
remained distinct from authentic comments. The model was also
constrained to produce only the rewritten deceptive text without
adding explanations, introductions, or meta-commentary.

To automate this process, a Python script was developed and
executed in the Google Colab environment. The script inte-
grated the OpenAI API and processed the cleaned real dataset
by injecting each sample into the prompt to generate its synthetic
counterpart. This systematic design ensured consistent applica-
tion of deception techniques and controlled generation across
the dataset.

After executing the script, a synthetic deepfake dataset con-
taining 14,857 rows was generated. Each entry included the orig-
inal real text, its dialect, the applied deception technique, and
the generated deepfake text. Figure 4 illustrates the distribution
of deception techniques across the generated deepfake samples,
which follows a balanced distribution. As shown in Figure 5,
Modern Standard Arabic (MSA) was the most frequently occur-
ring dialect.

After verifying the outputs of the generation process and
ensuring dataset consistency, the real and deepfake datasets were
merged and randomized. The resulting dataset contains several
attributes, including a text column and a label column indicating
whether a sample is real or fake. Additional columns include the
dialect column (MSA, Saudi, Iraqi, Kuwaiti, and Egyptian), the
field column (health, sports, entertainment, and religion), and
a deception column specifying the deception technique used to
generate fake samples. Table 1 presents a statistical summary of
the dataset, showing the distribution of real and synthetic text
samples across different Arabic dialects.

. EXPERIMENTALWORK

.. Model Architecture and Hyperparameters. This
study employed a transformer-based architecture, specifically
BERT, because of its strong capability to capture contextual
and semantic relationships in text. Additionally, BERT has been

Figure 4. Distribution of deception techniques in the generated deep-
fake dataset

widely used in text-classification tasks, making it suitable for
distinguishing between real and fake content 11.

As illustrated in Figure 6, each Arabic text is first tokenized and
augmented with special tokens [CLS] at the beginning and [SEP]
at the end. The tokenized sequence is converted into embed-
ding text and passed through 12 stacked transformer encoder
layers. These layers utilize self-attention mechanisms to capture
the bidirectional contextual relationships between words. After
processing the entire sequence, the final hidden representation
of the [CLS] token is used as the sentence-level representa-
tion. This representation is fed into a linear classification layer
and is followed by a softmax function to predict whether the
input text is real or fake 12. The entire model is fine-tuned using
the constructed labeled dataset, which includes authentic Arabic
YouTube comments and synthetically generated deepfake text.

Because BERT is a pre-trained model, it learns general lan-
guage patterns, allowing effective fine-tuning with a limited num-
ber of training epochs. The model was configured using the
following hyperparameters— a learning rate of 2e-5, batch size
of 32, three training epochs, and a maximum sequence length of
512.

The maximum sequence length was set to 512, which is the
maximum input length supported by BERT 13. A learning rate
of 2e-5 was selected to reduce the risk of catastrophic forgetting
during fine-tuning 13. For classification tasks, three to five epochs
are commonly used; therefore, three epochs were chosen for the
experiment 14.

.. Training Environment and Evaluation Metrics.
The model was trained using an A100 GPU on the Google Colab
platform, instead of the default CPU accelerator. GPUs are more
efficient for machine-learning applications because they process
data in parallel, whereas CPUs process data sequentially 15. Given

Figure 5. Distribution of dialect in the generated deepfake dataset
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Figure 6. BERT-based architecture for Arabic deepfake text classification

the large dataset used in this study, GPU training significantly
improved computational efficiency.

To prevent overfitting and ensure optimal model selection,
the parameter “load_best_model_at_end” was set to True. This
approach is recommended because the validation loss does not
necessarily decrease in every epoch and may increase after a cer-
tain point, indicating that the model has stopped improving and
started to overfit 14. Therefore, the model corresponding to the
epoch with the lowest validation loss was automatically saved and
used in the final evaluation.

The model performance was evaluated using accuracy, pre-
cision, recall, F1-score, and confusion matrices. To provide an
overall evaluation of the model, the reported precision, recall, and
F1-score values represent weighted averages across both labels
(Real and Fake), where each label is weighted according to the
number of samples belonging to it.

• Accuracy is computed as the ratio of correctly predicted sam-
ples to the total number of samples.

• The confusion matrix includes four elements: true positives
(TP), true negatives (TN), false positives (FP), and false neg-
atives (FN).

– TP represents real texts correctly identified as real.
– TN represents fake texts correctly identified as fake.
– FP represents fake texts incorrectly predicted as real.
– FN represents real texts incorrectly predicted as fake.

• Precision was calculated as TP / (TP + FP).
• Recall was calculated as TP / (TP + FN).
• The F1-score was computed using the harmonic mean of the

precision and recall 2 / ((1/Precision) +(1/ Recall)) 16.

.. Data Preparation and Training Procedure.
Before training, the dataset was normalized and preprocessed to
ensure robust performance. The labels “Real” and “Fake” were
mapped to binary values 1 and 0, respectively. Rows containing
missing text or labels were excluded.

The dataset was divided into training (70%), validation (15%),
and testing (15%) subsets. The training set was used to learn lin-
guistic patterns, the validation set to monitor the performance
and prevent overfitting, and the testing set to evaluate the model
on unseen data 17.

To enable the BERT model to distinguish between “Real” and
“Fake” Arabic text, it was trained to identify the contextual and
linguistic patterns that differentiate human-written content from
text generated by OpenAI GPT-4.0 Mini. The model was imple-
mented using the Hugging-Face Transformers library, which
provides access to pretrained language models, such as BERT 18.

As BERT cannot process raw text directly, a tokenizer was
applied to convert Arabic sentences into numerical representa-
tions. Each sentence was segmented into words and mapped
to the corresponding vocabulary IDs according to the BERT
tokenizer 18. The pretrained BERT model was then loaded and
configured using the selected hyperparameters described in
Section 3.1.

Training was conducted for three epochs, during which the
model iteratively processed the input text, generated predictions,
and compared them with the True labels to compute the loss
values. After each epoch, the model was evaluated using the val-
idation set, and the performance metrics, including training loss,
validation loss, accuracy, precision, recall, and F1-score, were
recorded.

Upon completion of the training, the final model was evaluated
on a test set containing unseen data to assess its generalization
performance. Through this training process, the model learned to
capture semantic and contextual patterns in Arabic text, enabling
effective discrimination between real human-generated content
and fake text generated using OpenAI GPT-4.0 Mini.

. RESULTS AND DISCUSSION

.. Training Result. As discussed in the previous section,
the training process was performed over three epochs, and after
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Figure 7. Learning curve-model validation loss per epoch

Figure 8. Learning curve-model accuracy per epoch

each epoch, the model used the validation set to assess its
progress. Thus, a set of statistics was calculated for each epoch,
as shown in Table 2. The validation loss decreased in each epoch
but increased slightly in the third epoch, as shown in Figure 7.
However, accuracy, precision, recall, and F1 all increased in each
epoch, with a slight decrease in the third epoch. Figure 8 presents
the change in model accuracy per epoch. This indicates that the
model achieved its best performance and learned the most during
the second epoch. Therefore, further training was not expected to
improve the model. Thus, the model parameters from the second
epoch were saved and used as the final model checkpoints.

.. Testing Results. After evaluating the model on the
unseen test set, the evaluation loss was approximately 0.2267, and
the accuracy reached 91.43%, as listed in Table 3. The test results
imply that the model has a balanced and strong performance in
distinguishing between real and fake text. The confusion matrix
in Figure 9 shows that the model correctly identified 2,112 real
texts and 1,980 fake texts, while misclassifying 116 real labels as
fake and 249 fake labels as real. These results support the conclu-
sion that the model provides reliable predictions, demonstrates
good generalization capabilities, and does not exhibit signs of
overfitting.

.. Cross-domain Evaluation Results. To assess the
ability of the model to generalize across different datasets and
domains, a cross-domain evaluation was conducted using four

Figure 9. Confusion matrix of final model on the test set

Figure 10. Confusion matrix – social media dataset

independent Arabic datasets: social media, e-commerce, news,
and governmental.

A. Social Media Dataset

The first dataset contained user-generated content from social
media platforms, including comments, tweets, and replies. The
dataset included five dialects: Egyptian, Iraqi, Shami, Sudanese,
and Modern Standard Arabic. With this dataset, the model
achieved an accuracy of 88.66%, as shown in Table 4.

The confusion matrix in Figure 10 shows that the model cor-
rectly predicted 1,882 real and 1,890 fake texts. However, the
model misclassified 255 real samples as fake and 227 fake samples
as real.

B. E-Commerce Dataset

Table 2. Training and validation loss with corresponding performance metrics across epochs

Epoch Training Loss Validation Loss Accuracy Precision Recall F1

1 0.242700 0.233621 0.910029 0.912076 0.910029 0.909918

2 0.216400 0.219132 0.918106 0.919602 0.918106 0.918034

3 0.210100 0.228866 0.915863 0.916081 0.915863 0.915852
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Figure 11. Confusion matrix - E-commerce dataset

The second dataset focused on the electronic domain, specifi-
cally smartphones and mobile devices. It contained descriptions
of smartphones, including details such as storage capacity, battery
size, camera specifications, display type, and connectivity fea-
tures. This dataset contained only MSA text. The model achieved
an accuracy of approximately 50.66%, as shown in Table 5. The
model correctly classified 463 real texts and 343 fake texts, while
incorrectly predicting 228 real samples as fake and 557 fake
samples as real, as shown in the confusion matrix in Figure 11.

Table 3. Test set performance result of the final model

Metrics Value

Evaluation Loss 0.22

Evaluation Accuracy 0.91

Evaluation Precision 0.91

Evaluation Recall 0.91

Evaluation F1 Score 0.91

Evaluation Runtime 28.87

Evaluation Samples / s 154.30

Evaluation Steps / s 4.84

Epochs 3

Table 4. Test results on the social media dataset

Metrics Value

Accuracy 0.88

Precision 0.88

Recall 0.88

F1 Score 0.88

Table 5. Test results on the e-commerce dataset

Metrics Value

Accuracy 0.50

Precision 0.53

Recall 0.50

F1 Score 0.49

Figure 12. Confusion matrix-news dataset

Figure 13. Confusion matrix - governmental dataset

C. News Dataset

The third dataset consisted of Arabic news covering politics,
health, economy, and technology, and contained only MSA text.
Table 6 indicates that the test results had an accuracy of approx-
imately 56.24%. Figure 12 shows the confusion matrix of the
model, which indicates that it could correctly predict 538 real
texts and 3105 fake texts, while it predicted 2,700 real labels as
fake and 134 fake labels as real.

D. Governmental Dataset

The final dataset included official Arabic texts from government
sources such as the Ministries of Health, Education, and Justice.
Thus, all texts were written in MSA. After testing the model on
this dataset, its accuracy was approximately 57.97%, as shown
in Table 7. The model identified 1,772 real texts and 2,694 fake
texts. However, the model misclassified 2,154 real samples as fake
and 1,084 fake samples as real, as shown in Figure 13.

Table 6. Test results on the news dataset

Metrics Value

Accuracy 0.56

Precision 0.66

Recall 0.56

F1 Score 0.48
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Figure 14. Model performance across domains

Table 7. Test results on the governmental dataset

Metrics Value

Accuracy 0.57

Precision 0.58

Recall 0.57

F1 Score 0.57

Testing the model on different datasets of various domains and
dialects revealed that the model demonstrated the highest accu-
racy, 88.66% when tested on the social media dataset, while the
lowest accuracy was demonstrated with the e-commerce dataset
(50.66%), as illustrated in Figure 14. As the social media domain
closely resembles the YouTube domain, with similar linguistic
and contextual patterns, the model maintained high performance
and yielded highly accurate results. However, other news, govern-
ment, and e-commerce datasets demonstrated more formal and
distinct patterns. Thus, the accuracy of these sets ranged from
approximately 50–58%. Therefore, the model could distinguish
between real and fake text across different datasets. However, the
closer the contextual and linguistic patterns are to YouTube, the
higher the prediction accuracy.

. CONCLUSION

This study aimed to build a comprehensive Arabic dataset
and validate it by developing a model to detect Arabic deep-
fake text. To ensure dataset robustness, a collection of authen-
tic Arabic text was gathered, cleaned, and complemented with
synthetically generated deepfake text. The BERT model was
then trained, validated, and tested, achieving an accuracy of
approximately 91.43%. The results demonstrate the balanced
and robust performance of the proposed model in detecting
deepfake text in the constructed dataset. A cross-domain vali-
dation step was performed using external datasets to evaluate
the model’s ability to generalize and avoid overfitting. The con-
structed dataset and detection framework have important practi-
cal implications. The dataset can serve as a benchmark resource
for future Arabic deepfake detection research and support the

development of automated moderation tools for Arabic online
platforms. In addition, the proposed approach can assist social
media platforms, streaming services, and content moderation
systems in identifying AI-generated misleading text and reduc-
ing the spread of deceptive information in Arabic digital envi-
ronments. Although the experimental results of this study are
promising, there are several limitations. Specifically, the dataset
size and diversity were limited, and only a subset of Arabic
dialects and topics was considered. These factors may have
affected the overall performance of the model. Future studies
should consider larger datasets, more dialects, and a broader
variety of fields to obtain stronger models and improved perfor-
mance.
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ABSTRACT

Radiograph-facilitated triage of primary bone tumors is critical for timely referral; however, it remains difficult in settings without
subspecialty expertise. Building on the multicenter Bone Tumor X-ray Radiograph Dataset (BTXRD), in this study, we aimed to
systematically benchmark modern deep learning architectures for classifying normal bone, benign tumors, and malignant tumors
using a unified, reproducible pipeline. We evaluated a broad family of compound-scaled Convolutional Neural Networks (CNNs)
and vision transformers using standardized preprocessing, class-imbalance-aware training via effective number weighting, and
variance-aware k-fold cross-validation. Furthermore, we compared their performance with the BTXRD YOLOv8 Classification
baseline. In addition to backbone evaluation, we conducted an architecture-aware analysis of contrast-limited adaptive histogram
equalization (CLAHE), quantifying its effects on classification performance and learned representation geometry. To characterize
representation shifts, we embedded penultimate-layer features using Uniform Manifold Approximation and Projection (UMAP)
and determined how CLAHE alters neighborhood structure and class separability across backbones. We also integrated High
Resolution Class Activation Mapping (HiResCAM) to assess explanation faithfulness and elucidated the degree of spatial over-
lap between model attention and radiologist-provided lesion masks. The experimental protocol incorporated a frozen held-out
test set, calibration-sensitive metrics, and per-image prediction auditing to reflect deployment-oriented behavior. Across architec-
tures, EfficientNet-B6 with CLAHE was the most reliable configuration, delivering high accuracy and macro-F1, while maintaining
clinically meaningful error patterns and precise malignant predictions. This work provides novel insights into how preprocess-
ing, architectures, feature representations, and explanation methods interact in bone tumor X-ray classification and establishes
reproducible baselines to support future research on BTXRD.

Keywords: bone tumor, X-ray radiography, classification, deep learning, explainable AI, uniform manifold approximation and projection, class
activation mapping

. INTRODUCTION

Despite being uncommon, bone tumors are important radio-
graphic findings and remain the most accessible and cost-
effective imaging modality for musculoskeletal care. However,
reliable differentiation among normal bone and benign and
malignant tumors can be challenging, particularly in settings with
limited subspecialty expertise. Recent advances in deep learning
have demonstrated strong performance in medical image inter-
pretation and may assist in radiographic assessment 1,2. A growing
body of medical imaging research has proposed task-driven clas-
sification pipelines that combine architectural enhancements and
hybrid feature representations with explicit structural cues and,
in some cases, segmentation or localization components. Repre-
sentative examples include glaucoma screening frameworks that
integrate segmentation-derived anatomical measurements and
gastric histopathology studies that explore hybrid deep feature

extraction coupled with Vision Transformer models 3,4. These
studies address their respective tasks through tailored model-
ing but do not specifically examine backbone-level performance
trends under a common, controlled evaluation framework.

To systematically assess the behavior of widely used CNN
and transformer backbones in a radiographic setting under con-
sistent training and reporting conditions, this study benchmarks
a diverse set of architectures on the Bone Tumor X-ray Radio-
graph Dataset (BTXRD) using a unified protocol, emphasizing
cross-validated evaluation, imbalance-aware reporting, and mask-
referenced localization analysis.

Prior studies have explored the automatic detection and cat-
egorization of bone lesions on X-rays, although many have eval-
uated a narrow set of architectures or treated models as “black
boxes,” offering limited insight into decision mechanisms 5. The
recently released BTXRD dataset provides a timely testbed by
pairing radiographs with expert labels and radiologist-provided

https://juri.kfupm.edu.sa JURI () () −
Published under an exclusive license by KFUPM

https://juri.kfupm.edu.sa/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.64589/juri/218960
https://juri.kfupm.edu.sa


i
i

“JURI-00133-2025” — 2026/4/6 — 15:19 — page 85 — #2 i
i

i
i

i
i

Journal of Undergraduate Research International 

segmentation masks, enabling both classification and spatial
localization 6. The original BTXRD study and subsequent follow-
ups using YOLO-family models reported strong baselines for
classification 7. One follow-up study applied SMOTE-based over-
sampling to mitigate class imbalance 8, a technique that may over-
estimate minority-class performance when evaluated on a single
split and can reduce generalization reliability in medical imag-
ing 9. Broader issues, such as class-imbalance strategies, model
calibration, and explainability analyses, have received less empha-
sis, and evaluations commonly rely on a single train/test split
without a dedicated validation set for principled model selection.

In this study, we addressed these gaps by benchmarking a
diverse suite of CNN and transformer backbones using BTXRD
within a unified, reproducible PyTorch pipeline, evaluated con-
volutional and transformer-based models using the original train-
ing/test split for comparability, and introduced an internal valida-
tion protocol to enable robust tuning. To enhance interpretabil-
ity and clinical trust, we integrated class-activation mapping
methods and used expert masks to assess the spatial alignment
between highlighted regions and tumor locations.

We also conducted targeted ablation of contrast-limited adap-
tive histogram equalization (CLAHE), which has been included
in at least one BTXRD preprocessing pipeline without a specific
assessment of its impact 7. CLAHE is widely used in related mus-
culoskeletal and chest X-ray classification tasks with mixed effects
on performance 10,11. Given that its effect on bone tumor classi-
fication has not previously been elucidated, we explicitly quan-
tified its impact in this study. Performance was evaluated using
metrics appropriate for class imbalance and clinical decision sup-
port, including accuracy, macro-F1, and per-class metrics. Previ-
ous BTXRD studies primarily reported improvements in single-
split accuracy or task-specific architectural modifications; this
study explicitly investigated how preprocessing choices, architec-
ture families, representation geometry, and explanatory behavior
interact under variance-aware evaluation. By combining paired
statistical testing, representation-shift analysis, and failure-mode
localization assessment within a unified pipeline, this study con-
tributes beyond leaderboard performance and provides insights
into the conditions under which specific design choices are reli-
able. The primary contributions of this study are as follows:

• A reproducible benchmark for evaluating contemporary CNN
and transformer backbones for three-class BTXRD classifica-
tion.

• A stratified k-fold cross-validation framework to address class
imbalance, supported by model calibration analyses.

• The first architecture-aware CLAHE ablation for BTXRD was
complemented by a UMAP-based representation-space visual-
ization and quantification of feature-space shifts.

• A HiResCAM-based localization assessment that measures
the concordance between model attention and expert masks,
informing the interpretability of the resulting classifiers.

. METHODOLOGY

.. Dataset. We used the publicly available BTXRD 6.
The dataset comprises 3,746 primary bone tumor images, with
1,879 normal, 1,525 benign, and 342 malignant cases. To ensure

comparability with prior studies, we adopted a predefined train-
ing/test split provided in the official release. Classification is
defined as a 3-class problem (no tumor, benign, or malignant).

.. Model Architectures. We benchmarked convol-
utional- and transformer-based models in Torchvision, including
ResNet-152, EfficientNet (B5–B7, V2-M, V2-L), ConvNeXt-
Large, MobileNetV3-Large, and vision transformers (Swin V2-B,
MaxViT-T) 12–17. The final classification head was replaced with a
randomly initialized 3-way linear layer, whereas the earlier layers
were fine-tuned end-to-end.

.. Preprocessing and Augmentations. The radio-
graphs were loaded in grayscale and expanded to three channels
to be compatible with ImageNet backbones. We applied an Albu-
mentations pipeline 18 consisting of random horizontal flips (p
= 0.5), affine transformations (±10° rotation, ±5% scaling, and
translation), Gaussian blur (p = 0.3), random gamma correction
(p = 0.5), and elastic deformation with (alpha = 2, sigma = 8,
p = 0.2). For CLAHE, we used an 8×8 tile grid and a moder-
ate clip limit (2.5), consistent with common defaults and typical
medical imaging practices, to enhance local contrast while limit-
ing noise amplification and artifact formation. The models were
trained at their native resolution with an additional nearest-32
variant for architectures whose native size was not divisible by 32.
Better-performing settings were also retained.

.. Training Setup. The models were trained using the
AdamW optimizer 19, ReduceLROnPlateau, early stopping, and
automatic mixed precision. The batch size was 16 and was
reduced to 8 for EfficientNet-B7 owing to memory limitations.
We aimed to improve reproducibility by fixing random seeds
across PyTorch, NumPy, and Python, thereby enabling deter-
ministic cuDNN behavior (deterministic = true, benchmark =

false). The hyperparameters were selected in accordance with
established best practices for ImageNet-pretrained medical imag-
ing models and were held constant across architectures to ensure
a controlled comparison; no exhaustive hyperparameter search
was performed. This design choice trades the absolute peak
performance for reproducibility and comparability across back-
bones. The exact training times were not logged for the individual
runs during the main experiments. For the final configuration,
training took approximately 7.9 h for a full 64-epoch run on an
NVIDIA T4 GPU accelerator.

.. Phase A: Candidate-Model Screening on
Authors’ Split (Baseline). Phase A provides a capacity check,
ensuring that any metric changes in Phase B can be attributed
to the evaluation protocol rather than to model performance.
We computed accuracy and per-class metrics across 5 seeds
(mean ±95% Confidence Interval [CI] ) and ranked models by
validation accuracy to select candidates for Phase B. The YOLO
baseline reflects the authors’ published results rather than those
of the retrained model.

.. Phase B: K-Fold Cross-Validation with CLAHE
Ablation. Phase B used five-fold stratified cross-validation to
establish a variance-aware estimate of model generalization and
to quantify the effect of contrast-limited adaptive histogram
equalization (CLAHE) under controlled conditions.
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Figure 1. Phase-A comparative classification accuracies on the Bone Tumor X-ray Radiograph Dataset (BTXRD)

The training split was partitioned into five folds, and the orig-
inal validation set was maintained as a held-out test set. Model
checkpoints were selected by validating macro-F1 to prioritize
balanced per-class performance.

Each architecture was trained twice per fold, once using the
baseline pipeline and once using CLAHE, to produce fold-wise
paired comparisons that sought to isolate the effect of con-
trast enhancement. The three best-performing architectures from
Phase A were selected for Phase B, which belonged to the
EfficientNet family, as discussed in Section 3. Each candidate
model was retrained using three independent seeds to reduce
the variance. To determine whether CLAHE’s behavior gen-
eralized beyond the best models, ConvNeXt-Large and Swin
V2-B were also included with just one seed per fold, as the
goal was architectural comparison rather than hyperparameter
tuning.

To mitigate class imbalance in the malignant distribution, we
employed Effective-Number class-balanced cross-entropy 20 with
β as 0.995, normalizing per-class weights to unit mean via wc ∝

1/(1 − βnc), where nc is the number of samples in class c and
β controls the rate of diminishing returns as class size grows.
For every run, we tracked the best-F1, best-accuracy, confusion
matrices, and per-class CSVs with Wilson 95% CIs. Seed-level
metrics were averaged within each fold, then summarized across
folds (mean ±95% t-distribution Confidence Interval [t-CI]).
The CLAHE ablation is reported as paired deltas (+CLAHE −

Baseline) in macro-F1 and accuracy.

.. Representation-Shift Visualization with UMAP.
To examine how CLAHE alters internal representations learned

by different architectures, we visualized the penultimate-layer
feature embeddings of held-out test images using UMAP 21.

UMAP constructs a fuzzy k-nearest neighbor graph in a high-
dimensional feature space and optimizes the low-dimensional
coordinates to preserve local structure. The UMAP was fitted
jointly to the concatenated Baseline and CLAHE embeddings
of the same test images (n_neighbors = 15). The baseline and
CLAHE coordinates were then separated to compute the per-
image displacement vectors. This joint fit strategy treats both
domains symmetrically and reveals the relative shifts in the
learned representation under CLAHE.

Activations were L2-normalized and embedded using the
cosine distance. We visualized EfficientNet-B6, ConvNeXt-
Large, and EfficientNet-B7 to assess the architecture-dependent
effects. To quantify the observed changes, we computed
per-class centroid displacements and 1-σ ellipse-area ratios
(CLAHE/Base), capturing cluster movement and contraction or
dispersion in the embedded space.

.. Full-Dev Training and Final Test Reporting.
After Phase B identified EfficientNet-B6 with CLAHE as the
strongest configuration, we conducted the final model devel-
opment stage using a training/calibration/testing protocol. The
BTXRD dataset provides two predefined splits; we treated the
authors’ validation split as a fixed held-out test set and re-
partitioned the original training split into a new training set
(~90%) and a calibration set (~10%) via stratified shuffle split-
ting. Three independent models were trained using three seeds,
and all model selections and checkpointing decisions were based
on the calibration-set macro-F1. The final evaluation reports the
overall accuracy and macro-F1; per-class precision, recall, and
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accuracy; the precision-recall curve (more suitable than AUROC
owing to class imbalance); the normalized confusion matrix; and
per-class ECE values.

.. Class Activation Mapping . We computed CAMs
using HiResCAM 22 on the best-performing classifier selected by
validation macro-F1 on the test set to assess the spatial alignment
between model attention and annotated lesions. CAMs were
extracted from the last convolutional layer, overlaid on grayscale
radiographs, and displayed using expert annotation contours.
In addition to correctly classifying tumor cases, we evaluated
the CAM localization metrics for misclassified tumors, strati-
fied by misclassification direction (malignant predicted as benign
and benign predicted as malignant), to analyze failure modes.
Because expert tumor masks are often irregular, and the CAMs
generated by convolutional networks are spatially coarser than
the input images 23, we dilated each polygon mask using a small,
fixed amount of ~5% of the larger image dimension to compen-
sate for minor boundary mismatches introduced by resizing and
interpolation.

The localization quality was evaluated using the Quantus
library. The Pointing Game (PG) metric captures whether the
single most activated CAM pixel falls inside an expert lesion
mask, and the Relevance Mass Accuracy (RMA) 24 quantifies
the proportion of the total attribution mass located within the
ground-truth mask. The metrics were reported overall and per
class. Representative CAM panels were drawn from a balanced
subset of tumor subtypes and various levels of model certainty.

. RESULTS AND DISCUSSION

.. Phase A: Comparative Classification Perfor-
mance. Table 1 shows Phase-A validation accuracy (mean
±95% CI) and per-class precision and recall. Models are sorted
by accuracy, and custom image-size models were excluded from
Table 1 to improve readability, as these variants underperformed
their default-resolution baselines. Their metrics are provided in
Figure 1.

The EfficientNet family dominated the Phase A evaluation.
EfficientNet-B7 achieves the highest mean validation accuracy
(0.9185). The closest behind were EfficientNet-V2-M (0.9161)
and EfficientNet-B6 (0.9132). The overlapping CIs indicated
similar performance differences among the top EfficientNets.
ConvNeXt-Large performed well for a non-EfficientNet CNN
(0.8985), yet failed. The transformer-based backbones were con-
sistently weaker: MaxViT-T and Swin-V2-B achieved accuracies
of 0.8804 and 0.8754, respectively. Although both transformers
were evaluated at their native ImageNet input resolutions, these
resolutions were substantially lower than those used by the high-
performance EfficientNet variants. Thus, it remains plausible that
higher-resolution transformer architectures would better capture
fine-grained radiographic details and may therefore close part of
the observed performance gap.

Each row lists a model’s mean validation accuracy (±95% CI)
and per-class precision/recall. Models are sorted in ascending
order by overall accuracy (best at the bottom). MobileNet is
excluded for brevity.

Across models, recall for no tumor and benign is high (typ-
ically ≥0.93 and ~0.86–0.90, respectively, for the top models).

The malignant class is consistently more difficult, with recalls
mostly in the 0.74–0.82 range. Therefore, while B7 topped the
accuracy leaderboard, B6 led to malignant recall among CNNs,
indicating that class-balanced training may be a valuable lever in
Phase B. From a clinical perspective, reduced malignant recall
corresponds to false-negative errors, which carry the highest risk
owing to delayed diagnosis or missed malignancy. In contrast,
false positives primarily require additional imaging or biopsy,
which, although undesirable, are generally less harmful than
missed diagnoses. The consistent difficulty of the malignant class
motivated a later emphasis on macro-F1 and malignant class
behavior rather than accuracy.

The baseline YOLO BTXRD authors reported an accuracy of
0.884, and posted the highest malignancy recall (0.839) at the
cost of lower malignancy precision (0.734). Being recall-heavy,
it trades more false positives for sensitivity. In contrast, Efficient-
Nets achieved a much higher malignant precision while main-
taining competitive recall, resulting in a more clinically balanced
trade-off.

Figure 1 shows a clear separation between the EfficientNet
models and other backbones, and the overlapping confidence
intervals among the top-performing CNNs.

.. Cross-Validated Performance and CLAHE Abla-
tion.

... Model ranking results. Phase B introduces a more
rigorous evaluation using five-fold stratified cross-validation with
fixed seeds and model selection, by validating macro-F1, which
provides a stricter measure of generalization and isolates the
effect of CLAHE under identical training conditions. Macro-F1
was used as the primary performance metric to address class
imbalance, with accuracy reported for completeness.

Table 2 ranks the five evaluated architectures by their
cross-validated macro-F1 (mean ±95% CI). EfficientNetV2-
M achieved the highest macro-F1 (0.8863), followed closely
by EfficientNet-B7 (0.8860) and EfficientNet-B6 (0.8750).
ConvNeXt-Large and Swin V2-B performed reliably but
remained below the EfficientNet models.

Table 3 reports the same metrics for models trained with
CLAHE activated. Interestingly, EfficientNet-B6 becomes the
top performer (0.8886), exceeding its baseline counterpart, and
has the best overall Macro F1. EfficientNet-B7 also improves
marginally (0.8875), whereas EfficientNetV2-M, ConvNeXt-
Large, and Swin V2-B exhibit a decline in Macro F1.

Figure 2 presents the same validation macro-F1 values shown
in Tables 2 and 3 as a horizontal bar chart for easier comparison.
The CLAHE variants are treated as separate entries.

... CLAHE ablation findings. Figure 3 plots macro-F1
across all five folds for each architecture. The following are the
key observations from the fold variability plots:

• EfficientNet-B6 displays the most consistent positive shift
under CLAHE

• EfficientNetV2-M and EfficientNet-B7 show mixed responses.
• Swin V2-B shows unstable behavior across folds
• ConvNeXt-Large shows mild degradation under CLAHE in

most folds
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Table 1. Phase-A comparative classification results on BTXRD. Results represent validation performance (mean ±95% Confidence Interval [CI]) for models.
Abbreviations: BTXRD, Bone Tumor X-ray Radiograph Dataset; CI, Confidence Interval

Model Overall accuracy Class Precision Recall

Swin_V2_B 0.8754 ±0.0097
No Tumor 0.8795 ±0.0108 0.9210 ±0.0108

B-tumor 0.8689 ±0.0204 0.8484 ±0.0179

M-tumor 0.8862 ±0.0532 0.7375 ±0.0756

ResNet152 0.8786 ±0.0117
No Tumor 0.8889 ±0.0126 0.9156 ±0.0173

B-tumor 0.8606 ±0.0217 0.8658 ±0.0193

M-tumor 0.9180 ±0.0694 0.7219 ±0.0538

MaxVit-T 0.8804 ±0.0025
No Tumor 0.8815 ±0.0137 0.9332 ±0.0146

B-tumor 0.8770 ±0.0128 0.8452 ±0.0188

M-tumor 0.8971 ±0.0572 0.7406 ±0.0402

Yolov8-cls 0.884
No Tumor 0.913 0.898

B-tumor 0.881 0.875

M-tumor 0.734 0.839

EfficientNet_B5 0.8961 ±0.0070
No Tumor 0.8961 ±0.0147 0.9401 ±0.0135

B-tumor 0.8967 ±0.0122 0.8658 ±0.0241

M-tumor 0.8982 ±0.0657 0.7844 ±0.0319

ConvNeXt Large 0.8985 ±0.0053
No Tumor 0.9071 ±0.0142 0.9347 ±0.0154

B-tumor 0.8900 ±0.0179 0.8787 ±0.0233

M-tumor 0.8919 ±0.0464 0.7812 ±0.0475

EfficientNetV2-L 0.9097 ±0.0095
No Tumor 0.9110 ±0.0118 0.9480 ±0.0236

B-tumor 0.9120 ±0.0214 0.8858 ±0.0154

M-tumor 0.8998 ±0.0894 0.8000 ±0.0588

EfficientNet-B6 0.9132 ±0.0113
No Tumor 0.9140 ±0.0160 0.9448 ±0.0085

B-tumor 0.9150 ±0.0179 0.8942 ±0.0260

M-tumor 0.9025 ±0.0449 0.8187 ±0.0506

EfficientNetV2-M 0.9161 ±0.0080
No Tumor 0.9101 ±0.0114 0.9538 ±0.0169

B-tumor 0.9175 ±0.0216 0.8935 ±0.0165

M-tumor 0.9566 ±0.0416 0.8031 ±0.0378

EfficientNet-B7 0.9185 ±0.0066
No Tumor 0.9107 ±0.0102 0.9676 ±0.0103

B-tumor 0.9348 ±0.0171 0.8839 ±0.0258

M-tumor 0.8935 ±0.0487 0.7969 ±0.0274

To isolate the effect of CLAHE, Figure 4 shows the paired
deltas (CLAHE – baseline) for macro-F1 and the accuracy.
To determine whether CLAHE produced a consistent perfor-
mance change beyond fold-to-fold variability, we computed
paired per-fold differences (1 = CLAHE − baseline) for each
architecture (seeds averaged within fold) and applied the exact
two-sided Wilcoxon signed-rank test, which tests whether the
median paired difference is zero without assuming normality.

EfficientNet-B6 showed the clearest improvement: macro-F1
went from 0.875 to 0.889 (1 = +0.0136; bootstrap 95% t-
CI for mean 1 [0.00850, 0.0190], p = 0.0625). Other models
showed small or negative macro-F1 shifts with CIs spanning
zero: ConvNeXt-Large 1macro-F1= −0.00925 (p = 0.187),
EfficientNet-B7 1 = +0.00151 (p = 0.625), EfficientNetV2-
M 1 = −0.00242 (p = 0.812), and Swin V2-B 1 = −0.00676
(p = 0.625). Their accuracy deltas were also small (ConvNeXt
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Table 2. Performance of models using baseline preprocessing in Phase B. Architectures are ranked by their cross-validated Macro-F1 score to prioritize
performance on imbalanced classes. Abbreviations: Phase B, secondary evaluation phase using stratified cross-validation

Rank Model Macro F1 Overall Accuracy

5 Swin V2-B 0.8471 ±0.0137 0.8548 ±0.0129

4 ConvNeXt Large 0.8744 ±0.0202 0.8791 ±0.0144

3 EfficientNet-B6 0.8750 ±0.0065 0.8875 ±0.0044

2 EfficientNet-B7 0.8860 ±0.0131 0.8937 ±0.0148

1 EfficientNetV2-M 0.8863 ±0.0077 0.8914 ±0.0057

Figure 2. Model performance (Macro-F1) across baseline and CLAHE preprocessing. Green represents baseline (no CLAHE) and blue repre-
sents CLAHE images. Results are ranked by baseline performance, with error bars indicating the standard deviation across cross-validation folds.
Abbreviations: CLAHE, Contrast Limited Adaptive Histogram Equalization

−0.000223; B7 +0.00275; V2-M +0.00319; Swin +0.00156,
all p ≥ 0.312. Across architectures, overall accuracy tended to
increase modestly under CLAHE, even when macro-F1 declined,
indicating that accuracy gains were primarily driven by majority-
class behavior rather than by improved balance across tumor
classes.

The results show that CLAHE is not uniformly beneficial; its
impact is strongly dependent on the architecture. This implies
that CLAHE should not be considered beneficial for radiographic
tumor classification pipelines without model-specific evaluation.
The observed divergence between the accuracy and macro-F1
under CLAHE has direct clinical implications. Improvements

Table 3. Performance of models using CLAHE preprocessing in Phase B. Architectures are ranked by their cross-validated Macro-F1 score to prioritize
performance on imbalanced classes. Abbreviations: CLAHE, Contrast Limited Adaptive Histogram Equalization; Phase B, secondary evaluation phase using
stratified cross-validation

Rank Model Macro F1 Overall Accuracy

5 Swin V2-B 0.8404 ±0.0187 0.8571 ±0.0136

4 ConvNeXt Large 0.8651 ±0.0113 0.8788 ±0.0121

3 EfficientNetV2-M 0.8839 ±0.0132 0.8950 ±0.0107

2 EfficientNet-B7 0.8875 ±0.0046 0.8978 ±0.0046

1 EfficientNet-B6 0.8886 ±0.0108 0.8968 ±0.0080
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Figure 3. Evaluation of model stability across cross-validation folds using baseline and CLAHE preprocessing. Error bars indicate the 95% CI where
applicable. Abbreviations: CLAHE, Contrast Limited Adaptive Histogram Equalization; CI, Confidence Interval

Table 4. Class-cluster stability in UMAP space under baseline and CLAHE preprocessing. Centroid shift denotes the Euclidean distance between class means.
The 1-σ ellipse area ratio (AreaCLAHE / AreaBase) reflects changes in cluster dispersion. Abbreviations: UMAP, Uniform Manifold Approximation and
Projection; CLAHE, Contrast Limited Adaptive Histogram Equalization; 1- σ ellipse, an elliptical boundary encompassing 68% of class samples

Centroid Centroid Centroid Ellipse Area Ratio Ellipse Area Ratio Ellipse Area Ratio
Shift shift shift (CLAHE/Base) No (CLAHE/Base) (CLAHE/Base)

Model (No Tumor) (Benign) (Malignant) Tumor Benign Malignant

ConvNeXt Large 3.26 1.85 1.22 0.77 1.30 1.79

EfficientNet-B6 7.26 7.53 2.49 0.47 1.18 0.34

EfficientNet-B7 23.67 17.91 3.47 0.73 1.31 0.89

in overall accuracy may obscure the degraded performance
in minority or high-risk classes, particularly malignant tumors.
Therefore, preprocessing choices, such as CLAHE, must be eval-
uated using class-sensitive metrics to avoid inadvertently increas-
ing clinically consequential errors.

.. UMAP Representation-Shift Analysis. For the
UMAP analysis, we used the most representative models to
illustrate the full range of CLAHE effects observed during
cross-validation: ConvNeXt (CLAHE-hurt), EfficientNet-B6
(CLAHE-helped), and EfficientNet-B7 (relatively neutral). Each
representative model was selected from the fold-seed combina-
tion whose CLAHE-induced change in macro-F1 was closest to
that model’s overall mean macro-F1, ensuring typical rather than
outlier behavior.

Table 4 summarizes the per-class centroid shifts and ellipti-
cal area ratios. Figure 5 shows the corresponding embeddings.
EfficientNet-B6 exhibited the most pronounced benefit: CLAHE
contracted the malignant cluster and improved its separation
from benign features. ConvNeXt-Large displayed the opposite
trend, with malignant features becoming more dispersed and
overlapping more heavily with benign representations, reflecting
a reduced macro-F1 under CLAHE. EfficientNet-B7 exhibited
moderate centroid movement with comparatively small changes
in cluster compactness.

Quantitatively, EfficientNetB6 showed the most favorable
CLAHE-induced representational change, with its malignant
cluster area reduced to 0.34 of baseline ( 66% contraction ) and
a modest centroid shift of 2.49. Conversely, ConvNeXtLarge
exhibited increased malignant dispersion (elliptical area ratio

Table 5. Final test performance metrics for the EfficientNet-B6 architecture. Results reflect the model’s performance on the independent test set following the
Train/Calibration/Test protocol. Abbreviations: B-tumor, Benign tumor; M-tumor, Malignant tumor

Model Overall accuracy Macro-F1 Class Precision Recall Accuracy

EfficientNet-B6 0.8908 0.8810
No Tumor 0.8923 0.9231 0.9055

B-tumor 0.8746 0.8774 0.8975

M-tumor 0.9800 0.7656 0.9787

Table 6. Expected Calibration Error (ECE) for diagnostic classes. ECE values measure the correspondence between predicted probabilities and actual accuracy

Model No Tumor ECE Benign ECE Malignant ECE

EfficientNet-B6 0.079 0.087 0.022
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Figure 4. Paired effect of CLAHE preprocessing on model performance metrics. Bars represent the paired difference (CLAHE - baseline) for Macro-F1
and Overall Accuracy. Error bars represent the bootstrap 95% CI for the mean difference. Abbreviations: CLAHE, Contrast Limited Adaptive Histogram
Equalization; CI, Confidence Interval

1.79) despite minimal centroid movement (1.22), consistent
with its reduced macroF1. EfficientNetB7 displays large centroid
shifts in the no-tumor and benign classes (23.67 and 17.91%,
respectively), while the malignant geometry remains relatively
stable (centroid 3.47, area 0.89), aligning with its near-neutral
performance change. Where the Ellipse area ratio refers to the
ratio of the 1-σ covariance ellipse area under CLAHE relative
to baseline, with values below 1 indicating cluster contraction.
Overall, the UMAP analysis reinforces that CLAHE’s represen-
tational impact is architecture-dependent: it enhances feature

geometry only in EfficientNet-B6, whereas it alters or disrupts it
in other models.

.. Final Model Training and Results. Table 5 shows
the final test results for EfficientNet-B6, selected from Phase
B (best F1) and retrained using the final train-calibration-test
protocol. The model achieved strong overall test performance
(accuracy = 0.8908, Macro-F1 = 0.8810). Normal and benign
radiographs were handled well, whereas the malignant class
exhibited the largest disparity between the precision (0.98) and

Figure 5. Joint UMAP visualizations of model embeddings under baseline and CLAHE preprocessing. Plots show the distribution of tumor classes
in embedding space. Abbreviations: UMAP, Uniform Manifold Approximation and Projection; CLAHE, Contrast Limited Adaptive Histogram
Equalization
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Figure 6. Normalized confusion matrix for EfficientNet-B6 Rows rep-
resent the ground-truth physician annotations (True Class), while
columns represent the model’s predictions (Predicted Class)

recall (0.7656), indicating that the model was highly selective for
predicting malignancy. This operating point reflects a clinically
conservative strategy that prioritizes high-confidence malignancy
predictions at the expense of sensitivity. Such behavior is suitable
for decision support or use-case prioritization, whereas screening
applications would require threshold tuning to increase malig-
nant recall.

The row-normalized confusion matrix shown in Figure 6
supports this interpretation. Most misclassifications were con-
centrated between non-tumor–benign and benign-malignant
boundaries. Malignant errors predominantly shifted toward the
benign class, which is clinically preferable. This pattern highlights
the inherent radiographic overlap between benign and malignant
lesions, making it one of the most clinically challenging distinc-
tions. It emphasizes the importance of cautious interpretation
near this boundary. The predicted malignancy column shows 0
in the middle row because of rounding.

The precision–recall analysis in Figure 7 provides deeper
insight into the model. No tumors remained highly separable
across most thresholds. The benign and macro-curves declined
faster, whereas the malignant curve deteriorated the earliest.
Malignant precision remains above 90% until ~0.75 recall, then
steeply drops, reflecting the increased false-positive burden typi-
cal of imbalanced datasets.

The calibration analysis in Table 6 shows moderate miscalibra-
tion for nontumor (ECE 0.079) and benign (0.087) tumors, with
the malignant class showing the lowest error (0.022), consistent
with the model’s conservative probability outputs for malignancy.

Figure 7. Precision-Recall (PR) curves for EfficientNet-B6. Curves
illustrate the diagnostic trade-off between precision and recall for each
tumor class. The steep decline in the malignant curve highlights the
threshold where false positives increase

Overall, the model demonstrated strong discrimination across
all classes; however, malignancy detection remained the primary
source of performance variability. The PR and calibration analy-
ses together indicate that threshold tuning or post hoc calibration
may improve operational reliability.

.. Class Activation Mapping Analysis. Table 7 sum-
marizes the localization performance of the CAM analysis on cor-
rectly classified tumor cases. Across 30 images, EfficientNet-B6
achieved a Pointing Game (PG) accuracy of 0.50, and Relevance
Mass Accuracy (RMA) of 0.392, indicating that roughly half of
the peak activations and less than half of the attribution mass
fell within the annotated lesion regions. Localization differed by
class; benign cases showed lower alignment, whereas malignant
cases achieved substantially higher PG and RMA scores.

To better understand the model failure modes, we extended
the CAM evaluation to misclassified tumor cases (Table 8).
Compared to correctly classified images, the localization perfor-
mance deteriorated markedly, with a Pointing Game accuracy of
0.27 and a mean Relevance Mass Accuracy (RMA) of 0.17, indi-
cating an association between erroneous predictions and diffuse
or off-lesion attention.

Failure mode-specific analysis revealed distinct patterns. In
malignant-to-benign errors (false negatives), the Pointing Game
accuracy remained moderate (0.60), with a partial attribution
mass inside the lesion (Mean RMA = 0.31), suggesting that the
model often attends to the tumor but fails to extract sufficiently
discriminative malignant cues.

By contrast, only a single benign-to-malignant error was
observed, and this case exhibited lesion-centered attention (PG
= 1.00, RMA = 0.59), illustrating that spatially aligned attention
does not necessarily guarantee correct classification.

Table 7. Performance of HiResCAM for correctly classified tumor cases. Results are evaluated using Pointing Game (PG) accuracy and Relevance Mass
Accuracy (RMA). Abbreviations: HiResCAM, High-Resolution Class Activation Mapping; B-tumor, Benign tumor; M-tumor, Malignant tumor

Model Method Class Number of Images Pointing Game Accuracy Relevance Mass Accuracy

EfficientNet-B6 HiResCam
Overall 30 0.5 0.392

B-tumor 20 0.35 0.322

M-tumor 10 0.8 0.532
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Figure 8. Representative examples from the test split showing images with corresponding HiResCAM overlays, highlighting discriminative regions for
interpretability; not intended as precise clinical segmentations. Abbreviation: HiResCAM, High-Resolution Class Activation Mapping

Figure 8 shows representative CAM overlays for both well-
aligned and less-aligned cases. The panel includes examples
across different confidence levels, illustrating the variety of
localization behaviors seen in the quantitative metrics. Impor-
tantly, CAMs should be viewed as approximate visual rationales,
highlighting where the model identified discriminative evidence
rather than precise explanations segmentation.

Collectively, CAM explanations capture only part of the anno-
tated tumor regions, with less than half of the attributed mass
typically falling inside the ground-truth mask. PG and RMA
indicate that CAMs are helpful for understanding the model’s
general focus, although they offer limited spatial precision. As
a result, they can support clinical transparency, but should be
interpreted cautiously, not as definitive evidence of lesion bound-
aries. These localization results indicate that CAMs should be
interpreted as coarse visual explanations rather than precise
delineations of tumor extent. Analysis of misclassified cases
showed that lesion-centered attention may persist in benign
cases predicted as malignant errors, whereas malignant cases pre-
dicted as benign errors were more often associated with reduced
or partial localization within the lesion, reflecting a weaker
attribution alignment. This indicates that spatially plausible
attention does not necessarily guarantee an accurate diagnosis.
Although they may enhance transparency and clinician trust by

highlighting regions of model attention, they are not sufficiently
accurate for tasks that require precise lesion boundaries, such as
measurements or surgical planning.

. CONCLUSIONS

This study provides a unified, reproducible benchmark for con-
temporary deep learning architectures for bone tumor radiograph
classification, using the multicenter BTXRD dataset. Across both
the canonical split and a more rigorous k-fold cross-validated
setting with a frozen test set, compound-scaled CNNs, particu-
larly those of the EfficientNet family, consistently outperformed
the transformer backbones and reported YOLO-based BTXRD
baselines. CLAHE ablation revealed that contrast enhance-
ment exerted a strong architecture-dependent effect; although
performance was unstable across several models, EfficientNet-
B6 demonstrated a clear and reproducible improvement. The
UMAP-based analysis aligned with these findings, showing
that CLAHE tightened the malignant feature clusters for
EfficientNet-B6 but disrupted separability in weaker backbones.
The final full-development model, EfficientNet-B6 with CLAHE,
achieved 0.8908 accuracy and 0.8810 macro-F1 on the held-
out test set, with errors largely restricted to clinically adjacent
classes and malignant predictions, and exhibited high precision

Table 8. Performance of HiResCAM saliency maps for misclassified tumor cases. Abbreviations: HiResCAM, High-Resolution Class Activation Mapping; PG,
Pointing Game; RMA, Relevance Mass Accuracy

Misclassification Number of Images Pointing Game Accuracy Relevance Mass Accuracy

All 30 0.27 0.172

Benign as Malignant 1 1.00 0.585

Malignant as Benign 10 0.60 0.309
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but conservative recall. HiResCAM explanations indicated par-
tial alignment with tumor regions, especially in malignant cases;
however, the overall localization remained limited.

The key limitations of this study include the lack of external
validation, advanced calibration strategies, and validation across
larger datasets. To partially mitigate the limitations of exter-
nal validation, we employed stratified multi-seed k-fold cross-
validation, a frozen held-out test set, paired statistical testing,
and representation-level analyses to reduce split-dependent bias
and provide variance-aware estimates of generalization. Fur-
ther research is warranted to validate findings across institu-
tions; imaging systems are also an important direction for future
research. This study established a reproducible, well-regularized
pipeline and identified EfficientNet-B6+CLAHE as a strong
baseline for future research on BTXRD classification, with sup-
porting explainability analyses.

. CODE AVAILABILITY

The code supporting the findings of this study is publicly avail-
able at: https://github.com/sbw200/btxrd-benchmark.
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ABSTRACT

With the rapid advancement of low-cost electronics and control technologies, unmanned aerial vehicles (UAVs) are now widely
used in many practical applications. However, controlling UAVs remains challenging because of their highly nonlinear dynamics,
as well as the presence of external disturbances and model uncertainties. To handle these difficulties, sliding mode control (SMC)
has become a popular choice for quadrotor UAVs due to its strong robustness against uncertainties and disturbances. But, conven-
tional SMC often suffers from chattering, which can degrade control smoothness and affect actuator performance. To address this
limitation, this paper proposes a fuzzy-based sliding mode control (FSMC) scheme for robust quadrotor trajectory tracking under
model uncertainties and time-varying disturbances. The controller employs linear sliding surfaces for position and attitude dynam-
ics. A fuzzy inference mechanism adaptively adjusts switching gains based on sliding variables and their derivatives. This adaptive
tuning reduces switching intensity near desired trajectories and increases control action when tracking errors grow, thereby miti-
gating chattering while preserving robustness. Membership functions and rule base are designed to balance tracking accuracy and
control effort. Lyapunov stability analysis proves global convergence of sliding surfaces and tracking errors. Numerical simulations
in a MATLAB/Simulink environment, including parameter variations and disturbance scenarios, validate controller effectiveness.
Compared with conventional PID control and feedback linearization, the proposed scheme achieves smoother control inputs,
improved tracking performance, and total error reduction of up to 60%. These results indicate that adaptive fuzzy tuning enhances
sliding mode performance while maintaining robustness, making the proposed approach suitable for practical UAV applications
that require reliable operation under uncertain and dynamic conditions.

Keywords: unmanned aerial vehicle, trajectory tracking, fuzzy-based sliding mode control, disturbance rejection, Lyapunov theory

. INTRODUCTION

Unmanned Aerial Vehicles (UAVs) are increasingly used in a
wide range of civilian and industrial fields, such as infrastructure
inspection, delivery services, surveillance, mining, telecommuni-
cations, and precision agriculture 1. As these aircraft are now com-
monly deployed for both routine operations and safety-critical
tasks, there is a growing need for control systems that are reli-
able and precise. Among the different types of UAVs, quadrotors
are especially popular because of their simple mechanical struc-
ture, high maneuverability, and capability to function effectively
in confined or complex environments.

Conventional linear controllers, such as proportional–
integral–derivative (PID) and linear–quadratic regulator (LQR)
controllers, are widely used owing to their simple structure and
satisfactory nominal performance 2,3. However, under nonlinear
and uncertain operating conditions, their performance degrades
significantly, particularly in the presence of external disturbances
and parameter variations. These limitations have motivated
extensive research on nonlinear and robust control tech-
niques, among which sliding mode control (SMC) has received
considerable attention for quadrotor UAV applications 4.

SMC is widely recognized for its strong robustness against
modeling uncertainties and external disturbances. Lyapunov-
based stability analyses have shown that SMC can guarantee
the finite-time or exponential convergence of tracking errors in
nonlinear systems, even in the presence of uncertainties and
perturbations 5,6. Despite these advantages, classical SMC suf-
fers from chattering due to the discontinuous switching action
of the sign function. Chattering causes high-frequency oscilla-
tions in the control input, which may excite unmodeled dynamics
and cause actuator performance degradation, thereby limiting
practical SMC implementation 7.

Various methods have been introduced to reduce the chatter-
ing effect in SMC while maintaining its strong robustness. One
widely used approach is to replace the discontinuous sign func-
tion with continuous alternatives, such as saturation or hyper-
bolic tangent functions 8. Although this method can successfully
decrease chattering, it creates a boundary layer near the slid-
ing surface, which may lead to steady-state tracking errors and
reduced robustness . Another approach is High-Order Sliding
Mode Control (HOSMC), which produces smoother control
signals by moving the discontinuity to higher-order derivatives
of the sliding variable 9,10. While HOSMC is more effective in
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minimizing chattering, it often increases computational demands
and depends on accurate system models, making real-time appli-
cation more challenging. To address these challenges, adap-
tive gain methods, especially fuzzy-based Sliding Mode Control
(FSMC), have been proposed. FSMC uses fuzzy logic to adjust
the switching gain in real time according to changes in sys-
tem behavior. This approach helps to reduce chattering while
preserving robustness and improving tracking performance 11–13.
Fuzzy logic has also been applied to improve traditional PID
controllers. Although fuzzy PID controllers are generally more
robust than fixed-gain PID controllers, they often do not pro-
vide strong stability guarantees when dealing with severe non-
linearities and matched disturbances. This limitation reduces
their suitability for highly uncertain quadrotor UAV systems 14,15.
Therefore, FSMC-based methods offer a more reliable and effec-
tive solution for trajectory tracking control of quadrotor UAVs.
Although there has been a significant increase in research on
FSMC, most existing studies mainly concentrate on fuzzy tun-
ing methods and validation through simulations. In many cases,
clear guarantees of global exponential or practical stability for the
complete position and attitude dynamics are not clearly demon-
strated. In addition, explicit limits on the adaptive switching
gains needed to maintain robustness against unknown distur-
bances are seldom discussed in detail. Based on these obser-
vations, this paper presents an FSMC framework for trajectory
tracking of quadrotor position and attitude in the presence of
model uncertainties and external disturbances. The proposed
controller uses a two-input fuzzy inference system (FIS) to adjust
the switching gain in real time, which helps to reduce chat-
tering while maintaining the inherent robustness of SMC. In
addition, a Lyapunov-based analysis is carried out to prove the
global exponential stability of the closed-loop nonlinear system.
The main contributions of this study can be summarized as
follows:

(i) An FSMC scheme is proposed for quadrotor position and
attitude tracking under uncertainties and external disturbances
without requiring prior knowledge regarding the upper bounds.

(ii) A fuzzy inference mechanism is introduced to adaptively
tune the switching gains and effectively mitigate the chattering
effects associated with classical SMC.

(iii) A Lyapunov-based stability analysis is presented to guar-
antee the global exponential stability of a multi-variable nonlinear
closed-loop system.

(iv) Simulation results demonstrate improved tracking accu-
racy and smoother control effort using the proposed scheme
compared to a conventional PID controller.

The remainder of this paper is organized as follows. Section
2 defines the problem, introduces quadrotor dynamics, and out-
lines the necessary assumptions and preliminaries. In Section 3,
the proposed FSMC approach is presented, detailing the two-
input FIS (including the membership functions and rule base)
and presenting the Lyapunov-based stability analyses—global
exponential stability for the discontinuous control law and prac-
tical stability under saturation. Section 4 presents the MAT-
LAB/Simulink simulation results incorporating parameter varia-
tions and time-varying disturbances and provides a performance
comparison between the proposed FSMC and a PID controller.
Finally, Section 5 concludes the paper.

. PROBLEM FORMULATION

A quadrotor UAV is a six-degree-of-freedom (6-DOF) system
that exhibits three translational and three rotational motions with
respect to its reference axes. By adjusting the rotational speeds
of the four motors, the quadrotor can generate the forces and
moments required to move in any desired direction. Its altitude
is mainly controlled by the total thrust produced by the pro-
pellers, whereas its orientation, defined by roll, pitch, and yaw, is
regulated by the differential rotor speeds that produce the nec-
essary torques. The UAV’s position in space is represented by
coordinates (x, y, z), and its orientation is described by Euler
angles (φ, θ ,ψ), corresponding to roll, pitch, and yaw rotations,
respectively.

.. Quadrotor Dynamic Model. In the context of mod-
eling and control design, the quadrotor is commonly decom-
posed into two primary subsystems: the position and attitude
subsystems, which govern translational and rotational dynamics,
respectively.

Position Subsystem:The equations describing the UAV transla-
tional motion are as follows 16:

ẍ =
U1
m Ux + dx,

ÿ =
U1
m Uy + dy,

z̈ =
U1
m cos (φ) cos (θ)− g + dz,

(1)

where U1 represents the control thrust applied along the z-
axis. Ux = sin (φ) sin (ψ)+ cos (φ) sin (θ) cos (ψ) and Uy =

−sin (φ) cos (ψ)+ cos (φ) sin (θ) sin (ψ) denote the virtual
control inputs corresponding to the x- and y-axes, respectively. m
denotes the total quadrotor mass, g is the gravitational accelera-
tion, and dz, dx, and dy represent the external disturbances acting
along the z-, x-, and y-axes, respectively.
Attitude Subsystem: The quadrotor rotational dynamics can be
described by the following model 15:

φ̈ = a1θ̇ ψ̇ + b1U2 + dφ ,
θ̈ = a2φ̇ψ̇ + b2U3 + dθ ,
ψ̈ = a3φ̇θ̇ + b3U4 + dψ .

(2)

The parameters in Eq. 2 are defined as:{
a1 =

Jy−Jz
Jx

, a2 =
Jz−Jx
Jy

, a3 =
Jx−Jy
Jz

,

b1 =
1
Jx

, b2 =
1
Jy

, b3 =
1
Jz

,
(3)

where Jx, Jy, and Jz represent the principal moments of inertia
around the respective body axes; dφ , dθ , and dψ represent the
external disturbances affecting the roll, pitch, and yaw motions,
respectively.

The position and attitude subsystems described in Eqs. 1 and
2 can be expressed in compact state–space representation as
follows:

P̈ = FP + GPUP + DP, (4)
R̈ = FR + GRUR + DR , (5)

where P = [z, x, y]T ∈ R3, R = [φ, θ , ψ]
T

∈ R3, UP =

[U1, Ux, Uy]
T

∈ R3, UR = [U2, U3, U4]
T

∈ R3, DP =

[dz, dx, dy]T ∈ R3, and DR = [dφ , dθ , dψ ]
T

∈ R3. The
force vectors are represented as FP = [−g, 0, 0]

T
∈ R3 and

https://doi.org/./juri/ JURI () () −

https://doi.org/10.64589/juri/219334


i
i

“JURI-00122-2025-04” — 2026/4/4 — 9:25 — page 97 — #3 i
i

i
i

i
i

Journal of Undergraduate Research International 

FR = [a1θ̇ ψ̇ , a2θ̇ ψ̇ , a3θ̇ ψ̇]
T

∈ R3, and the input matrices
are defined by GP = diag

(
cos(φ)cos(θ)

m , 1
m , 1

m

)
∈ R3×3 and

GR = diag (b1, b2, b3) ∈ R3×3.

Assumption 1. External disturbances DP and DR are assumed to
be bounded such that ∥DP∥ ≤

↼

dP and ∥DR∥ ≤
↼

dR , where
↼

dP >
0 and

↼

dR > 0 are unknown constants.
.. Error Dynamics. The main objective of a quadrotor

control system is to guarantee that the UAV tracks the desired
trajectory with exponential accuracy. This means that the track-
ing errors EP = P − Pd and ER = R − Rd converge to zero as
time t reaches infinity. The desired trajectories are given by

Pd = [zd, xd, yd]T , Rd = [φd, θd, ψd]
T .

The desired time-varying reference values zd, xd, yd, and ψd can
be obtained directly through trajectory planning tools or sensor
feedback. However, the desired roll and pitch angles, φd and θd,
respectively, need to be computed for control implementation.
As described by Chen et al. 17, these are calculated as

U′
1 =

U1
m cos (φ) cos (θ)− g

Uz = m
√
U2
x + U2

y + (U’
1 + g)2

φd = arcsin
(
mUxsinψd−Uycosψd

U’
1

)
θd = arctan

(
Uxcosψd+Uysinψd

Uz

)
.

(6)

The second-order error dynamics for the system in Eqs. 4
and 5 can be expressed as

ËP = FP + GPUP + DP − P̈d, (7)
ËR = FR + GRUR + DR − R̈d. (8)

The error dynamics in Eqs. 7 and 8 can be rewritten as a system
of first-order differential equations by introducing transforma-
tion variables as follows:

δP1 = EP, δP2 = ĖP, δR1 = ER , δR2 = ĖR ,

Using these new variables, Eqs. 7 and 8 are reformulated as{
δ̇P1 = δP2,
δ̇P2 = FP + GPUP + DP − P̈d,

(9){
δ̇R1 = δR2,
δ̇R2 = FR + GRUR + DR − R̈d.

(10)

Assumption 2. The UAV state variables are assumed to be fully
measurable, and the reference trajectories are known in advance and
at least twice continuously differentiable.

.. Problem Statement. The main objective of this
study was to develop an SMC with a fuzzy-tuned switching gain
for UAV trajectory tracking under multiple uncertainties. The
proposed strategy ensures robust exponential convergence of
tracking errors while adaptively tuning the control parameters.
Mathematically, this can be expressed as

lim
t→∞

δP1 = 0, lim
t→∞

δR1 = 0. (11)

. PROPOSED CONTROLLER

The proposed control approach is based on a linear SMC frame-
work. Initially, linear sliding surfaces are defined for both trans-
lational and rotational dynamics. Based on these surfaces, a dis-
continuous SMC law is developed to drive the sliding variables
to zero, effectively handling matched uncertainties and bounded
disturbances and guaranteeing robust and rapid convergence.
Two sliding surface vectors are constructed to govern the desired
position and attitude dynamics, as follows:{

SP = δP2 + CPδP1,
SR = δR2 + CRδR1,

(12)

where CP ∈ R3×3 and CR ∈ R3×3 are the positive definite diago-
nal matrices. Taking the derivative of Eq. 12 and using Eqs. 9 and
10 yields

ṠP = δ̇P2 + Cpδ̇P1

= FP + GPUP + DP − P̈d + Cp
˙̈δP1 (13)

ṠR = δ̇R2 + CRδ̇R1

= FR + GRUR − R̈d + DR + CRδ̇R1 (14)

Using the inverse kinematic approach for Eqs. 13 and 14, the
proposed FSMC is designed as follows:

UP = G−1
P

{
P̈d − FP − K1SP −

(
ϵ̂P + kd1

)
sign (SP)

}
,

(15)

UR = G−1
R

{
R̈d − FR − K2SR −

(
ϵ̂R + kd2

)
sign (SR)

}
,

(16)

Figure 1. Block diagram for the proposed control scheme
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Figure 2. Membership functions for inputs (a) S, (b) Ṡ, and (c) output ϵ̂

where K1 ∈ R3×3 and K2 ∈ R3×3 are positive diagonal gain
matrices, kd1 > 0 and kd2 > 0 are significantly small switching
gains used to ensure robustness during the steady-state period.
The schematic of the proposed control scheme is shown in
Figure 1.

.. Fuzzy System Design. This section describes the
fuzzy mechanism used to enhance the SMC switching gain. The
fuzzy system maps the selected inputs to the switching gain out-
put, which is specified by its membership functions and rule base.
Figure 2 illustrates the membership functions.

The fuzzy system has two inputs (S and Ṡ) and one output (ϵ̂).
Output ϵ̂ = Fuzzy(S, Ṡ) is used as the switching gain in Eqs. 15–
16. The membership functions for S, Ṡ, and ϵ̂ are shown in Figure
2. Additionally, the FIS input–output surface ϵ̂ = Fuzzy(S, Ṡ)
is shown in Figure 3, illustrating how the tuned switching gain
varies over the

(
S, Ṡ

)
plane. The fuzzy rules mapping

(
S, Ṡ

)
to ϵ̂

are summarized in Table 1.
The following lemma supports the subsequent stability

analysis.

Lemma 1. Consider the continuous-time system 17

ϑ̇ (t) = f (ϑ , ν, t) , (17)

where ϑ ∈ Rn is the state vector, ν ∈ Rm is the input, and function
f ∈ Rn is locally Lipschitz-continuous in (ϑ , ν) and continuous in t,
with f (0, 0, t) = 0 for all t ≥ 0.

Assume there exists a Lyapunov function V (ϑ) such that:

i. V (0) = 0,
ii. V (ϑ) > 0 for all ϑ ̸= 0,

iii. V (ϑ) → ∞ as ∥ϑ∥ → ∞, and
iv. V(ϑ) ≤ −αV(ϑ) for all ϑ ̸= 0.

Then, the system in Eq. 17 is globally exponentially stable.

.. Stability Analysis. This section presents a stabil-
ity analysis of the quadrotor system using the proposed FSMC
approach.

Theorem 1. Consider the position and attitude sliding dynam-
ics in Eqs. 13 and 14 under Assumptions 1 and 2. The proposed
SMC scheme with fuzzy-tuned switching gains in Eqs. 15 and 16

Figure 3. FIS surface ϵ̂p = Fuzzy(S, Ṡ) over inputs S and Ṡ
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Table 1. Fuzzy rule base (reordered from PB to NB)

ϵ̂ Ṡ

S PB PM PS ZE NS NM NB

PB PB PB PM PM PS PS ZE

PM PB PM PM PS PS ZE NS

PS PM PM PS PS ZE NS NS

NS PS PS ZE NS NS NM NM

ZE PM PS PS ZE NS NS NM

NM PS ZE NS NS NM NM NB

NB ZE NS NS NM NM NB NB

guarantees that all sliding surfaces and corresponding error trajecto-
ries converge to zero exponentially.
Proof: This proof proceeds in two stages. The position dynam-
ics stability is first analyzed, followed by the attitude dynamics
stability analysis.

Part 1: Consider a Lyapunov function VP as

VP =
1
2
STPSP. (18)

Taking the time derivative of Eq. 18 and substituting Eqs. 13 and
15 yields

V̇P = STP ṠP = STP
(
−K1SP + DP −

(
ϵ̂P + kd1

)
sign (SP)

)
,

≤ −λmin (K1) ∥SP∥2
−

((
ϵ̂P + kd1

)
− ∥DP∥

)
∥SP∥,

≤ −λmin (K1) ∥SP∥2
−

((
ϵ̂P + kd1

)
−

↼

dP
)

∥SP∥,

= −λmin (K1) ∥SP∥2
− kd1∥SP∥,

≤ −2λmin (K1)

(
∥SP∥2

2

)
,

≤ −2λmin (K1)VP ≤ −ηPVP, (19)

where ηP = 2λmin (K1) > 0 and operator λmin (·) gives the
minimum eigenvalue of the associated matrix. From Lemma 1,
the above inequality ensures global exponential stability. As a
result, the sliding surface SP approaches zero as t → ∞.

Once SP converges to zero, Eq. 12 can be expressed as{
δP2 = −CPδP1 ⇒ δ̇P1 = −CPδP1,
δR2 = −CRδR1 ⇒ δ̇R1 = −CRδR1.

(20)

Consider another Lyapunov function Vδp = (1/2) δTP1δP1. Tak-
ing the time derivative of Vδp and substituting Eq. 20 yields

V̇δp = δTP1δ̇P1 = δTP1 (−CPδP1) ,
= −λmin (CP) ∥δP1∥

2,

= −2λmin (CP)

(
∥δP1∥

2

2

)
≤ −µ1Vδp,

where µ1 = 2λmin (CP) > 0. From Lemma 1, this inequality
ensures asymptotic stability. Therefore, δP1 converges to zero as
t → ∞, which implies that EP → 0.

Part 2: Similarly, the attitude dynamics stability can be estab-
lished using the same procedure. Accordingly, we consider a

Table 2. System parameters

Parameter Value Parameter Value

m 0.65 kg Jy 7.5 × 10−3 N · m · s2/rad

L 0.23 m Jx 7.5 × 10−3 N · m · s2/rad

g 9.81 m/s2 Jz 1.3 × 10−2 N · m · s2/rad

Lyapunov candidate VR as

VR =
1
2
STRSR . (21)

Expressing V̇R using Eqs. 14 and 16 gives

V̇R = STR ṠR = STR
(
−K2SR + DR −

(
ϵ̂R + kd2

)
sign (SR)

)
,

≤ −λmin (K2) ∥SR∥2
−

((
ϵ̂R + kd2

)
− ∥DR∥

)
∥SR∥,

≤ −λmin (K2) ∥SR∥2
−

((
ϵ̂P + kd2

)
−

↼

dR
)

∥SR∥,

= −λmin (K2) ∥SR∥2
− kd2∥SR∥,

≤ −2λmin (K2)

(
∥SR∥2

2

)
,

≤ −2λmin (K2)VR ≤ −ηRVR , (22)

where ηR = 2λmin (K2) > 0. From Lemma 1, this inequality
ensures global exponential stability. As a result, the sliding surface
SR approaches zero as t → ∞.

Similarly, it can also be established that the attitude error δR1
converges to zero exponentially by selecting a Lyapunov candi-
date Vδr = (1/2) δTR1δR1. The derivative of Vδr using Eq. 20 can
be expressed as

V̇δr = δTR1δ̇R1 = δTR1 (−CRδR1) ,
= −λmin (CR) ∥δR1∥

2,

= −2λmin (CR)

(
∥δR1∥

2

2

)
≤ −µ2Vδr ,

where µ2 = 2λmin (CR) > 0. From Lemma 1, this inequality
ensures global exponential stability. Therefore, δR1 converges to
zero as t → ∞.

.. Statistical ValidationProcedure. This study is ana-
lytical and simulation-based; therefore, conventional statistical
hypothesis testing is not applicable. The performance of the
proposed fuzzy sliding mode controller is confirmed through
deterministic numerical simulations, complemented by a stability
analysis based on Lyapunov theory. The assessment is carried out
using conventional control performance criteria, such as tracking
error convergence, steady-state accuracy, resilience to bounded
disturbances, and required control effort. All comparative simu-
lations are conducted using the same initial conditions and dis-
turbance scenarios to guarantee a fair and consistent evaluation
of the controller’s performance.

. SIMULATION RESULTS

The effectiveness of the proposed control method was assessed
through numerical simulations carried out in the MAT-
LAB/Simulink environment. The physical parameters of the
quadrotor applied in these simulations are presented in Table 2.
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Figure 4. 3D trajectory tracking response under different approaches

For system robustness evaluation, the quadrotor was tested
under a 20% mass variation and exposed to time-varying exter-
nal disturbances following the model in Khalil and Grizzle 18.
The external disturbances are considered as DP = [0.1cos
(0.1π t) . 0.1sin (0.1π t) . 0.1cos (0.1π t)]T and DR = [0.1sin
(0.1π t) .0.1cos (0.1π t) . 0.1sin (0.1π t)]T .

The selected nominal controller parameters are K1 =

diag (3, 1, 1), K2 = diag (0.6, 0.8, 0.7), kd1 = kd2 = 0.05.CP =

diag (1, 1, 1), and CR = diag (1, 1, 1). The reference trajectory
used to assess tracking performance is defined as: zd =

t
10 ,

xd = 2cos (2πωt), yd = 2sin (2πωt), ψd = 0.0872sin (2πωt),
andω =

2π
40 .

.. Proposed FSMC Performance. This case study
demonstrates the overall tracking performance of the proposed
FSMC. As illustrated in Figure 4, the quadrotor accurately fol-
lows the three-dimensional (3D) reference trajectory, gradu-
ally converges to the desired helical path, and maintains stable
motion despite the presence of disturbances and uncertainties.
Figure 5 shows the position and attitude error responses, pro-
viding further evidence of the proposed controller . All track-
ing errors rapidly converged to zero within approximately 10 s,
demonstrating the strong stabilization and ability of the proposed
FSMC scheme to quickly achieve the desired position and atti-
tude, with a smooth error graph in both the position and attitude
dynamics.

The sliding surface plots in Figure 6 show how the proposed
FSMC drives both the position and attitude sliding variables to
zero. All sliding surface parameters decreased quickly within the
first 10 s and then remained close to zero for the remainder of
the motion. This implies that the system reaches the sliding sur-
face quickly and remains there, confirming that the controller
keeps the quadrotor stable and on track throughout the desired
trajectory.

The control input profiles in Figure 7 illustrate how the pro-
posed FSMC controller regulates thrust force U1 and torque
inputsU2,U3, andU4 throughout the trajectory. The main thrust
input U1 is smooth and shows only a slight overshoot during the

initial transient phase. The torque inputs remain relatively con-
stant and low compared to the actuator limits. Moreover, the lack
of rapid oscillations in all control channels indicates that chatter-
ing is effectively reduced. As a result, the proposed FSMC ensures
stable motion without requiring excessive control effort.

Figure 8 shows the fuzzy-tuned switching gains for position
and attitude. In the position channel, ϵ̂, ϵ̂, and ϵ̂ increase at the
onset of the maneuver, and then decrease as the sliding variables
approach zero. In the attitude channel, ϵ̂, ϵ̂, and ϵ̂ exhibit brief
transients before converging near zero once the attitude errors
diminish. Therefore, the gains remain high only during large-
error phases and decrease in the steady state, concentrating the
switching action on the transients.

To further evaluate the effectiveness of the controller, several
standard error indices were calculated. The integral of squared
error (ISE) was obtained as 4.201, the integral of absolute error
(IAE) as 7.413, and the integral of time-squared error (ITSE)
as 6.433. The integral of time-absolute error (ITAE) was deter-
mined to be 6.5 × 10−4. As summarized in Table 3, these values
highlight the high tracking accuracy and overall control perfor-
mance of the proposed scheme.

Collectively, the simulations demonstrate that the proposed
FSMC maintains robust performance under parameter variations
and time-varying disturbances. The controller achieved fast tran-
sient, small steady-state errors, and strong disturbance rejection.
Integrating the fuzzy tuner into SMC concentrates the switching

Table 3. Error performance measures under two approaches

Approach Error Performance Index

Types of Error ISE IAE ITSE ITAE

PID control 9.521 9.258 15.804 1.8×10−3

FL 6.354 8.601 9.560 9.8×10−4

Proposed FSMC 4.201 7.413 6.433 6.5×10−4

Reduction with PID control 55.9% 19.9% 59.3% 63.9%

Reduction with FL 33.9% 13.8% 32.7% 4.2%
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Figure 5. Position and attitude error response under the proposed scheme

Figure 6. Sliding surface response
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Figure 7. FSMC input response

Figure 8. Fuzzy parameters
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action during large-error phases, reducing chattering and control
effort while preserving tracking accuracy and reliable trajectory
tracking.

.. Comparative Performance. For the tracking capa-
bility evaluation, the proposed FSMC was compared with both
a conventional PID controller and a feedback linearization (FL)
scheme. As shown by the 3D trajectories in Figure 4, all con-
trollers can follow the reference path; however, the PID con-
troller’s response presents a larger initial deviation (overshoot-
like transient), slower convergence, and residual steady-state
tracking error. The FL approach improves tracking relative to
the PID approach; however, it still exhibits a noticeable tran-
sient excursion before settling. By contrast, the proposed FSMC
yielded a smoother transient response with tighter trajectory
adherence throughout the motion.

To further assess the performance, tracking errors were quan-
tified using standard error performance indices, as reported in
Table 3. The proposed FSMC achieves lower values across all
indices than both the PID controller and FL approach, indicating
improved tracking accuracy. The percentage reductions in these
indices, also summarized in Table 3, highlight the considerable
performance advantage of the proposed method over the PID
and FL approaches.

.. Study Limitations. Although the proposed FSMC
shows better tracking performance in the simulation results, sev-
eral limitations should be recognized. First, the validation of the
controller is based only on numerical simulations using a math-
ematical model of the quadrotor. Even though bounded distur-
bances and uncertainties are included, real-world conditions may
introduce additional challenges. Factors such as unmodeled aero-
dynamic effects, actuator limitations, sensor noise, time delays,
and hardware nonlinearities could influence the actual perfor-
mance of the controller. Second, the fuzzy membership functions
and rule base were selected and tuned based on expert knowl-
edge and simulation trials. While this approach provides satisfac-
tory results, a more systematic optimization or adaptive tuning
method was not investigated in this study. Third, the compara-
tive study is limited to PID and feedback linearization controllers.
Although these methods are commonly used for comparison,
including other advanced nonlinear or adaptive control strategies
could provide a more comprehensive evaluation. Finally, exper-
imental validation on a real quadrotor platform has not been
conducted. Future work will focus on hardware implementation
to further verify the robustness and practical applicability of the
proposed control scheme.

. CONCLUSIONS

This paper proposes a fuzzy sliding mode control (FSMC) strat-
egy to achieve robust position and attitude tracking for a quadro-
tor under external disturbances. The controller combines sliding
mode control with a fuzzy logic system that adjusts the switching
gain in a continuous manner. This approach helps to reduce chat-
tering while maintaining strong robustness against uncertainties.
The stability of the closed-loop system is demonstrated through
Lyapunov theory, verifying the global exponential convergence of
both the sliding surfaces and the tracking errors. The simulation
results demonstrate that the proposed FSMC achieves smoother

control signals, better disturbance rejection, and higher tracking
accuracy compared with the conventional PID and feedback lin-
earization methods. The results of this study suggest that adaptive
adjustment of the switching gain through fuzzy inference can sig-
nificantly enhance the performance of nonlinear control systems.
In particular, integrating intelligent tuning mechanisms into slid-
ing mode control offers a practical solution to achieve a balance
between robustness and smooth control action. This method can
also be applied to other underactuated and nonlinear systems
operating in uncertain conditions. However, the current study
is limited to numerical simulations based on a mathematical
model of the quadrotor. Future work should focus on imple-
menting the proposed controller on a real quadrotor platform to
examine its performance in practical environments. In addition,
systematic optimization techniques could be used to improve the
design of the fuzzy membership functions and rule base. Further
comparisons with other advanced nonlinear and adaptive con-
trol strategies would provide a more comprehensive assessment.
These developments would enhance the practical applicability
and reliability of the proposed control approach.
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ABSTRACT

Managing large-scale event schedules poses several challenges for decision makers, including limitations and considerations such
as available resources, venues, and audiences. To address this complexity, we developed a multi-objective mixed-integer program-
ming optimization model for resource-constrained event scheduling over a multi-day planning horizon. The proposed model aims
to determine the optimal location assignment for all events and the starting day for each event within the event season. Addition-
ally, the model accounts for class-based event structures, venue utilization, and seasonal continuity. A lexicographic multi-objective
approach is adopted, where the primary objective is to maximize overall profit and the secondary objective is to balance venue uti-
lization. The effectiveness of the proposed model is demonstrated by utilizing a dataset consisting of 24 different events with five
audience types scheduled over a 20-day season. Based on our findings, we also highlight potential directions for future research.

Keywords: scheduling, lexicographic, mixed-integer, optimization, resource-constrained, event

. INTRODUCTION

Recently, as part of the Vision 2030 initiative, Saudi Arabia has
demonstrated a significant increase in the number and scale of
events, conferences, and international exhibitions, particularly
within the entertainment sector. This rapid growth has increased
the need for efficient event scheduling, especially for large-scale
seasonal events such as the Riyadh Season, EXPO 2030, and
the 2034 FIFA World Cup. Coordinating multiple events while
considering the availability of limited resources, diverse audience
types, and daily timelines requires careful planning and schedul-
ing to ensure that all objectives are achieved.

Managing event schedules at such a large scale introduces sev-
eral challenges for decision makers. Accordingly, event organizers
must allocate multiple constrained resources, including venues
that vary in capacity, suitability, and the types of events they
can support. Furthermore, they must account for different types
of audiences to ensure that individuals who wish to attend sev-
eral related events are not forced to choose between overlapping
events, which could result in significant revenue losses. Such con-
flicts become even more critical during long event seasons, in
which the overarching goal is to maintain continuity and avoid
idle days, thereby ensuring consistent audience engagement and
maximizing overall seasonal performance.

To address these problems, we developed a multi-objective
mixed-integer programming model for resource-constrained
event scheduling over a multi-day (i.e., seasonal) planning hori-
zon. The proposed model considers several key features, includ-
ing the incorporation of a class-based event structure in which
events are categorized according to their importance to a cer-
tain type of audience, thereby preventing events within the same

class from occurring on the same day. Additionally, venue fea-
sibility is captured by the requirement that the expected atten-
dance of an event should reach at least 75% of a venue’s capac-
ity for that venue to become a potential candidate location for
hosting that specific event. Furthermore, the proposed model
enforces seasonal continuity to eliminate undesirable gaps (i.e.,
time between events) during the season. A lexicographic multi-
objective method is adopted, where the primary objective is to
maximize overall profit and the secondary objective is to bal-
ance the utilization of venues to avoid excessive reliance on a few
locations while others remain underused.

The remainder of this paper is organized as follows. Section 2
reviews relevant scheduling literature and studies related to the
proposed model. Section 3 details the proposed optimization
model. Section 4 presents numerical results and discusses key
insights. Finally, concluding remarks are presented in Section 5,
along with promising directions for future research.

. LITERATURE REVIEW

Recent research on resource-constrained scheduling has high-
lighted the challenges of allocating activities when time, eligibil-
ity, and resource constraints must be satisfied simultaneously.
Naderi et al. (2022) extended the classical resource-constrained
project scheduling problem (RCPSP) by incorporating a relia-
bility function for renewable resources into a mixed nonlinear
model that was linearized and solved using both exact and genetic
metaheuristic approaches. Their work addressed multi-objective
tradeoffs; however, it focused on project activities, rather than
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large-scale seasonal event planning. Other studies have exam-
ined dual-resource environments. Kimura et al. (2024) proposed
a decoding-based solution for the dual-resource-constrained
scheduling problem, demonstrating how operator ability and eli-
gibility influence feasible allocations. Although their work is rel-
evant to conflict structures, they did not address multi-day event
occupancy or audience-based conflicts.

The multi-objective aspects of scheduling have also received
considerable attention. Su et al. (2025) developed a reactive,
multi-objective, multi-skilled project-scheduling model that can
respond to resource disruptions and dynamic updates. Their
model demonstrates how skill and resource variability affect
the scheduling process but does not consider event duration,
venue eligibility, or lexicographic priority rules. At the method-
ological level, lexicographic optimization has been examined in
several domains. Lai et al. (2020) introduced a mixed Pareto–
lexicographic framework based on priority chains, revealing how
strict hierarchical priorities can be embedded within multi-
objective optimization while preserving Pareto efficiency across
other criteria. Sun et al. (2024) applied lexicographic ordering
to an event-triggered model predictive control framework for
ship path following, where primary objectives were optimized
first, and then secondary objectives were addressed within the
restricted feasible region. In the context of production plan-
ning, Demir (2023) developed an efficient lexicographic solu-
tion method for a multiport fabric dyeing scheduling problem,
offering exact and heuristic strategies for handling hierarchical
objectives. Although these studies demonstrate the application
of lexicographic structures, they are not applicable to resource-
constrained event scheduling.

The studies mentioned above cover reliability-based RCPSP,
dual-resource conflicts, multi-skilled scheduling, and lexico-
graphic decision structures; however, they do not combine audi-
ence type conflicts, class-based event hierarchies, all-day seasonal
coverage, location capacity eligibility, and a lexicographic multi-
objective approach in a single framework. In this study, motivated
by these gaps, focused on the development of an optimization
model for resource-constrained event scheduling that incorpo-
rates real-world conflicts and supports multiple objectives for
large-scale event planning.

. OPTIMIZATIONMODEL

In this section, we detail the proposed optimization model for
the resource-constrained event-scheduling problem. Our model
is formulated as a mixed-integer program that aims to determine
the optimal location assignment for all events and the starting day
for each event within a season. We adopt the following assump-
tions: (i) all events belong to one main season or a large-scale
event, (ii) each location can hold only one event per day, (iii) visi-
tors attend an event from its starting day until the end of the event
duration, and (iv) all events follow the same ticket pricing for the
same event days (i.e., the price per day of an event is the same
throughout the duration of the event). Without loss of general-
ity, ticket prices can be treated as adjustable input parameters that
vary across events or days to reflect demand fluctuations driven
by factors such as peak periods (e.g., weekends and holidays) or
high-demand conditions (e.g., trendy events or the presence of

Table 1. Sets and parameters in the proposed optimization model

E Set of events

L Set of available locations

D Set of days, planning horizon, D = {1, ..., δ}

pe Ticket price per person for event e ∈ E

ae Audience type for event e ∈ E

be Class of event e ∈ E

αe Expected number of attendances for event e ∈ E

qe Duration of event e ∈ E

cl Capacity of location l ∈ L

tl Type of location l ∈ L

βel Binary indicator equal to
one if event e ∈ E can be held
at location l ∈ L and equal to zero otherwise

famous performers), and the model can be adjusted accordingly.
However, in this study, a uniform pricing structure was adopted
to focus on core scheduling decisions.

.. Notation. The sets and parameters considered in the
proposed optimization model are listed in Table 1, while deci-
sion variables are listed in Table 2. The assignment and timing
of events across the planning horizon are represented by a set
of mixed-integer decision variables. The starting day decision for
each event e ∈ E is captured by the binary variable xdel, which
is equal to one if event ebegins on day d ∈ D at location l ∈ L,
and equal to zero otherwise. Because an event occupies a loca-
tion for the entire duration of its schedule, the daily usage of each
location is represented by the binary variable ydel, which indicates
whether event eis taking place at location lon day d. To ensure
consistency between these two decision variables, the integer
variable zedetermines the starting day of event e, thereby guar-
anteeing that event occupancy aligns with the assigned duration.
Consequently, these variables enable the model to accurately
reflect how events utilize locations over time, capture real-world
conflicts among events specifically aimed at similar classes or
audience types, and enforce the daily operational structure of the
season.

Table 2. Decision variables in the proposed optimization model

xdel Binary variable equal to one if event e ∈ E starts on day
d ∈ D at location l ∈ L and equal to zero otherwise

ydel Binary variable that is equal to one if event e ∈ E
is occupying location l ∈ L on day d ∈ D
and equal to zero otherwise

ze Integer variable indicating the
starting day of event e ∈ E

v+

l Continuous non-negative variable representing the
positive deviation of the usage of location
l ∈ Labove the average usage

v−

l Continuous non-negative variable representing the
negative deviation of the usage of location
l ∈ Lbelow the average usage
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.. Mathematical Model. The mathematical model
described below provides a structured representation of the
proposed scheduling model by defining how events interact
with locations and planning horizons. This formulation repre-
sents the logical relationships connecting the starting day of an
event with its occupancy over time, thereby ensuring consistency
throughout the season. The model also includes structural con-
straints that reflect operational rules such as location eligibility
requirements and conflict relationships between events of dif-
ferent classes or audience types. By combining these elements,
the proposed model captures the complete behavior of the tar-
geted scheduling system. The detailed objective functions and
constraints controlling these relationships are presented in the
following subsections.

... Objective functions. The proposed model has mul-
tiple objective functions: (i) maximizing the expected revenue
from all events, and (ii) minimizing the total imbalance in loca-
tion usage. Therefore, we adopt a lexicographic multi-objective
optimization approach to prioritize scheduling objectives in a
strictly hierarchical manner. In a lexicographic structure, the
primary objective is optimized independently first, and the sec-
ondary objective is considered strictly after obtaining the optimal
value of the primary objective, which is then considered as a con-
straint (Fiaschi and Cococcioni 2022, Demir 2023 and Sun et al.
2024).

The first objective of the proposed model is to maximize the
expected revenue generated from all scheduled events. Revenue
is obtained when event e ∈ E is assigned to location l ∈ L on day
d ∈ D, and is calculated by multiplying the ticket price per person
by the expected number of attendees for that event, as expressed
in Eq. (1).

Max Z∗
=

∑
e∈E

∑
l∈L

∑
d∈D

αepeydel (1)

After determining the optimal revenue value Z∗, this value
is fixed as an additional constraint to ensure revenue optimal-
ity. The model is then reoptimized to address the secondary
objective, which minimizes the total imbalance in location usage.
Imbalance is defined as the sum of the positive deviations v+

l and
negative deviations v−

l from the average usage of each location
l ∈ L, as shown in Eq. (2).

Min
∑
lϵL

(
v+

l + v−

l

)
(2)

This lexicographic structure guarantees that maximizing rev-
enue remains the top priority, while the secondary objective
enhances the fairness of location utilization.

... Constraints. The constraints in the proposed model
ensure that events are scheduled feasibly and consistently across
the planning horizon. Each constraint reflects a key requirement,
as outlined below.

Constraint (3) indicates that each event must be scheduled
no more than once, implying that an event must have at most
one starting day at one location. This constraint prevents the
assignment of a single event to multiple locations or starting days.

∑
l∈L

∑
d∈D

xdel ≤ 1, ∀e ∈ E (3)

Constraint (4) ensures that each location hosts a maximum
of one event on a given day. Because a venue cannot physi-
cally accommodate multiple events simultaneously, this condi-
tion prevents the overlapping usage of the same location.∑

l∈L

ydel ≤ 1, ∀e ∈ E, d ∈ D (4)

Constraint (5) ensures that each day in the planning hori-
zon hosts at least one event across all available locations. This
constraint prevents idle days during the season, leading to the
continuous engagement of visitors and enhancing the overall
attractiveness of the event schedule.∑

e∈E

∑
l∈L

ydel ≥ 1, ∀d ∈ D (5)

Constraint (6) ensures that the starting day recorded for each
event accurately reflects the day on which the event is scheduled
to begin at its assigned location.

ze =

∑
l∈L

∑
d∈D

dxdel, ∀e ∈ E (6)

Constraint (7) ensures that no more than one event targeting
the same audience type is scheduled on the same day, thereby
preventing overlapping events targeting the same attendees and
ensuring that the individuals interested in each event category
have the opportunity to attend all relevant events without facing
conflicts.∑

d∈D

ydel ≤ 1, ∀ae, e ∈ E, l ∈ L (7)

Constraint (8) ensures that at most one event belonging to a
given event class is scheduled on any day, preventing the splitting
of the intended audience for any event class and increasing the
revenue stream.∑

d∈D

dydel ≤ 1, ∀ae, e ∈ E, l ∈ L (8)

Constraint (9) states that an event cannot appear in the sched-
ule on a certain day unless it starts on that day, ensuring that each
event may continue running throughout its assigned duration.

ydel ≤
d+qe−1∑
n=d

zdel, ∀e ∈ E, l ∈ L, d ∈ D (9)

Constraint (10) ensures that if event ebegins at location l on
day d(xdel = 1), then the location must remain occupied by the
same event for every day n of its duration.

ynel ≥ xdel, ∀e ∈ E, l ∈ L, n ∈
(
d, d + qe

)
, n ≤ δ (10)

Constraint (11) is added after solving the first optimization
stage to obtain the maximum possible revenue Z∗. This con-
straint fixes the revenue at the optimal value, ensuring that no
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solution found in the second stage will reduce the revenue.∑
eϵE

∑
l∈L

∑
d∈D

xdelpeαe ≥ Z∗ (11)

Constraints (12) and (13) define the usage structure required
for the secondary objective, which aims to balance the utilization
of locations across seasons. Constraint (12) computes the total
number of occupied days for each location l ∈ L by summing all
days on which each location is used by any event. Constraint (13)
determines the average usage across all locations by dividing the
total number of event days by the number of available locations,
thereby providing a benchmark against which deviation can be
measured.

Ul =
∑
e∈E,

∑
dϵD

ydel, ∀l ∈ L (12)

Ū =

∑
e∈E, qe
|L|

(13)

Constraint (14) introduces the deviation variables v+

l and
v−

l , linking them to the difference between the actual usage of
each location and the corresponding average usage. This relation-
ship ensures that positive and negative deviations are correctly
captured and used to optimize the secondary objective.

U l − Ū = v+

l − v−

l , ∀l ∈ L (14)

Constraints (15) to (17) define the data domains of the deci-
sion variables in the proposed model.

xdel, y
d
el ∈ {0, 1} , ∀e ∈ E, l ∈ L, d ∈ D (15)

ze ∈ Z , ∀e ∈ E (16)
v+

l , v−

l ≥ 0 ∀l ∈ L, (17)

... Parallel events of the same class. In many large-
scale seasonal festivals, including Formula-E fan zones, entertain-
ment seasons, or Expo-style events, it is often desirable to allow
parallel events within the same class if they target different audi-
ence types. In such scenarios, the strict formulation of Constraint
(8), which prohibits more than one event within the same class
from occurring on the same day, may be overly restrictive.

To address this limitation, we introduce Constraint (18),
which is a relaxed version of Constraint (8), in which the
non-parallelism rule for classes is applied within class–audience
combinations, rather than across the entire class. To formalize
this relaxation, we define the set Eb,a = {e ∈ H|be = b, ae = a},
which represents events belonging to class b and targeting audi-
ence a. Under this structure, the model continues to prevent
two events belonging to the same class and targeting the same
audience group from occurring simultaneously, while allowing
parallel events within the same class if they target different audi-
ences. This approach enables richer daily schedules and improves
operational flexibility.

∑
lϵL

∑
e∈Eb,a

ydel ≤ 1, ∀b, a, d ∈ D (18)

. RESULTS AND DISCUSSION

This section presents the experimental results of the proposed
scheduling model using the constructed event dataset and
defined constraints.

.. Data. To demonstrate the effectiveness of the pro-
posed optimization model, the model was tested on a dataset
consisting of 24 events with five different target audiences, sched-
uled across a 20-day season. Each event has a defined duration
of two days, an audience group, a class category (A, B, or C),
and an expected attendance level. Four locations were consid-
ered in our experiment, and they differed in both capacity and
type, which introduced eligibility constraints regarding where
each event could be assigned. The locations belonged to three
main types, namely stadium, hall, and park, with capacities of 100,
80, and 90, respectively. Each event could only be scheduled at
locations matching its allowed type.

For consistency, all ticket prices and expected attendance val-
ues were assumed to be constant when solving the proposed
model. Therefore, our focus remains on understanding schedul-
ing behavior driven by conflicts, feasibility rules, and the lexico-
graphic objective structure. Furthermore, this dataset enabled us
to evaluate how the proposed model handles capacity limits, class
and audience conflicts, location eligibility, and multi-objective
tradeoffs over the planning horizon (i.e., a 20-day season).

.. Experiment. The proposed resource-constrained
scheduling optimization model was solved using the PuLP opti-
mization library in Python. All computational experiments were
conducted using a laptop with an 11th-Gen Intel® CoreTM i5-
1135G7 CPU running at 2.40 GHz, 16 GB of RAM, under the
Windows 11 (64-bit) OS. The optimal solution to the proposed
model was found with a CPU time of 4.38 s. The process of
deriving the global optimal solution using the parameters listed
in Table 3 began by generating multiple optimal schedules. First,
the model considers the highest-priority objective function to
maximize profit without considering balancing location utiliza-
tion across seasons. The resulting schedules are presented in
Figure 1, highlighting solution feasibility and objective-driven
profit behavior.

After identifying all optimal event schedules satisfying the
model constraints and maximizing the primary objective of profit,
we introduce balancing constraints to ensure a fair distribution
of events across locations throughout the season. Accordingly,
the second-stage optimization searches for the most balanced
assignment, subject only to additional balancing constraints (11–
14), within the subset of solutions optimized with respect to
profitability. This structure represents the direct application of
lexicographic multi-objective optimization.

The secondary objective is to minimize the imbalance in
location utilization throughout the season, ensuring that each
location hosts approximately the same number of events. This
objective promotes a more even distribution of operational load
and improves the overall structure and practicality of the seasonal
schedule. The final schedule, satisfying both objectives and all
model constraints, is illustrated in Figure 2, which clearly shows
the allocation of events across days and locations.

To further evaluate the effect of the proposed recovery strat-
egy, the optimization model was re-solved using the relaxed
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Figure 1. All optimal event schedules under the profit-driven objective

formulation in Constraint (18), which replaces the original class-
level non-parallelism rule in Constraint (8). As observed in
Figure 3, the relaxed constraint allows several parallel activities
that were not feasible in the baseline schedule while still satisfying
all resource, location, and audience constraints.

The comparison between the baseline and recovery schedules
highlights the benefits of relaxing overly restrictive scheduling
rules. By allowing events of the same class to occur in paral-
lel when targeting different audiences, the recovery formulation
increases scheduling flexibility and produces a richer and more
diverse event program while maintaining all feasibility condi-
tions. This demonstrates how controlled constraint relaxation
can improve the practical applicability of optimization-based
event scheduling models for large-scale seasonal events.

.. Discussion. The computational results of our model
demonstrate that it can build a feasible event schedule that (i)
assigns events on all days of the season, (ii) respects both audi-
ence and class conflicts, (iii) assigns events to the proper location

type and utilizes at least 75% of the location capacity, and (iv)
keeps location utilization relatively balanced while maximizing
the expected ticket revenue. This structure is consistent with
event-based formulations that have been successful in resource-
constrained project scheduling; however, our application focuses
on seasonal event planning with different venue types and audi-
ence groups instead of traditional project activities. For example,
Koné et al. (2011) developed event-based mixed-integer lin-
ear programming models for the RCPSP and demonstrated that
event-based time representations can provide strong formula-
tions with good computational performance. Our model follows
the same philosophy by defining binary variables that capture
when an event occupies a location on a specific day. However,
we extend this concept to handle multi-day events, audience
conflicts, and the requirement for full seasonal coverage.

Compared with the classical RCPSP variants summarized by
Hartmann and Briskorn (2010), and broader surveys on project
scheduling and multimode extensions by Weglarz et al. (2011),
our study has a different focus. Most RCPSP studies optimize the
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Figure 2. Optimal event schedule obtained from the baseline model

Figure 3. Optimal event schedule obtained from the recovery model

project makespan or cost, considering activities that must respect
precedence relations and renewable resource limits. In our con-
text, events do not follow a precedence network but are linked
through audience type conflicts, class-based importance levels,
capacity eligibility rules, and the requirement that every day in
the season must host at least one event. The constraints that
prevent parallel events of the same class or those targeting the
same audience on the same day also have no direct counterpart
in the standard RCPSP variants surveyed in the literature.

At the modeling level, our work is related to extensions from
the dynamic scheduling perspective discussed by Vanhoucke
(2012), where more complex constraints and project control
aspects are added to the basic RCPSP. However, previous studies
focused on projects, rather than public events with heteroge-
neous audiences and venues. Our class-based constraints can be
considered as a practical version of priority rules between subsets

of activities; however, they are directly motivated by the need
to protect high-importance events from internal competition
within the same class. Recent studies on multimode and stochas-
tic RCPSP highlight the importance of uncertainty and complex
resource structures. Gao et al. (2024) proposed a metaheuristic-
oriented iterative greedy algorithm for a multimode RCPSP
under uncertainty and demonstrated that hybrid exact heuristic
approaches can handle large instances with uncertain durations
and resource parameters.

Beyond classical RCPSP formulations, many allocation and
scheduling problems are based on direct revenue considerations,
implicitly assuming that prioritizing the most profitable option
at each decision point leads to near-optimal outcomes. Ferguson
et al. (2011) studied disposition decisions for product returns
and demonstrated that many firms rely on margin-based rules
that always prioritize the highest-profit option. Their analysis
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Table 3. Sets and parameters used in the experiment

E {1,2, 3, . . . , 24}

L {1, 2, 3, 4}

D {1, 2, 3, . . . , 20}

pe 100 SAR

ae Families: {1, 2, 13, 14, 23},
Kids: {4, 5, 6, 16, 17, 18},
Girls: {3, 7, 15, 24},
Boys: {11, 12, 21, 22}

be Class A: {1, 2, 3, 10, 12, 14, 16, 18, 20, 22},
Class B: {4, 5, 8, 11, 13, 17, 19, 23, 24},
Class C: {6, 7, 9, 15, 21}

αe 80 attendees

qe Two days

tl Location 1: Stadium, Locations 2 & 4: Hall, Location 3: Park

cl Location 1: 100, Locations 2 & 4: 80, Location 3: 90

βel 1 for the following events that can be held in location type:
Stadium: {1, 4, 7, 9, 10, 11, 13, 17, 18, 20, 22, 24}
Hall: {2, 3, 6, 8, 11, 14, 15, 16, 18, 19, 20, 22, 23}
Park: {1, 3, 5, 6, 7, 9, 11, 12, 13, 18, 19, 20, 21, 23, 24}

revealed that such profit-only objectives can lead to inefficien-
cies, with average profit losses of approximately 7% compared
with more structured optimization approaches and even higher
losses over longer planning horizons. Although their applica-
tion differs from seasonal event scheduling, the underlying deci-
sion logic is comparable to that of scheduling events with the
goal of maximizing ticket revenue. Although such profit-focused
approaches are attractive owing to their simplicity and ease
of implementation, they typically overlook the importance of
operational interactions, which can limit their practical effective-
ness in large-scale and complex scheduling environments.

According to the value-focused thinking paradigm, deci-
sion makers organize objectives hierarchically by distinguishing
between (i) fundamental objectives, which capture the core val-
ues of the decision problem, and (ii) objectives that describe
how these values can be achieved (Keeney, 1994). In large-scale
event-planning contexts, economic objectives such as profit max-
imization are commonly identified as fundamental objectives,
whereas operational performance measures serve as means objec-
tives. This theoretical foundation supports the adoption of a
hierarchical objective structure in which profit is prioritized over
secondary operational considerations. For large-scale problems,
alternative approaches such as metaheuristic or hybrid solution
frameworks can be employed to enhance the quality of derived
schedules.

. CONCLUSIONS

This paper presented an event-based optimization model for
resource-constrained seasonal scheduling that integrates class-
based conflict rules, audience compatibility conditions, and a

lexicographic structure to balance multiple objectives. The pro-
posed mathematical formulation leverages mixed-integer pro-
gramming to schedule events by maximizing total seasonal profit
while reducing the imbalance in location utilization. The results
demonstrated that including structured conflict rules, particu-
larly within each class, improves the practicality of scheduling by
avoiding audience overlap and maintaining event diversity across
days.

Beyond numerical improvements, the proposed model offers
a flexible foundation for planners to explore different schedul-
ing priorities, including fairness, utilization balance, and revenue
maximization, which are considered to be a valuable feature for
large-scale seasons, where operational constraints, stakeholder
profit expectations, and audience segmentation must be balanced
effectively.

Future studies could extend this work by incorporating the
uncertainty of event attendance to examine how demand-related
factors such as marketing campaigns or weather conditions might
affect scheduling decisions within the same modeling framework.
Furthermore, heuristic- or metaheuristic-based solutions could
be developed to handle large-scale event portfolios in a timely
manner. The proposed model could also be applied to real-world
events such as the Riyadh Season or FIFA World Cup datasets
to validate its performance further and highlight its potential
practical impact.
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ABSTRACT

Owing to the increased global need for renewable energy, cost effect solar energy generation has become key to energy sustainable.
Among the new thin film solar cells perovskite solar cells are considered as the suitable alternatives to the market giant c-Si based
technology. Among the different perovskites FAPbI3 is the most popular one for their better efficiency, cost-effectiveness, thermal
stability, direct bandgap, and improved light absorption compared to other perovskites. However, the commercialization of FAPbI3
is hindered by its phase shift from the photoactive cubic to the photo-inactive hexagonal phase as well as stability issues in humid
conditions. This study aims to overcome the limitations of humidity effect on this perovskite layer using a multifunctional additive
engineering strategy. 2-Aminoethylthiol was added to the FAPbI3 precursor solution and active layer was spin coated on the pre-
cleaned FTO and FTO/SnO2 glass substrates. Through various structural, opto-electronic, and morphological analyses, we found
that the additive-modified films showed increased light absorption, photoluminescence emission, and crystallinity by 20%, 400%,
and >300%, respectively, promising a higher solar cell current density. The percentage improvements were measured by comparing
the peak intensities of the data obtained from the modified film with those obtained from the control film. When these films aged
for 200 h at 85% relative humidity and 85 °C temperature, the target film retained photophysical integrity >600% better than the
control film, proving their robustness in harsh environments.

Keywords: FAPbI3 perovskite, thermal stability, humidity ingression, perovskite solar cell, photophysical properties

. INTRODUCTION

Photovoltaics research has undergone a substantial transfor-
mation since the discovery of halide perovskite materials with
suitable optoelectronic properties such as low exciton bind-
ing energy, direct bandgap, defect tolerance, and high absorp-
tion coefficient 1–4. Perovskite solar cells (PSCs) have recently
emerged as a prospective third-generation alternative owing to
their rapid advancement and comparable efficiencies to conven-
tional silicon. Since their first trial in 2009, their power conver-
sion efficiency has increased from 3% to over 27% within <15
years 5–7.

Currently, FAPbI3 perovskite demonstrates substantial poten-
tial owing to its favorable optoelectronic properties and relatively
high efficiency. A significant challenge is posed by its phase insta-
bility, particularly its propensity to transition from the favorable
cubic (3C) phase to the photo-inactive hexagonal (2H) phase,
and subsequently degrade to final PbI2. This process is further
accelerated under humid conditions 8,9. In addition to destabi-
lizing the perovskite structure, water vapor adsorption induces
morphological changes, such as a weakening of the grains and
an increase in defect density which further impedes the charge-
transport pathways of solar cells, potentially leading to a decline
in their performance 10,11.

Therefore, understanding and mitigating these effects is crit-
ical for the development of perovskite solar technology. As
in Table 1, various strategies including compositional engi-
neering, additive assisted modifications, process engineering,
and passivation strategies have been utilized in the literature
to prevent the unfavorable phase transition 6,7,9. Incorporat-
ing long-chain organic cations or Lewis bases into FAPbI3
precursor solutions has emerged as an effective approach to
enhancing its stability. For example, long-chain cations such
as phenylethyl ammonium (PEA+) enhance particle size and
morphology, thereby potentially improving electronic proper-
ties. The hydrophobic properties of these additives establish
a moisture-resistant barrier, effectively minimizing the likeli-
hood of phase transitions. In addition to regulating the crys-
tallization process, these compounds are crucial for mitigat-
ing the effects of temperature and humidity fluctuations 12–16.
Notwithstanding these endeavors, the humidity resistance and
photovoltaic potential of perovskites have not been adequately
investigated.

In this study, we utilized 2-Aminoethylthiol (AET) as a novel
additive in a perovskite precursor solution and investigated its
effect on the structural, optoelectronic, morphological, and sta-
bility properties of the perovskite layer.
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Table 1. Comparison of FAPbI3 film properties and stability benchmarks in this study and recent high-impact literature

Performancemetric Xiong et al. (2025) 7 Zhou et al. (2024)6 Haris et al. (2023) 9 This study

Material target Cl-doped FAPbI3 FAPbI3 (Buried interface) Pure FAPbI3 FAPbI3 thin films

Primary strategy Alkali metal oxalates Benzothiadiazole derivatives Sulfur heteroatoms (Pb-S) Multifunctional additives

Stability focus Continuous MPPT / thermal Ambient storage stability Water immersion stability Accelerated damp heat (85/85)

Structural effect Defect passivation Energy level regulation 2H to 3C phase shift >300% Crystallinity increase

Optoelectronic gain Certified 27.2% PCE Non-radiative suppression Improved PL lifetime +400% PL; +20% Absorption

Humidity resistance Not the primary metric 1000h (Ambient) Water-stable 200h at 85% RH / 85 °C

. METHODOLOGY

The preliminary stage of this investigation entailed meticulous
and systematic cleaning of glass substrates. This involved son-
ication in a soap solution, followed by rinsing with deionized
water, acetone, and isopropyl alcohol. The cleaned substrates
were treated with ultraviolet (UV)-ozone plasma to eliminate
residual organic impurities and enhance their wettability, after
which the perovskite precursor solution for FAPbI3 was pre-
pared by dissolving equimolar quantities of suitable precursor
components in a N,N-Dimethylformamide-Dimethyl sulfoxide
(DMF-DMSO) solvent blend. The solution was agitated at 60
°C for 2 h to produce a transparent precursor solution. Then,
it was placed onto the cleaned glass substrates via spin-coating,
after which the spin-coated thin films were annealed at 150 °C
for 30 min to achieve full crystallization (Figure-1). All processes
were conducted inside a glove box. The perovskite films were
then characterized using UV-visible (UV-Vis) and photolumi-
nescence (PL) spectroscopy to evaluate their optical character-
istics. Furthermore, structural analysis was conducted by per-
forming powder X-ray diffraction (PXRD) and scanning electron
microscopy (SEM) to assess the morphology and grain size; the

crystallinity and phase purity were also analyzed by PXRD. The
acquired data were investigated using Origin software to better
understand the film quality. The optimized control and modi-
fied perovskite thin films were tested for their humidity resilience
and thermal stability by applying 85% RH and 85 °C stresses for
200 h.

. RESULTS AND DISCUSSION

We chose AET as the additive molecule to explore the interaction
between the thiol group and the perovskite structure. We pre-
pared the perovskite precursor solution by dissolving synthesized
FAPbI3 perovskite powder in a mixed solvent comprising DMF
and DMSO in a 4:1 volume ratio. The precursor solution was
subsequently spin-coated onto the substrates and annealed at 120
°C for 30 min to finalize the deposition. The additive molecules
were immediately integrated into the precursor solution before
deposition for additivization. All preparatory procedures were
performed in a controlled glove box to preserve material integrity.
The deposited perovskite films were later utilized for further
characterization.

Figure 1. Schematic representation of thin film deposition procedure and the impact of the additive on crystal orientation
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Figure 2. (a) UV-Vis absorption spectra of perovskite thin films; (b) tauc plot calculated from UV-Vis transmission spectra for control and target
perovskite thin films; (c) PL spectra for control and target perovskite thin films; (d) PXRD reflections for control and target perovskite films; (e) SEM
images for control perovskite thin film; (f) SEM images for target perovskite thin films

.. Opto-electronic Analysis. Improved photophysical
characteristics are essential for the development of prospective
photovoltaic materials. UV-Vis absorption spectra are essential
for clarifying the light-absorption characteristics of a material. We
performed measurements on both the control FAPbI3 perovskite
thin film (hereinafter referred to as the control) and the additive-
modified target perovskite film (hence referred to as the target).
Figure 2A shows that the target film had significantly enhanced
light absorption in both the visible and UV region compared to

the control film. The increase in light absorption is expected to
correlate with improved efficiency of solar cells because higher
energy conversion is inherently linked to greater light absorption
levels 9. The modifications observed in the UV absorption spectra
indicate that the additive modified the structural characteristics
of the perovskite, leading to enhanced light absorption efficiency.
This modification is a feasible approach to improving the effec-
tiveness of devices utilizing these modified perovskite sheets,
which may lead to more efficient energy conversion processes.

https://doi.org/./juri/ JURI () () −

https://doi.org/10.64589/juri/218959


i
i

“JURI-00136-2025” — 2026/4/15 — 18:36 — page 116 — #4 i
i

i
i

i
i

Journal of Undergraduate Research International 

Figure 3. (a) UV-Vis spectra recorded before and after stability test for control perovskite film; (b) UV-Vis spectra recorded before and after stability
test for target perovskite film; (c) PXRD diffractogram recorded before and after stability test for control perovskite film; (d) PXRD diffractogram
recorded before and after stability test for target perovskite thin films

Furthermore, we calculated the optical bandgap of the perovskite
layer from tauc plot. As shown in Figure 2B, the bandgap was
calculated as 1.55 eV and 1.54 eV for the control and target
films, respectively, confirming the absorption of more light by
the target film. The literature indicates that the peak intensity
of the PL emission in perovskite thin films is significantly influ-
enced by the numerous defects present within the perovskite
lattice 6,8,9. Defects such as vacancies, interstitials, or impurities
can create trap states inside the lattice, resulting in nonradiative
recombination, which adversely affects the performance of per-
ovskite solar cells. A reduced defect concentration results in less
non-radiative recombination and enhanced PL emission. The
PL emission spectra obtained from both the control and target
perovskite thin films are shown in Figure 2C. The PL emission
peak of the control film was observed at approximately 795 nm,
whereas the target film displayed an emission peak at approxi-
mately 796 nm. Notably, the target film exhibited a substantial

increase in PL emission intensity, indicating a large decrease in
lattice defects. The improved light absorption, reduced bandgap,
and increased PL emission intensity validated the efficacy of our
additive engineering approach for use in perovskite solar cells.

.. Structural Evaluation. Structural studies are key to
develop perovskite thin films as they reveal their phase purity,
crystal orientation, defect density, and degradation potential.
This study employed PXRD to evaluate the structural properties
of the perovskite thin films, as shown in Figure 2D. The con-
trol perovskite film exhibited most of the perovskite (3C) peaks,
indexable to 2θ ~14°(100), 20°(110), 24°(111), 28°(200), and
35°(211). The lower intensities of the (110) and (211) peaks in
the target film were due to the AET additive facilitating the transi-
tion from random crystal growth to a preferred (h00) orientation.
In addition to the perovskite peaks, the control film exhibited
another additional peak around 2θ = 12.8°, and it is identified for
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the presence of a degraded phase of perovskite 9. This 2H phase is
regarded as the non-perovskite phase of FAPbI3, and it has a non-
photovoltaic nature; this phase transition is detrimental to the
performance of perovskite solar cells. By contrast, the target thin
film exhibited highly oriented PXRD reflections with high inten-
sity, indicating excellent crystallinity compared with the control
film. Further, it exhibited high-intensity peaks at the (100) and
(200) planes, indicating that the modification resulted in highly
oriented crystallinity. Moreover, the degraded 2H phase was not
visible in the target film. The increased peak intensity and favored
(h00) orientation at the macroscopic level indicate an enhance-
ment in crystallinity, potentially resulting from the reduced defect
density due to the AET additive.

.. Morphological Analysis. Furthermore, we analyzed
the surface uniformity of the perovskite films using SEM; the
recorded surface images are shown in Figure 2 E and F. The
control film exhibited a rough surface with smaller grains, and
is substantiated by the lower absorption and crystallinity charac-
teristics observed above 4,17. On the other hand, the target film
exhibited a significant enhancement in the grain size and smooth-
ness of the surface. This is in agreement with the enhanced light
absorption and crystallinity observed in the UV-Vis and PXRD
data explained above.

.. Damp Stability. In addition, we investigated the
effect of our additivation technique on the humidity stability
of perovskite layers. To assess this, we obtained digital images,
UV-Vis absorption spectra, and PXRD diffractograms before and
after the exposure (aging) of both the control and target films to
elevated humidity conditions (85% relative humidity) for 200 h,
as illustrated in Figure 3 (A to D). The digital image shows that
the control film underwent a phase shift to the photoinactive 2H
phase (yellow) within several minutes, whereas our target film
maintained its photoactive Figure 3C (black) structure even after
200 h of aging at 85% relative humidity. The UV-Vis absorption
spectra also substantiate this observation. XRD patterns were
acquired for both the fresh and aged materials, enabling a direct
comparison of their stability under humid conditions. The results
demonstrated no significant formation of the 2H phase character-
ized by the peak at 2θ = 11.8°. In addition, the peak intensities
corresponding to the perovskite phase remain stable in the aged
films, as shown in Figure 3D. The results highlight the remark-
able humidity stability conferred by the additive modification,
demonstrating that the structural integrity and performance char-
acteristics of the altered perovskite films were preserved even
under adverse environmental conditions 6,9,12. This tolerance to
humidity stress is crucial for practical applications in solar cell
technology, as environmental variables may significantly affect
device lifetime and performance.

The improved light absorption, increased crystallinity, and
remarkable humidity stability of the additive-modified FAPbI3
perovskite films indicate their potential for superior performance
in solar applications.

. CONCLUSIONS

In summary, we investigated the impact of the aminoethylth-
iol molecule as an additive for FAPbI3 perovskite thin films.

By applying our additive engineering approach, we were able to
enhanced the light absorption properties, crystallinity, and mor-
phology of the perovskite coatings, while also reducing intrinsic
defects that could lead to non-radiative recombination. After
aging for 200 h, the target perovskite film retained its stability
under high humidity (85% RH) and temperature (85 °C). The
remarkable stability and robust optoelectronic properties of this
perovskite layer render it a promising candidate for application in
PSCs. The fabrication and evaluation of PSCs has been not been
performed in this study. Future research could focus on inves-
tigating the long-term photovoltaic performance and efficiency
of these additive-modified FAPbI3 solar cells in fully assembled
devices under operational conditions.
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ABSTRACT

Electrochemical ironmaking has re-emerged as a promising low-carbon alternative to conventional carbothermic processes, yet
most prior studies have focused on high-charge or optimized systems aimed at maximizing iron yield. As a result, the early-stage
reduction behavior of iron oxides under low-temperature, charge-limited conditions remains insufficiently understood. .This study
investigates the low-temperature electrochemical reduction of iron from a hematite suspension in concentrated sodium hydroxide
as a mechanistic step toward low-carbon ironmaking. Experiments were conducted at 95–110 °C using a three-electrode configura-
tion with a graphite working electrode, a platinum counter electrode, and an Ag/AgCl reference. Cyclic voltammetry (CV) indicated
the onset of iron oxide reduction near −1.10 V vs. Ag/AgCl, and the voltammetric features were consistent with limited electro-
chemical reversibility under the tested conditions. Potentiostatic electrolysis performed at −1.33 V produced a porous iron-rich
deposit containing residual oxide. X-ray diffraction combined with Rietveld refinement identified a two-phase product comprising
approximately 63 wt.% Fe3O4 and 37 wt.% α-Fe, with crystallite sizes in the range of 40–45 nm. SEM and EDS analyses revealed
a nanostructured, porous morphology dominated by metallic iron with localized oxygen-rich regions associated with retained mag-
netite. Charge analysis showed that the supplied 47.4 C corresponded to only a small fraction of the theoretical charge required for
the complete reduction of the 5 g hematite feed, which explains the observed partial deoxygenation. The results demonstrate the ini-
tiation and governing mechanisms of alkaline electrowinning at reduced temperatures, while highlighting the constraints imposed
by the limited charge input, hydrogen evolution, and mass transport under static slurry conditions. By clarifying reduction path-
ways, phase coexistence, and morphological evolution under incomplete conversion, this study establishes a mechanistic baseline
that is critical for bridging fundamental electrochemistry and scalable low-temperature alkaline iron electrowinning.

Keywords: sustainable, electrowinning, hematite, rietveld analysis, cyclic voltammetry, iron oxide reduction

. INTRODUCTION

Ironmaking is a basic industrial process that supports modern
infrastructure, manufacturing, and energy systems, yet it remains
among the most energy- and carbon-intensive metallurgical oper-
ations. Conventional iron production relies predominantly on
carbothermic reduction in blast furnaces, which requires temper-
atures exceeding 1500 °C and consumes large quantities of fossil
carbon. As a result, iron and steelmaking account for approx-
imately 7–9% of global anthropogenic CO2 emissions 1,2. This
environmental burden has intensified the search for alternative
ironmaking methods that decouple iron production from carbon-
intensive thermal processes. Electrochemical reduction of iron
oxides has re-emerged as a promising low-carbon alternative, as
it replaces carbon with electricity as the primary reducing agent.
In particular, alkaline electrochemical routes enable iron oxide
reduction at temperatures below 120 °C, several orders of mag-
nitude lower than those required for conventional smelting. In
strongly alkaline environments, iron oxides can undergo reduc-
tion through soluble ferrite and hydroxo-complex intermediates,

while oxygen evolution occurs at the anode, producing no direct
carbon emissions 3–6. Sodium hydroxide (NaOH) is especially
attractive as an electrolyte owing to its high ionic conduc-
tivity, ability to stabilize Fe3+/Fe2+ species, and compatibil-
ity with graphite and metallic electrodes under alkaline condi-
tions. Extensive prior work by Allanore et al. 5,6 and Lopes et
al. 7,8 established the fundamental mechanisms governing alka-
line electroreduction of hematite and magnetite, including the
sequential Fe2O3 → Fe3O4 → Fe pathway, the critical role
of electrolyte concentration, and the competition between iron
deposition and hydrogen evolution. Subsequent studies have
demonstrated that high current efficiencies and near-complete
reduction are achievable through optimized cell design, con-
trolled slurry transport, and large charge inputs. However, these
studies primarily focused on process optimization and yield
enhancement, often under tightly controlled hydrodynamic or
engineered electrode conditions 9–12. By contrast, comparatively
little attention has been paid to the early-stage reduction behav-
ior of hematite suspensions under charge-limited conditions at
low temperatures (≤110 °C). This regime is characterized by
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Figure 1. Image of the working, counter, and reference electrodes utilized in this work

partial deoxygenation, phase coexistence, and porous iron forma-
tion, all of which strongly influence the downstream processing,
sintering behavior, and mechanical integrity of the reduced prod-
uct 13–15. Understanding iron nucleation, phase evolution, and
morphology development under such conditions is essential for
bridging the gap between fundamental electrochemical behavior
and scalable low-carbon ironmaking technologies 16,17.

Accordingly, the present study investigates the low-
temperature electrochemical reduction of hematite suspended
in concentrated NaOH at 95–110 °C using a three-electrode
cell with a graphite cathode, a platinum counter electrode, and
an Ag/AgCl reference with explicit emphasis on reduction
pathways, phase composition, and microstructural evolution
under limited charge input. The recovered solids were examined
using scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDS), and X-ray diffraction (XRD) to
evaluate their morphology, composition, and phase struc-
ture. Unlike prior studies aimed at maximizing the iron yield
or faradaic efficiency, this work was designed as a mechanis-
tic investigation, examining how incomplete charge transfer
influences the formation of mixed Fe3O4/α-Fe products and
porous iron morphologies. By clarifying the limitations and
governing processes in this low-temperature low-conversion
regime, the study provides insights relevant to the development
of future alkaline electrowinning strategies for sustainable iron
production.

The remainder of this paper is arranged as follows: Section 2
introduces the materials and methods used in the study; Section 3
presents the obtained results and discusses their significance; and
conclusions are drawn in Section 4.

. METHODOLOGY

.. Materials. All materials were used as received without
further purification. Sodium hydroxide pellets (NaOH, purity
≥ 97.0%, Fisher Chemical™) and iron (III) oxide powder
(Hematite Fe2O3, purity: ≥ 99.995% trace metals basis, Sigma-
Aldrich) were employed as the electrolyte and iron source,
respectively. Deionized water with a resistivity of 18.2 M�·

cm was used for all solution preparations. In the electrochem-
ical cell, a graphite rod (CS915, 6 mm in diameter) was used
as the working electrode (WE) for iron deposition; a platinum
plate electrode (CS911, 10 mm × 10 mm × 0.1 mm) was used
as the counter electrode (CE); and a standard reference elec-
trode (RE), silver/silver chloride, filled with a 4 M KCl solution
(Ag/AgCl 4 M), was used in the electrochemical cell measure-
ments to provide a stable and constant potential. The graphite
electrode was selected owing to its chemical stability in con-
centrated alkaline media and its widespread use in alkaline iron
electrowinning studies. Figure 1 illustrates the working, counter,
and reference electrodes utilized in this work.

.. Electrolyte and Slurry Preparation. The alkaline
electrolyte was prepared by dissolving 36 g of NaOH pellets in 50
mL of deionized water, corresponding to an approximate NaOH
concentration of 18 M. The solution was magnetically stirred for
15 min to ensure complete dissolution and homogeneity, after
which it was allowed to equilibrate thermally. Subsequently, 5
g of hematite powder was added to the NaOH solution, yield-
ing an approximately 10 wt.% Fe2O3 suspension relative to the
solution mass. The suspension was magnetically stirred for an
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additional 15 min to promote uniform particle dispersion prior
to electrochemical testing. No active stirring was applied dur-
ing CV and potentiostatic electrolysis. The experiments were
conducted under static slurry conditions to examine the reduc-
tion behavior under limited mass transport. Because of the short
experimental duration, no pronounced macroscopic sedimenta-
tion was observed; however, the influence of particle settling
and diffusion limitations is acknowledged as a constraint of the
present study.

.. Electrochemical Test. All electrochemical mea-
surements and electrowinning experiments were conducted
using a CorrTest instrument potentiostat (CS300M Potentio-
stat/Galvanostat, by Wuhan Corrtest Instruments Corp., Ltd.,
Wuhan, China). The experiments were performed in a custom
three-electrode electrochemical cell with a total electrolyte vol-
ume of 100 mL. A schematic of the electrochemical cell is pre-
sented in Figure 2. The electrolyte temperature was controlled
using a Stuart US 152D digital hot plate and maintained at
110 °C; the reported ±5 °C reflects an instrumental limitation
rather than intentional variation. The working, counter, and ref-
erence electrodes were immersed in the electrolyte before the
measurements, with the reference electrode positioned close to
the working electrode to minimize the ohmic drop. A magnetic
stirring bar was placed at the bottom of the cell but remained
stationary during electrochemical measurements. CV was con-
ducted to probe the redox behavior of the iron species in the
alkaline hematite suspension. The potential was scanned from
0 to −1.33 V vs. Ag/AgCl in the cathodic direction and subse-
quently reversed to 0 V in the anodic direction at a scan rate
of 50 mV s−1 for three consecutive cycles. Only a single scan
rate was employed in this study; therefore, conclusions regard-
ing irreversibility are limited to the observed behavior under this
specific condition, and the need for multi-scan-rate analysis is
acknowledged. The lower potential limit was selected based on
prior studies showing that this range is sufficient to drive Fe3O4
and Fe formation in concentrated alkaline media while avoiding

excessive electrolyte decomposition. Potentiostatic iron deposi-
tion was performed by applying a constant potential of −1.33
V vs. Ag/AgCl for 30 min, and during this process the current
was recorded continuously. After electrolysis, the working elec-
trode was removed, and the deposited particles were collected
from the graphite surface using a magnetic stirring bar. The par-
ticles were stored in a container filled with ethanol to minimize
oxidation. Post-experiment inspection and EDS analysis showed
no evidence of graphite degradation or carbon contamination in
the deposited material.

.. Characterization. The morphology and composi-
tion of the reduced particles were examined using SEM coupled
with EDS on a JEOL JSM-6610LV microscope equipped with
an Oxford Instruments X-Max detector. XRD analysis was per-
formed using a Rigaku Mini Flex X-ray diffractometer operating
at 30 kV and 30 mA using Cu Kα radiation (λ = 0.1541 nm).
The XRD patterns were collected over a 2θ range of 10°–90°
with a step size of 0.01° and 1 s per step. Rietveld refinement was
applied to quantify phase fractions and estimate crystallite sizes.

. RESULTS AND DISCUSSION

.. Electrochemical (CV/Chronoamperometry) Anal-
ysis. Figure 3(a) shows the cyclic voltammogram recorded at
110 °C in concentrated NaOH using an Ag/AgCl reference elec-
trode. The current remains small until the potential approaches
approximately −1.10 V, which marks the onset of the electro-
chemical reduction of the suspended Fe2O3 particles. As the
potential becomes more cathodic, the current rises sharply and
reaches a pronounced minimum between −1.25 and −1.30 V.
This feature corresponds to overlapping reduction processes in
which Fe2O3 converts to Fe3O4, and Fe3O4 further reduces
toward metallic Fe 17. Hydrogen evolution also becomes signif-
icant in this range, contributing to the increase in cathodic cur-
rent. The steep decrease and shallow minimum reflect the rapid
nucleation of metallic Fe on partially reduced oxide grains. The
return sweep shows no distinct oxidation peak apart from a weak

Figure 2. Schematic of the electrochemical cell for CV experiments
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Figure 3. Electrochemical measurements carried out at 110 °C: (a) CV performed at − 1.38 V and scan rate of 50 mVs−1 after 30 min of Fe deposition
from an NaOH suspension of Fe2O3, and (b) chronoamperometry curve recorded at −1.33 V

anodic feature. This strong hysteresis is consistent with an elec-
trochemically irreversible process in which the newly formed Fe
and Fe3O4 are not reoxidized within the scanned potential win-
dow 18. The CV therefore captures the known Fe2O3 → Fe3O4
→ Fe pathway in an alkaline solution, with hydrogen evolution
acting as a competing reaction.

The potentiostatic current–time profile in Figure 3(b) pro-
vides a complementary insight into the kinetics of the reduction
process. Following the potential step to −1.33 V, the current
exhibits an initial transient and stabilizes at approximately −0.09

to −0.10 A cm−2 for most of the 30-min electrolysis run. This
behavior indicates a regime in which reduction is limited by
the supply of oxide particles to the electrode surface and by
simultaneous hydrogen evolution 10,12. Toward the end of elec-
trolysis, the current again increases in magnitude, reaching −0.12
to −0.13 A cm−2, likely due to intensified hydrogen evolution
after local oxide depletion. Integration of the current–time curve
yields a total cathodic charge of 47.4 C. By contrast, full reduc-
tion of the original 5 g Fe2O3 feed would require approximately
1.81 × 104 C. Thus, only approximately 0.26% of the theoretical
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Figure 4. Microstructural analysis of the iron deposits, showing SEM images acquired from the hematite suspension at two magnifications: (a) 10,000×
with a 1 µ m scale, and (b) 2,500× with a 10 µ m scale

charge was supplied. This limited charge explains why only par-
tial deoxygenation occurred and why the final product contained
a mixture of Fe3O4 and metallic Fe. The combined CV and
chronoamperometric results show that the electrode operated in
a mixed regime of solid-state oxide reduction and hydrogen evo-
lution, with incomplete conversion strongly constrained by the
low charge input 19.

.. SEM & EDS Analysis. SEM images of the reduced
product are shown in Figure 4. Observation at higher magnifi-
cation (Figure 4a) shows that the deposit consists of irregular,
porous agglomerates composed of nanoscale crystallites. This
morphology is characteristic of electrochemical iron formation
under conditions where nucleation occurs rapidly on partially
reduced oxide particles and growth is disrupted by concurrent
hydrogen evolution. The absence of well-defined faceted grains

suggests that solid-state reduction and localized nucleation dom-
inate over sustained metallic growth 20. At lower magnification
(Figure 4b), the reduced material forms a highly porous, inter-
connected network extending over tens of micrometers 21. Such
porosity is commonly reported in alkaline electrowinning sys-
tems and arises from a combination of incomplete deoxygena-
tion, gas evolution, and fragmentation of the parent oxide par-
ticles. The observed morphology is consistent with the charge-
limited nature of the experiment and aligns with the mixed-phase
composition identified by XRD.

EDS analysis (Figure 5) indicates that the deposit is iron-
rich, with approximately 93.0 wt.% Fe and 7.0 wt.% O. The
residual oxygen is attributed to the retained Fe3O4 and the par-
tially reduced oxide domains rather than to surface oxidation
alone. No extraneous elements were detected, confirming that
the electrolyte and electrode materials did not introduce mea-
surable contamination. Importantly, no carbon enrichment was

Figure 5. Energy dispersive X-ray spectroscopy (EDS) spectrum of iron deposits showing the quantitative elemental composition by weight (Fe 93.0
wt.% and O 7.0 wt.%)

https://doi.org/./juri/ JURI () () −

https://doi.org/10.64589/juri/218961


i
i

“JURI-00147-2025” — 2026/3/30 — 16:18 — page 124 — #6 i
i

i
i

i
i

Journal of Undergraduate Research International 

Figure 6. EDS elemental maps of the iron deposits: (a) Combined Fe–O map, (b) Fe, and (c) O distributions

observed beyond the graphite substrate background, indicat-
ing negligible cathode degradation during electrolysis. Elemental
mapping (Figure 6) further supports these observations. The Fe
map shows a relatively uniform distribution across the analyzed
region, whereas the O map reveals localized, discrete oxygen-
rich areas. These features correspond to magnetite-rich regions
embedded within a metallic iron matrix, reflecting the spatially
heterogeneous reduction under a limited charge input.

Figure 7. XRD pattern showing the presence of Fe3O4 and α-Fe after
electrowinning

.. XRD. The XRD pattern of the reduced product is
shown in Figure 7. The diffraction peaks at approximately 36.75°
and 76.45° (2θ) correspond to the characteristic reflections of
Fe3O4, whereas the peaks at 42.97°, 63.31°, and 80.65° are
indexed to the (110), (200), and (211) planes of body-centered
cubic α-Fe. No residual Fe2O3 peaks were detected, indicating
that hematite was at least partially converted during electroly-
sis. Rietveld refinement indicates that the product consists of
approximately 63 wt.% Fe3O4 and 37 wt.% α-Fe, confirming par-
tial reduction consistent with the limited charge supplied. The
refined lattice parameters are close to the reference values, indi-
cating well-defined crystallinity of both phases. The crystallite
sizes estimated from peak broadening fall in the range of 40–
45 nm, whereas the microstrain values on the order of 10−4

suggest that lattice strain contributes minimally to peak broaden-
ing 1,6,8,21.

The coexistence of magnetite and metallic iron reflects the
incomplete reduction pathway expected under static slurry con-
ditions and limited charge transfer. Rather than representing
inefficiency, this mixed-phase product provides insights into the
intermediate reduction states that are often bypassed in high-
charge or highly optimized systems.

Unlike molten oxide electrolysis or hydrogen-based electrore-
duction routes, which are conducted at elevated temperatures
and aim for complete conversion, the present alkaline electrowin-
ning approach enables iron formation at temperatures below
110 °C. While this significantly reduces the thermal energy
requirements, the results demonstrate that charge transfer, mass
transport, and hydrogen evolution impose strong constraints on
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conversion under static conditions25. The present study does not
attempt to optimize the faradaic efficiency or scalability. Instead,
it highlights key limitations inherent to low-temperature, charge-
limited operation, including incomplete reduction, porous mor-
phology, and phase heterogeneity. Addressing these challenges
will require improved temperature control, enhanced slurry
transport, suppression of hydrogen evolution, and systematic
efficiency evaluation.

. CONCLUSIONS

This study investigated the electrochemical reduction of a
hematite suspension in concentrated sodium hydroxide at tem-
peratures between 95 and 110 °C using a graphite cathode, a
platinum counter electrode, and an Ag/AgCl reference electrode.
The work was conducted under charge-limited conditions to
examine the early-stage reduction behavior rather than to opti-
mize the iron yield or efficiency. The main conclusions can be
summarized as follows:

1. CV revealed the onset of iron oxide reduction at approxi-
mately −1.10 V vs. Ag/AgCl, followed by increased cathodic
current at more negative potentials. Under the single scan
rate employed, the voltammetric response exhibited limited
electrochemical reversibility within the investigated potential
window, consistent with overlapping iron oxide reduction and
hydrogen evolution processes.

2. Potentiostatic electrolysis at −1.33 V vs. Ag/AgCl supplied
a total charge of 47.4 C over 30 min, corresponding to only
0.26% of the theoretical charge required for the complete
reduction of the 5 g Fe2O3 feed. This deliberately limited
charge input resulted in partial deoxygenation rather than full
conversion to metallic iron.

3. SEM analysis showed that the reduced product was formed
as highly porous agglomerates composed of nanoscale crys-
tallites, reflecting nucleation-dominated iron formation under
conditions where hydrogen evolution and incomplete reduc-
tion disrupted sustained metallic growth. Such morphologies
are characteristic of early-stage alkaline electrowinning and
are strongly influenced by mass transport and charge limita-
tions.

4. EDS confirmed an iron-rich composition with localized oxy-
gen associated with residual magnetite domains. No evidence
of graphite degradation or carbon contamination was found,
indicating that the cathode remained chemically stable under
the applied conditions.

5. XRD combined with Rietveld refinement identified a two-
phase mixture consisting of approximately 63 wt.% Fe3O4
and 37 wt.% α-Fe, with crystallite sizes in the range of 40–
45 nm. The absence of residual hematite confirms progres-
sion beyond the initial reduction stage, while the coexistence
of magnetite and metallic iron reflects incomplete reduction
governed by limited charge transfer.

Overall, the results demonstrate that low-temperature alkaline
electrowinning can initiate iron formation from hematite at tem-
peratures well below those required for conventional ironmak-
ing routes. However, the present findings also highlight criti-
cal limitations associated with static slurry conditions, hydrogen

evolution, and insufficient charge input. Addressing these con-
straints through improved temperature control, enhanced mass
transport, suppression of competing reactions, and systematic
efficiency analysis will be essential for advancing alkaline elec-
trowinning toward scalable low-carbon ironmaking applications.
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ABSTRACT

This paper reports the synthesis of dual-amine-functionalized MCM-41 nanoparticles via a silane condensation approach for
enhanced CO2 capture applications. Mesoporous MCM-41 was prepared using a surfactant-templated sol–gel method and sub-
sequently functionalized with a 1:1 mixture of Hydrosil 2775 and Hydrosil 2999 to introduce cooperative amine functionalities
onto the silica surface. Formation of the target structure and successful surface modification were confirmed by Fourier-transform
infrared spectroscopy, while Brunauer–Emmett–Teller analysis revealed a decrease in surface area and pore volume after functional-
ization, consistent with amine grafting within the mesoporous framework. Thermogravimetric analysis performed under pure CO2
at 30 °C demonstrated an adsorption capacity of 1.7 wt%, calculated from total mass uptake during CO2 exposure. The observed
performance reflects the balance between amine loading and pore accessibility, which is inherent to grafted systems and provides
insight into the design of dual-amine-functionalized mesoporous silica materials for post-combustion carbon capture applications.

Keywords: MCM-, dual-amine functionalization, mesoporous silica, CO2 capture, surface modification

. INTRODUCTION

As atmospheric carbon dioxide (CO2) levels continue to rise,
mitigating emissions from the industrial and energy sectors
through carbon capture has become increasingly important 1

Although conventional liquid amine scrubbing processes are
widely implemented for CO2 capture, they suffer from serious
drawbacks, including high regeneration energy requirements, sol-
vent degradation, and equipment corrosion 2. These limitations
have driven growing interest in solid sorbent technologies, which
offer improved thermal stability and tunable surface chemistry
for selective CO2 adsorption. Porous solid materials can be engi-
neered to overcome the many challenges faced by liquid solvents,
rendering them promising candidates for more efficient post-
combustion CO2 capture systems. For instance, metal–organic
frameworks (MOFs), activated carbon, and functionalized silica
have been extensively studied owing to their high surface areas
and favorable adsorption properties 3. Mesoporous silica mate-
rials have attracted particular interest as CO2 sorbents because
of their ordered pore networks, narrow pore size distributions,
and large surface areas, which facilitate effective gas diffusion
and enable tailor-made surface functionalization 4. MCM-41, a
prototypical mesoporous silica with a hexagonally ordered pore
structure and tunable pore size, represents an excellent high-
surface-area scaffold for grafting functional groups. These charac-
teristics render MCM-41 an adaptable platform for introducing
active sites that enhance CO2 affinity and uptake capacity 5.

Amine functionalization is commonly employed to enhance
the CO2 capture performance of mesoporous silica through the
introduction of reactive amino groups onto the pore surfaces.
Amines bind chemically to CO2 via carbamate or bicarbon-
ate formation under dry and moist conditions, respectively 6.
This chemisorption mechanism enhances CO2 uptake at the
low partial pressures typical of flue gas and improves selectivity
over purely physisorptive adsorbents 7. Amines can be incor-
porated into silica via covalent grafting of amino silanes onto
surface silanol (Si–OH) groups or impregnation of the pores
with polyamine molecules 8. While grafting minimizes amine loss
during cyclical operation, impregnation introduces higher overall
amine loadings at the cost of pore blocking or amine volatiliza-
tion 8. Accordingly, the choice of amine type, functionalization
technique, and distribution within the pore network is critical for
achieving optimal CO2 adsorption capacity and sorbent stability.

Nevertheless, the performance of amine-functionalized
MCM-41 remains highly sensitive to the nature and distribu-
tion of the grafted amine groups 7. Although many studies have
focused on polymeric amines impregnated into mesoporous
supports and single small-molecule amino silanes grafted onto
the surface, comparatively less attention has been given to tai-
lored aminosilane coupling agents with diverse organic amine
functionalities, limiting the rational design of improved amine-
modified sorbents 9–11. It is therefore necessary to investigate the
effects of different amine functional groups on CO2 uptake in
mesoporous silica materials 8.
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This study introduces a novel dual-amine functionaliza-
tion approach for MCM-41, exploring, for the first time,
the co-grafting of a 1:1 mixture of two different aminosilane
agents onto the same silica framework. Specifically, MCM-41
is functionalized with an equimolar combination of Hydrosil
2775 (oligomeric alkylsilane bearing linear primary amine
groups) and Hydrosil 2999 (oligomeric quaternary ammonium-
functionalized silane) to integrate their complementary molec-
ular characteristics. It is proposed that the linear amine groups
will offer strongly chemisorptive sites for CO2, while the qua-
ternary ammonium groups will enhance amine loading. The
dual-amine-functionalized MCM-41 is thoroughly characterized
to confirm successful incorporation of both amine functionali-
ties and to examine changes in its textural properties. Fourier
transform infrared (FTIR) spectroscopy is employed to con-
firm successful modification of the silica framework, while N2
adsorption–desorption isotherms provide insights into surface
area and pore volume alterations following functionalization.
Finally, CO2 uptake tests are conducted using thermogravimet-
ric analysis (TGA) to quantify the adsorption capacity of the
sorbent and evaluate its CO2 sorption behavior under simulated
post-combustion conditions.

. METHODOLOGY

.. Materials. MCM-41 was synthesized as described in
Section 2.2. Hexadecyltrimethylammonium bromide (CTAB,
95%), tetraethyl orthosilicate (TEOS, 98%), NaOH (1 and 2
M), ethanol, deionized water (18.2 M�•cm at 25 °C), N2 gas
(99.99% purity), CO2 gas (99.99% purity), Hydrosil 2775, and
Hydrosil 2999 (purchased from Evonik, 0.200 kg net weight)
were used as received without further purification.

.. Synthesis of MCM-. MCM-41 was synthesized via
a surfactant-templated sol–gel method under basic conditions.
CTAB (1.0 g) was dissolved in deionized water (480 mL) at 70
°C, and NaOH (2 M, 3.5 mL) was added. TEOS (5 mL) was then
added dropwise under continuous stirring. After stirring at this
temperature for 2 h, the resulting white precipitate was collected
by vacuum filtration without prior cooling, washed thoroughly
with deionized water, and dried at 60 °C overnight. Surfactant
removal was achieved by calcination at 550 °C for 2 h (heating
rate = 10 °C min−1) to obtain mesoporous MCM-41.

.. Dual-amine Functionalization. Surface function-
alization was performed using a 1:1 mixture of Hydrosil 2775
and Hydrosil 2999. Calcined MCM-41 (75 mg) was suspended
in deionized water (25 mL) and NaOH (1 M) was added to
increase the solution pH to 10. Hydrosil 2775 (75 mg) and
Hydrosil 2999 (75 mg) were then added to the solution and
stirred continuously overnight at 70 °C. After this time, the result-
ing suspension was subjected to centrifugation (×2) and the pre-
cipitate was dried overnight at 50 °C to yield the functionalized
MCM-41.

. CHARACTERIZATION

.. Structural Characterization.

... FTIR spectroscopy. FTIR spectroscopy was per-
formed for the pure and functionalized MCM-41 samples using
a Bruker Invenio spectrometer with a diamond ATR configura-
tion (platinum ATR). Spectra were recorded over the range of
4000–400 cm−1, with 2522 data points collected per scan. Each
spectrum was obtained by averaging 64 scans.

... Brunauer-Emmett-Teller (BET) analysis. The sur-
face area and pore structure were analyzed using a Belsorp Max X-
114 Brunauer–Emmett–Teller (BET) instrument with N2 as the
adsorbent at 77 K. Prior to analysis, the sample (~0.04326 g) was
degassed at 120 °C for 6 h under vacuum. The manifold temper-
ature during analysis was maintained at 50 °C. The BET surface
area was determined using the linear fitting region selected by
the instrument software, within a relative pressure range (P/P0)
of 0–0.35. The calculated BET C constant was 49.721. The
pore size distribution was evaluated using the Barrett–Joyner–
Halenda (BJH) method (adsorption branch) and the nonlocal
density functional theory (NLDFT) model for cylindrical pores
using N2 at 77 K.

... TGA for CO2 uptake. CO2 adsorption experiments
were performed using a PerkinElmer Pyris TGA system and a
platinum pan (~6 mg sample per measurement). Single runs were
performed for both pure MCM-41 and the functionalized sam-
ples using identical thermal programs. Samples were heated at
30 °C under nitrogen purging (20 mL min−1) for 1 min prior to
increasing the temperature to 200 °C at a heating rate of 10 °C
min−1 (nitrogen flow, 20 mL min−1). Subsequently, the temper-
ature was held at 200 °C for 60 min (nitrogen flow, 10 mL min−1)
to remove physisorbed species. The sample was then cooled to
30 °C (cooling rate, 20 °C min−1; nitrogen flow, 10 mL min−1),
followed by stabilization at 30 °C for 30 min (nitrogen flow, 10
mL min−1). CO2 adsorption was conducted at 30 °C for 30 min
under a pure CO2 flow (100 mL min−1). The adsorption capac-
ity was determined from the mass increase during 30 min of CO2
exposure at 30 °C following stabilization under nitrogen. Desorp-
tion was performed by reheating the sample to 200 °C (heating
rate, 10 °C min−1; nitrogen flow, 10 mL min−1), followed by
holding at 200 °C for 30 min and final cooling to 30 °C (cooling
rate, 10 °C min−1).

. RESULTS AND DISCUSSION

.. Structural Confirmation by FTIR Spectroscopy.
FTIR analysis of both the pure and functionalized MCM-41
specimens was performed to demonstrate retention of the sil-
ica framework upon CTAB removal and to confirm successful
amine functionalization. The FTIR spectrum of the calcined
pure MCM-41 (Fig. 1) shows a flat baseline at high wavenum-
bers, indicating the absence of organic impurities. Intense bands
appear in the fingerprint region below ~1300 cm−1, with a
prominent broad peak in the 1000–1200 cm−1 range, char-
acteristic of asymmetric Si–O–Si stretching vibrations, con-
sistent with previous studies 9–11. The weaker band observed
near ~800 cm−1 was attributed to the symmetric stretching
mode of Si–O–Si. Additionally, at lower wavenumbers (~450–
500 cm−1), peaks corresponding to O–Si–O bending vibrations
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Figure 1. FTIR spectra of the pure MCM-41 and functionalized MCM-41 specimens

were observed, consistent with the expected lattice deforma-
tion modes in silica frameworks12. Bands associated with sur-
face hydroxyl (Si–OH) groups and adsorbed moisture were also
present (~3200–3600 cm−1) 13. The smaller band at ~1640 cm−1

was attributed to the H–O–H bending vibrations of physisorbed
water molecules. The presence of these bands confirms that
MCM-41 retains its surface hydroxyl groups after calcination,
which serve as anchoring sites for subsequent functionaliza-
tion 14. Notably, no significant C–H stretching peaks are present
in the 2900–2850 cm−1 range, confirming effective CTAB
removal during calcination 15, consistent with previous reports 14.

Upon comparison of the FTIR spectra recorded for the pure
and functionalized MCM-41 samples, it is evident that the key
fingerprint bands of the silica framework (1200–800 cm−1)
remain essentially unchanged after functionalization 9,16. This
indicates that the hexagonal structure of mesoporous silica was
preserved after functionalization, with no detectable framework
degradation. However, in the functionalized sample, new weak
features appeared in the C–H stretching region that were absent
for the pure MCM-41. Specifically, bands at ~2920 and 2850
cm−1 correspond to the asymmetric and symmetric stretching
vibrations of the –CH2– groups, respectively 17,18. These methy-
lene stretches arise from the alkyl chains of the grafted organosi-
lanes, confirming their introduction onto the silica surface. The
low band intensities are consistent with the relatively modest
organic loading. Since Hydrosil 2775 contains primary (and sec-
ondary) amine functionalities, the functionalized MCM-41 also
showed evidence of N–H vibrations in the form of a broad, shal-
low feature in the 3300–3200 cm−1 region 19,20. These medium-
intensity N–H signals overlap with the broad O–H band of the
adsorbed water and silanol moieties, and their weakness reflects
a low concentration of grafted amines. Likewise, the faint band
at ~1600 cm−1 was assigned to the N–H bending (scissoring)
vibration of the primary amines. Although the N–H bending sig-
nal was difficult to distinguish due to overlap with the water

bending band (~1640 cm−1), its presence is consistent with the
introduction of –NH2 groups 20.

Functionalization with Hydrosil 2999 yielded an additional
notable spectral feature. Specifically, a medium-intensity band
appeared at ~1470 cm−1, which was attributed to the combined
N+–CH2 and C–N stretching/bending modes of the grafted
quaternary ammonium group 21,22. Changes were also observed
in the silanol region of the spectrum, wherein the shoulder at
~960–970 cm−1 (assigned to the Si–OH stretching vibrations
in pure MCM-41) was significantly diminished following amine
functionalization. This observation is consistent with the reaction
between silanols and organosilanes to form Si–O–Si–R link-
ages 9,16. This finding, together with the appearance of the new
C–H and N–H bands, confirms successful amine functionaliza-
tion and condensation of the organosilane molecules onto the
MCM-41 surface while preserving the silica framework 22.

.. Textural Evaluation of the Functionalized MCM-
. The textural properties of the functionalized MCM-41 were
evaluated using N2 adsorption–desorption isotherms at 77 K
using a Belsorp Max X instrument. A sample mass of 0.04326 g
was employed, as per the manufacturer’s instructions. Prior to
analysis, the sample was degassed at 120 °C for 6 h. The resulting
adsorption–desorption isotherm (Fig. 2a) exhibits characteristics
consistent with mesoporous materials (IUPAC classification),
with a low-pressure region attributed to monolayer/multilayer
adsorption, followed by pronounced uptake at intermediate rel-
ative pressures, consistent with capillary condensation within the
mesopores.

BET analysis was performed on the adsorption branch over a
relative pressure range (P/P0) of 0.045–0.18, yielding a linear fit
with a correlation coefficient of 0.999. From this fit, the mono-
layer capacity (Vm) was determined to be 87.2 cm3(STP) g−1,
the BET specific surface area (SBET) was 379.54 m2 g−1, and the
BET constant (C) was 49.7. The total pore volume, measured at
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Figure 2. (a) N2 adsorption/desorption isotherms, and (b) BJH pore size distribution (adsorption branch) for the functionalized MCM-41

P/P0 = 0.99, was 1.1929 cm g−1, with an average pore diameter
of 6.29 nm. These values indicate that the functionalized sample
retains the substantial surface area and pore volume characteristic
of the mesoporous silica; however, the surface area is lower than
commonly reported ranges for unfunctionalized MCM-41 (800–
1500 m2 g−1 and 0.8–1.8 cm3 g−1), suggesting partial pore filling
following amine condensation and grafting, consistent with prior
reports 23–25. The pore size distribution on the adsorption branch
was evaluated using the BJH method and NLDFT. BJH analy-
sis (Fig. 2b) yielded a total mesopore volume of 1.2377 cm3 g−1,
peak pore diameter of 8.57 nm, and BJH surface area of 577.7
m2 g−1. This pore diameter fell within the IUPAC-defined meso-
pore range (2–50 nm). This larger BJH-derived pore diameter
relative to the BET-derived average diameter was consistent with
the tendency of the BJH method to overestimate pore sizes in
mesoporous silica 26–28.

NLDFT analysis (Fig. 3), performed using a cylindrical pore
model for N2 at 77 K, yielded a total pore volume of 1.2319
cm3 g−1, a main pore size of 2.34 nm, and an additional contri-
bution in the macropore regime at ~149.7 nm. The dominant
pore-size contribution in the 2–3 nm range was consistent with
the mesoporous nature of MCM-41, whereas the macropore-
scale contribution was attributed to interparticle voids arising
from particle packing 29,30. The BJH and NLDFT pore volumes
are in close agreement, confirming the overall mesopore nature,
and revealing that the functionalized MCM-41 retains high pore
volume and substantial surface area. This finding is relevant for
accommodating grafted amine species and enabling CO2 uptake
within the porous structure 31–33.

.. CO Uptake Analysis Using TGA. The CO2 uptake
behavior of the pure MCM-41 was evaluated for comparison with

the functionalized sample. Both samples were subjected to the
thermal program described in Section 3.1.3. Considering only the
CO2 flow step, the corresponding results for the pure MCM-41
are shown in Fig. 4.

Figure 3. NLDFT/GCMC pore size distribution (adsorption branch)
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Figure 4. CO2 adsorption by the pure MCM-41 during TGA

It can be observed that the weight of the pure MCM-41
increased only slightly (from 7.1056 to ~7.1204 mg), reflect-
ing limited CO2 adsorption, which is consistent with literature
reports showing that MCM-41 exhibits weak CO2 affinity at
near-ambient temperatures. Considering that adsorption occurs
mainly through weak physisorption interactions on the surface
silanol groups, it is evident that MCM-41 serves primarily as a
high-surface-area support material, which must be functionalized
to achieve significant CO2 capture capacity 34.

Figure 5 shows the CO2 adsorption profile of the functional-
ized MCM-41 during the complete thermal program, including
the degassing, stabilization, adsorption, and desorption steps.
During CO2 exposure (100 mL min−1) at 30 °C, the mass of
the functionalized sample increased progressively, reflecting CO2
adsorption by the amine-modified surface.

From the CO2 adsorption profile it is evident that the
mass increased continuously throughout the 30 min CO2 expo-
sure period, without reaching a plateau. A net mass gain

Figure 5. CO2 adsorption of the functionalized MCM-41 during TGA

https://doi.org/./juri/ JURI () () −

https://doi.org/10.64589/juri/219228


i
i

“JURI-00159-2025-02” — 2026/4/4 — 11:51 — page 132 — #6 i
i

i
i

i
i

Journal of Undergraduate Research International 

Table 1. Comparison of CO2 capture performances of amine-functionalized sorbents

Support Amine type and loading CO2 uptake Regeneration performance

MCM-41 35 (mesoporous silica) APTS (30 wt% grafted) + TEPA
(40 wt% impregnated)

3.50 mmol g−1 (ambient pressure,
temperature not specified)

Negligible capacity loss over 10
adsorption–desorption cycles
(high cyclic stability)

MCM-41 36 TEPA (30 wt%) + AMP (30 wt%)
(co-impregnated blend)

3.01 mmol g−1 (at 70 °C, 15% CO2
feed)

~4% capacity drop after 15 cycles
(3.01 → 2.88 mmol g−1),
indicating good regenerability
and thermal stability

SBA-15 (mesoporous silica) 37 APTES (grafted) + TEPA (70 wt%
impregnated)

5.69 mmol g−1 (at 75 °C, 20%
CO2)

~6.1% capacity drop after 25 cycles
(excellent stability under
cycling)

MCM-41 37 EAE + TEPA (blended, total 60
wt% amine; optimal ratio: 50%
EAE/10% TEPA)

4.25 mmol g−1 (at 25 °C, 15%
CO2)

~9.4% capacity drop after 5 cycles
(good reversibility; low heat of
regeneration ~12 kJ mol−1

CO2)

KIT-6 (3D mesoporous silica) 38 PEHA (pentaethylenehexamine,
impregnated loading not
specified)

~4.0–4.3 mmol g−1 (at 90–105 °C,
1 bar CO2)

<4% capacity loss over 10 cycles
even after 6 months of use (very
stable performance)

MCM-41 (current work) Dual-amine functionalized
Primary/secondary + tertiary
amine (co-functionalized)

0.386 mmol g−1 (at 1.7 wt%, 30 °C,
1 bar CO2)

Fully regenerated by heating to
~150–200 °C

APTS = 3-aminopropyltrimethoxysilane (grafted surface amine); TEPA = tetraethylenepentamine; AMP = 2-amino-2-methyl-1-propanol (sterically
hindered amine); APTES = 3-aminopropyltriethoxysilane; EAE = 2-(ethylamino)ethanol; PEHA = pentaethylenehexamine.

corresponding to 1.7 wt% was determined by calculating the dif-
ference between the stabilized baseline mass at 30 °C under N2
and the mass following CO2 exposure.Upon heating to 200 °C
under N2, the mass returned to its pre-adsorption value, demon-
strating complete desorption of the adsorbed CO2 and confirm-
ing the reversible nature of the adsorption process. The absence
of a residual mass gain after desorption suggests that physisorp-
tion and weak chemisorption interactions dominated under the
applied conditions.

To contextualize the measured CO2 uptake, the performance
of the functionalized MCM-41 was compared with reported val-
ues for amine-modified mesoporous silica materials (Table 1).
Under dynamic TGA conditions (30 °C, flowing pure CO2), the
net mass gain of 1.7 wt% corresponds to a CO2 uptake capac-
ity of 0.386 mmol g−1. As detailed in Table 1, reported CO2
adsorption capacities for highly loaded impregnated systems typ-
ically range between 2 and 5 mmol g−1 at 1 bar CO2, depending
on amine type, loading, and temperature. These results indicate
that while the overall adsorption capacity remains modest relative
to heavily impregnated systems, dual-amine grafting successfully
introduces CO2-adsorption functionality without compromising
structural integrity.

. CONCLUSIONS

In this study, the CO2 adsorption behavior of MCM-41 func-
tionalized with a dual-amine mixture of Hydrosil 2775 and
Hydrosil 2999 (1:1 ratio) was investigated. Fourier-transform
infrared spectroscopy analysis confirmed successful surface mod-
ification through the introduction of organic functionalities,
while preserving the characteristic Si–O–Si framework of meso-
porous silica. Nitrogen adsorption–desorption measurements

demonstrated that the functionalized material retained its meso-
porosity with a high specific surface area, consistent with partial
pore occupation by grafted organosilanes. Dynamic thermogravi-
metric analysis experiments performed under a flow of pure
CO2 at 30 °C revealed that the functionalized material achieved
a net uptake of 1.7 wt% (0.386 mmol g−1), with complete
mass recovery upon thermal regeneration under N2. Although
the measured uptake is lower than values reported for highly
loaded amine-impregnated MCM-41 systems, the current results
confirm that dual-amine grafting successfully modifies surface
chemistry and enables reversible CO2 interaction without struc-
tural degradation. Overall, this study demonstrates the feasibility
of Hydrosil-based dual functionalization of MCM-41 for CO2
capture applications. Future studies should focus on optimizing
amine loading, evaluating adsorption under equilibrium condi-
tions, and further characterizing the adsorption mechanisms to
enhance uptake performance.

AFFILIATIONS AND AUTHOR DETAILS

Undergraduate Author

Maymounah Alshahrani – Department of Materials Science
and Engineering, King Fahd University of Petroleum &Miner-
als, Dhahran 31261, Saudi Arabia; 0009-0001-4369-4394
Email: s202251060@kfupm.edu.sa

Corresponding Author

AhmedWasel A Alsmaeil – Research Mentor, Professor,
Department of Materials Science and Engineering, King Fahd
University of Petroleum & Minerals, Dhahran 31261, Saudi
Arabia; 0000-0001-7121-9876
Email: ahmed.smaeil@kfupm.edu.sa

https://doi.org/./juri/ JURI () () −

https://orcid.org/0009-0001-4369-4394
https://orcid.org/0009-0001-4369-4394
mailto:s202251060@kfupm.edu.sa
https://orcid.org/0000-0001-7121-9876
https://orcid.org/0000-0001-7121-9876
mailto:ahmed.smaeil@kfupm.edu.sa
https://doi.org/10.64589/juri/219228


i
i

“JURI-00159-2025-02” — 2026/4/4 — 11:51 — page 133 — #7 i
i

i
i

i
i

Journal of Undergraduate Research International 

ACKNOWLEDGEMENTS

The authors acknowledge support provided by the Department
of Materials Science and Engineering and College of Petroleum
Engineering and Geosciences Research Center at King Fahd
University of Petroleum & Minerals, Saudi Arabia. The authors
also extend their appreciation to the technical staff and labo-
ratory team for their assistance with specimen preparation and
testing.

REFERENCES

(1) Gunawardene, O. H. P., Gunathilake, C. A., Vikrant, K. & Ama-
raweera, S. M. Carbon Dioxide Capture through Physical and Chemical
Adsorption Using Porous Carbon Materials: A Review. Atmosphere vol.
13 Preprint at https://doi.org/10.3390/atmos13030397 (2022).

(2) Amaraweera, S. M. et al. Carbon Capture Using Porous Sil-
ica Materials. https://doi.org/10.20944/PREPRINTS202306.0497.V1
(2023)

(3) Bae, J. Y., Jang, S. G., Cho, J. & Kang, M. Amine-Functionalized
Mesoporous Silica for Efficient CO2 Capture: Stability, Performance,
and Industrial Feasibility. International Journal of Molecular Sciences vol.
26 Preprint at https://doi.org/10.3390/ijms26094313 (2025).

(4) Kamarudin, K. S. N. & Alias, N. Adsorption performance of
MCM-41 impregnated with amine for CO2 removal. Fuel Processing
Technology 106, 332–337 (2013).

(5) Ajumobi, O. et al. Design of Nanostraws in Amine-Functionalized
MCM-41 for Improved Adsorption Capacity in Carbon Capture. Energy
and Fuels 37, 12079–12088 (2023).

(6) Yildiz, M. G., Davran-Candan, T., Günay, M. E. & Yildirim,
R. CO2 capture over amine-functionalized MCM-41 and SBA-15:
Exploratory analysis and decision tree classification of past data. Journal
of CO2 Utilization 31, 27–42 (2019).

(7) Bae, J. Y. et al. Amine-Functionalized Mesoporous Silica for Effi-
cient CO2 Capture: Stability, Performance, and Industrial Feasibility.
International Journal of Molecular Sciences 2025, Vol. 26, 26, (2025).

(8) Rao, N. et al. CO2 Adsorption by Amine-Functionalized MCM-
41: A Comparison between Impregnation and Grafting Modification
Methods. Energy and Fuels 32, 670–677 (2018).

(9) Wang, X., Guo, Q., Zhao, J. & Chen, L. Mixed amine-modified
MCM-41 sorbents for CO2 capture. International Journal of Greenhouse
Gas Control 37, 90–98 (2015).

(10) Wang, X., Chen, L. & Guo, Q. Development of hybrid amine-
functionalized MCM-41 sorbents for CO2capture.Chemical Engineering
Journal 260, 573–581 (2015).

(11) Muchan, P., Saiwan, C. & Nithitanakul, M. Carbon dioxide
adsorption/desorption performance of single- and blended-amines-
impregnated MCM-41 mesoporous silica in post-combustion carbon
capture. Clean Energy 6, 424–437 (2022).

(12) Zhai, Q.-Z. & Li, X.-D. Preparation and Characterization of
(MCM-41)-Eu 2O3NanocompositeMaterials.Asian Journal of Chemistry
vol. 24 (2012).

(13) Torabinejad, A., Nasirizadeh, N., Yazdanshenas, M. E. & Tayebi,
H. A. Synthesis of conductive polymer-coated mesoporous MCM-41
for textile dye removal from aqueous media. Journal of Nanostructure in
Chemistry 2017 7:3 7, 217–229 (2017).

(14) Kang, Y. et al. 3D reconstruction and material analysis of
Neolithic wattle-and-daub houses at Fenghuangzui site in China. npj
Heritage Science 2026 14:1 14, 91- (2026).

(15) Husna, N. et al. Magnetic Mesoporous Silica Composite for
Enhanced Preconcentration of Selected Organophosphorus Pesticides
in Fruits. Indones. J. Chem 2020, 729–745.

(16) Mersellem, K. et al. Synthesis and Characterization of Meso-
porous Materials Functionalized with Phosphinic Acid Ligand and Their
Capability to Remove Cd(II). Molecules 29, 5199 (2024).

(17) Hooshyar, M. R., Raygan, S. & Mehdinavaz aghdam, R. Investi-
gating layer-by-layer chitosan-dextran sulfate-coated mesoporous silica
as a pH-sensitive drug delivery system. J. Mater. Sci. Mater. Med. 35, 29
(2024).

(18) Pires, I. C. B. et al. Theranostics Using MCM-41-Based Meso-
porous Silica Nanoparticles: Integrating Magnetic Resonance Imaging
and Novel Chemotherapy for Breast Cancer Treatment. International
Journal of Molecular Sciences 2024, Vol. 25, 25, (2024).

(19) Gomez, C. D., Rodriguez-Paez, J. E., Gomez, C. D. & Rodriguez-
Paez, J. E. Photocatalytic Properties of Nb/MCM-41 Molecular Sieves:
Effect of the Synthesis Conditions. Coatings 2015, Vol. 5, Pages 511-526
5, 511–526 (2015).

(20) Ambrozewicz, D. et al. Fluoroalkylsilane versus Alkylsilane as
Hydrophobic Agents for Silica and Silicates. J. Nanomater. 2013, 631938
(2013).

(21) Araújo, M. J. G. De et al. HDPE/Chitosan Blends Modified
with Organobentonite Synthesized with Quaternary Ammonium Salt
Impregnated Chitosan. Materials 2018, Vol. 11, 11, (2018).

(22) 24.10: Spectroscopy of Amines - Chemistry LibreTexts.
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/
Organic_Chemistry_%28Morsch_et_al.%29/24%3A_Amines_and_
Heterocycles/24.10%3A_Spectroscopy_of_Amines?utm_source=
chatgpt.com.

(23) Infrared Spectroscopy-Analytical chemistry laboratory, ICT
Prague.

(24) Bajrami, D. et al. A scalable route to quaternary ammonium-
functionalized AgCl colloidal antimicrobials inhibiting food pathogenic
bacteria and biofilms. Heliyon 10, e25260 (2024).

(25) Liu, H., Guo, C., Cui, Y., Yin, J. & Li, S. Experimental and
modeling investigation of organic modified montmorillonite with octyl
quaternary ammonium salt. Sci. Rep. 12, (2022).

(26) Karczmarska, A., Laskowska, W., Stróż, D. & Pawlik, K. Inside
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ABSTRACT

The development of efficient and cost-effective electrocatalysts for the hydrogen evolution reaction (HER) is crucial for achieving
sustainable hydrogen production. Molybdenum phosphide (MoP) represents a promising non-noble-metal catalyst whose HER
overpotential is higher than that of Pt. In this study, Pt-loaded MoP dispersed on carbon nanotubes (Pt–MoP/CNTs) is fabri-
cated via an oxalate-assisted molecular self-assembly route, followed by phosphorization and low-temperature Pt incorporation.
The introduction of an ultralow Pt loading (2 wt%) significantly enhanced the HER performance in acidic media. At a current den-
sity of 20 mA cm−2, the Pt–MoP/CNTs required an overpotential of 70 mV, which is markedly lower than that required by pristine
MoP/CNTs (180 mV). The Pt-modified catalyst also exhibited a high double-layer capacitance of 532 s−1 at an overpotential of
28 mV, together with a large electrochemically active surface area, improved charge-transfer kinetics, and excellent stability over 48
h of continuous operation. The synergistic interaction between Pt and MoP effectively boosted catalytic activity while minimizing
the use of noble metals. This work demonstrates an efficient strategy for the design of high-performance and economically viable
HER electrocatalysts through trace-platinum modification of transition-metal phosphides.

Keywords: hydrogen production, electrocatalysts, energy conversion, transition metal phosphide, nanomaterials, water electrolysis

. INTRODUCTION

Large-scale hydrogen production via electrochemical or photo-
electrochemical methods has great potential owing to its low
energy requirements, high hydrogen purity, and environmental
friendliness 1. Although platinum is widely used as a catalyst in
this process, the high cost of Pt and its instability in electrolyzer
units renders its large-scale use challenging in hydrogen produc-
tion 2. Consequently, extensive research efforts have focused on
designing cathodes electrocatalysts composed of transition-metal
to promote the hydrogen evolution reaction (HER). To date,
several nonprecious metals, including metal carbides 3, sulfides 4,
nitrides 5, oxides 6, borides 7, and phosphides 8, have been studied
to reduce the HER overpotential 9. Although significant progress
has been made, considerable scope remains to further reduce it
toward the level achieved by Pt. In recent years, transition metal
phosphides have demonstrated high activity and stability in the
HER, rendering them promising candidates for replacing noble-
metal-based electrocatalysts 8. In such systems, the overpotential
can be reduced by carefully selecting a suitable electrocatalyst
composition. Additionally, loading metal phosphides with small
amounts of Pt could represent an effective strategy for reducing
the overpotential and enhancing HER performance 10. Owing to
their distinctive d-band electronic structure, molybdenum-based
materials have emerged as low-cost candidates for the HER.
Notably, molybdenum phosphide (MoP), which is well known

for its catalytic activity in hydrodesulfurization, has recently
attracted attention as a promising HER electrocatalyst 11.

Specifically, Wang et al. were the first to demonstrate MoP
as a possible HER electrocatalyst 12, revealing that MoP exhibits
phase-dependent HER activity similar to that of Mo carbides.
Specifically, following the synthesis of crystalline Mo3P and MoP,
they found that the metal-rich form (Mo3P) required a signifi-
cantly greater overpotential (~500 mV) than stoichiometric MoP
(125 mV) to generate a current density of 10 mA cm−2 . They
also reported that phosphorization alters the characteristics of
the metal, with the degree of phosphorization affecting both its
stability and activity. In another study, Zhao et al. reported that
the addition of single Pt atoms to three-dimensional flower-like
NiMoP increased the overpotential required to achieve a current
density of 10 mA cm−2 from 200 to 35 mV 13. While significant
strides have been made in reducing overpotential, there is still
substantial room to close the gap even further, aiming for per-
formance that rivals pure platinum. Recent breakthroughs have
highlighted transition metal phosphides (TMPs) integrated with
platinum as a promising solution; these composites deliver high,
stable Hydrogen Evolution Reaction (HER) activity with mini-
mal overpotential, positioning them as a viable and more efficient
alternative to traditional noble-metal catalysts.

This study therefore aims to assess the effectiveness of adding
Pt to carbon nanotube (CNT)-supported MoP to promote the
HER. Specifically, the molecular self-assembly of Mo—which
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Figure 1. Schematic illustration showing synthesis of the Pt-MoP/CNT electrocatalyst

is coordinated with the CNT oxalate groups—is carefully con-
trolled to enhance Mo immobilization and increase the Mo–Mo
distance through steric hindrance. The electrocatalytic perfor-
mance of the MoP/CNT system is examined in acidic media and
compared with that of MoP/CNTs containing 2 wt% added Pt
(Pt-MoP/CNTs). The roles of the highly specific and electro-
chemically active surface areas, high charge transfer kinetics, and
low electrochemical impedance on defining the electrocatalytic
performance are also evaluated 2.

. MATERIALS ANDMETHODS

.. Synthesis of the MoP/CNT Electrocatalyst. To
prepare the MoP/CNT electrocatalyst, a homogeneous sus-
pension of CNTs in ethanol was prepared in a closed vial.
Subsequently, a calculated amount of phosphomolybdic acid
(H3[PMo12O40]) was added to achieve a 1:1 ratio with the
CNTs, and the mixture was stirred to promote complete dissolu-
tion of the precursor. Oxalic acid was then added and stirring was
performed at 80 °C to evaporate ethanol and yield a black pow-
der. This powder was dried overnight in an oven at 50 °C and
subsequently subjected to phosphorization in a tubular furnace
using a hypophosphite/Mo ratio of 20:1 under a H2/Ar (10:90)
gas flow at 700 °C (heating rate: 5 °C min−1) for 2 h. During phos-
phorization, the gas flow was maintained at 100 mL min−1 using
a mass flow controller (MFC, Alicat Scientific, USA).

After phosphorization, a calculated amount of Pt was used to
achieve a loading of 2 wt% on the MoP surface. For this pur-
pose, the Pt source and MoP powder were separately dispersed in
ethanol and combined, and the mixture was stirred at 80 °C until
the solvent completely evaporated, yielding a black powder. The
resulting product was then dried in an oven at 50 °C overnight
prior to treatment in a tubular furnace under a H2/Ar (10:90)
gas flow at 350 °C (heating rate: 5 °C min−1) for 2 h to anchor Pt
onto the MoP structure. The synthetic protocol is summarized
in Figure 1. The black powder was collected then evaluated as a
potential HER electrocatalyst.

. CHARACTERIZATION

The microstructural and morphological attributes of the mate-
rials were determined using X-ray diffractometry (XRD, Rigaku

MiniFlex), scanning electron microscopy (SEM, TESCAN,
Czech Republic), and electron diffraction spectroscopy (EDS,
TESCAN, Czech Republic). Electrochemical measurements
were conducted using an SP-300 potentiostat/galvanostat (Bio-
Logic Science Instruments, France). Specifically, linear sweep
voltammetry (LSV), electrochemical impedance spectroscopy
(EIS), electrochemical stability tests, electrochemical surface
area (ECSA) analysis, cyclic voltammetry (CV), and induc-
tively coupled plasma optical emission spectroscopy (ICP-OES;
Thermo Scientific, USA) were performed.

.. Evaluation of the Electrocatalytic Activity. A
homogeneous ink solution was prepared by sonicating a sus-
pension consisting of the electrocatalyst (7.5 mg), isopropanol
(1 mL), and Nafion (16.5 µL) for 30 min. Subsequently, a
fixed amount of the catalyst ink (12.5 µL) was drop-cast onto
a cleaned glassy carbon (GC) disc electrode (0.07 cm2, Pine
Instruments) and allowed to dry under ambient airflow. The
deposition process was repeated to achieve the desired catalyst
loading on the GC electrode. HER measurements were per-
formed using a three-electrode setup connected to a potentiostat.
Silver/silver chloride (Ag/AgCl) served as the reference elec-
trode, and a coiled Pt wire was used as the counter electrode. A
0.5 M H2SO4 aqueous solution served as the working electrolyte.
LSV was conducted at a scan rate of 5 mV s−1. The Ag/AgCl
reference electrode was converted against the reversible hydro-
gen electrode (RHE) scale through calibration. Unless otherwise
noted, the current densities were calculated based on the geomet-
ric area of the GC electrode and reported after iR correction.

. RESULTS AND DISCUSSION

A plausible mechanism for the molecular assembly, phospho-
rization, and subsequent Pt incorporation to yield the target
Pt-MoP/CNT electrocatalyst was proposed. Initially, phospho-
molybdic acid (H3[PMo12O40]) dissolves in ethanol and rapidly
interacts with the solvent, forming an intermediate species
together with alcohol-derived byproducts. Upon the addition
of oxalic acid, an ion-exchange process occurs, in which ethoxy
groups are replaced by oxalate ligands, forming an Mo–oxalate
complex. Progression of ligand exchange was confirmed visually
from a change in solution color, indicating rearrangement of the
Mo coordination environment 11.
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Figure 2. (a) XRD patterns of the MoP/CNT species with and without 2 wt% Pt loading. (b–d) SEM images of the Pt-MoP/CNT catalyst. (e) EDS
spectrum showing the elemental composition of the Pt-MoP/CNT catalyst. (f) Elemental composition, as determined by EDS

The formation of this Mo–oxalate complex facilitated con-
trolled molecular self-assembly. Specifically, steric bulk from the
oxalate group increased the spacing between adjacent Mo cen-
ters, preventing early aggregation. Additionally, the oxygen-rich
oxalate ligands interacted strongly with the surface functionalities
of the CNTs, enhancing Mo attachment and ensuring uniform
dispersion along the carbon framework. This organized molec-
ular arrangement was expected to facilitate Mo clustering and
guide more uniform nucleation and growth processes 11.

Upon heating, the Mo–oxalate complex underwent ther-
mal decomposition. In the presence of sodium hypophosphite
(NaH2PO2) as a phosphorus source, the Mo precursor reacted
with PO−

2 /PO2−

3 species to produce molybdenum phosphate
intermediates. Under a reducing H2/Ar atmosphere, these inter-
mediates were gradually transformed into amorphous MoP.
Upon increasing the temperature to 700 °C, the amorphous
phase crystallized, yielding well-defined MoP nanoparticles dis-
tributed uniformly across the CNT surfaces 11.
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Figure 3. Electrocatalytic behavior of the electrocatalysts: (a) LSV results for the MoP/CNTs and Pt-MoP/CNTs, recorded at a scan rate of 2 mV s−1;
(b) CV results for the Pt-MoP/CNT catalyst in H2SO4; (c) ECSA calculation; (d) evaluation of the chronoamperometric stability of the catalyst during
a 48 h HER, showing sustained catalytic performance; (e) potential-dependent Nyquist plot recorded for Pt-MoP, and (f) the corresponding Tafel slope

Subsequently, Pt(II) acetylacetonate was mixed with the
MoP/CNT precursor in ethanol. Strong interactions between
the Pt species and the surfaces of the MoP/CNTs promoted the
controlled adsorption of Pt complexes. Upon subsequent ther-
mal treatment in a mildly reducing H2/Ar environment at 350
°C, the Pt precursor decomposed to generate metallic Pt nan-
oclusters and atomically dispersed Pt species on the MoP surface.

This lower treatment temperature ensured minimal sintering and
preserved the atomic-level dispersion at 2 wt% Pt loading.

The incorporation of Pt modified the electronic struc-
ture of MoP by tuning the d-band center and creating elec-
tronic adjustments stemming from oxalate-assisted Mo disper-
sion, hypophosphite-driven phosphorization, and controlled Pt
loading, collectively contributing to improved charge transfer
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processes, enhanced electrochemically active surface area, and
superior catalytic performance for the HER 11,14.

The powder XRD patterns of MoP prepared both with and
without Pt loading are compared in Figure 2(a). For the sample
prepared without Pt, the diffraction peak at 26.1° was assigned
to the 002 plane of the CNTs, while the diffraction peaks cen-
tered at 27.9° (002), 31.2° (100), and 43.1° (101) were indexed to
MoP with a hexagonal crystal structure 14. A similar XRD pattern
was observed for the specimen containing 2 wt% Pt, suggesting
that the Pt loading is sufficiently low that it cannot be detected
by XRD. Additionally, the increased temperature required for
Pt incorporation appeared to have no influence on the XRD
pattern, indicating that the electrocatalyst was stable at high tem-
peratures. Notably, these XRD patterns are comparable to those
reported by Adam et al. 11.

The SEM images shown in Figures 2(b)–2(d) show clusters
of Pt-loaded MoP on the CNT support. The overall structure
appeared rough and irregular, with the MoP particles appear-
ing as bright and dense regions attached to or surrounding the
nanotube network. The CNTs maintained their shape and acted
as a porous scaffold for MoP particle anchoring. Some particles
were embedded within the nanotube bundles, suggesting that
growth occurs inside the tube structure. Overall, the SEM images
confirmed that MoP was uniformly dispersed across the CNT
surfaces to form a crystalline network. Notably, the Pt particles
were not observable by SEM due to the low Pt loading

Figures 2(e) and 2(f) show the EDS spectrum and quanti-
tative elemental composition of the Pt-MoP/CNT electrocat-
alyst, respectively, confirming the presence of Mo (21.34%),
P (10.54%), O (66.56%), and Pt (1.56%). The relatively high
O content was attributed to surface oxidation caused by sam-
ple exposure to air. Although the Pt signal was not clearly
distinguishable in the EDS spectrum owing to its extremely
low concentration, quantitative analysis confirmed a Pt atomic
percentage of 1.56%, consistent with the target ultralow Pt
loading.

To accurately determine the Pt loading, ICP-OES was
employed following complete acid-digestion of the catalyst. This
yielded a measured Pt content of 11820.7 ppm, corresponding to
1.18 wt%, which is slightly lower than the nominal 2 wt% intro-
duced during synthesis. This deviation from the theoretical value
was attributed to Pt loss during the thermal treatment steps.

Subsequently, the HER performances of the prepared elec-
trocatalysts were evaluated in acidic media, and the current
density was calculated based on the geometric area of the GC
electrode. Performance was compared using the same catalyst
loading and conditions. It was revealed that Pt addition signif-
icantly enhanced the activity, with the Pt-MoP/CNT system
requiring a lower potential to drive the HER, compared with
the MoP/CNTs alone (Figures 4). This result confirms that the
below-nominal Pt loading was sufficient to substantially improve
catalytic activity, underscoring the efficient utilization of trace Pt
in the designed catalyst system.

Figures 3 (a) shows the LSV results for the MoP/CNTs and
Pt-MoP/CNTs measured in 0.5 M H2SO4 at a scan rate of 5
mV s−1. The polarization curves were recorded as a function
of the applied potential versus RHE, with the cathodic cur-
rent density increasing at more negative potentials as a result

of the HER. Compared with the pristine MoP/CNT catalyst,
the Pt-MoP/CNT catalyst exhibited significantly higher current
densities across the entire potential range, indicating enhanced
electrocatalytic activity. According to Figure 4(a), the overpo-
tentials required to produce a current density of 20 mA cm−2

for the MoP/CNT and Pt-MoP/CNT catalysts were 180 and
70 mV, respectively. The Pt-modified catalyst achieved larger
cathodic currents at lower overpotentials, reflecting improved
reaction kinetics and reduced energy barriers for proton reduc-
tion. In contrast, the MoP/CNT catalyst required more nega-
tive potentials to reach comparable current densities, suggesting
slower HER kinetics. This enhanced polarization behavior of the
Pt-MoP/CNTs confirms that ultralow Pt incorporation effec-
tively promotes charge-transfer and improves the overall HER
performance.

Figures 3(b) presents a comparison of the cyclic CV curves
recorded for the Pt-MoP/CNT electrode in acidic medium with
a scan rate of 5 mV s−1. Additionally, Figures 3(c) outlines deter-
mination of the ECSA based on the double-layer capacitance
(Cdl), which was obtained from the linear relationship between
1j/2 and the scan rate. Specifically, upon increasing the scan rate
from 2 to 20 mV s−1, the 1j/2 value increased linearly, indicat-
ing that the electrode exhibits stable capacitive response. From
the slope of the linear fit, the calculated Cdl was determined to be
532 s−1, suggesting the presence of a high density of electrochem-
ically accessible active sites in the Pt-MoP/CNT catalyst, thereby
contributing to its strong electrochemical performance.

Chronoamperometric stability tests were subsequently per-
formed over 48 h in acidic media at a scan rate of 5 mV s−1.
As shown in Figures 3(d), the current trend remained steady
throughout the test, with no noticeable drop in current density.
The overpotential required to produce the same current den-
sity remained essentially unchanged after 48 h, demonstrating
excellent long-term electrode stability and endurance under
acidic conditions.

Figures 3(e) illustrates the potential-dependent evolution of
the Nyquist plots for Pt-MoP/CNT, which were constructed as a
function of overpotential (η = 50–150 mV vs RHE). The semi-
circular features in the impedance spectra reflect charge-transfer
at the electrode–electrolyte interface. Smaller semicircular arcs
correspond to faster interfacial charge transfer, whereas larger
arcs indicate slower kinetics [1]. The obtained results there-
fore indicate accelerated electron-transfer kinetics with increas-
ing overpotential. Moreover, the Tafel slopes derived from the
EIS measurements are shown in Figures 3(f), wherein the semi-
logarithmic plot of the inverse charge-transfer resistance (1/Rct)
versus overpotential shows a linear relationship with a defined
slope. Consequently, the Tafel slope for Pt-MoP was deter-
mined to be 43.2 mV dec−1, indicating that the HER proceeded
predominantly via the previously reported Volmer–Heyrovsky
mechanism on this electrocatalyst, consistent with our earlier
findings 15,16.

. CONCLUSIONS

In this study, a platinum-loaded molybdenum phosphide electro-
catalyst supported on carbon nanotubes (Pt-MoP/CNTs) was
synthesized via an oxalate-assisted molecular self-assembly route,
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followed by controlled phosphorization and low-temperature Pt
incorporation. The oxalate ligand played a key role in dispersing
the Mo precursors and preventing aggregation, enabling uniform
nucleation and growth of MoP across the CNT framework. Phos-
phorization using hypophosphite produced well-defined MoP
nanoparticles, and subsequent treatment with a suitable Pt pre-
cursor under mild reducing conditions generated ultralow-load
Pt species without altering the MoP crystal structure.

Comprehensive structural characterization confirmed the
preservation of the MoP phase and its homogeneous distribu-
tion on the CNTs, while electrochemical measurements demon-
strated the strong influence of Pt incorporation on catalytic
behavior. Compared to the pristine MoP/CNTs, the Pt-modified
catalyst exhibited significantly enhanced hydrogen evolution
reaction (HER) activity in acidic media, including reduced
overpotential, higher electrochemically active surface area, and
notably lower charge-transfer resistance. The Pt-MoP/CNT cat-
alyst also exhibited excellent operational durability, maintaining
stable current density over extended testing periods.

Overall, these findings demonstrate that the incorporation
of trace Pt substantially enhances the intrinsic activity of MoP
through synergistic electronic interactions and the formation
of highly active interfacial sites. This study therefore provides
an effective, scalable, and economically attractive strategy for
designing next-generation HER electrocatalysts that combine the
robustness of transition-metal phosphides with trace noble-metal
enhancement. Since the incorporation of platinum significantly
enhances the electrochemical performance, this strategy is likely
to open new avenues for the systematic investigation and opti-
mization of platinum loading percentages to achieve superior
synergistic effects for advanced energy conversion applications.
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ABSTRACT

Decarbonizing electricity systems is essential for achieving global net-zero targets, yet the relative contributions of socioeconomic
and environmental factors remain unclear. In this study, we developed a hybrid framework combining regression analysis and
unsupervised principal component analysis (PCA) to assess the complex factors influencing power sector carbon intensity (g
CO2/kWh) across 170 countries. Fifteen indicators from social, environmental, and economic domains were selected and aligned
based on their linear relationships with carbon intensity (β ±SE). Globally, the share of renewable electricity (β = −6.68 ±0.57, p
<0.001) and low-carbon electricity (β = −6.86 ±0.49, p <0.001) showed the strongest negative associations with carbon intensity.
In contrast, primary energy per unit of GDP (β = 87.5 ±23.5, p = 0.0003) was linked to higher emissions intensity. PCA indicated
that environmental indicators collectively showed the strongest negative correlation with carbon intensity (r = −0.78, p <0.001),
driven primarily by increases in low-carbon and renewables electricity (%) and decreases in CO2 per energy unit (kg/kWh) and
CO2 per unit of GDP (kg/$), underscoring the central role of clean-electricity deployment and CO2 productivity in decarboniza-
tion. Group-level analysis revealed stratification, with high-income economies averaging lower emissions (384 g CO2/kWh) than
lower-middle-income countries (428 g CO2/kWh). Clustering showed that Europe and North America were low-emission outliers,
whereas Central and Southern Asia had high emissions. Network and chord analyses suggest that social progress and economic
capacity aid decarbonization but are not direct drivers, underscoring the need to transform environmental systems.

Keywords: data-driven sustainability assessment, principal component analysis, energy system decarbonization, sustainability scoring framework

. INTRODUCTION

The power sector is a crucial pillar of socioeconomic develop-
ment and largest source of human-made greenhouse gas emis-
sions, accounting for nearly 40% of global energy-related CO2
emissions 1. This underscores the importance of meeting the
Paris Agreement and net-zero goals by midcentury. Although
renewable energy and technological progress have decreased
local emissions, global decarbonization is progressing too slowly
to achieve the Intergovernmental Panel on Climate Change
(IPCC) 1.5 °C target 2. Continued fossil fuel use (mainly coal)
in developing countries, along with increasing demand driven
by industry, digitalization, and population growth, complicates
efforts to decarbonize.

Understanding the factors affecting the carbon intensity of
electricity generation (CIe), defined as CO2 emissions per kWh,
is therefore essential. Research has often connected recent emis-
sions drops in developed countries to fuel switching, such as tran-
sitioning from coal to natural gas, renewables, and nuclear power.
For instance, Le Quéré et al. 3 observed that renewables and low-
carbon electricity sources accounted for nearly two-thirds of the
CO2 reductions in 18 advanced economies from 2010 to 2018,
while Sevgi and Figen 4 identified improvements in generation

efficiency as major contributors to declining CIe in Organization
for Economic Co-operation and Development (OECD) coun-
tries. However, most existing studies focus on specific regions
or limited time periods, neglecting the broader systemic inter-
actions among energy, economy, and society. Although high-
income nations have reduced their carbon intensity through
cleaner energy and policy changes, emerging economies still
struggle with fossil fuel dependence, rising demand, and limited
capacity. This highlights the need for comprehensive data-driven
frameworks to evaluate the drivers of power sector carbon inten-
sity across socioeconomic and environmental contexts.

An expanding body of literature links energy decarbonization
to sustainability transitions, emphasizing that profound changes
in energy, transportation, and industry require technological,
institutional, and social transformations 4. The Multi-Level Per-
spective interprets these as interactions among niche innova-
tions, sociotechnical regimes, and landscape pressures, indicat-
ing that renewable energy develops through systemic interac-
tions involving policies, markets, and social norms. However,
applying these insights to quantitative cross-country evaluations
remains challenging as most studies tend to focus on individ-
ual aspects or region-specific models, which limits their broader
relevance. Conventional econometric and sustainability index
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methods, such as the Energy Transition Index, Environmental
Performance Index, and Energy Trilemma Index, offer bench-
marks for national progress but rely on subjective weighting, lim-
ited coherence, or narrow coverage 5,6. In contrast, multi-criteria
decision analysis (MCDA) frameworks (e.g., Analytic Hierarchy
Process) improve transparency but depend on expert judgment
and are sensitive to normalization 7. Sustainability indicators are
multicollinear and hierarchical, spanning interconnected areas in
which linear models struggle to identify causal effects 8.

Recent research has addressed these challenges by apply-
ing machine learning (ML) and dimensionality-reduction meth-
ods to sustainability assessments. For example, Chen et al. 9

developed a principal component analysis (PCA) random for-
est model to evaluate the global progress toward the Sustainable
Development Goals (SDGs). This approach combined unsu-
pervised learning for indicator selection with imputation tech-
niques to manage high-dimensional incomplete data. Similarly,
Al Asbahi et al. 6 demonstrated that PCA provides an objective
variance-based weighting system that eliminates biases intro-
duced by arbitrary aggregation in the Energy Trilemma Index.
Neofytou et al. 5 consolidated environmental, social, political,
and technological factors into a single readiness index for sustain-
able energy transitions, demonstrating that the transition capac-
ity of any country relies on complex interactions between institu-
tional stability, economic resilience, and technological readiness.
These studies agree that sustainable energy evaluations should
integrate data-driven statistical techniques (e.g., regression and
PCA) with system-level aggregation approaches (e.g., entropy
and MCDA) to capture causal relationships and ensure accurate
multidimensional coherence.

Additionally, variations in structural and developmental fac-
tors influence decarbonization trajectories. Aghababaei et al. 10

analyzed 118 countries and observed that income level alone
does not account for disparities in renewable energy adoption.
Some lower-income nations achieved high renewable energy
shares through targeted investments, whereas others still rely
heavily on carbon-intensive methods, despite economic growth.
Similarly, Tao et al. 11 and Wang & Jia 12 identified energy inten-
sity, industrial clustering, and coal-based energy structures as
factors that contribute to higher regional emissions through
variations in labor, capital, and policy. These findings highlight
the need for integrated frameworks that combine environmen-
tal, economic, and social indicators to understand the structural
drivers of power sector emissions.

To address these challenges, this study developed a hybrid
approach that combines statistical techniques with ML. It
employs supervised regression and PCA to analyze indicators
related to power-sector carbon intensity, grouping correlated
indicators into social, environmental, and economic dimensions
across 170 countries. This provides an empirical, transparent,
and reproducible method for benchmarking decarbonization
readiness, guiding sustainable energy policies, and supporting
global sustainability efforts. Unlike conventional sustainability
indices that construct composite scores by aggregating indica-
tors using fixed-weighting frameworks, this approach introduces
a data-driven framework that explicitly infers indicator direction-
ality prior to dimensionality reduction using regression-based
associations with CIe. This enhances interpretability by avoiding

arbitrary sign assignments and allows the resulting PCA-based
pillars to be used as analytical tools for identifying structural
decarbonization pathways, rather than as rank-oriented sustain-
ability scores. The study also examines how the drivers of carbon
intensity vary across World Bank income groups, capturing differ-
ences in economic development and decarbonization capacity.

. METHODOLOGY

This study used a structured workflow to identify social, envi-
ronmental, and economic factors influencing CIe across 170
countries (Figure 1). The framework combines data screening,
normalization, regression alignment, and PCA to create three
sustainability pillars. Table 1 lists the choice of each indicator
based on its empirical relationship with the CIe.

.. Data Sources and Indicator Framework. Data at
the national level for 170 countries were collected from 2022 to
2024 using Our World in Data. From this dataset, we selected 15
indicators across three sustainability dimensions.

• Social indicators (Clean cooking, Human Development Index
[HDI], Access to electricity, Life expectancy) capture aspects
of human development and inclusivity.

• Environmental indicators (PM2.5, air pollution, CO2 emis-
sions, low-carbon electricity, CO2 per energy unit, renewable
share of electricity [%], CO2 embedded in trade, CO2 per unit
of GDP, and per capita GHG emissions) highlight electricity
system characteristics, air quality, and carbon efficiency.

• Economic indicators (government expenditure, primary
energy per capita, and primary energy per unit of GDP) rep-
resent the energy consumption, fiscal capacity, and economic
efficiency, respectively.

These indicators were selected based on three criteria: accessi-
bility, relevance to understanding sustainability transitions, and
established associations with CIe in the literature (Table 1). All
indicators are treated as cross-sectional observations drawn from
the most recently available years within the period of 2022–2024.
Accordingly, this analysis focused on cross-sectional associations
rather than temporal dynamics. Potential indicators, such as elec-
tricity prices, carbon pricing instruments, and grid stability met-
rics, were not included because of limited global data availability,
inconsistent cross-country comparability, or potential collinear-
ity with the selected variables. This framework focuses on indi-
cators with consistent global coverage and a clear interpretive
relevance to CIe.

.. Data Processing and Directional Normalization.
To ensure comparability, each indicator “Xj” was then normal-

ized to a 0–100 scale using min–max transformation, as shown in
Eq. 1.

X(0−100)
j =

Xj − min
(
Xj

)
max

(
Xj

)
− min

(
Xj

) × 100 (1)

This rescaling enabled the evaluation of indicators with differ-
ent units, such as emissions, percentages, and economic intensi-
ties, using a standard metric 7.
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Table 1. Rationale for social, environmental, and economic indicators based on their directional relationships with the carbon intensity of electricity

Pillar Indicator Justification Based on Association With the Carbon Intensity of Electricity (CIe)

Economic Primary energy per unit of
GDP, kWh/$

High energy consumption per unit of GDP indicates an inefficient economy reliant on fossil fuels.
Countries with higher energy intensity burn more coal and oil, increasing CIe. Research shows
energy intensity drives emissions in developing and fossil-fuel economies 26. Deichmann et al. 27

found a negative correlation between GDP per capita and energy intensity, suggesting that higher
GDP per capita generally correlates with better energy efficiency and less fossil fuel dependence.

Government expenditure, %
of GDP

Significant public investment in subsidies, grid improvements, and energy-efficiency initiatives
underpins the shift to clean energy. Data indicate that policy-led adoption of renewable energy is
crucial for decarbonization, mainly in high-income nations 28. Khan et al. 20 found that higher
public energy R&D budgets, higher incomes, and improved political frameworks accelerate clean
energy transitions. Caglar et al. 21 demonstrated that national budgets dedicated to energy
efficiency R&D promote policy diffusion and emission reductions, highlighting the importance of
targeted public spending.

Primary energy per capita,
kWh/person

Higher energy use per person increases electricity demand, supplied mainly by fossil fuels, leading to
higher CIe. Research indicates that fossil fuel consumption significantly raises CO2 emissions
unless the grid is renewable. A 1% increase in per capita energy consumption results in
approximately a 0.946% rise in CO2 emissions, reflecting many countries’ reliance on fossil fuels
to meet higher electricity demand 29. Chontanawat et al. 30 confirmed a two-way causal
relationship: greater fossil fuel use increases CO2 emissions unless electricity generation is
renewable or low carbon.

Environmental Low-carbon electricity, % Electricity generated from solar, wind, hydro, or nuclear sources replaces coal and gas, effectively
lowering emissions, especially in OECD countries. A 2024 study in Decarbonizing Energy found
that a 1% increase in renewables results in a 0.87% decrease in fossil fuel generation, making this
the most effective method for reducing emissions 31. Rahman et al. 32 showed that deploying
renewable energy significantly cuts CO2 emissions in countries heavily reliant on fossil fuels.

Renewables share of
electricity (%)

A recent multi-country analysis shows that increasing renewables strongly reduces fossil fuel
dependence. Using data from 36 OECD countries (2000–2020), it finds that a 1% rise in
renewables correlates with a 0.87% decrease in fossil fuel capacity, driving emission reductions in
developed countries 31.

CO2 per unit of GDP, kg/$ A strong long-term relationship exists between per capita CO2 emissions and the proportion of
manufacturing value added to GDP. Higher CO2 emissions per unit of GDP are associated with
large, energy-intensive manufacturing sectors that rely heavily on coal and other fossil fuels,
thereby increasing carbon intensity and emissions. In addition, another study discovered a
moderate-to-high positive correlation among CO2 emissions, manufacturing output, gross value
added, and fossil fuel consumption, indicating that heavy industry and fossil fuels are major
contributors to high emissions. Yang et al. 16 emphasized that manufacturing growth significantly
increases CO2 emissions in developing, carbon-intensive economies, especially where electricity
generation depends mainly on coal and oil.

CO2 per energy unit,
kg/kWh

Research shows that CO2 emissions per kilowatt-hour (kg CO2/kWh) measure a country’s energy
carbon intensity. Coal systems emit around 800–1000 g CO2/kWh due to high carbon content
and low efficiency. Renewables and nuclear have much lower emissions, often below 50 g
CO2/kWh. This emissions intensity impacts the global carbon footprint of electricity, as
confirmed by life-cycle assessments and international data 33.

PM2.5 air pollution PM2.5 pollution mainly results from burning coal, with research confirming coal-fired power plants
as key sources. In China, coal makes up about 40–50% of PM2.5 in polluted areas, and global
studies emphasize its central role in particulate emissions. The connection between PM2.5 and
fossil-fuel electricity makes PM2.5 an indicator of coal power 17.

Per capita GHG emissions,
tCO2e/person

Countries with high per-capita GHG emissions often rely on fossil fuels for electricity,
transportation, and industry, leading to higher CO2 emissions per kWh. Global studies show that
fossil fuel consumption is correlated to both per capita emissions and the carbon intensity of
electricity 18,19.

Continued.
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Table 1. Continued

Pillar Indicator Justification Based on Association With the Carbon Intensity of Electricity (CIe)

CO2 embedded in trade Many studies reveal that countries with cleaner electricity grids tend to export more embedded CO2
by shifting carbon-intensive manufacturing to nations with dirtier energy sources. Foong et al. 15

showed that import-dependent economies (e.g., Singapore, Hong Kong, the UAE, and Bahrain)
have trade-adjusted emissions far higher than their production emissions, mainly due to
energy-intensive imports from coal-reliant regions. Zhou et al. 13 observed that developed
countries maintain low domestic carbon intensity while importing embodied carbon, effectively
externalizing emissions.

Annual CO2 emissions High national CO2 emissions typically indicate a power sector reliant on fossil fuels, mainly coal and
natural gas, which increases the CIe. This pattern is common globally among major emitters,
where about 75% of power-related CO2 emissions come from fossil fuels. This link motivates
efforts to shift to cleaner energy sources and reduce overall emissions 25.

Social Life expectancy at birth,
years

Higher life expectancy is associated with better air quality, stronger institutions, and more efficient
energy regulation. Cutting PM2.5 by 10 µg/m³can extend lifespan by 0.35 years 34. Developed
countries often use cleaner energy, lowering pollution and improving health. Global research
confirms the link between cleaner energy, less pollution, and longer lives 35.

Human Development
Index, HDI

Countries with high HDI usually allocate more resources to renewable energy, enforce stricter
pollution regulations, and are better prepared for decarbonization efforts. Studies show a positive
connection between renewable energy use and HDI, indicating that cleaner energy helps human
development. Econometric analyses reveal that these countries can separate electricity demand
from its CIe, enabling economic growth while reducing emissions 36.

Access to electricity, % In low-income regions, expanding electricity access typically relies on fossil fuels, mainly coal,
leading to a higher CIe. This "access-emissions" trade-off is common in emerging economies,
where coal provides new power but also raises emissions. Studies highlight the importance of
investing in renewable energy and grid improvements to overcome this trade-off and promote
sustainable growth 23.

Clean cooking, % Clean cooking reduces health and environmental harm by replacing biomass or coal with cleaner
fuels such as LPG or electricity. However, in areas powered by fossil fuels, higher demand can
increase the CIe. Literature emphasizes this trade-off, noting that clean cooking must be
combined with grid decarbonization to avoid increasing emissions. Studies indicate that better
stoves and fuels reduce household emissions, but the climate advantages are most significant
when paired with renewable energy sources 24.

.. Regression-BasedDirection Inference andCorre-
lation Analysis. To ensure empirical alignment between each
indicator and the decarbonization target, ordinary least-squares
regression was used to estimate the linear relationship between
every indicator Xj and target Y (carbon intensity), as illustrated
in Eq. 2.

Y = β0 + β1Xj + ε (2)

All indicators were normalized prior to regression to ensure
comparability across scales. As regression was used solely to
determine the direction of association rather than the effect mag-
nitude, robustness was evaluated based on the consistency of the
coefficient signs. The diagnostic checks did not alter the direc-
tional interpretation of the results. We report β1, its standard
error (SE), p-value, sample size, and Pearson r. A negative coeffi-
cient (β <0) indicates that higher indicator values are beneficial,
associated with lower CIe. Conversely, a positive coefficient (β
>0) indicates an adverse association.

These supervised results (Table 1) provide an empirical ori-
entation before unsupervised learning, avoiding arbitrary sign
conventions and weights. Pairwise Pearson correlations among
the indicators supported the network topology (Figure 3) and

income-group chord analysis (Figure 4). The univariate Ordi-
nary Least Squares (OLS) regressions were not intended to
estimate causal effects or relative magnitudes, but rather to
examine the directional association between each indicator and
carbon intensity of electricity generation. This step is used
solely to determine whether indicators align positively or nega-
tively with decarbonization outcomes prior to the PCA, thereby
avoiding an arbitrary sign assignment. While regression coef-
ficients may be sensitive to scale, variance, and omitted vari-
ables, these limitations are addressed by restricting the use
of OLS to direction inference only and by subsequently rely-
ing on PCA to capture the multivariate structure and shared
variance among correlated indicators. Alternative approaches,
such as theoretical sign assignment or multivariate regression
models, have been considered; however, theoretical assignment
introduces subjective assumptions, and multivariate models are
less suitable for highly collinear indicator sets. Some indicators
showed insignificant univariate associations with carbon inten-
sity. These indicators were retained because the objective of
the framework is to capture broader social and economic con-
texts that interact with environmental factors in the multivariate
PCA.
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.. PCA and Composite Scoring. After directionally
aligning and standardizing the data, PCA was used within each
pillar to condense the multiple correlated indicators into a sin-
gle underlying component. PCA is widely recommended for
sustainability assessments because it identifies significant struc-
tures without subjective weighting 6. The first principal compo-
nent (PC1) in each pillar explained 86.1% of the social variance,
35.0% of the environmental variance, and 54.0% of the eco-
nomic variance, indicating strong internal coherence. Although
the explained variance of Environmental PC1 was lower than that
of the Social and Economic pillars, it still captured the domi-
nant shared structure among environmental indicators and pro-
vided a sufficiently representative composite dimension for cross-
country comparison. Although several environmental indicators
are conceptually related, they reflect the complementary dimen-
sions of carbon performance, including both emission scale and
structural efficiency, allowing the environmental pillar to cap-
ture broader system transformations. PC1 was retained because
it explained the largest share of the variance and captured the
dominant pattern relevant to the analysis. Although PCA scores
are used to summarize the dominant patterns within each pil-
lar, they do not represent normative or exhaustive measures of
sustainability performance. Instead, the PC1 scores reflect the pri-
mary variance structure among the selected indicators and are
interpreted as relative composite patterns rather than absolute
sustainability rankings. This distinction highlights the analytical
scope and limitations of the proposed PCA framework.

This study examined several interconnected environmental
indicators because they reflect different facets of carbon pressure,
including total emissions, emissions per capita, economic effi-
ciency of carbon (CO2 per unit of GDP), and carbon intensity
of the energy system (CO2 per energy unit). Rather than com-
bining these indicators directly, PCA was used to address mul-
ticollinearity by transforming correlated variables into orthogo-
nal components. Supplementary Table S1 shows that the first
environmental principal component (PC1) exhibits distributed
loadings across indicators (e.g., +0.503 for low-carbon electric-
ity, +0.391 for CO2 per energy unit, −0.421 for CO2 per unit
of GDP, +0.223 for per-capita GHG emissions, and +0.181 for
annual CO2 emissions), indicating that no single metric domi-
nates the composite representation. PC1 accounted for 35.0% of
environmental variance (Supplementary Table S2). Conversely,
the subsequent components explained progressively smaller pro-
portions, supporting the use of PC1 as a parsimonious and
robust summary of environmental system characteristics. The
PC1 scores were then rescaled to a 0–100 pillar score for compa-
rability across countries. The composite pillar scores were then
computed from principal component scores as mention in Eq. 3.

Score1 = 100 ×
PC1i − min (PC1)

max (PC1) − min (PC1)
(3)

The indicator loadings offered insights into the most signifi-
cant factors within each domain. For instance, within the envi-
ronmental pillar, low-carbon electricity (%) and renewable %
electricity loaded strongly and positively, while carbon-efficiency
indicators (CO2 per unit of GDP and CO2 per energy unit)
exhibited contrasting loadings, reflecting the different dimen-
sions of carbon productivity and energy-system structure 3,13.

Figure 1. Workflow diagram illustrating the stages to derive indicators,
perform principal component analysis, and compute scores, showing
how metrics are aggregated into three sustainability pillars

Finally, country-level pillar scores were combined with World
Bank income groups and UN-SDG regions (Figures 2, 5, and 6)
to reveal global sustainability patterns, consistent with earlier
comparative studies on transition readiness and structural con-
straints 10,12. World Bank income classifications were used as
a comparative framework to examine structural differences in
decarbonization patterns across countries at different stages of
economic development.

As the analysis relies on cross-sectional observations from the
most recently available year, the identified associations reflect
current structural patterns rather than dynamic transition path-
ways over time.

. RESULTS AND DISCUSSION

.. Global Carbon Intensity and Income Disparities.
The non-linear relationship between national income level

and CIe is clearly depicted in Figure 2. High-income coun-
tries (HICs) have a relatively low average intensity of 384.5
gCO2/kWh, indicating mature energy systems that widely
employ low-carbon and renewable technologies. Conversely,
upper-middle-income countries (UMICs) exhibit the highest
average intensity at 487.6 gCO2/kWh and most considerable
variation, with several nations surpassing 1,200 gCO2/kWh. This
heavy upper tail is typical of electricity systems still largely reliant
on coal-fired generation and experiencing rapid growth in elec-
tricity demand, factors noted in many global assessments of
emerging-economy energy transitions, where industrial expan-
sion and coal dependence collectively increase the CIe

13,14

Lower-middle-income countries (LMICs) have an average
carbon intensity of 427.6 gCO2/kWh, but this varies widely
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due to diverse energy mixes, from hydro-rich systems to coal-
dependent grids. Low-income countries (LICs) had an average
of 376.9 gCO2/kWh, similar to that of HICs. However, this simi-
larity does not imply advanced decarbonization; many LICs have
lower per capita electricity use, rely on hydropower and biomass,
and lack large fossil fuel power plants. This pattern, in which low
consumption masks structural carbon intensity, is typical of elec-
trification and development studies 12,15. These patterns demon-
strate that income alone does not determine carbon intensity.
Instead, the CIe is influenced by factors such as fuel mix, tech-
nology, efficiency, and demand growth. HICs have transitioned
from coal with supportive policies, whereas middle-income coun-
tries (LMICs and UMICs) are experiencing increased demand
and dependence on cheap coal, resulting in higher and more vari-
able CIe. The global differences in power sector emissions are
primarily driven by fuel type, transition away from coal, adoption
of renewables, and infrastructure development, rather than GDP
alone 3,10.

.. Indicator Relationships with Carbon Intensity.
The regression and correlation analyses (Table 2), along with the
inter-indicator network shown in Figures 3 and 4, demonstrate
that environmental system indicators are the strongest correlates
of global variation in CIe. Conversely, economic and social indi-
cators mainly serve as enabling conditions, rather than directly
affecting emissions.

Among the environmental system indicators, the shares of
low-carbon electricity and renewables share of electricity show
the strongest significant negative correlations with CIe (β =

−6.86 ±0.49 and β = −6.68 ±0.57, p <0.001), highlighting
the importance of expanding clean electricity sources in decar-
bonizing power systems. Similar findings have been reported in
China and other major emitting countries, which shows that
replacing coal and gas with renewable, non-fossil electricity is
the most effective mitigation strategy 1. They also align with
studies in developed countries, where emission reductions are
mainly driven by increased renewable energy adoption, structural
changes in generation portfolios, and efficiency improvements 3.

Environmental indicators that assess the carbon efficiency of
energy and economic systems, such as CO2 per energy unit
(kg/kWh; β = 1104.71 ±193.87) and CO2 per unit of GDP

(kg/$; β = 634.21 ±97.62), show strong positive correlations
with CIe. These relationships are consistent with higher CIe
levels in countries heavily dependent on coal, with high indus-
trial emissions, or with carbon-intensive supply chains. Previous
studies have indicated that industrialization that relies on fos-
sil fuels, especially in rapidly developing economies, significantly
increases CO2 emissions from electricity production 12,16. Sim-
ilar patterns are expected in India, where the rising electricity
demand and coal-based expansion may lead to substantial future
increases in emissions 14.

Considering the cross-sectional design, the regression and
PCA results identified associations with CIe rather than causal
relationships. Causal inference requires longitudinal or instru-
mental variable methods, which are beyond the scope of this
study. Network topology and chord diagrams were employed as
complementary visualization tools to summarize the correlation
structures among the indicators. The edges represent pairwise
Pearson correlations exceeding a predefined threshold, with the
edge thickness proportional to the correlation strength. Color
scales were used to distinguish the correlation signs and mag-
nitudes. These visualizations are not intended to replace cor-
relation matrices but rather to provide an intuitive overview of
clustering patterns and connectivity relationships that are less
readily discernible in tabular form.

Note: Regression coefficients reported as 0.00 reflect rounding
after standardization and do not indicate null associations. The
correlation coefficients were independently reported.

The strong positive correlation between PM2.5 pollution
(β = 3.88 ±1.10) and CIe highlights its link with fossil fuels.
Globally, coal burning is a key source of fine particulate pollu-
tion; in China, coal contributes approximately 40–50% of PM2.5,
in polluted regions 17. As coal burning releases large amounts of
both CO2 and PM2.5, these pollutants often increase together
in areas with high-carbon electricity systems. Additionally, per
capita greenhouse gas emissions are positively correlated with
CIe, indicating that countries that are still heavily reliant on fos-
sil fuels for electricity, transportation, and industry tend to have
higher emissions 18,19.

In contrast, government expenditure and HDI exhibit weak or
insignificant direct effects on CIe. This does not imply that social

Figure 2. Global distribution of power-sector carbon intensity across World Bank income groups
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Table 2. Global correlation matrix between CIe and composite indicators

Pillar Indicator β SE p_value Pearson_r Direction/sign

Economic Primary energy per unit of GDP, kWh/$ 87.51 23.5185 0.0003 0.26 Adverse “-1” (β >0)

Government expenditure, % of GDP -2.07 1.3201 0.1184 -0.11 Beneficial “1” (β <0)

Primary energy per capita, kWh/person 0.00 0.0005 0.2204 0.09 Adverse “-1” (β >0)

Environmental Low-carbon electricity, % -6.86 0.4884 0.0000 -0.71 Beneficial “1” (β <0)

Renewables share of electricity % -6.68 0.5688 0.0000 -0.65 Beneficial “1” (β <0)

CO2 per unit of GDP, kg/$ 634.21 97.6152 0.0000 0.42 Adverse “-1” (β >0)

CO2 per energy unit, kg/kWh 1104.71 193.8696 0.0000 0.38 Adverse “-1” (β >0)

PM2.5 air pollution 3.88 1.0968 0.0005 0.25 Adverse “-1” (β >0)

Per capita GHG emissions, t CO2e/person 6.92 2.1010 0.0012 0.23 Adverse “-1” (β >0)

CO2 embedded in trade 0.00 0.0000 0.1408 -0.11 Beneficial “1” (β <0)

Annual CO2 emissions 0.00 0.0000 0.2583 0.08 Adverse “-1” (β >0)

Social Life expectancy at birth, years -4.09 2.3565 0.0841 -0.12 Beneficial “1” (β <0)

Human Development Index, HDI -109.11 111.4776 0.3289 -0.07 Beneficial “1” (β <0)

Access to electricity, % 0.68 0.7530 0.3665 0.07 Adverse “-1” (β >0)

Clean cooking, % 0.09 0.4957 0.8492 0.01 Adverse “-1” (β >0)

and governance improvements are unimportant. Instead, it sug-
gests that their impact is indirect, supporting the transition by
enhancing institutional capacity, fostering innovation, and pro-
moting policy adoption. Research on socio-technical transitions
indicates that governance and social development shape a coun-
try’s preparedness to adopt low-carbon technologies. However,

actual emission reductions occur only when these structural fac-
tors are combined with changes in the energy system 4,5. For
instance, increasing public investment in energy R&D does not
directly reduce emissions but creates an environment conducive
to the adoption of energy efficiency measures and renewable
technologies 20,21.

Figure 3. Network topology of inter-indicator relationships in the global electricity system, with blue and red edges representing positive and negative
correlations, respectively
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Figure 4. Cross-indicator correlation of carbon-intensity patterns by income category

From a policy perspective, decoupling electricity access from
rising emissions in LICs requires avoiding a long-term reliance
on coal during electrification. Expanding access through fossil
fuel-based generation can meet short-term demand, but risks
locking power systems into carbon-intensive pathways. Priori-
tizing renewable-based electrification, supported by appropriate
policies and financing mechanisms, enables access for expan-
sion while limiting increases in carbon intensity and maintaining
alignment with long-term climate and sustainable development
objectives 22.

Similarly, life expectancy, access to electricity, and clean cook-
ing show weak correlations with CIe. Improvements in these
social factors typically occur before decarbonization and are vital
for welfare, but do not immediately reduce electricity sector
emissions unless coupled with structural reforms in electricity
generation. In LICs, expanding electricity access often relies ini-
tially on fossil-fuel-based power, leading to a temporary “access–
emissions” trade-off until renewable capacity is established 23,24.

The network shown in Figure 3 reveals clear patterns: indi-
cators for clean electricity and carbon efficiency cluster together
and show strong positive connections with low-carbon electricity
solutions. In contrast, reliance on fossil fuels, industrial emissions,
PM2.5, and energy intensity form a separate cluster associated
with higher carbon levels. This division illustrates two different
socio-technical regimes, as described by the Multi-Level Per-
spective 4: one characterized by mature, low-carbon electricity
systems, and another shaped by coal dependence and ineffi-
cient energy use, which often become entrenched in high-carbon
pathways.

Figure 4 illustrates how the indicator relationships vary by
income group. HICs tend to cluster through low-carbon electric-
ity pathways, reflecting earlier energy diversification and stronger
policies. Middle-income countries are associated with carbon-
intensive trajectories owing to rapid industrial growth and coal
reliance 11,12. LICs, although seemingly less carbon-intensive, are
characterized by low electrification and limited industries, sug-
gesting suppressed emissions rather than active decarbonization.
Our findings show that environmental indicators, such as clean
electricity and carbon efficiency, are essential for decarbonizing

the power sector. Social and economic factors support the transi-
tion; however, they do not lower the CIe.

.. Regional and Income-Level Sustainability Pat-
terns. The distribution of social, environmental, and eco-
nomic PCA scores (Figure 5) shows clear differences in sus-
tainability and progress toward decarbonization among income
groups. HICs consistently scored the highest across all three
pillars (87.4, 84.2, and 79.3, respectively), underscoring their
continued strengths in technology, institutions, and resources.
These patterns match earlier research, indicating that developed
economies are more advanced in renewable energy use and
energy efficiency, which have contributed to their historic reduc-
tions in CO2 emissions 3. In contrast, LICs tend to have lower
scores on all pillars, averaging below 40, emphasizing ongoing
inequalities in access to modern energy, human development,
and economic capacity, which are key factors in transition readi-
ness 5. UMICs and LMICs occupy intermediate positions but
show more variation, especially in their environmental (UMIC
= 65.8; LMIC = 53.4) and economic (UMIC = 62.7; LMIC =

51.9) scores. This variation reflects the diversity of their energy
paths: while some UMICs (e.g., Brazil and South Africa) are
expanding renewables, others (e.g., China, India, and Indonesia)
remain heavily reliant on coal. This transitional diversity is well-
documented in studies showing that middle-income countries
face the dual challenge of rapidly increasing electricity demand
and fossil-fuel dependence 12,14. These structural pressures limit
their ability to follow the emissions-reduction path observed in
advanced economies, a challenge identified by van Soest et al. 2

as a significant barrier to achieving Paris-compatible net-zero
trajectories.

The environmental pillar exhibited the clearest developmental
gradient. HICs combine strong environmental PCA scores with
some of the lowest observed CIe values (~384 g CO2/kWh).
These results reflect mature decarbonization strategies, includ-
ing the widespread use of hydro, wind, nuclear, and solar energy;
strict air pollution controls; and effective coal phaseout poli-
cies 1,2. By contrast, LMICs and LICs exhibit significant environ-
mental deficits and elevated carbon intensity, indicating systems
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Figure 5. Comparative distribution of (a) economic, (b) environmental, and (c) social PCA scores classified based on income level (i.e., high-income
(HIC); upper-middle-income (UMIC); lower-middle-income (LMIC); and low-income countries (LIC)

reliant on coal, diesel, or biomass for electricity with low effi-
ciency. In the literature, this pattern is referred to as the “car-
bon development gap,” a period in which economic growth and
industrialization increase energy demand faster than the adop-
tion of clean technologies 11.

Figure 6 further illustrates these patterns using hierarchi-
cal regional clustering. Europe and North America form a dis-
tinct low-carbon electricity cluster marked by high Environ-
mental PCA scores (>80) and a low CIe (<400 g CO2/kWh).
These regions demonstrate the typical pathway outlined by Le
Quéré et al. 3, where emissions decline primarily through struc-
tural improvements in energy carbon intensity, fuel switching,
and stronger policy measures. Australia and New Zealand clus-
ter closely within this group, supported by a similar reliance
on large-scale hydropower, wind, and gas, along with effective
governance.

Intermediate clusters, including Oceania, Latin America, and
the Caribbean, show strong renewable energy integration but
have moderate social and economic scores. This pattern matches
recent empirical analyses, indicating that regions rich in renew-
able energy can achieve significant emissions reductions even
if their institutional capacity or economic diversification is lim-
ited 10. Central and Southern Asia and Sub-Saharan Africa form
the lowest-performing clusters, with environmental scores below
45 and CIe values over 650 g CO2/kWh. These regions face
energy poverty, underinvestment in grid infrastructure, and

reliance on low-efficiency thermal generation, which hinders
decarbonization 13,25.

These income and regional disparities show that the key to
decarbonization is the transformation of environmental systems,
and not just income levels. While social and economic devel-
opment creates favorable conditions, such as better governance,
innovation, and social readiness, reducing power sector emis-
sions requires combining these with structural changes in the
electricity mix, lowering the CO2 intensity of energy sources,
and ongoing policy efforts 2,4. This multilayered evidence shows
that decarbonization is more than just an economic process; it
is a sociotechnical transition driven by interactions among insti-
tutions, technology, investment, and infrastructure. Therefore,
the global pattern of carbon intensity of electricity exposes both
ongoing inequalities and differing capacities for environmental
system change, posing the future challenge of aligning power sys-
tems with the pathways needed to meet the Paris Agreement’s
goals.

The PCA-based scores reflect the current structural conditions
captured by the 2022–2024 snapshot rather than the dynamic
transition trajectories. Countries with rapidly improving indica-
tors may, therefore, follow different decarbonization pathways
over time than those implied by their present scores. These
findings may also support policymakers in identifying priority
areas for electricity sector decarbonization and tracking structural
progress across income contexts.
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Figure 6. Hierarchical clustering of regions by carbon-intensity performance and sustainability-pillar scores

. CONCLUSIONS

This study introduces a hybrid framework that combines
regression-based direction inference and PCA to identify the fac-
tors influencing power sector decarbonization across 170 coun-
tries. Normalizing and consolidating 15 social, environmental,
and economic indicators into composite sustainability pillars
provides a transparent, data-driven approach for evaluating the
global CIe. The results identify the environmental pillar as the
key driver of CIe, with the shares of low-carbon and renewable
electricity showing the most substantial negative correlations. In
contrast, carbon inefficiency metrics, such as CO2 per energy
unit and CO2 per unit of GDP, show positive associations. Social
and economic factors such as HDI and electricity access directly
influence transition readiness rather than emissions.

The analysis also reveals structural disparities across income
groups: HICs tend toward low-carbon electricity paths, whereas
middle-income countries face the challenges of demand growth
and coal dependency. Therefore, reducing emissions in the
electricity sector necessitates environmental transformation, the
rapid expansion of renewables, and improved carbon productiv-
ity. This framework provides a scalable tool for diagnosing decar-
bonization pathways and supporting equitable parallel-aligned
energy policies.

The policy implications differ across income groups. In
HICs, decarbonization pathways are primarily associated with
accelerating renewable energy deployment, grid optimization,
and efficiency improvements. In LICs, LMICs, and UMICs,
the framework highlights the importance of enabling con-
ditions, such as access to low-carbon electricity, structural

diversification of generation portfolios, and institutional capac-
ity. The proposed framework can support policymakers by
identifying dominant indicator patterns relevant to their
development contexts rather than prescribing uniform policy
targets.

As this study relied on cross-sectional data from the most
recently available year, the findings reflect current structural
associations rather than dynamic transition pathways. Structural
decarbonization processes evolve, and future longitudinal analy-
ses may reveal changing relationships across countries over time.
Future research should further extend this framework using time-
series data or scenario-based modeling to capture the evolving
decarbonization trajectories.
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ABSTRACT

Triply periodic minimal surface (TPMS) lattices have emerged as promising architectural materials for lightweight structural,
thermal, and biomedical applications owing to their smooth curvature, tunable relative density, and favorable manufacturability.
However, predicting their elastic behavior remains challenging, especially for stochastic variants in which geometric irregularities
introduce nonlinear structure–property relationships. This study developed a systematic machine-learning framework to predict
the isotropic elastic constants of stochastic gyroid-based TPMS lattices. A dataset was constructed by varying the unit-cell size,
relative density, architecture type (sheet or solid), and surface area, with homogenized elastic properties extracted from the stiff-
ness and compliance matrices based on the isotropic assumption. The Random Forest (RF) and Bayesian Ridge Regression (BRR)
models were evaluated using an 80/20 training–test split. For stiffness-related properties, the RF model achieved a coefficient of
determination (R2) value of 0.85 for the elastic modulus E, 0.92 for the shear modulus G, 0.86 for the bulk modulus K, and strong
performance for the anisotropy index (AU) (R2

= 0.80), demonstrating its ability to capture nonlinear geometric behavior. The
BRR model provided superior accuracy for E, G, K, Poisson’s ratio, and Zener’s ratio and offered interpretable linear coefficients.
However, the BRR failed to capture the AU. These two models provide complementary benefits: RF excels in predictive fidelity,
whereas BRR enables equation-based design insights. The framework establishes a fast, accurate, and interpretable approach to pre-
dict TPMS elasticity and supports future work that integrates experimental validation using additively manufactured polyethylene
terephthalate glycol samples and a neural-network-based inverse design.

Keywords: stochastic TPMS lattices, isotropic elasticity, elastic property prediction, random forest regression, bayesian ridge modeling, additive
manufacturing

. INTRODUCTION

Triply periodic minimal surface (TPMS) lattices are architected
materials defined by smooth, continuous surfaces that repeat
periodically in three dimensions while minimizing the surface
area per unit volume 1,2. Unlike strut-based lattices, TPMS archi-
tectures eliminate sharp nodes and stress concentrations, thereby
enabling improved load transfer, enhanced fatigue resistance,
and high compatibility with additive manufacturing 2. Their fully
interconnected networks and tunable topology allow concur-
rent control of stiffness, strength, permeability, and surface area,
making them attractive for lightweight aerospace and automo-
tive components, thermal management systems, and biomedical
scaffolds that replicate trabecular bone morphology 3–5.

Recent research has extended the TPMS design to hybrid and
stochastic variants, where controlled geometric perturbations
are introduced to tailor the mechanical isotropy and deforma-
tion behavior. Chen et al. showed that compositionally graded
TPMS lattices improve the stiffness–isotropy performance across
multiple loading directions 5. A related study by Al-Ketan et al.

demonstrated that introducing stochasticity suppressed prefer-
ential deformation modes, reduced elastic anisotropy, and pro-
moted a stretching-dominated response, often at the expense of
peak stiffness 3,6. These findings collectively reveal an inherent
tradeoff between maximizing the stiffness and achieving isotropic
elastic behavior, which is an essential consideration in architected
lattice design.

The prediction of the elastic response of stochastic TPMS lat-
tices across broad geometric design spaces remains challenging.
Experimental testing is indispensable for characterizing stiffness
and isotropy and for calibrating numerical models; however,
exhaustive experimental campaigns become impractical when the
topology, relative density, and stochastic parameters vary simul-
taneously. Consequently, high-fidelity numerical homogeniza-
tion and finite-element simulations are extensively employed;
however, their computational cost scales rapidly with design
complexity. Therefore, machine learning (ML) has emerged as
a surrogate modeling framework capable of capturing structure–
property relationships while remaining grounded in experimen-
tally validated and simulation-based data.
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Figure 1. Two-stage methodology for triply periodic minimal surface (TPMS) lattice generation and machine-learning prediction

Recent ML studies have highlighted both the predictive
accuracy and interpretability potential. Gongora et al. demon-
strated that Gaussian process regression can accurately predict
elastic properties across diverse TPMS families 7. To enhance
interpretability, Shapley Additive Explanations—a game-theory-
based feature-attribution method that quantifies the contribu-
tion of each input variable to a model’s prediction—was used
to identify the dominant geometric drivers of stiffness and
anisotropy 8.

Phase field-based investigations further support the engineer-
ing relevance of stochastic TPMS. Using a Cahn–Hilliard frame-
work, Al-Ketan et al. reported that increasing stochasticity sys-
tematically drives the absolute anisotropy index (AU) toward
zero, yielding near-isotropic elastic behavior 3,9. Complemen-
tary experimental studies on additively manufactured stochas-
tic gyroid sheets revealed stretching-dominated deformation,
delayed localization, and suppressed shear band formation 10.
Together, these results reinforce the stiffness–isotropy tradeoff as
a fundamental design constraint for TPMS lattices.

Despite these advances, elastic property prediction for
stochastic TPMS remains computationally expensive, and many
existing ML approaches rely on large datasets or deep neu-
ral networks, which limit interpretability and practicality when
data availability is restricted. Therefore, regression-based models
that can deliver accurate and physically interpretable predictions
using modest sample sizes must be evaluated.

In this study, a curated dataset of stochastic TPMS lattices was
computationally generated and used to evaluate two regression-
based ML models, Random Forest (RF) and Bayesian Regres-
sion (BR), to predict isotropic elastic properties. The predicted
outputs include Young’s modulus (E), governing axial stiffness;
shear modulus (G), describing resistance to shear deformation;
bulk modulus (K), quantifying volumetric compressibility; Pois-
son’s ratio (ν), reflecting transverse strain coupling; AU, measur-
ing directional stiffness variation; and the Zener ratio (Z), a clas-
sical indicator of elastic isotropy 3. Additively manufactured sam-
ples fabricated from polyethylene terephthalate glycol (PETG)
were referenced to motivate material selection. Experimental

validation and neural-network-based modeling are reserved for
future work.

The scope of this study is limited to the computational gen-
eration and mechanical evaluation of stochastic TPMS lattices.
The synthesized input features included relative density, unit-cell
size (UCS), and TPMS realization type (sheet or solid). These
parameters were used to train the regression models, which
were subsequently employed to predict the aforementioned elas-
tic constants, providing quantitative insight into the accuracy,
interpretability, and applicability of classical ML methods for
stochastic TPMS design.

. METHODOLOGY

.. Overview of the Methodological Framework.
The methodology adopted in the study followed a structured
two-stage workflow. In the first stage, a dataset of stochastic
TPMS lattice structures was generated using geometry lattice
software, which enabled the parametric control of the TPMS
unit-cell geometry, relative density, and lattice realization type.
This dataset provides the geometric descriptors and elastic con-
stants required to train the ML models. A standard 80/20 train–
test split was used to allocate the samples for training and vali-
dation. Figure 1 presents the overall computational workflow for
TPMS lattice generation and ML-based elastic property predic-
tion.

.. Dataset Construction. ML algorithms require struc-
tured, high-quality datasets to identify patterns within complex
architectures. Simulation-generated datasets offer major advan-
tages because they allow precise control of the parameters influ-
encing geometric and mechanical behavior while eliminating
noise and uncertainties inherent to early experimental testing 11.
The TPMS lattice geometries were generated using latticing soft-
ware, where all input parameters were defined explicitly through
the lattice design interface of the software. Figure 2 shows
a representative screenshot of an analogous input panel from
msLattice 12.
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Figure 2. Software interface showing the input panel

... Input parameters and computational settings.
Each TPMS lattice is characterized by four primary inputs:

1. UCS
2. Relative density (RD %)
3. TPMS type: Sheet or solid
4. Surface area (automatically computed by the software)

The UCS defines the characteristic geometric length scale of
the TPMS lattice and directly influences stiffness scaling, defor-
mation mode, and manufacturability. Larger UCS values typi-
cally reduce stiffness at a fixed relative density, whereas smaller
UCS values increase structural rigidity but increase manufactur-
ing and meshing costs. Furthermore, RD represents the ratio
of the solid material volume to the total unit cell volume and
is a dominant factor governing the elastic moduli of cellular
materials. The RD values were selected within the commonly
reported ranges for mechanically functional TPMS lattices to
ensure physically meaningful stiffness predictions 3,6. Moreover,
sheet-based TPMS lattices consist of thin minimal-surface shells
and are commonly used in thermal management and biomedi-
cal scaffolds because of their high surface-area-to-volume ratios.
Solid TPMS lattices represent volume-filled counterparts and
are typically employed in load-bearing and energy-absorbing

applications where higher stiffness is required 2,6,11. Finally, sur-
face area is computed directly by the software program and serves
as a derived geometric descriptor reflecting geometric complexity
and connectivity that indirectly influences the elastic response.

To ensure numerical consistency, mesh density = 100
(dimensionless discretization level) and mechanical density =

80 (solver integration resolution) were fixed across all sam-
ples. Smaller values are avoided to prevent discretization-induced
numerical artifacts and unstable stiffness predictions.

... Data consistency and numerical quality control.
The computational workflow discretizes each TPMS model
using a consistent mesh density to ensure numerical compa-
rability among the samples. The exported stiffness represents
homogenized elastic responses computed at the unit cell level,
avoiding boundary-condition artifacts commonly encountered
in manually generated models and providing stable mechani-
cal data for supervised learning. All geometric and mechanical
outputs were examined to confirm the absence of numerical
instabilities such as negative stiffness values, irregular compliance
behavior, or nonphysical Poisson’s ratios before inclusion in the
ML dataset. Floating surfaces are typical examples of numeri-
cal artifacts that can arise in poorly constrained lattice models,
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often leading to nonphysical stiffness values. This quality con-
trol step ensured that the regression models were trained only on
physically meaningful elastic responses.

... Output parameters and elasticity computation.
The elastic constants were computed based on two homogeniza-
tion assumptions:

• Cubic-symmetric lattice assumption
• Isotropic assumption

The cubic-symmetric lattice assumption, where the elas-
tic symmetry reflects the periodic cubic nature of the TPMS
unit cell, reduces the number of independent stiffness compo-
nents and improves the numerical robustness. Furthermore, an
isotropic assumption was adopted in this study because pre-
vious investigations have shown that stochastic TPMS lattices
exhibit near-isotropic elastic behavior, particularly at moderate to
high stochasticity levels 5,8,10. This assumption enables a compact
representation of the mechanical behavior while maintaining an
acceptable accuracy for design-level predictions.

Under these assumptions, the elastic properties extracted were
Young’s modulus (E), shear modulus (G), bulk modulus (K),
Poisson’s ratio (ν), the absolute anisotropy index (AU), and the
Zener ratio (Z).

... Example of the data-collection procedure. An
example corresponding to the first batch of samples is described
to illustrate the dataset construction process. For an initial UCS
of 0.20 mm, both solid and sheet TPMS realizations were gen-
erated. The UCS represents the characteristic geometric length
scale of the TPMS lattice and directly influences stiffness scaling,
deformation mechanisms, and manufacturability. The value of
0.20 mm was selected as the lower bound that is within the mesh-
resolvable and additively manufacturable limits while enabling
sufficient geometric detail for accurate homogenization.

For solid TPMS lattices, the RD was varied discretely across
values of 30%, 35%, 50%, 60%, 65%, 70%, 75%, and 80%. These
values were selected to span the low-, medium-, and high-density
regimes commonly reported in TPMS mechanical studies, allow-
ing systematic observation of density-driven stiffness scaling. For
each density level, a distinct solid TPMS lattice was generated,
and the corresponding elastic constants, E, G, K, ν, AU, and Z,
were computed via numerical homogenization.

For sheet TPMS lattices, relative density values were not pre-
scribed directly but emerged from the manipulation of the level-
set value. As a result, the achieved RD values were non-integer
and included 31.81%, 33.33%, 34.84%, 36.33%, 40.67%, 44.84%,
48.84%, 52.67%, and 56.33%. The digits after the decimal point
reflect the geometric constraints imposed by the sheet-thickness-
to-UCS ratio, which demonstrates the physically meaningful out-
comes of the lattice construction process rather than an arbitrary
numerical precision. Each resulting sheet-type lattice exhibits
distinct surface area characteristics and elastic responses.

This procedure was repeated for UCS = 0.25 mm and UCS
= 0.333 mm, values chosen to represent intermediate and larger
geometric length scales frequently examined in TPMS mechani-
cal research 3. Collectively, these configurations produced a final
dataset of 50 samples, ensuring coverage across the density

Table 1. Parameters used to generate the triply periodic minimal surface
(TPMS) dataset (unit cell size (UCS), TPMS type, and corresponding
relative densities)

UCS (mm) Lattice type Relative density (%)

0.2 Solid 30, 35, 50, 60, 65, 70, 75, 80

Sheet 31.81, 33.33, 34.84, 36.33, 40.67,
44.84, 48.84, 52.67, 56.33

0.25 Solid 50, 57, 60, 65, 70, 75, 80

Sheet 41.02, 49.14, 52.95, 56.59, 60.09,
63.42, 66.58, 69.59, 72.43

0.333 Solid 30, 35, 40, 45, 50, 55, 60, 65, 70

Sheet 33.04, 37.62, 42.04, 50.34, 54.24,
57.96, 61.51, 64.88

regimes, realization types, and length scales. Table 1 summarizes
the parameter variation strategies used to construct the dataset.

.. LatticeStructureDesign. The present study focuses
on stochastic gyroid-based TPMS structures selected owing to
their well-documented mechanical and manufacturability advan-
tages. Gyroid lattices lack flat surfaces—leading to improved
stress distribution—exhibit smooth curvature that is favorable
for additive manufacturing, and demonstrate enhanced isotropy
when stochastic variations are introduced 3,10,11. Phase-field-
generated stochastic TPMS variants based on the Cahn–Hilliard
formulation have been shown to systematically reduce elastic
anisotropy (AU → 0) and mitigate stress localization, providing
strong physical justification for their selection 9.

Two categories of TPMS unit cell realizations were consid-
ered: solid and sheet-based lattices, as illustrated in Figure 3. The
selected UCS values of 0.20, 0.25, and 0.333 mm fall within
ranges commonly investigated in TPMS mechanical property
and architected-material research, enabling the direct compari-
son of stiffness evolution with geometric scale 5,10,11. Solid lat-
tices were generated over RD ranges of approximately 30–80%,
whereas sheet lattices spanned an RD range of 31–72%, reflecting
the inherent geometric constraints associated with sheet-based
constructions. The parameter-sweeping strategy was designed to
capture the nonlinear interactions between density, geometry,
and mechanical response across representative TPMS configura-
tions.

. ML MODELS

ML provides a data-driven framework for identifying com-
plex nonlinear relationships between geometric descriptors and
mechanical properties of architectural materials. In the context
of TPMS lattices, ML enables an efficient approximation of elas-
tic responses that would otherwise require repeated high-fidelity
homogenization simulations. Regression-based ML models are
particularly suitable for small-structured datasets (e.g., n = 50),
where the number of samples substantially exceeds the num-
ber of features (n ≫ p), thereby ensuring statistical stability and
limiting overfitting 13. In such settings, model interpretability
and robustness are essential for deriving meaningful engineering
insights.
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Two regression-based ML models were selected based on
their suitability for limited datasets, ability to capture nonlinear
relationships, and interpretability: RF Regression and BR.

.. RF Regression. RF regression is an ensemble learn-
ing method that constructs multiple decision trees using boot-
strapped subsets of training data and aggregates their predictions
to reduce variance and overfitting 11,14,15. The RF framework is
well suited for nonlinear mappings, mixed numerical and categor-
ical inputs, and small-to-moderate datasets commonly encoun-
tered in computational studies on material.

In this study, four input features were used for each TPMS lat-
tice sample: UCS, RD, surface area (SA), and type. The categor-
ical TPMS type (sheet or solid) was converted into a numerical
representation using one-hot encoding (sheet = 1; solid = 0).
The resulting input vector is expressed as follows:

Xi = [UCSi,RDi, SAi, Solid or Sheeti] (1)

where the last two terms correspond to the encoded lattice type.
The output vector

Yi = [E,G,K, ν,AU,Z] (2)

contains the elastic properties predicted by the model.
Each decision tree produces an independent prediction for a

given input, and the final RF prediction is obtained by averaging
over all the trees.

ŷi =
1
k

k∑
ytree jj=1 (3)

where K denotes the number of trees in an ensemble 11. A
schematic of the RF architecture is shown in Figure 4 below 16.

The model performance was evaluated using the mean abso-
lute error, which measures the average magnitude of the predic-
tion error; root-mean-square error (RMSE), which introduces
increased penalties for larger deviations; and the coefficient of
determination (R2), which quantifies the fraction of variance
explained by the model 11,14,15.

.. Bayesian Regression (BR). BR offers a probabilistic
framework for regression modeling that includes both available
data and prior knowledge of the parameter 11,17. The importance
of this approach is proven when the uncertainty is critical or when
confronted with limited data, which is the optimum choice for the
dataset generated from 50 samples. In linear BR, the relationship
is captured in a probabilistic manner between the input features,
labeled as X, and output features, labeled as Y . For each lattice
sample,

p
(
yi | xi, w

)
= N

(
w⊤xi, σ 2) (4)

where w is the vector of regression coefficients, and σ 2 represents
observation noise 11,17. A prior distribution is assigned to w, and
the posterior distribution is obtained by updating this prior using
the training dataset (X, y):

p
(
ŷi | xi,X, y

)
(5)

The same input and output variables used in the RF model
were employed for BR. A schematic of the BR architecture is
shown in Figure 5. This approach provides both point estimates
and confidence intervals, allowing for more robust interpretation
of the variability in stochastic TPMS structures 17.

. RESULTS AND DISCUSSION

.. Elastic Behavior of the Generated TPMS Lattices.
The effective elastic constants of the generated TPMS lattices

were evaluated based on two homogenization assumptions: (i)
cubic symmetric lattice behavior and (ii) isotropic behavior. Pre-
vious investigations have demonstrated that stochastic TPMS
lattices exhibit near-isotropic elastic responses, particularly when
fabricated through additive manufacturing, owing to the sup-
pressed directional bias and enhanced geometric randomness.
Accordingly, isotropic elastic constants, E, G, K, ν, AU, and Z,
were selected as target outputs for the ML models 8,10,11.

Across the dataset, increasing the RD led to a systematic
increase in E, G, and K, consistent with classical cellular-solid
scaling laws. Sheet-based lattices exhibit lower stiffness than

Figure 3. TPMS lattice categories considered in this study: (A) solid and (B) sheet
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Figure 4. Example of the Random Forest architecture

their solid counterparts at comparable densities, reflecting a
reduced load-bearing cross-section but higher surface-area-to-
volume ratios. Variations in the UCS further influence the stiff-
ness scaling, with smaller unit cells typically producing higher
effective moduli owing to increased geometric constraints. The
AU and Z values confirmed reduced elastic anisotropy across
most stochastic configurations, supporting the validity of the
isotropic assumption for surrogate modeling.

.. Elasticity Trends and Parameter Correlations.
This section illustrates the effect of TPMS geometry on the elas-
tic response. Each plot relates the input descriptors, RD (%),
UCS, surface area, and architectural type (sheet/solid), to the
elastic outputs E, G, K, ν, AU, and Zener ratio.

... Absolute AU. As shown in Figure 6, the absolute AU
exhibited the strongest and most consistent correlation with the

RD across all three UCS values (0.20, 0.25, and 0.333 mm)
for both the sheet and solid architectures. However, its depen-
dence on the surface area was more nuanced. For UCS = 0.333
mm, AU exhibits strong correlations for both architectures, with
correlation coefficients of approximately R2

≈ 0.87 for sheet
lattices and R2

≈ 0.95 for solid lattices. For the smaller UCS
values of 0.20 and 0.25 mm, sheet lattices again yield high
correlation values (R2

≈ 0.96 and R2
≈ 0.90), whereas solid

lattices display weak surface-area dependence (R2
≈ 0.50 or

less). This indicates that solid TPMS structures with small UCS
behave as surface-area-independent structures, whereas larger
solid cells (0.333 mm) show increased sensitivity to the sur-
face area. This pattern aligns with the findings in the stochastic
TPMS literature, which show that a sufficient microstructural
volume is required for the AU to meaningfully reflect anisotropy
variations.

Figure 5. Example of the architecture of the Bayesian regression
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Figure 6. Correlation of absolute anisotropy (AU) and Young’s modulus (E) with the geometric input parameters of sheet and solid stochastic TPMS
structures: (a) AU versus relative density at UCS = 0.2 mm; (b) AU versus surface area at UCS = 0.2 mm; (c) AU versus surface area at UCS = 0.333
mm; (d) E versus relative density at UCS = 0.2 mm; (e) E versus surface area at UCS = 0.2 mm; and (f) E versus surface area at UCS = 0.333 mm

... Elastic modulus (E). As shown in Figure 6, E corre-
lates strongly with the relative density, which is consistent with
classical cellular-solid scaling 3. However, the effect of surface
area varies according to the architecture. Sheet TPMS displays
a strong correlation between E and surface area (R2

≈ 0.90). By
contrast, solid TPMS (UCS = 0.20 mm show nearly no corre-
lation between E and surface area and those at UCS = 0.333
mm show a moderate correlation (R2 ~ 0.69). These obser-
vations suggest that sheet-type architectures are predominantly
surface-area-dominated, whereas solid architectures derive stiff-
ness primarily from the relative density, especially at finer UCS
values.

... Shear and bulk modulus (G and K). As shown in
Figure 7, both G and K exhibit trends similar to that of E. They
show a strong dependence on the RD for all architectures. Sur-
face area plays a significant role in sheet lattices, where it strongly
influences G and K. By contrast, the solid lattices showed mini-
mal sensitivity to the surface area, especially at the UCS value of
0.20 mm. These patterns are consistent with the physical under-
standing that the stiffness in sheet-type TPMS is governed by the
wall thickness and curvature, whereas the solid TPMS stiffness is
primarily associated with the strut volume and density.

... Poisson’s ratio (ν). As shown in Figure 8, ν demon-
strates a clear architectural asymmetry. Sheet-type lattices exhibit
a strong correlation with RD, indicating that ν increases or
decreases predictably with density variations. Conversely, solid-
type lattices exhibit near-zero correlation between ν and RD, sug-
gesting that their lateral deformation behavior is largely decou-
pled from density. This means that a solid TPMS yields a ν
value that remains relatively stable regardless of the density,
whereas sheet lattices provide greater tunability at the expense of
stronger geometry–property coupling. Surface-area correlations

were reversed at a very small UCS value (0.20 mm), highlighting
microstructural scale effects.

... Zener ratio (Z). As shown in Figure 8, the variation
of Z exhibits a strong architectural dependence and notable vari-
ability at different UCS values. Moreover, as shown in Figure 9,
when UCS = 0.20 mm, both sheet and solid lattices exhibit weak
correlations (solid ≈ 0.24). When UCS = 0.25 mm, sheet lattices
dominate the correlation (R2

≈ 0.68), whereas at UCS = 0.333
mm, solid lattices exhibit the strongest correlation (R2

≈ 0.84).
These inconsistencies arise because the value of Z is derived from
the elastic tensors of ideal cubic materials 18,19. When applied
to finite, stochastic, and noncubic cellular structures, size effects
and microstructural heterogeneity introduce variability until a
sufficiently large representative volume is reached.

.. ML Predictions. Two supervised learning
approaches were implemented to predict the elastic response of
stochastic TPMS lattices: the RF Regressor and BR Regression
(BRR) models. The input feature set consisted of RD, UCS,
surface area, and categorical architecture type, encoded as sheet
= 0 and solid = 1. The six predicted elastic properties were E,
G, K, ν, AU, and Z. Model performance was quantified using the
RMSE and R2 values, allowing a direct comparison between the
two learning approaches.

.. RF Performance. Table 2 summarizes the perfor-
mance of the RF model. The RF model achieved R2 values of
0.85 for E, 0.92 for G, and 0.86 for K, demonstrating an excel-
lent predictive capability for stiffness-related properties. It also
performed strongly for the anisotropy index AU, achieving an R2

value of 0.80, which was notably higher than that of the Bayesian
model for AU. The model provided reasonably good predictions
for Z (R2

≈ 0.70). However, the ν exhibited weak predictive per-
formance (R2

= 0.26), indicating that it is only weakly influenced
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Figure 7. Correlation of shear modulus (G) and bulk modulus (K) with the geometric input parameters of sheet and solid stochastic TPMS structures:
(a) G versus relative density at UCS = 0.2 mm; (b) G versus surface area at UCS = 0.2 mm; (c) G versus surface area at UCS = 0.333 mm; (d) K versus
relative density at UCS = 0.2 mm; (e) K versus surface area at UCS = 0.2 mm; and (f) K versus surface area at UCS = 0.333 mm

by the current geometric descriptors—consistent with the earlier
elasticity analysis. Overall, RF performed best when high predic-
tive fidelity was required, particularly for AU and stiffness-related
properties.

.. Bayesian Ridge Regression (BRR) Performance.
Table 3 presents the BRR results. The BRR model outperformed
the RF model for E, G, and K, achieving slightly lower RMSE
values and R2 scores of 0.88, 0.92, and 0.86, respectively. This
model also demonstrated substantially better performance for

ν, with R2 improving from 0.26 (RF) to 0.57. The Bayesian
model delivered the highest accuracy for the Zener ratio, reach-
ing R2

≈ 0.81. However, it performed poorly for AU, yielding a
negative R2 value (–0.40), indicating that the anisotropy metric
exhibited nonlinear relationships that were not well captured by
a linear model. These results highlight that BR is advantageous
when interpretability and linear relationships dominate, whereas
RF is preferred when capturing nonlinear geometry–property
interactions, particularly for anisotropy characteristics.

Figure 8. Correlation of Poisson’s ratio and Zener ratio with the geometric input parameters of sheet and solid stochastic TPMS structures: (a) Pois-
son’s ratio versus relative density at UCS = 0.2 mm; (b) Poisson’s ratio versus surface area at UCS = 0.2 mm; (c) Poisson’s ratio versus surface area at
UCS = 0.333 mm; (d) Zener ratio versus relative density at UCS = 0.2 mm; and (e) Zener ratio versus relative density at UCS = 0.25 mm
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Table 2. Random Forest performance metrics

Root-mean-square Coefficient of
Variable error (RMSE) determination R2

Young’s modulus (E) 8.39 0.85

Shear modulus (G) 2.16 0.92

Bulk modulus (K) 5.76 0.86

Anisotropy index (AU) 0.038 0.80

Poisson’s ratio (ν) 0.00745 0.26

Zener ratio (Z) 0.0726 0.70

Table 3. Bayesian Ridge performance metrics

Variable RMSE R2

E 7.33 0.88

G 2.13 0.92

K 5.64 0.86

AU 0.101 -0.40

ν 0.00571 0.57

Z 0.0578 0.81

.. Interpretable Bayesian Coefficients. The BRR
model was introduced to complement the RF model by providing
an explicit analytical relation between geometry and mechani-
cal response. For each output y, the Bayesian model takes the
following form:

y ≈ β0 + βRD · RD + βUCS · UCS + βSA · SA
+ βSolid · I (Solid) , (6)

where I (Solid) = 1 for solid architectures and 0 for sheet archi-
tectures, respectively. This formulation allows for a direct physi-
cal interpretation of each coefficient.

... Elasticmodulus (E). The relation of E indicates that
increasingRD and surface area increases stiffness, whereas a larger
UCS slightly reduces it. The negative coefficient of I (Solid) sug-
gests that at fixed RD/UCS/SA settings, sheet architectures tend
to be stiffer than solid ones (because solid = 1 introduces a
negative shift).

E ≈ −75.6 + 2.12 RD − 0.104 UCS + 1.07 SA
− 5.72 I (Solid) (7)

... Shearmodulus (G). As shown in Eq. 8, the trends of
the shear modulus are consistent with E; RD and SA have positive
contributions, UCS has a small negative effect, and sheet-type lat-
tices again show a slightly higher shear stiffness compared with
solids.

G ≈ −30.8 + 0.863 RD − 0.0062 UCS + 0.395 SA
− 0.335 I (Solid) (8)

... Bulk modulus (K). As indicated by Eq. 9, the effects
of RD and SA on the volumetric stiffness are strong and posi-
tive, whereas the UCS and the solid indicator are both slightly
opposite, again implying that finer and more sheet-like lattices are
more efficient in bearing volumetric loads for a fixed RD.

K = −58.8 + 1.53 RD − 0.0189 UCS + 0.896 SA
− 1.15 I (Solid) (9)

... Poisson’s ratio (ν). As indicated by Eq. 10, the
extremely small magnitudes of the RD and SA coefficients sug-
gest that the ν is primarily controlled by the UCS and topology,
with the UCS exerting a more pronounced negative influence;
that is, smaller cells tend to yield higher ν values, which is also
observed in the elasticity results in the previous section.

ν ≈ 0.310 + 1.78 ∗ 10−4RD − 0.134 UCS
− 0.00165 SA − 8.59 × 10−4 I (Solid) (10)

... Zener ratio (Z). The Z value decreased at increasing
RD, UCS, and SA values, as indicated by Eq. 11, whereas the solid
architectures (I (Solid) = 1) exhibited a modest increase in the
Z values relative to the sheet structures. The relatively high R2

value (≈ 0.81) indicates that this linear relationship captures a
substantial part of the anisotropic stiffness distribution.

Z ≈ 1.65 − 0.00625 RD − 0.0521 UCS − 0.0198 SA
+ 0.159 I (Solid) (11)

These equations provide a compact, design-oriented mapping
from geometry to mechanical response, enabling sensitivity anal-
ysis and parametric exploration without requiring full simulations
or experiments.

.. Implications for TPMS Mechanical Behavior and
Design. The mechanical trends observed in the stochastic
TPMS dataset have direct implications for engineering design
and functional material optimization. The strong dependence
of the stiffness-related properties (E, G, and K) on the relative

Figure 9. Correlation of Zener ratio with surface area for sheet and solid stochastic TPMS structures at different unit cell sizes: (a) Zener ratio versus
surface area at UCS = 0.2 mm; (b) Zener ratio versus surface area at UCS = 0.25 mm; and (c) Zener ratio versus surface area at UCS = 0.333 mm
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Figure 10. (a) Additively manufactured stochastic TPMS samples fabricated from polyethylene terephthalate glycol (PETG); and (b) a representative
compression test specimen

density reinforces the potential of TPMS lattices for lightweight
structural applications where density-driven optimization is
essential, such as in aerospace components and energy-absorbing
structures 1. The pronounced influence of the surface area on the
sheet architecture indicates that the wall curvature and surface
topology can be strategically adjusted to tune the deformation
modes and enhance energy dissipation. By contrast, the rela-
tive insensitivity of solid architectures to variations in the surface
area highlights their suitability for consistent load-bearing perfor-
mance across a wide density range. Furthermore, the variability of
the anisotropy measures, particularly the UCS-dependent behav-
ior observed for the AU and Z values, suggests that TPMS lattices
can be engineered to transition between isotropic and direction-
ally biased mechanical responses, a trend also observed exper-
imentally in stochastic gyroid systems 8,9,11. These observations
collectively demonstrate that stochastic TPMS geometries offer
a broad and tunable design space in which geometric descrip-
tors can be tailored to satisfy application-specific mechanical
requirements.

Despite the promising predictive performance achieved, sev-
eral limitations should be acknowledged. First, the dataset con-
sists of 50 simulation-derived samples, which, while sufficient for
regression-based modeling, remains relatively small for captur-
ing the full stochastic variability of TPMS geometries. Second,
all elastic constants were obtained under the isotropic homog-
enization assumption, which may mask localized anisotropic
effects at smaller representative volumes. Additionally, only lin-
ear elastic behavior was considered; nonlinear deformation,
buckling, and failure mechanisms were not modeled. These
limitations suggest that while the developed framework pro-
vides reliable elastic predictions within the defined design space,
further validation with expanded datasets and physical testing
is necessary to generalize the conclusions to broader TPMS
applications.

.. Future Work. Figure 10 shows representative 3D-
printed PETG samples intended for experimental validation
in a subsequent study; however, they were not used in
the analysis presented in this study. These samples will be
mechanically tested in future studies to directly compare the

simulation-derived elastic constants with the experimentally
measured values, enabling the assessment of printing-induced
deviations, anisotropy effects, and material nonlinearities.

In addition to experimental validation, the ML framework
developed in this study can be extended in several directions.
Larger datasets generated from high-resolution phase-field sim-
ulations can be used to improve the predictive accuracy and
explore a broader design space for stochastic TPMS struc-
tures. Neural-network-based models, including fully connected
deep networks and physics-informed architectures, will also be
explored to capture nonlinear interactions that are not well
represented by linear models such as BR, particularly for cer-
tain properties such as the AU. Additionally, an inverse-design
pipeline can be developed to predict the optimal TPMS geome-
tries from the target mechanical properties, enabling accelerated
design workflows for biomedical implants, structural lattices, and
thermal–mechanical components.

Overall, our future work will focus on bridging computational
predictions, experimental validation, and inverse design to cre-
ate a complete end-to-end framework for stochastic TPMS lattice
engineering.

. CONCLUSIONS

This study investigated the elastic behavior of stochastic TPMS
lattices and evaluated the predictive capabilities of two ML mod-
els, RF Regression and BRR, using geometric descriptors as
inputs. By systematically varying the UCS, RD, architecture type,
and surface area, a diverse dataset of 50 stochastic gyroid-based
structures was created, enabling a detailed examination of the
geometric–mechanical relationships under the isotropic elastic-
ity assumption.

Analysis of the homogenized elastic properties revealed clear
structure–property trends. Relative density was consistently the
strongest predictor of the stiffness-related outputs (E, G, and K),
whereas surface area played a dominant role in sheet-type lattices
and exerted only a minor influence on fine-scale solid lattices.
The Poisson’s ratio exhibited architecture-dependent sensitivity,
remained relatively stable in solid TPMS but varied considerably
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in sheet lattices. Z exhibited substantial variability across UCSs,
reflecting the difficulty in applying cubic anisotropy metrics to
finite stochastic cellular structures.

The ML predictions reinforced these observations. The RF
model demonstrated high accuracy for stiffness metrics and AU,
achieving R2 values in the range of 0.80–0.92 across most out-
puts. The BR model provided competitive or superior perfor-
mance for E, G, K, ν, and Z and simultaneously yielded inter-
pretable linear equations that exposed the relative influences
of all the geometric parameters. BR was performed only for
the AU, confirming that the anisotropic behavior is intrinsically
nonlinear in this design space. Together, the two models form
a complementary framework: RF excels in accuracy and han-
dling nonlinearities, whereas the BR model offers interpretable,
equation-based insights valuable for parametric design and opti-
mization.

Overall, the findings of this study demonstrate that ML pro-
vides an efficient and accurate alternative to full homogenization
simulations for predicting the mechanical behavior of stochas-
tic TPMS lattices. The integration of geometric descriptors
enables both predictive capabilities and mechanistic understand-
ing, thereby supporting accelerated design workflows for archi-
tectural materials.

Future studies will extend this framework to include physical
validation. PETG samples produced via additive manufacturing
underwent compression testing, enabling a direct comparison
between the simulated and experimental elasticities. Addition-
ally, the ML pipeline will be expanded using neural network
architectures and larger phase-field-generated datasets to explore
inverse design capabilities and predict lattice geometries directly
from the desired mechanical performance. The next step will
be to combine computational design, physical validation, and
automated TPMS synthesis.
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ABSTRACT

Thallium-based high-temperature superconductors, exhibit a strong structural sensitivity to cation substitutions. Although most
previous studies focused on partial Ba-site substitutions, the effect of complete Ba-site replacement remains insufficiently explored.
In this study, the atomic size effect on the structural properties of Tl-2223 was investigated by fully substituting Ba2+ with smaller
cations, namely, Ca2+ and Mg2+, which introduced negative chemical pressure into the lattice. Polycrystalline Tl2Ba2Ca2Cu3O10,
Tl2Ca4Cu3O10, and Tl2Mg2Ca2Cu3O10 samples were synthesized using the solid-state reaction method and characterized using X-
ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) The XRD results revealed systematic peak shifts toward higher
diffraction angles accompanied by lattice distortion, increased microstrain, and higher dislocation density with decreasing ionic
radius. These findings highlight the strong influence of atomic size on the structural framework of Tl-2223 and provide a basis for
future studies on its superconducting properties.

Keywords: high-temperature superconductors, atomic substitution, crystal structure, X-ray diffraction, X-ray photoelectron spectroscopy, chemical
pressure

. INTRODUCTION

Superconductivity is defined two basic properties, zero electrical
resistance, and the Meissner effect below some critical transition
temperature.

From a temperature-based perspective, superconductors can
be categorized as low-temperature superconductors (LTS) and
high-temperature superconductors (HTS). Among HTS mate-
rials, thallium (Tl)-based superconductors have attracted sig-
nificant attention owing to their relatively high transition tem-
peratures, with the Tl-2223 phase exhibiting the highest critical
temperature (approximately 122 K) within the Tl-based super-
conducting family 1. Owing to its high transition temperature and
layered crystal structure, Tl-2223 has been extensively studied for
possible energy-related applications., particularly where reduced
electrical loss is desired. Atomic substitution is widely adopted
for tuning the internal structures and various superconducting
properties. Cation substitution, including partial substitution at
the Ba site, where Ba2+ is typically replaced in limited concen-
trations 2–4 has been extensively explored for Tl-2223 supercon-
ductors. However, complete substitution at the Ba site has been
rarely reported, particularly using smaller cations such as Ca2+

and Mg2+. Consequently, the structural consequences of full
Ba-site substitution and the associated chemical pressure effects
remain insufficiently understood.

In this study, we investigated the atomic size effect
resulting from complete Ba-site substitution in the Tl-2223
superconductor. Specifically, the Ba2+ ion (ionic radius:~1.42

Å) was completely replaced by smaller cations from the same
group in the periodic table, namely Ca2+ (~1.12 Å) and Mg2+

(~0.89 Å) to introduce negative chemical pressure on the crystal
lattice. This approach examines the influence of full ionic replace-
ment on the structural properties of the Tl-2223, particularly the
lattice parameters, strain, and microstructural features.

Although superconducting properties were not directly mea-
sured in this study, the understanding of structural modifications
is crucial for correlating chemical substitution with supercon-
ducting performance. Therefore, this study aims to provide a
systematic structural comparison of Ba-site-substituted Tl-2223
samples, which can facilitate further investigations involving
superconducting property measurements.

. EXPERIMENTALWORK

Stoichiometric ratios of high-purity (>99.9%) Tl2O3, BaO2,
CaO, and CuO powders were thoroughly ground using an agate
mortar and pestle to ensure homogeneous mixing and then
pressed into dense cylindrical pellets (R~1cm). The pellet was
wrapped in double layers of silver foil 5 and sealed inside a quartz
tube partially filled with Ar gas to minimize thallium volatiliza-
tion. A 10–20% excess of Tl2O3 was used to compensate for
thallium loss during high-temperature processing 6. The sealed
quartz tube was heated at a rate of 10 K/min to 725 K and
subsequently at 2 K/min to 1078 K, held at this temperature
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Figure 1. XPS wide scan survey for the pure Tl-2223 high temperature superconductor

for 120 min, and then allowed to cool naturally to room tem-
perature 7. The substituted samples were synthesized following
the same procedure with adjusted stoichiometric compositions;
Tl2Ca4Cu3O10, and Tl2Mg2Ca2Cu3O The phase composition
and crystal structure were analyzed using Bruker D2 Phaser X-ray
diffractometer with Cu Kα radiation (λ = 1.54184 Å). Diffrac-
tion patterns were recorded over 2θ range (10 to 80 degrees) to
capture the principal reflections of the Tl-2223 phase. The lattice
parameters were calculated using Bragg’s law, while the crystallite
size was estimated using the Scherrer equation. X-ray photo-
electron spectroscopy (XPS) spectrum were obtained using a
Thermo-Scientific Escalab-250-Xi XPS spectrometer. Survey and
high-resolution spectra were acquired under high-vacuum con-
ditions. Prior to detailed core-level analysis, the sample surfaces
were etched using Ar-ion sputtering to reduce surface contam-
ination 8. The binding energy scale was calibrated according to
standard XPS procedures. All measurements were conducted at
room temperature to ensure consistency among the samples.

. RESULTS AND DISCUSSIONS

.. X-ray Photoelectron Spectroscopy (XPS) Analy-
sis.

... Tl2Ba2Ca2Cu3O10 (Standard sample). XPS was
performed on the Tl-2223 high-temperature superconductor to
identify various elements present in the prepared samples. The
data are presented in Fig. 1 over a wide binding energy (BE)
range (0–1350 eV) and intervals of 1 eV. The corresponding
binding energies for all elements used are given in Table 1. The
high intensity of all peaks indicates a strong signal from all the

Table 1. Core level peaks for all elements in the sample

Element and core level Energy range

Tl 4f 118–124 eV

Tl 4d 311–353 eV

Cu 2p 930–960 eV

O 1s 528–532 eV

C 1s (surface contamination) 284–286 eV

Sr 3d approximately 130–138 eV

Ca 2p approximately 346–355 eV

elements. The Tl peaks strongly indicate the minimal loss of Tl,
which is the most volatile element in the sample.

The intense Ba 3d peaks at approximately 780 eV and approx-
imately 795 eV confirm the strong presence of Ba in the Tl–2223
superconductor. The Cu 2p doublet forms well-resolved peaks at
approximately 933 eV and approximately 952 eV, clearly indicat-
ing the presence of oxidized Cu. The O 1s peak at approximately
531 eV is strong and well-resolved, whereas the C 1s signal near
285 eV is weak, indicating surface contamination. The carbon
peak was further reduced after two minutes of Ar-ion etching.
Furthermore, the 890–1005 eV region corresponds to the Ba
and Cu Auger transitions and higher-BE core levels. The gen-
eral features of the survey scan confirmed the expected elemental
composition of the Tl-2223 high-temperature superconducting
phase. Moreover, the scan did not indicate the presence of any
additional impurities (other than C), especially from the Ag foil,
which was used to wrap the sample to reduce Tl evaporation.
Carbon appears to be a surface contaminant.

The atomic percentages of each element, determined XPS,
are shown in Table 2 After normalizing the metal fraction (Tl
+ Ba + Ca + Cu = 41.08%), the atomic percentage of Tl
is 6.06% (2.49/41.08). However, based on the formula unit
Tl2Ba2Ca2Cu3O10, the expected Tl fraction is 22.22% (2 Tl
atoms / 9 total atoms). Therefore, the detected Tl content is
approximately 27% of the expected value.

The Tl 4d spectrum (370–420 eV) exhibits a well-defined
spin–orbit doublet, as shown in Fig. 2. Background subtraction
was not required because the linear background affected only the
intensity of the peak and did not affect the BE. The main low-BE
peak is centered at 385.1±0.1 eV, which corresponds to Tl 4d5/2,
while the higher-BE component at 406.2±0.1 eV corresponds to
Tl 4d3/2. The difference between these BEs is the spin–orbit
splitting of approximately 21.1 eV, which is consistent with the

Table 2. Core level peaks for all elements in the sample

Element (peaks combined) Atomic %

Tl (all Tl peaks combined) 2.49

Ba (all Ba peaks combined) 22.05

Ca (all Ca peaks combined) 8.47

Cu (all Cu peaks combined) 8.07

O (all O peaks combined) 58.90
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Figure 2. High resolution scan of the Tl-4d peak of the pure Tl-2223 high temperature superconductor

typical values reported for Tl in oxidized environments. The areas
under the peaks were numerically integrated after background
subtraction. The ratio of the two areas (4d3/2)/(4d5/2) ≈

0.45, which is reasonably close to the expected statistical ratio
given the overlap with the tails and residual background.

The presence of two peaks within the range (398–402 eV)
suggests a shake-up or multiplet feature, rather than a separate
chemical state. This further indicates that Tl is in a high oxida-
tion state (Tl3+) in the crystalline lattice, with no clear evidence
of additional Tl chemical species or separate impurity phases in
this energy region.

Ionic substitution at the Ba site in Tl-2223 superconductors
changed electronic structure and oxidation states of various ele-
ments, which were reflected in the XPS spectrum of oxygen. Fig. 3
shows the O 1s peak with a linear background. The O 1s spec-
trum spans 520–540 eV, with a peak maximum at 530.8±0.1 eV
and full width at half maximum (FWHM) of approximately 2.26
eV. The peak is asymmetric, with the main peak and shoulder
near 528 eV and near 530 eV, respectively. The strong narrow
peak (approximately 2 eV) in width is characteristic of O2+ in
the lattice structure and indicates that oxygen coordination in
Tl–O, Ba–O, and Cu–O is typical of Tl-based high temperature
superconductors.

The integrated areas under the peaks yield information on
oxygen binding in the Tl-2223 superconductor. The ratio of the
areas under both peaks was approximately 18%. Thus, a residual
amount of surface-related oxygen or oxygen defects contributed
to the O 1s envelope, even after etching the surface for 2 min with
3 Kev Ar-ions.

Table 3. Atomic percentages of the Ca-substituted sample

Element (peaks combined) Atomic %

Tl (all Tl peaks combined) 1.35

Ca (all Ca peaks combined) 21.44

Cu (all Cu peaks combined) 23.44

O (all O peaks combined) 53.77

... Substituted samples. The detected Tl contents in
the Ca- and Mg-substituted samples were 1.35% and 1.61%,
respectively, as shown in Tables 3 and 4. After normalizing the
metal fractions of both samples (Tl + Ca + Cu = 46.23%)
for the Ca-substituted sample and (Tl + Mg + Ca + Cu =

50%) for the Mg-substituted sample), the Tl atomic percent-
ages were found to be 2.92% (1.35/46.23) and 3.22% (1.61/50),
respectively. Thus, the detected Tl contents in the Ca- and Mg-
substituted samples correspond to approximately 13.14% and
14.49% of their expected stoichiometric values, respectively.

The main O 1s peak occurs at approximately 531.3 eV with
FWHM of approximately 3.47 eV, as shown in Fig. 4. This is typ-
ical of O2+ bound to mixed cations (Tl, Mg, Cu, Ca), which can
be assigned to lattice oxygen in the crystalline structure of Tl-
Mg-2223 high temperature superconductor, primarily in CuO2
planes and Tl/Mg–O/Ca–O layers. Moreover, the broad peak
(approximately 4.5 eV) indicates that oxygen may occupy sev-
eral sites in the structure. The observed asymmetry in the O 1s
peak is primarily attributed to the shoulder at a high BE. The ratio
between the two areas was approximately 8%, indicating a minor
contribution from oxygen adsorbed at the surface. After etching,

Figure 3. High resolution scan of the O 1s peak of the pure Tl-2223 high temperature superconductor
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Figure 4. O1s peak in the Tl–Mg–2223 high-temperature superconductor

the observed low intensity indicates minimal oxygen contamina-
tion, defects, and oxygen non-stoichiometry in the Tl-Mg-2223
sample.

As shown in Fig. 5, the main O 1s peak is at approximately
528.9 eV with an FWHM of approximately 3.36 eV. This BE was
slightly lower than the observed O 1S peak in the Tl-Ba/Mg sam-
ple, as discussed previously. The shift toward lower BE suggests
that the O2+ anions in Tl–Ca–2223 experience stronger local
screening and a higher electron density. This is consistent with
the idea that Ca2+ layers are more directly coupled to the CuO2
planes and do not introduce heavy alkaline-earth cations with
large polarizabilities. Moreover, the broad FWHM is comparable
to that of the Mg-substituted sample and reflects mixed oxygen
environments and coordination (CuO2, Ca–O, Tl–O). The con-
tribution to the high-energy peak was larger than that observed
for the Ba-, Sr-, and Mg-substituted Tl-2223 samples. The ratio
of the area of the main peak to the shoulder was approximately
70%, indicating that approximately 30% of the oxygen peak inten-
sity originated from the high BE component. As the spectrum
was obtained after Ar-ion etching, this high oxygen percentage

Table 4. Atomic percentages of the Mg-substituted sample

Element (peaks combined) Atomic %

Tl (all Tl peaks combined) 1.61

Mg (all Mg peaks combined) 13.40

Ca (all Ca peaks combined) 17.92

Cu (all Cu peaks combined) 17.07

O (all O peaks combined) 51.65

is unlikely to result from surface contamination. However, the
low-BE (approximately 528.9 eV) is attributed to O2− ions in
the lattice structure and dominated by CuO2-plane oxygen and
Ca–O coordination. The higher BE (approximately 531 eV) may
be due to oxygen defects or different chemical environments at
the oxygen sites. This indicates that more etching is required
to reduce the surface oxidation state and oxygen adsorption on
the surface. Alternatively, these surface states may arise because
CaO/CaCO3- tends to form as a secondary surface phase in the
Ca-rich sample and contributes strongly to the observed high-BE
O 1s.

Therefore, a comparison of the O 1S peaks in the Tl–Ba, Tl–
Ca, and Tl–Mg–2223 XPS spectra showed that all the peaks
exhibited main peaks and shoulders. The ratio of the areas under
these peaks was related to the secondary oxygen phase, which
occurred primarily because of surface contamination. The Tl–
Mg–2223 sample revealed the cleanest O 1s peak, with only
approximately 8% high-BE contribution (surface contamina-
tion). However, its main O 1s peak strongly resembled that of Ba,
but with a broadened FWHM.

... Interpretation. Although XPS indicates a deviation
from stoichiometry in all three samples owing to the reduced
Tl atomic percentage, the XRD results suggest otherwise. This
discrepancy may arise from the fundamental difference between
surface-sensitive XPS and bulk-sensitive XRD, indicating that
Tl loss is likely a surface-limited phenomenon that is poten-
tially caused by oxidation or Tl volatility during synthesis and
annealing.

.. XRD analysis.

Figure 5. O1s peak in the Tl–Ca–2223 high-temperature superconductor

https://doi.org/./juri/ JURI () () −

https://doi.org/10.64589/juri/219229


i
i

“JURI-00160-2025-04” — 2026/4/4 — 12:03 — page 167 — #5 i
i

i
i

i
i

Journal of Undergraduate Research International 

Table 5. Positions of peaks with interplanar spacing values

PeakNo. Tl-(2223) Tl-Ca-(2223) Tl-Mg-(2223)

2θ (°) d-(Å) 2θ (°) d-(Å) 2θ (°) d-(Å)

1 28.15394 3.16957 32.87177 2.72466 33.65339 2.66314

2 32.00918 2.79608 33.70044 2.65953 35.85105 2.50477

3 33.30085 2.69052 43.69815 2.07146 39.09591 2.30403

4 47.5574 1.91198 38.1832 2.35698 43.20174 2.0941

5 58.23464 1.58430 36.02202 2.49328 48.9946 1.8592

6 55.91145 1.64449 39.24621 2.29556 62.56407 1.48468

7 50.58918 1.80428 32.87041 2.72476 61.8543 1.499997

... Lattice parameters. The interplanar spacings (d-
spacings) of each sample were also calculated (Table 5). The
Miller indices (hkl) were assigned based on crystallographic data
available in the Materials Project database 9 and applied to the
two substituted samples to illustrate the structural effect of cation
substitution. The lattice parameters were computed using Bragg’s
law as follows.

The obtained lattice parameters of the standard sample (a =

3.85 and c = 36.7 Å) are in good agreement with published
data 1, indicating a well-formed crystalline Tl-2223 structure. For
the Ca-substituted sample, we obtained a=3.79 and c=37.07 Å,
exhibiting a decrease of 1.56% and an increase of 1.01% in the
a- and c-parameters, respectively. For the Mg-substituted sample,
we obtained, a=3.76 and c=36.95 Å, which were 2.34% smaller
and 0.68% higher, respectively, than the standard Tl-2223 values.
These data indicate that the “a” lattice-parameter consistently
decreases with the ionic radius, indicating a directly proportional
relationship between it and the atomic size. However, no clear
trend was observed between the ionic radius and c-parameter.

... Crystallite size. The crystallite size (D) of each sam-
ple was calculated using the Scherrer equation. The standard

sample exhibited an average crystallite size of 34.726 nm, whereas
the Ca- and Mg-substituted samples showed values of 26.504
and 27.202 nm, respectively. The results demonstrated a gen-
eral reduction in the crystallite size with decreasing ionic radius.
However, the trend was not strictly linear, as the Mg-substituted
sample possessed a slightly larger crystallite size than the Ca-
substituted sample, despite its smaller ionic radius.

... Microstrain. The ionic substitutions often lead to
induced stress-strain in the crystals. The Williamson-Hall
method has been used to evaluate the induced microstrain and
the crystallite size in all prepared samples. The standard sample
exhibited the lowest average strain (2.865), whereas the Ca-
substituted sample exhibited a significant increase (9.266). The
Mg-substituted sample exhibited an intermediate strain value of
5.047. Considering the direct relationship between strain and
stress, the Ca-substituted sample experienced the highest inter-
nal stress, leading to the largest negative chemical pressure, which
may have enhanced the transition temperature.

... Dislocation density. The dislocation density of
each sample was determined using the reciprocal of the square

Figure 6. XRD spectra of all samples
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of the crystallite size. The standard sample exhibited an average
dislocation density of 0.891 nm−2 . This value increased to 4.172
and 11.731 nm−2 in the Mg- and Ca-substituted samples, respec-
tively, which is expected to enhance flux pinning and improve
magnetic levitation performance in the superconducting state.
Although the dislocation density did not vary linearly with the
ionic radius, the results indicated a general inverse trend between
the ionic size and dislocation density.

... Peak shifts. According to Bragg’s law, peaks shift
to higher 2θ values as the d-spacing decreases, which is clearly
observed in Fig. 6. The Miller index (112) peak was used for com-
parison. The standard sample exhibits a peak at 33.301°. In the
Mg-substituted sample, the (112) peak shifted to 33.653°, repre-
senting an increase of 1.06%. Despite having a larger ionic radius
than that of Mg, the Ca-substituted sample showed a further shift
to 33.700°, corresponding to an increase of 1.2%.

Overall, the results suggest that the peak positions shift toward
higher 2θ values with decreasing ionic radius, despite the slight
non-linear behavior.

. LIMITATIONS

This study focused on the structural characterization of Ba-
site substitution in Tl-2223 superconductors. Superconducting
properties such as critical temperature (Tc) and critical current
density (Jc) were not measured. In addition, because XPS is a
surface-sensitive technique, the observed Tl deficiency may pri-
marily represent surface effects rather than the bulk composition.
Further studies are required to correlate these structural changes
with superconducting performance.

. CONCLUSIONS

This study examined the effect of atomic-size substitution on Tl-
2223 superconductors using XRD and XPS analyses. Although
the XPS results showed significant surface Tl deficiency, XRD
confirmed the preservation of the Tl-2223 phase, suggesting that
Tl loss was likely restricted to the surface due to volatility or
oxidation.

Substituting Ba2+ with smaller cations (Ca2+ and Mg2+) pro-
duced noticeable structural modifications, including a consistent
reduction in the a lattice parameter and a slight increase in the
c lattice parameter. The crystallite size generally decreased with
decreasing ionic radius, whereas both the microstrain and dislo-
cation density increased, especially in the Ca-substituted sample,
indicating a higher internal stress and enhanced lattice distor-
tion. Peak shifts toward higher 2θ values further confirmed the
reduction in interplanar spacing upon substitution.

Overall, atomic size substitution clearly altered the structural
properties of Tl-2223, and these structural changes may influ-
ence the superconducting behavior. Future work should focus on
measuring the superconducting properties (such as Tc, Jc, and
magnetic performance) to fully correlate the chemical pressure
effects with superconductivity.
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