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Abstract

Microcracks in a component are characterized as minor
imperfections that manifest in specific materials, particularly
those integral to critical structures. Their diminutive size renders
detection exceedingly challenging, presenting a substantial
obstacle for analysts of structural systems. These microcracks
frequently signify the onset of a more extensive degradation
process, so they early identification is crucial. Otherwise, the
mechanical integrity of the equipment could be put at risk.
Currently, standard practice entails subjecting components to
laboratory tests, which, although informative, are not invariably
nondestructive. Considering this, the adoption of simulations based
on modal analysis and the monitoring of stiffness variations under
controlled loads is gaining traction, with the objective of shortening
evaluation times and safeguarding the component's integrity during
diagnosis.

Evaluation of Microcracks using Modal Analysis under two Load Conditions on Rotodynamic
Axes

Objectives I | Methodology l | Contribution
Early detection of microcracks Simulation through modal Offer a swift, precise, and non-
in rotodynamic shafts through analysis, shaft modeling with invasive method for the

modal  simulation  under and without microcracks, and predictive  assessment  of
torsional and bending loads the application of torsional
and bending loads.

-y

Microcrack, Modal analysis, Rigidity

structural integrity.

Resumen

Las microfisuras en un componente se definen como pequeias
imperfecciones que aparecen en ciertos materiales, sobre todo en los
que forman parte de estructuras criticas. Debido a su reducido
tamaflo, localizarlas resulta sumamente complicado, lo que plantea
un reto significativo para quienes analizan sistemas estructurales.
Estas microfisuras a menudo marcan el comienzo de un proceso de
degradacion mas amplio, por lo que identificarlas a tiempo es vital;
de lo contrario, el rendimiento mecéanico de la pieza puede verse
comprometido. Actualmente, la practica habitual pasa por someter
los elementos a ensayos de laboratorio, protocolos que, si bien
informativos, no siempre son no destructivos. Ante este panorama,
surge el aprovechamiento de simulaciones basadas en analisis modal
y en el monitoreo de variaciones de rigidez bajo cargas controladas,
con el fin de acortar los plazos de evaluacion y proteger la integridad
del componente durante el diagnostico.

Evaluacién de Microfisuras usando Anilisis Modal bajo tres Condiciones de Carga en ejes
Rotodinamicos

Objetivos I I Metodologia I l Contribucién
Detectar tempranamente Simulacion  por  andlisis Proporcionar una  técnica
microfisuras en cjes modal, modelado del cje ripida, precisa y no invasiva
rotodindmicos mediante con/sin microfisuras, para el diagnéstico predictivo

simulacién modal bajo cargas aplicacion de cargas torsion y de integridad estructural.

de torsion y flexion flexion

Microfisura, Analisis modal, Rigidez
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Article
Introduction

Timely detection of microcracks in rotor-driven
shafts represents one of the most significant
challenges in contemporary mechanical
engineering. These components, integral to
turbines, generators, and combustion engines,
endure substantial dynamic forces and
fluctuating operating conditions that promote the
emergence of nearly imperceptible cracks.
Despite their minuscule size, these defects can
precipitate severe fractures if not promptly
recognized, as they disrupt local rigidity, alter
natural frequencies, and compromise the
structural integrity of the machine. Consequently,
this leads to failures that impact safety, diminish
availability, = and  escalate = maintenance
expenses[Jorge et al., 2024].

Up until now, ultrasound, magnetic
particle examination, or destructive
metallography has been used in labs to examine
these breaks. These approaches are helpful, but
they require extensive periods of downtime and
equipment handling, and they aren't always
completely non-destructive. Also, they have big
problems when trying to find faults that are less
than a millimeter long. In a world where
Industry 4.0 and predictive maintenance
strategies are common, there is a strong need for
fast, reliable, and mostly virtual ways to check
the condition of an axis both during the design
phase and throughout its operational lifespan.
This will reduce the need for invasive physical
testing. [Sinou & Lees, 2007].

Finite element analysis [FEA] serves as
an invaluable technique for this purpose. By
determining the natural frequencies, damping
ratios, and modal shapes of the structure, it
becomes possible to identify significant
alterations induced by the emergence of
microdefects.  These  discrepancies  are
accentuated under torsional and flexural loads,
as the applied torque creates stress
concentrations at the crack edges, thereby
modifying the overall vibrational response. The
integration of modal simulation with a
comprehensive analysis of equivalent stiffness
provides a robust theoretical and computational
framework that correlates frequency reduction
with localized stiffness degradation, establishing
a foundation for quantitative damage assessment
[Garcia, 2017].

ISSN: 2531-2979
RENIECYT: 1702902
ECORFAN® All rights reserved.

This study simulates a cylindrical
specimen per ASTM ES, featuring a flaw smaller
than 1 mm [microcrack], and conducts modal
analysis in ANSYS© Workbench for both intact
and compromised conditions. The method
allows for the measurement of displacements for
the first bending and torsion modes, calculates
the stiffness loss in the affected area, and sets
warning levels that can be used in online
monitoring systems. The proposed method adds
value during both the design phase [confirmation
of tolerances and fatigue life through simulation]
and the operational phase [asset monitoring via
vibration sensors] by providing quick, repeatable
results that don't require direct intervention on
the equipment [Garcia, 2017].

In conclusion, the methodology outlined
here addresses the growing need for non-
destructive methods based on simulation models
that reduce downtime, improve maintenance,
and enhance the reliability of critical rotating
systems. These results show that modal analysis
and stiffness studies work well together to locate
microcracks and fully assess the structural
integrity of rotary shafts.

The evaluation of microcracks under
diverse loading situations by modal analysis has
become a significant area of research due to its
ability to detect subtle changes in the system's
dynamic features. This procedure makes it easier
to find cracks before they get big enough to put
the shaft's structural integrity at risk [Rodriguez
Bravo et al., 2022].

Literature review

Within the bibliographic review, different
authors have carried out studies and experiments
to determine the phenomenon or explain the
behavior of a crack in an axis or rotodynamic
mechanical element, in the first Dilena &
Morassi [2002] they examined, using analytical
models and experimental tests, the variations in
the vibration modes of thin beams subjected to
resonance. The results showed that the presence
of a crack significantly alters the location of the
nodes in these vibrational modes, possibly
resulting in the displacement of the nodes
allowing the location of the damage to be
determined.

Expensive tools and large data sets are
required to assess damage via the vibrations of
iron marks.
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Most of the time, the uncertainties tied to
models are ignored, affecting their accuracy.
Alegria Gomez et al. [2024] suggests an
innovative computational methodology using
optimized genetic algorithms tailored to sparse
and incomplete data sets. Unlike previous
approaches, this model accounts for the
uncertainty pertaining to shape and mass. The
use of only three flexional vibration modes
eliminates the need for higher modes’
information. The methodology has been
experimentally validated on an iron frame
structure and provides proof of efficacy in the
presence of multiple and illustrative damage
conditions. The methodology achieved 100%
success in damage identification and 80% in the
estimation of severity. This indicates an
outstanding level of performance, particularly
for the low cost of the procedure in comparison
to alternative approaches.

Nahvi & Jabbari [2005] demonstrate in
their work that, by integrating experimental
measurements of natural frequencies and mode
shapes [Kushwaha & Patel, 2023] with an
analytical model, it is possible to locate and

estimate the depth of a crack in a cantilever beam:

the comparison between measured frequencies
and normalized frequency contours, followed by
a minimization algorithm, allows to quickly and
accurately identify the damaged element.

Kisa & Gurel [2006] propose a hybrid
approach that combines the finite element
method with component mode synthesis to
modally analyze circular beams exhibiting
multiple open and fixed cracks. The process
fragments the beam into segments over the
cracked areas and assembles them using
flexibility matrices derived from fracture
mechanics. This allows obtaining, in reasonable
computational times and for any boundary
conditions, the natural frequencies as the modal
shapes of the beam vary systematically
according to the position and depth of the
damage. Viola et al. [2001]presented a finite
element design for Timoshenko beams with
open cracks and showed that, by including
variations in stiffness and mass in the model and
comparing the results with modal test
measurements, it is possible to locate the crack
with high precision and assess its severity from
the recorded changes in the frequencies and
modes of the structure.
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Rastogi & Kumar [2009]review 40 years
of studies on fatigue cracks in rotors defects that
can lead to serious failures and critically assess
the main strategies employed. They summarize:
[1] advanced analytical and Lagrangian models
that capture cyclic hardness variation due to
crack '"breathing"; [2] numerical techniques
based on finite elements and modal synthesis
that analyze many cracks at low computational
cost; [3] physical testing and inversion
algorithms, including Al approaches, to locate
and measure damage; and [4] time-frequency
signal analysis that finds sub-synchronous
nonlinear  components. The  conclusion
highlights challenges in validating in-service
data, modeling growing cracks, and coupling
bearing effects, to achieve more robust
diagnostics in today's rotors.

Czajkowski et al. [2017] presented a
Jeffcott model of a flexible, non-spinning rotor,
which consists of a weightless shaft with a
transverse crack near the disk and supports the
system on ball bearings. With this arrangement,
they numerically studied how breath-like
opening in the crack modifies stiffness and thus
natural frequencies. As the angular position of
the rotor changes, each mode splits into two
nearby peaks that only manifest themselves on
damaged shafts; therefore, the systematic
appearance of these modes duplicate peaks
becomes an early and reliable sign for detecting
cracks before the rotor goes into service.

According to the research, they agree
that cracks significantly alter the modal
properties of beams and rotors natural
frequencies, vibration modes and nodes and that,
by studying these variations through analytical
models, finite elements, mode synthesis, or
experimental tests, it is possible to locate the
crack and assess its severity with good precision.
In this sense, nodal displacement, peak
frequency splitting, and the comparison of
measured modal data with calibrated models
emerge as early and reliable indicators of
damage in rotodynamic elements.

Fundamentals of Modal Analysis

Modal analysis serves as a fundamental tool for
identifying microcracks in rotating machinery.
This method makes it easier to find the
structure's  inherent frequencies, damping
coefficients, and mode shapes, as shown in
figure 1. It is a strong and helpful way to describe
dynamic behavior, notably in vibration research.
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It is often called structural modal analysis.
In essence, it is a computational method based
on a mathematical model of certain parts of the
structure, focusing on how they vibrate.

Figure 1
Modal analysis in software to assess vibrations
resulting from loads or defects

Source: Own elaboration

In the classical framework of linear
modal analysis, the structure is regarded as an
ideal elastic system where mass M, damping C,
and stiffen K are considered constant over time.
This assumption facilitates the formulation and
resolution of the problem without the need for
physical testing, enabling the direct extraction of
vibration modes and their natural frequencies,
which act as indicators of the structure's integrity.
By disregarding real loads, such as shear stresses,
temperature gradients, or elastic supports, the
model offers an intrinsic dynamic representation
of the element, serving as a benchmark for
comparison with any subsequent state.

However, the emergence of microcracks
undermines the assumption that the material
always maintains rigidity. Each crack introduces
a localized flexibility [AKcracked] that alters the
effective stiffness, resulting in the following
relationship:

Kcracked = Kintact — AKfissure [1]

As the shaft rotates, the crack functions
as a diaphragm, opening under tension and
closing under compression.

This phenomenon "breathes" leading to a
periodic modulation of stiffness, which results in
additional harmonics at submultiples of the
rotational frequency and slight shifts in the
natural frequencies.
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Finite element analysis facilitates the
integration of contact conditions at the crack
edges and the superposition of realistic loads—
such as torsion, combined bending, and thermal
gradients. Parametric sweeps correlate the
amplitude of modal displacements with the size,
orientation, and depth of the crack, thereby
establishing numerical thresholds for predictive
maintenance. Consequently, an abstract linear
model serves as a baseline against which the
nonlinear effects induced by microdefects are
measured, simulated, and ultimately detected
while the machine remains operational.

In summary, the integration of linear
modal analysis with sophisticated simulations
that incorporate "breathing" microcracks a term
that will be elucidated later provides a robust
framework that enables: [1] the definition of the
normal vibration pattern of the shaft, [2] the
measurement of stiffness loss resulting from
early damage, and [3] the prediction of crack
progression, specifically those smaller than one
millimeter, based on spectral changes before
they impact the operation of critical rotodynamic
machines.

Fissure Breathing Phenomenon

Crack breathing is a critical phenomenon for
comprehending the behavior of structurally
compromised rotodynamic shafts, specifically
cracked shafts [Hossain & Wu, 2018]. This term
refers to the process whereby a crack in the shaft
periodically opens and closes as the component
rotates. As the shaft turns, alternating forces,
often resulting from bending, generate cyclic
tensile and compressive stress in the damaged
area. During the tensile phase, the crack opens,
leading to a significant loss of load-bearing
capacity in the cracked section and a reduction
in its local stiffness. Conversely, when subjected
to compression, the crack faces make contact,
the crack closes, and stiffness is partially
restored [Wang et al., 2021].

This continuous cycle of opening and
closing causes a periodic modulation of the
stiffness of the shaft. This rhythmic variation
acts as a parametric forcing in the rotating
system, which translates into vibratory
components at characteristic frequencies.
Specifically, the effect of the breathing fissure is
usually reflected as an obvious peak in the
vibration spectrum at twice the rotational speed,
1.e. at 2x.
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In addition, spectral analysis can reveal
harmonics at multiples of the rotational
frequency and even subharmonic responses, all
resulting from the internal modulation of the
material's stiffness.

Therefore, the damaged shaft not only
responds to the forced excitation at the rotational
frequency, but also generates extra frequencies
caused by the periodic change in its rigidity.

As a result, a shaft that exhibits a crack
not only vibrates at the frequency of forced
rotation, but also shows additional components
generated by cyclical changes in its rigidity.
Phenomena such as the prominent 2X peak and
other lateral modulations then act as
characteristic indicators of breakage and are key
to diagnosing failures in rotating machinery. To
understand these vibrations, it is necessary to
face their nonlinear nature and consider the
intermittent contact between the faces of the
crack and the distribution of stresses in its
vicinity.

As effective stiffness changes with
angular position, some analytical approaches
simplify it and model it with a well-determined
periodic function, for example, a sine wave that
repeats throughout an entire revolution.
However, to reproduce the real behavior it is
preferable to resort to non-linear numerical
simulations that handle the phenomenon more
faithfully. These advanced models, usually
implemented with finite elements, include
contacts that allow the opening and closing of
the crack to be simulated in an explicit and
realistic way at each turn [Liu et al., 2023].

A finite element model defines a surface-
to-surface interaction with hard contact in the
normal direction, preventing crack faces from
overlapping while preventing tensile stresses
from being transmitted when the crack is open.

In this manner, the model effectively
captures the abrupt decrease in stiffness during
crack opening and the immediate restoration of
that stiffness upon closure, thereby replicating
the cyclical hardness pattern observed in
experimental tests. While the nonlinear
formulation incorporating three-dimensional
contact is regarded as the most dependable for
simulating the effects of a breathing crack, its
implementation necessitates extensive
computation times, which constrains its practical
application in industrial designs.
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Therefore, the presence of a breathing
crack gives the rotor [El-Mongy & Younes, 2018]
a complex and non-linear dynamic behavior,
with fluctuating stiffness over time; Hence, their
inclusion in models is essential to understand the
response of damaged rotating axes and to
develop robust tools for diagnosing and
detecting faults in rotating machinery[Varney &
Green, 2012].

Most important modules of a modal analysis

The dynamic analysis of a structural model, in
addition to comprehensively studying the
transient response of that model to various
external excitations, also provides invaluable
information about how currently designed
models respond to periodic perturbations,
depending on the frequency of such
perturbations[Rodriguez Bravo et al., 2022].

This information is extremely useful and
practical in the design stage, as it allows
structures to be optimized and possible failures
to be foreseen. The evaluations are carried out
within a Modal Analysis, which includes four
specific resources to judge the structures
accurately. These are:

1. Modal analysis, which provides an initial
overview of the system's natural
vibration modes [Bertero et al., 2022].

2. ARM Analysis, this procedure is
superior to the classic Modal when
working with large or complicated
elements and calculation time is limited.
It provides a detailed list of frequencies
and mode shapes in the chosen band,
which speeds up the design.

3. Torsion  Mode  analysis,  which
investigates how the structure rotates
under torsional loads.

4. Modal visual analysis. This approach It
uses the structure's torsion mode to show
the deformations and behavioral states
that can arise under excitations, thus
providing fundamental data for design
and optimization. These methods are
essential to ensuring that buildings not
only meet safety requirements but are
also efficient and durable over the long
term.
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Methodology

The procedure for identifying and studying
microfractures  using modal  simulations
performed in ANSYS© software begins with the
creation of a three-dimensional model that
defines the geometry, material properties, and a
fine mesh that highlights the critical areas of the
rotodynamic axis. Next, it is shown how the
modal analysis was performed according to the
ASTM ES8 standard, determining vibrational
frequencies and dynamic modes, and special
attention is given to the modes that concentrate
stress in susceptible regions, to then impose
torsional loads of figure 2, which replicate the
real conditions of the fieldwork and evaluate the
stress and strain distributions.

» %to torm
[ S—  S—

§
Figure 2

Definition of boundary conditions for simulation
Source: Own elaboration

Modal analysis is a fundamental
technique in structural and mechanical
engineering that allows characterizing the
dynamic behavior of systems and structures by
determining their intrinsic vibratory properties.
This methodology combines solid theoretical
principles  with  advanced  experimental
techniques to obtain critical modal parameters
such as natural frequencies, damping factors and
modal shapes, allowing them to predict their
response to dynamic excitations and optimize
their design to avoid resonance problems [Sinou
& Lees, 2005].

Microcrack Simulation Modeling

A test specimen was designed to comply with the
ASTM E8 standard for torsion tests [in
simulation and future work in experimentation],
in this stage will be the simulation stages, using
computer-aided design software, where the first
model is free of microcrack defects.
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The model is a 9 mm diameter cylinder
around application of the microcrack,
considering an ASTM A36 steel, and
appropriate boundary conditions were defined as
shown in figure 3.

o ] S5 ] 4 | K | z |
& g RS ?
D o b = D
I I
5000 ‘ 4500 2,00
¢ c
B - - B
B e [
N UNACAR [
T @
I Z1LINGHK! 1 IULL ASIR
TEST 1EST DESIGN ACCORDING T CILINDRITAL ILSI TUBL Aslr.
1O ASTM EB STANDARD I
A = 1A
ASTO A2 001 }—
= prs iz
& ] 5 4 3 2 1
Figure 3

Shaft modeled according to ASTM ES8 Standard for
Vibration Testing
Source: Own elaboration

Microcracks were then incorporated into
the second model to simulate potential initiation
and propagation sites of microcracks and
essentially determine whether microcracks
smaller than 1 mm are affected by the proposed
models. A modal analysis was performed to
evaluate the effects of these microcracks on the
natural frequencies and mode shapes of the
system, which helps to detect changes in the
dynamic response of the system, figure 4.

Microcrack region

Detail

Figure 4
Modeled Shaft with Microcracks for Modal Analysis
Source: Own elaboration

Microcrack Simulation in Modal Analysis

Microcrack simulation in modal analysis using
ANSYSO software allows for the study of how
cracks, even small ones, affect the dynamic
properties of a structure, including its vibration
modes and natural frequencies.
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Changes in  vibrational  modes,
displacements, and stress levels can be examined
with damage models in certain regions due to the
presence of microcracks. This approach is
especially useful for estimating the influence of
defects on the stability of a structure with respect
to vibratory movements, thus aiding in the
assessment of the risk of sudden and
unpredictable  failures and  improving
maintenance strategies [Gomez Peral & Fabra
Rodriguez, 2022].

Experimental theoretical and technical
principles are included in modal analysis.
Theoretical modal analysis is based on a
physical model of a dynamical system
containing elements such as mass, stiffness, and
damping, which are given through differential
equations [Rufino-Arteaga & Garcia-Pérez,
2025]. For a physical model to be more plausible
as well, it must possess such properties in terms
of their spatial distributions, and for this reason
they are called matrices of mass, stiffness, and
damping that are introduced into a system of
differential equations of motion, as shown in
Equation 2[Sadeghi, 2021]:

[M1{x(©)} + [CTEI(O} + [KI{x|(©)} = F(©) (2]

M, C, K : Mass matrix, damping and stiffness,
respectively.

% [t], x [t], x[t]: Vectors acceleration, velocity
and displacement, respectively.

F[t]: Vector force.

The modal analysis applied in the
simulation offered a deeper and more detailed
perspective on the natural frequencies, damping
values and modal shapes that characterize the
structure of the object in question. This high-
level analytical technique facilitated the
modification and improvement of the object's
design, thus mitigating its vulnerability to
different forces that arise during its use.
Additionally, specific behaviors were detected
that could be optimized to ensure a more
efficient and safe operation of the research work
in a structured way according to the scheme.

When performing modal analysis using
the finite element method, it is crucial to have a
model that accurately represents the geometry
and other features of the system. The prudent
choice of element size and type ensures that the
modal shapes of the model accurately represent
the natural vibrations of the system.
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Specifically, elements must precisely
construct the component's geometry to detect
natural frequencies and insightfully and reliably
characterize the associated bending and torsional
modes. This allowed us a clearer understanding
of the vibrational tendencies of the system as
seen in Table 1.

Table 1
Modal Vibration Modes
Without With fissure
Frequency Mode fissure [Hz]
[Hz]

Mode 1 Flex x 246.3 303.3
Mode 2 Flexion y 246.3 303.3
Mode 3 Combined 1742.9 1994.6
Flexion

Mode 4 lengthways 1742.9 1994.7
Mode 5 Twist 3265.8 3466.6
Mode 6 Oscillating 4721.7 5216.9

Source: Own elaboration

It is shown in Table 1 that there are some
changes in the frequencies obtained when there
is microcracks in Mode 1 and 2 that are similar
since they only change bending direction and
give as data that there is the presence of a
microcrack which by simple analysis gave us
more information to determine the changes in
material stiffness.

Initial calculations reveal six
fundamental vibration modes, although the
spectrum can be extended by combining
multiple physical phenomena. Each new mode
reflects variations in the material's stiffness and
results in a slight shift in self-frequency, an
effect that can be amplified by geometric
changes, loss of mass, or the application of
specific loads.

The appearance of a microfissure is a
paradigmatic case that immediately alters these
frequencies. Figure 5 shows the first mode in
bending around the x-axis: panel 5-a illustrates
the state of the material without cracking, while
panel 5-b exhibits the vibrational response once
the crack has been introduced, the natural
frequency values are 246.3 Hz without cracking
and 303.3 Hz with the presence of the
microcrack resulting in a stiffness change of
18% of'its frequency.
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In Mode 2 of bending in y-axis the values
obtained in figures are shown, 6a-b, where in a
without crack and b with microcrack giving as
results without crack a natural frequency of
246.3 Hz without a crack and 303.3 Hz with the
presence of the microcrack, resulting in a
stiffness change of 18% of its frequency.

< e =

Figure 5
Vibration mode 1, in X-axis bending: [a] Without
microcrack; [b] With microcrack

Source: Own elaboration

0 —— ]

Figure 6

Vibration mode 2 in bending Y-axis: [a] Without
microcrack; [b] With microcrack

Source: Own elaboration

In Mode 3, the values obtained in figure
7 are shown, under the conditions without
microcrack in figure 7-a, and with microcrack in
figure 7-b.

ISSN: 2531-2979
RENIECYT: 1702902
ECORFAN® All rights reserved.

b) _— - A

Figure 7
Vibration mode 3 in combined bending: [a] Without
microcrack; [b] With microcrack

Source: Own elaboration

In Mode 5, which is the torsion mode, it
is shown in figure 8, in conditions without
microcrack in figure 8-a, and with microcrack in
figure 8-b, resulting in a frequency of 3265.8 Hz
without a crack and with a crack 3466.6 Hz with
a difference of 8%.

b) _—— el

Figure 8

Torsional vibration mode 5: [a] Without microcrack;
[b] With microcrack

Source: Own elaboration

Finally, figure 9 shows the chaotic Mode
6 that combines several conditions to determine
the natural frequency of the material and the
modeled axis, in which the conditions without
microcrack figure 9-a and with microcrack
figure 9-b are shown, giving as results
frequencies without microcrack of 4721.7 Hz
and with crack of 5216.9 Hz with a difference of
9.5 %.
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Figure 9

Vibration mode 6 in oscillating condition: [a] Without
microcrack; b] With microcrack
Source: Own elaboration

Shaft stiffness analysis by simulation

The stiffness of the material is crucial for the
analysis of the microcrack created in the
proposed model and from where the results
obtained will be evaluated in the conclusions and
discussion section that will validate the proposed
simulation results. In figure 10-a, the stiffness in
the healthy axis or without microcrack created
for its study is analyzed. figure 10-b shows the
change in stiffness obtained by the modal
analysis technique.

(Box1l

b)
Figure 10

Stiffness Analysis: [a] Shaft without microcrack [b]
Shaft with microcrack
Source: Own elaboration

The appearance of a microcrack in a
material causes a gradual decline in some of its
mechanical properties, including stiffness.
Stiffness is defined as the resistance that a body
offers against deformation due to a prescribed
load and is directly related to the structural
integrity of the material. The creation of a
microcrack causes discontinuity that modifies
stress distributions and decreases the ability of a
material to withstand elastic deformations.
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Fi
K= [3]
Ki: Rigidity

Fi: Applied Load
§;:Calculated deformation

There are different ways to analyze
stiffness, depending on the type of load that is
applied, such as axial, bending or torsional load,
being the torsional one that will be analyzed to
compare with those obtained in the general
stiffness considering the deformations of the
material in the simulation.

The torsional stiffness of a straight bar of
uniform cross-section is defined as the ratio of
the torque applied at one end to the angle of
torque applied to that end, when the other end of
the bar is held at rest, according to the following
equation:

FMy _ GJ

K="= [4]

G: Transverse elastic modulus
J: Torsional moment of inertia
L: Bar Length

Isotropic linear elastic materials obey the
relationship between the transverse modulus of
elasticity, Poisson's coefficient and Young's
modulus.

G=E/2[1+V] [5]

E: Elastic Module
V: Poisson coefficient

The flexural stiffness of a straight bar is
defined as the relationship between the bending
moment applied at one of its ends and the angle
of rotation experienced by that end when it
undergoes deformation, considering that the bar
is embedded at the opposite end.

In the case of straight bars with a uniform
cross-section, two stiffness coefficients can be
identified, which depend on the direction in
which the bending moment is applied, whether it
is aligned with a main direction of inertia or with
a different one. This property of stiffness is

Romero-Sotelo, Francisco Javier, Rodriguez-Blanco, Marco Antonio, Pérez-
Montejo, Salatiel and Alvarez-Arellano, Juan Antonio. [2025]. Microcrack
evaluation using modal analysis under two loading conditions on rotodynamic
shafts. Journal-Mathematical and Quantitative Methods. 9[15]1-14:
el1915114.

https://doi.org/10.35429/JMQM.2025.9.15.1.1.14



Journal-Mathematical and Quantitative Methods

10
o[15]1-14: e1915114

Article

determined in Equations 6 and 7 [Wang et al.,
20217:

Kfiex,y = 4'Ely/LS [6]
Kflex,z = 4Elx/L3 [7]

Iy, Iz: These are the second moments of cross-
sectional area

E: Elastic Module

L=Bar Length

Results

According to Table 1, it 1s observed in the first
instance that the frequencies determined in the
modal analysis change in the first case there is
no microcrack present [healthy], while in the
second case there is a slightly small change, but
it is related to the size of the proposed
microcrack [with loads].

The stiffness change calculations were
performed and will be analyzed in a section of
the results, as well as the analysis of the results
obtained from the modal calculation.

Results of the shaft stiffness change analysis

In figure 11 the stiffness analysis was performed
according to the condition of equations 2 and 3,
and from there the change in values was
calculated to determine the behavior of the axis
due to the type of load considered in the analysis.

The same figure shows how the stiffness
of the material changes under conditions under
the presence of the microcrack within the shatft,
resulting in maximum values of 1.1374 N/mm to
a minimum value of 1.0896 N/mm, while in the
model with microcrack there is a stiffness of a
maximum value of 1.0593 N/mm and minimum
values of 1.0388 N/mm. resulting in a change in
the stiffness of the section where the microcrack
occurs, changes in stiffness of 6.87 % in the high
peaks and a reduction of 4.66 % in the low peaks
and validating the proposal for the generation of
microcracks that allows us to determine the
microcrack conditions in different mechanical
elements and facilitate experimental work, in
this project, a second stage is intended that
considers the experimental part that will allow a
better understanding of how a microcrack
behaves in modal analysis and in this case how
the rigidity of the material changes.
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Stiffness Analysis
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Figure 11

Stiffness analysis under torsional loading conditions on
the shaft

Source: Own elaboration

Axis modal analysis results

In the most relevant phase of the study, the
system's natural frequencies were determined
using a modal analysis performed under loading
conditions [torsion and bending], both without
microcracks and with microcracks present in a
specific section. The modal response was
compared in both scenarios, and vibrations were
recorded along the principal axes x and y. The
first condition, under torsion, is presented in
figures 12 and 13. From these data, a clear
correlation could be established between the
vibration amplitude, expressed in millimeters,
and the frequencies measured in Hz.

Figure 12 shows the analysis on the x-
axis under torsion conditions, where values of
4.09x10° mm of amplitude were obtained at a
frequency of 200 Hz to 5.25 x 10”7 mm in the
presence of a microcrack, with several peaks that
allow us to relate these results with the presence
of the microcrack while when there is no
microcrack the only amplitude that occurs is
1.19 x10”7 mm. at a frequency of 3400 Hz.

Modal analysis X axis in twist
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Figure 12
Modal analysis on the X axis, under defined loading
conditions.

Source: Own elaboration
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Amplitude evaluation can be approached
under various conditions; in this article, we use
displacements resulting from torsion and
bending. However, it is also possible to consider
the change in amplitude caused by variations in
stress, shaft speed, and other factors, both in the
material without microcracks as well as in the
presence of a microcrack, which will be the
subject of another future work. The results
presented in figure 13 show the measurements
obtained on the y-axis; without a microcrack, the
amplitude reaches 1.1148 mm at 3,500 Hz;
however, with a microcrack, the value drops to
0.3072 mm, which clearly indicates the
influence of the defect, showing an amplitude
difference in the presence of a microcrack and
without it of 66% with respect to the highest
peaks. Thus, demonstrating a response to the
presence of a microcrack.
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Modal analysis on the X axis, under bending conditions
Source: Own elaboration

The second analysis condition was that
of bending along the axis, considering the same
characteristics as the tests with torsional loading,
determining the amplitudes and frequencies in
conditions with and without the presence of
microcracks.

In figure 14, the values obtained from the
modal analysis of the flexural x-axis were
graphed, where maximum amplitude values of
19.59 mm are obtained at a frequency of 300Hz
and a value less than 2.95 mm at a frequency of
2000 Hz without fissure present, since
microcracks are included, maximum values of
16.94 mm are presented at a frequency of 1300
Hz and a minimum of 1.94 mm amplitude at a
frequency of 3000 Hz, showing an amplitude
difference in the presence of microcrack and
without it of 13.5 % with respect to the highest
peaks, and a difference of 34.2 % in the low
peaks. Thus, demonstrating a response to the
presence of a microfissure.
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In the last bending analysis, shown in
figure 15, maximum values without crack of
5.17 mm amplitude are found at a frequency of
300 Hz and a minimum of 0.97 mm amplitude at
a frequency of 200 Hz, with crack the values are
19.59 mm amplitude with a frequency of 300 Hz
and a lowest of 2.95 mm at a frequency of 200
Hz, having a difference of 13.3 % in the high
peaks, and a difference of 34.2 % in the low
peaks, concluding the obtaining of values that
visibly allow us to conclude that there is the
presence of a microcrack.
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Figure 15
Modal analysis on the Y axis, under bending conditions
Source: Own elaboration

Conclusions

This study explores methodologies to identify
and diagnose microcracks in components
focused on rotodynamic machines, carrying out
a detailed analysis through modal simulations
using the ANSYSO software, with particular
attention to torsional conditions and stiffness
change.
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The findings of this work show the
existence of a microcrack in a material that leads
to a decrease in its rigidity compared to a
homogeneous material, resulting in the
discontinuity introduced by the microfracture,
which facilitates the deformation of the material
before the application of loads.

These results offer the possibility of
extracting new features, which, under certain
considerations, have a practical dimension and
are highly relevant for addressing the problem of
microfracture detection and understanding
structural integrity in complex systems. It was
revealed that the reduction in stiffness is not an
independent phenomenon, but a quantifiable
parameter directly related to the microcrack, as
well as to its size, orientation, density, and the
intrinsic  properties of the material. This
relationship is manifested in how the material's
deformation capacity is altered by external loads,
establishing a direct link with the dimensions of
the microcracks and the characteristics of the
material in question.

Based on these findings, future studies
should focus on experimentally confirming the
stiffness-frequency  relationships in  full-
dimensional rotodynamic shafts under their
realistic operating conditions. Ultra-sensitive
vibration monitoring, coupled with classification
algorithms, can improve the boundary thresholds
established in this work by considering
environmental factors such as temperature,
lubrication conditions, and the changing
morphology of growing cracks. Furthermore,
unexplored aspects of respiratory crack contact
dynamics that incorporate thermomechanical
processes in finite element models could
uncover additional useful frequency separation
patterns for early warning diagnostics. Such
multidisciplinary approaches would strengthen
the theoretical basis for microcrack detection
while  simultaneously  accelerating its
implementation in proactive maintenance
frameworks for critical industrial assets.
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Abstract

Tithonia diversifolia [Hemsl.] A. Gray, an underutilized native plant, has
industrial and antibiotic potential thanks to its richness in secondary
metabolites and fatty acids. In this research, vegetative tissues [flower,
leaf, stem and root] from three locations [Orizaba, Ixtaczoquitlan and
Rafael Delgado, Veracruz], with different soil conditions were analyzed:
Hydrogen Potential [pH], Organic Matter [OM], Electrical Conductivity
[EC] and Texture [T], evidencing differentiated phytochemical profiles.
High levels of palmitic acid [up to 26.80+16.72ug in the flower] and
stearic acid [up to 18.81%11.43ug] were noted, both with antimicrobial
applications. The leaves have a high protein [27.25 +0.14%] content for
livestock use, and the stem and root are used as soil improvers. This
characterization highlights the value of the T. diversifolia plant genetic
resource for its use in the agroindustrial, livestock, agricultural, and
pharmaceutical sectors, promoting its revaluation through vegetative
tissue, productive areas with a sustainable agroecological approach that
can be incorporated into silvopastoral systems.
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Resumen

Tithonia diversifolia [Hemsl.] A. Gray, planta nativa subutilizada, posee un
potencial industrial y antibidtico debido a su riqueza en metabolitos
secundarios y acidos grasos. En esta investigacion, se analizaron los tejidos
vegetativos [flor, hoja, tallo y raiz] provenientes de tres localidades [Orizaba,
Ixtaczoquitlan y Rafael Delgado, Veracruz], con distintas condiciones
edaficas: Potencial de Hidrogeno [pH], Materia Organica [MO],
Conductividad Eléctrica [CE] y Textura [T], evidenciando perfiles
fitoquimicos diferenciados. Destacaron contenidos elevados de acido
palmitico [hasta26.80 + 16.72 pgen flor] y estearico [hasta 18.81 +11.43 pg],
ambos con aplicaciones, antimicrobianas, en hojas posee un alto contenido de
proteinas [27.25 + 0.14 %] para uso pecuario, el uso de tallo y raiz, como
mejoradores de suelos, esta caracterizacion resalta el valor del recurso
fitogenético de T. diversifolia para su aprovechamiento en sectores:
agroindustrial, pecuario, agricola y farmacologico, promoviendo su
revalorizacion por tejido vegetativo, area productiva con enfoque
agroecologico sustentable que se incorpore a sistemas silvopastoriles.
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Introduccion

Tithonia diversifolia [Hemsl.] A. Gray,
commonly known as Mexican sunflower, is a
herbaceous species native to Mexico that has
been categorized by the National Commission
for the Knowledge and Use of Biodiversity
[Comision Nacional para el Conocimiento y
Uso de la Biodiversidad; CONABIO, 2009] as a
rustic plant or even classified as a weed in
various agricultural systems due to its rapid
growth and high colonization capacity.
However, recent research has revalued its agro-
industrial and ecological potential, highlighting
its adaptability to diverse soil types, rich
phytochemical content, and outstanding
bromatological properties.

As a forage species, T. diversifolia
exhibits high biomass production and
significant levels of crude protein, reaching up
to 29% on a dry matter basis, positioning it as a
strategic resource for sustainable silvopastoral
systems [Uu-Espens et al., 2021; Rivera et al.,
2021]. Additionally, its application in
phytoremediation has been documented,
demonstrating an efficient accumulation of
heavy metals such as lead and zinc without
compromising vegetative growth [Kekere ef al.,
2020]. In the medicinal and ethnobotanical
realm, 7. diversifolia is widely used in rural
communities for its  anti-inflammatory,
antioxidant, and antimicrobial properties, which
are attributed to bioactive compounds including
flavonoids, quinones, and phenolic acids
[Monroy, 2025; Souza-Silva et al., 2020].

Additionally, ecological modeling under
climate change scenarios [2041-2080] has
projected a slight expansion in the potential
distribution of 7. diversifolia in Mexico, with
an estimated increase from 30.7% to 32.4% of
the national territory, favored by its high
tolerance to intense precipitation and elevated
temperatures. This adaptive behavior suggests
that its dispersal could be enhanced,
consolidating its strategic role in resilient
productive systems and in the restoration of
degraded landscapes under a sustainable
agroecological approach [Duran et al., 2020;
Pérez et al., 2025].
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Complementarily, physiological
modeling studies such as Bayona [2023]
demonstrate that thermal and radiation
variations can significantly modulate the
productivity and quality of agricultural species,
highlighting the importance of analyzing the
edaphoclimatic and metabolic response T.
diversifolia under contrasting environmental
scenarios.

This study aimed to analyze the presence
of key secondary metabolites, moisture content,
and fatty acid composition in four vegetative
tissues [leaf, stem, flower, and root] of T.
diversifolia from three wild populations across
three locations in central Veracruz [Orizaba,
Ixtaczoquitlan, and  Rafael = Delgado],
considering their soil gradients. Variables such
as pH, electrical conductivity [EC], organic
matter, and soil texture directly influenced the
production of secondary metabolites and
nutritional parameters. It was observed that
alkaline soils with high EC, as in Rafael
Delgado, favored the accumulation of
unsaturated compounds and fatty acids; whereas
acidic to neutral soils in Ixtaczoquitlan and
Orizaba produced lower amounts but
considerable ash and protein contents,
indicators of forage nutritional value. It was
hypothesized that the edaphic environment
modulates the agro-industrial use potential by
tissue type, with differentiated applications in
regional silvopastoral systems, antimicrobials,
fertilizers, and soil improvement.

Materials and Methods

Georeferencing soil sampling

The study was conducted across three
representative locations in the central region of
the state of Veracruz, Mexico. The first site was
situated in the community of Cuautlapan,
municipality of Ixtaczoquitldn, at an altitude of
990 meters above sea level [masl] with
geographic coordinates 18°52'23.91" N and
97°01'33.16" W. The second site was in Rincon
Grande, municipality of Orizaba, located at
1,182 masl, with coordinates 18°52'45.12" N
and 97°00'38.25" W. Lastly, the third sampling
point was established in Jalapilla, municipality
of Rafael Delgado, at an altitude of 1,177 masl,
positioned at coordinates 18°49'25.57" N and
97°05'03.01" W [Google Earth, 2024].
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These locations were selected for their
stable wild populations of 7. diversifolia
occurring under contrasting agroecological
conditions, enabling the assessment of
edaphoclimatic influences on phytochemical
composition and biomass utilization potential
[CONABIO, 2009].

Soil samples were collected using a
systematic transect design, randomly selecting
30 T. diversifolia plants per location. For each
plant, soil adhering to the roots was extracted at
an approximate depth of 20 cm.

Subsamples were homogenized to form
a composite sample of 1 kg per locality,
collected in duplicate [M1 and M2], and
analyzed in triplicate according to NOM-021-
RECNAT-2000 standards.

Soil analysis

Soil analyses were conducted at the Laboratory
of the Faculty of Chemical Sciences,
Veracruzana University [FCQ-UV],
considering the following parameters: Organic
Matter [OM] was measured using 10 g of soil,
estimated by the Walkley-Black method
modified by Kjeldahl. Soil texture was
determined using the Bouyoucos method; 50 g
of soil was dispersed in 100 mL of 0.5% sodium
hexametaphosphate solution. Fraction readings
were taken with a Bouyoucos hydrometer G.L.-
5 at 60 VIRESA® at established intervals,
allowing the quantification of sand, silt, and clay
percentages.

For pH and Electrical Conductivity [EC],
20 g of soil were weighed and analyzed in
soil:water [1:2] and soil:IN KCI [1:2]

suspensions, continuously stirred for 30 minutes.

Measurements were performed using a Hanna®
Instruments H198130 multiparameter
potentiometer [pH/EC/TDS, high range]. EC
readings were obtained from the same solutions
used for pH determination, to facilitate
comparative analysis across acidic, neutral, and
alkaline soils and their respective cation
exchange capacities.All analyses followed the
criteria established by Kome et al. [2018] and
Quispe et al. [2019], adhering strictly to the
guidelines of NOM-021-RECNAT-2000.
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Sampling of plant tissues

A representative sampling area was delimited
by selecting 30 uniform 7. diversifolia plants
per locality. The geographic location of each
site was recorded for systematic documentation.
Approximately 1,000 g of each vegetative tissue
at physiological maturity, healthy and free of
visible damage, were collected from each plant
across the three localities. The vegetative
material was washed with sterile distilled water
to remove surface residues and subsequently
air-dried by spreading each tissue sample evenly
on clean mesh screens for 10 days in partial

shade, at an average temperature of
22.88+1.99 °C.

Moisture analysis

Moisture content determination was carried out
at the Chemistry Laboratory of the Instituto
Tecnoldgico de Orizaba [ITO], using previously
dehydrated material from the vegetative tissues
of T. diversifolia, following the methodology
described by Montejo-Sierra et al. [2018].
Exactly 1.1 g of each sample was weighed and
analyzed using an Ohaus® MB27 moisture
analyzer. The procedure was performed in
triplicate to ensure accuracy.

Ash and Protein Analysis.

Ash content was quantified by direct
incineration in a muffle furnace, following the
specifications of NMX-Y-362-SCFI-2019,
which allowed estimation of total mineral
content. Crude protein was estimated using the
Kjeldahl method, according to NOM-F-68-S-
1980, based on the determination of total
nitrogen and its conversion to protein using the
standard factor. All analyses were conducted in
triplicate.

Secondary metabolites by High Performance
Thin Layer Chromatography [HPTLC].

The chromatography was carried out in the
Phytochemical Laboratory of the Center for
Research and Advanced Studies of Irapuato
[CINVESTAYV, Unit Irapuato]. For the elution
and visualization of metabolites, the High-
Performance  Thin-Layer = Chromatography
[HPTLC] technique was employed. Extracts
diluted with 80% hydro-methanol were applied
in aliquots of 10 pL onto silica gel 60 F254
plates with aluminum backing [250 um thick, 10
x 20 cm, Sigma Aldrich].

Ixmatlahua-Rodriguez, Christian Andrés, Ortiz-Celiseo, Araceli, Alejandre-
Rosas, Jorge Alberto and Lopez-Zamora, Leticia. [2025]. Soil gradients and
phytochemical responses in Tithonia diversifolia: design of a comprehensive
utilization model by vegetative tissue in Veracruz. Journal-Mathematical and
Quantitative Methods. 9[15]1-12: €2915112.
https://doi.org/10.35429/JMQM.2025.9.15.2.1.12



Journal-Mathematical and Quantitative Methods

4
O[15]1-12: €2915112

Article

Applications were performed using a
CAMAG Automatic TLC Sampler 4 at a rate of
10 pL/sec and a bandwidth of 6.5 mm.

The software was programmed such that
the first application was positioned 10 mm from
the lower edge [X-axis] and 15 mm from the
lateral edge [Y-axis].

The mobile phase consisted of a solvent
system of ethyl acetate, formic acid, acetic acid,
and water in the ratio 50:5.5:5.5:13 [v/v]. Before
chromatographic development, the plates were
dried for 30 seconds, followed by pretreatment
of the chamber with the mobile phase at 20%
relative  humidity at room temperature.
Subsequently, the plates were dried again for 5
minutes.

For the visualization of phytochemical
compounds, a CAMAG TLC Visualizer
[Switzerland] under white light was used,
coupled with the visionCATS software version
2.0.15069.1, which enabled the digital capture of
the chromatographic profiles [Wagner and
Bladt, 2009].

Analysis by Gas Chromatography coupled
with Mass Spectrometry [GC/EIMS]

Derivatization of extracts

Residual methanol in the extracts was removed
by evaporation under a nitrogen stream within a
fume hood. Subsequently, 20 uL of pyridine and
100 uL of N,O-bis[trimethylsilyl]
trifluoroacetamide [BSTFA] were added as
derivatizing agents. The samples were
incubated for 30 minutes at 80°C in a
Thermomixer Comfort [Eppendorf®]. Finally,
100 pL of HPLC-grade isooctane was added to
analysis vials to proceed with instrumental
analysis. Each sample was processed in
triplicate.

GC/EIMS Analytical Conditions

T. diversifolia samples were analyzed using gas
chromatography coupled with electron impact
ionization mass spectrometry [GC/EIMS]. An
Agilent Technologies 7890A gas chromatograph
coupled to a Hewlett Packard 5975C mass
spectrometer was employed. Chromatographic
separation was achieved using a DB-1IMS
column [J&W Scientific]. Ultra-high purity
helium [99.9999%] served as the carrier gas at a
constant flow rate of 1 mL/min.
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Derivatized samples [200 pL] were
injected using an Agilent Technologies 7683B
automatic injector at 150 °C.

The oven temperature program started
at 150 °C for 0.5 min, then increased at 12.5
°C/min to 310 °C, held for 2.5 minutes.
Perfluorotributylamine [PFTBA] was used as a
mass calibration standard [Agilent
Technologies], covering a detection range of 50
to 800 atomic mass units [amu]. Compound
processing and identification were carried out
using MSChem, NIST, and AMDIS software.

Quantification of fatty acids

A calibration curve was constructed on the gas
chromatography-mass spectrometry system
using linoleic acid standard [Sigma-Aldrich] at
a known concentration [ug/uL]. The resulting
polynomial equation was y = 7x10° X= 5x107,
with a coefficient of determination R?>=0.98

This calibration curve was used to
determine the concentrations of the different
fatty acids present in the samples.

Statistical Analysis of Data

The chemical data derived from protein analysis
[dry basis] and fatty acids obtained by
GC/EIMS were subjected to statistical analysis
using Minitab software version 18 [LLC, 2018].

Results

This study was conducted using a comparative
approach between contrasting edaphological
zones, with independent variables consisting of
soil physicochemical parameters [see Table 1]:
pH, electrical conductivity [EC], organic matter
[OM], and texture [TS].

The dependent variables were moisture
percentage, secondary metabolites, fatty acids,
ash, and protein content, evaluated in four
vegetative tissues [leaves, stems, flowers, and
roots] T. diversifolia from three wild
populations.

The pH values determined in the soils
from the three localities  [Orizaba,
Ixtaczoquitlan, and Rafael Delgado] [Table 1]
reflect significant edaphic gradients, consistent
with previous findings where pH and electrical
conductivity [EC] emerge as key factors in soil
dynamics and microbiota.
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Table 1
Organic Matter, Texture, pH and Electrical
Conductivity, content of soils from 3 locations in
Veracruz.

Electrical

DEERD PHEKC] Conductivity [EC]
Localida Mi1- M2- Soil
a MU M2 ML MR fasm]  [asm] oM texture

6,34
+ 0274 538E ssi000

0,19 0,12 Sandy

0,20 035+0,10 0,27 +002 863£010 Loam

1‘“7 684+ 622+

zoquitlan 041 0,60

6,19+061 047021 0444023 272+008  Sandy Clay
0,46 Loam

720 722+ 671+

+ “lay L
elgado : " 0.06 012 6,75+0,16 0,60 +029 121120 274006  Clay Loam

In this study, Rafael Delgado exhibited
the highest pH values [7.20 £ 0.11] and EC [up
to 1.21 £ 1.20 mS/cm], conditions that favor
biochemical processes oriented towards the
synthesis of secondary metabolites [Flores-
Sanchez et al., 2023], in agreement with reports
for adaptive species in neutral-alkaline soils.
Meanwhile, Ixtaczoquitlan, with intermediate
pH [7.07 £ 0.46] and lower EC [0.47 £ 0.21],
showed greater water retention, resulting in
favorable stomatal moisture for growth and
green biomass accumulation.

The low organic matter [OM] content in
Ixtaczoquitlan [2.72 + 0.08%] and Rafael
Delgado [2.74 £0.06%] versus the highest value
in Orizaba [8.63 + 0.10%] and the differing soil
textures [from sandy loam to clay loam] directly
influenced the physical and chemical soil
properties. An intermediate OM content
combined with loam-clay texture balances good
aeration and water storage, ideal for nutrient
availability and water distribution fundamental
agronomic principles.

These results indicate that soils with
better structure and higher organic matter
stabilize pH and EC, optimizing growth
conditions and phytochemical expression T.
diversifolia [Pant et al., 2021]. Moisture content
in the vegetative tissues [see Table 2] of T.
diversifolia showed clear variation among
localities, mainly influenced by edaphic factors
such as soil pH, EC, and texture.

Table 2 Percentage of moisture in 7. diversifolia tissues

Orizaba Ixtaczoquitlin ~ Rafael Delgado
Tissues % Humidity % Humidity % Humidity
Leaf 6.7+0.52 7.0+0.52 8.8+0.52
Stem 7.9 +0.52 9.7+0.52 9.7+0.52
Root 7.6 £0.52 9.7+0.52 9.7+0.52
Flower 8.8+£0.52 9.7+0.52 10.0 +0.00
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Rafael Delgado exhibited the highest
moisture values in nearly all tissues, particularly
in the flower with 10%, which may be attributed
to its greater water retention capacity linked to
its loam-clay texture and higher electrical
conductivity [1.21 £ 1.20 mS/cm]. This
condition favors nutrient and water availability
in the rhizosphere, facilitating water
accumulation in vegetative structures [Holguin-
Villanueva et al., 2023]. The stems and roots
from Ixtaczoquitlan and Rafael Delgado showed
the same moisture content [9.7 £+ 0.52%],
indicating possible physiological adaptability of
the plant to maintain water reserves in
underground and supporting organs, especially
in soils with intermediate texture and higher
retention capacity. Orizaba, in contrast,
exhibited the lowest moisture values across all
tissues, with an average leaf moisture of 6.7 +
0.52%, consistent with its sandy loam texture,
which limits soil water retention. These values
suggest that the soil could be suitable for use as
a soil conditioner or mulch [Li ef al., 2024].

These results are important from a forage
perspective, as moisture contents between 7—
10% after drying guarantee good stability for
silage, reducing the risk of undesirable
fermentation and rot, thereby enhancing storage
and use during scarcity periods. Furthermore,
the flower and leaf tissues, with high moisture
content, represent valuable fractions for
formulating supplements rich in metabolites and
with good digestibility [Ferrer et al., 2021;
Montoya-Flores et al., 2022].

Ash values ranged between 6.36% and
15.23%, indicating significant variability in
mineral accumulation based on sampling
location [see Table 3]. The highest ash content
in Ixtaczoquitlan [15.23 + 0.02%] may be
related to EC and nutrient retention capacity,
which favors the absorption of essential
minerals. Previous studies indicate that adaptive
herbaceous species such as 7. diversifolia, under
fertile edaphic conditions, present higher
mineral concentrations in tissues, translating to
greater nutritional value for forage [Pant ef al.,
2021]. A greater ash content denotes a higher
amount of elements extracted from the soil,
making it a good fertilizer or natural soil texture
enhancer; apparent soil density increased
significantly, as did moisture, porosity, and
nutrient content [N, P, K, Ca, Mg], thereby
improving crop growth and yield [Li et al.,
2020].
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Box 3
Table 3
Ashes and Proteins in leaves of T. diversifolia
Analisis Orizaba  Ixtaczoquitlin R. Delgado
[%o] [%] [%]
Ashes 6.36+0.23 15234002  13.91+0.22
P“’tBem? Dy 50124003 25564023  2725+0.14
asis]
Proteins [Wet
Basis] 1323013 1619016  17.76 £0.07

The crude protein levels on a dry and wet
basis also show differences among the
populations. Ixtaczoquitlan [25.56 + 0.23 /
16.19 + 0.16%] and Rafael Delgado [27.25 +
0.14 / 17.76 £ 0.07%] present higher values,
supporting their use as high-quality forage feed.
Rivera et al. [2021] report averages between
28-29% crude protein in 7. diversifolia,
especially in genotypes selected for similar
altitudes. Furthermore, studies on the inclusion
of this species in ovine diets demonstrated
significant increases in crude protein intake
without compromising digestibility or animal
health [Adetola er al., 2021], reaffirming its
nutritional suitability according to the described
edaphic variations. The chromatographic folios
in Figure 1 show the presence of four main types
of metabolites in almost all samples: Flavonoids
[F1], Phenols [F], Quinones [Q], and Coumarins
[C]. Bands corresponding to leaves [Oh, Ih,
RDh] and flowers [Of, If, RDf] exhibit greater
intensity in compounds of higher polarity [high
Rf], suggesting a superior accumulation of
flavonoids and phenols in stems [Ot, It, RDt]
and roots [Or, Ir, RDr], especially in flowers
from Orizaba and Rafael Delgado. Coumarins
appear in flowers and leaves, and quinones in
leaves [Oh, Th, RDh] and stems [Ot, It, RDt],
indicating adaptive responses induced by
specific edaphic conditions.

* Or, Ot, Oh, and Of refer to the root, stem, leaf, and flower tissues, respectively, from
Orizaba. Similarly, Ir, It, Th, and If denote the root, stem, leaf, and flower tissues from
Ixtaczoquitlan. The abbreviations RDr, RDt, RDh, and RDf correspond to the root, stem,
leaf, and flower tissues from Rafael Delgado.

Figure 1

Chromatographic profiles of four vegetative tissues
from three wild populations of T. diversifolia
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High-Performance Thin-Layer
Chromatography [HPTLC] enabled the
identification of key metabolites 7. diversifolia,
highlighting flavonoids [Fl], phenols [F],
quinones [Q], and coumarins [C], with well-
defined bands reflecting their differential
abundance across tissues and locations [see
Table 4]. Notably, flowers and leaves from the
three populations exhibited intense bands with
retention factors [Rf] typical of more polar
flavonoids and phenols.

Table 4
Presence of secondary metabolites in plant tissues
of T. diversifolia.

MeOH extract 80%
Metabolite Flower  Leaves Steams Roots
Phenols + + + +
Flavonoids + + + -
Coumarins + + - -
Quinones + + -

These molecules have high biological
value due to their antioxidant, anti-
inflammatory, and antibacterial activities,
indicating considerable agro-industrial potential
as sources of bioactives for phytotherapeutic
formulations  or  natural  biopesticides
[Kaurinovic and Vastag, 2021; Tessema et al.,
2022].Coumarins and quinones, associated with
allelopathic and biostimulant properties, are
valuable for incorporation into bioproducts
aimed at soil improvement or as organic mulch
for weed suppression.

This finding is consistent with the plant's
adaptive behavior to soils with higher electrical
conductivity and pH [as found in Rafael
Delgado], where the production of these
protective metabolites is intensified.

This tissue-specific pattern, reinforced
by the visual resolution of the chromatographic
profile, supports the design of a differential
utilization model: leaves and flowers as sources
for phytochemical inputs and natural
antioxidants; roots and stems as bio-stimulant
agents or soil enhancers.

Thus, the integral wuse of T
diversifolia aligns with sustainable valorization
strategies in agroecological and silvopastoral
systems aimed at organic agriculture, reducing
production costs.
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As shown in Table 5, the main fatty acids
present in the vegetative parts of Tithonia
diversifolia were identified and differentiated by
locality. Table 6 presents the mass-based
quantification, expressed as micrograms per
gram of dry weight [pug/g DW], for the four
analyzed vegetative tissues [leaf, stem, root, and
flower] across the three study sites.

Table 5
Main fatty acids present in the vegetative tissues of
three populations of T. diversifolia

No. Rt Fatty acid Vegetative organs Use
from all localities
1 39,665 C16:0 Leaf, flower, steam Antimicrobial
: Palmitic Acid and root Surfactant
C:18:0 Leaf. fl " Antimicrobial
2 43152 Stearic Acid cal, tower, sieam Surfactant
and root
C18:2n6 Antimicrobial,

Leaf, flower, steam pharmaceutical,

3 42.535 Linoleic Acid and root cosmetic, and food

Antimicrobial,

C18:3n3 nutritional, and
4 42.62 Alpha Linoleic Leaf ’
Acid precursor to other

compounds

Rt* Retention time

This quantification enabled an accurate
comparison of the relative concentration of each
fatty acid in the tissues, considering both the
edaphic environment and the physiological role
of the plant organ. Quantifying these compounds
is essential, as fatty acids fulfill structural and
defensive functions in plants, as well as
possessing biotechnological potential as bio-
stimulants, antimicrobials, or nutraceutical
ingredients [Dongmo et al., 2021]. This type of
analysis contributes to assessing the differential
utilization of each tissue according to its specific
lipid composition.

Table 6
Quantification in pg of important fatty acids present in
plant tissues of 7. diversifolia, in the three locations.

Orizaba L
Plant . . Ixtaczoquitlan Rafael Delgado
Tissue Fatty Acid Welth;)tv[]ug/g Weight [ug/g DW]  Weight [ug/g DW]
Flower  Palmitic Acid 13.76 £ 0.63 16.06 = 1.84 26.80 = 16.72
Flower Stearic Acid 10.22 + 0.60 7.27+£3.48 18.81 +11.43
Flower  Linoleic Acid 6.30+0.43 5.58+4.58 9.77 £8.90
Leaf Palmitic Acid 11.34+1.01 11.40 £ 0.49 19.61 +3.75
Leaf Stearic Acid 8.12+0.54 8.66 +0.50 12.99 +2.01
Leaf Linoleic Acid 3.55+0.24 3.02+0.07 7.28+1.48
Leaf ~Alpha Linoleic 4.86+0.42 3.8320.06 972197
Acid
Steam Palmitic Acid 11.74+1.22 18.52 +9.05 20.92 +10.81
Steam Stearic Acid 8.18+£0.73 10.71 £2.53 1223 +3.14
Steam Linoleic Acid 2.75+0.16 3.06+1.25 291+1.18
Root Palmitic Acid 10.99 + 6.63 1421 +£0.57 18.31 +6.99
Root Stearic Acid 7.53+4.42 10.68 +0.48 8.89+5.82
Root Linoleic Acid 2.90 +0.40 2.13+£0.04 2.35+047
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Gas chromatography coupled with mass
spectrometry [GC-MS] phytochemical studies
of plants like Moringa oleifera have extensively
characterized fatty acid content, establishing
benchmark reference parameters. High content
is defined as concentrations above 15 pg/g of dry
tissue, especially in seeds, as reported by
Gharsallah et al. [2022] and Cervera-Chiner et
al. [2024], dominated by fatty acids such as
palmitic, oleic, and stearic acids, associated with
potential applications in biofuels and natural
pharmaceuticals.

Moderate content [5-15 pg/g dry
weight] has been observed in vegetative
structures like leaves or bulbs, where lipid
profiles [Hosni et al., 2022] fulfill structural or
bioactive functions, in accordance with El-
Naggar et al. [2023]. Low content [<5 ug/g dry
weight] is common in flowers or non-storage
tissues, maintaining a lighter profile potentially
involved in antioxidant or defensive activity.
This  classification  guides  biochemical
interpretation of lipid content in non-
conventional species like 7. diversifolia.

Palmitic, stearic, linoleic, and a-linolenic
acids were identified with tissue-specific
profiles [flower, leaf, stem, root] and locality
[Orizaba, Ixtaczoquitlan, Rafael Delgado].

Their biotechnological potential was
assessed according to benchmark classification,
enabling determination of whether a tissue
serves as a rich, useful, or marginal source of
specific fatty acids.

Flowers from Rafael Delgado showed
high accumulation of palmitic acid [26.80 +
16.72 ng] and stearic acid [18.81 = 11.43 png],
while Orizaba and Ixtaczoquitlan maintained
moderate levels. These long-chain saturated
fatty acids are recognized for antimicrobial
activity against Gram-positive and Gram-
negative bacteria, targeting the cell membrane
structure of pathogens. Their combination in
petals, along with polyphenols and flavonoids
per HPTLC analysis, positions them as natural
biopesticides or ingredients for cosmetics and
sanitizers [Kim ef al., 2021].

In Ixtaczoquitlan, palmitic [16.06 + 1.84
ngl] and stearic [7.27 + 3.48 pg] levels were
high-moderate, highlighting  compositional
consistency useful for standardized products.
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Orizaba, with palmitic [13.76 £ 0.63 pg]
and stearic [10.22 + 0.60 pg], falls within the
upper-moderate range, viable for general bio-
inputs. Linoleic acid was moderate [5.58 + 4.58
pg] in all cases, useful as an anti-inflammatory
or antioxidant.

Leaves of Rafael Delgado presented high
palmitic acid [19.61 + 3.75 ug] and moderate a-
linolenic acid [9.72 + 1.97 ug], suggesting
protective or regulatory functions against
oxidative stress, given that a-linolenic acid is an
essential polyunsaturated fatty acid known to
interfere with bacterial fatty acid synthesis by
inhibiting key enzymes like Fabl, explaining its
antimicrobial action. Stearic acid [12.99 + 2.01
ug] was moderate, enhancing its utility in
bioactive formulations, also attractive for
cosmetic [moisturizing] and  livestock
supplement  industries targeting ruminal
microbiota modulation [Roopa ef al., 2020].

Palmitic acid concentrations were similar
between Orizaba [11.34 + 1.01 pg] and
Ixtaczoquitlan [11.40 = 0.49 pg], with stearic
acid slightly predominant in Ixtaczoquitlan [8.66
+ 0.50 pg] vs. Orizaba [8.12 £ 0.54 nug]. a-
Linolenic acid maintained stable moderate levels
in both [3.55 £ 0.24 pg in Orizaba and 3.83 +
0.06 pg in Ixtaczoquitlan], indicating balanced
potential for foliar bioprotectors or mild
phytopharmaceutical ~ agents  useful in
agroecological practices prioritizing
sustainability and low toxicity. In stems,
palmitic acid was high in Ixtaczoquitlan [18.52
+ 9.05 pg] and Rafael Delgado [20.92 + 10.81
ug], matching benchmark criteria for a rich
source with applications in silage, lipid
supplementation, or structural mulch. Stearic
acid [10.71 £ 2.53 pg] was moderate, while
linoleic acid remained low [<3 pg], indicating
minor direct antioxidant role but synergistic
antimicrobial potential as documented in other
plant systems [Rouvier et al., 2025]. Orizaba,
though with lower values [palmitic 11.74 + 1.22
pg], remained in the moderate range suitable for
intermediate-use biomass. High palmitic acid
content was determined in roots from Rafael
Delgado [18.31 + 6.99 pg] and Ixtaczoquitlan
[14.21 + 0.57 pg], suggesting lipid reserve
accumulation with potential for biological
control products, soil bioprotectors, or slow-
release mulch systems, while Orizaba showed
moderate level [10.99 + 6.63 pg], possibly
related to denser or less porous soil
characteristics. Stearic acid was moderate across
all three sites.
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Linoleic acid was low [<3 pg] in roots at
all sites, limiting its biochemical prominence in
this tissue but potentially participating as a
cofactor in soil lipid synergies [Ferreira et al.,
2019].

Conclusions

The results obtained demonstrate that T.
diversifolia, a species traditionally considered a
weed, possesses highly differentiated agro-
industrial and bioeconomic potential by tissue
and locality, closely linked with edaphic
gradients.

Edaphic analyses conclude that in
Orizaba, leaves could be used for forage
production, especially in systems requiring
conservation by ensiling without additives. The
stems and roots from Ixtaczoquitlan are
recommended as mulch, green manure, or living
cover due to their capacity to conserve moisture,
suppress weeds, and enrich soil; stems also could
complement forage because of their high protein
content.

Phytochemical profile determination
revealed that in Orizaba, flowers are rich in
phenols and quinones, suggesting applications in
essential oil and natural cosmetics industries. In
Ixtaczoquitlan, leaves showed high flavonoid
presence, with pharmacological and antioxidant
implications. Finally, in Rafael Delgado, the
phytochemical profile reflected phenols,
flavonoids, quinones, and coumarins with
potential antimicrobial, antibacterial, or natural
sanitizing properties.

Differentiated fatty acid profiles were
identified in 7. diversifolia, highlighting
palmitic, stearic, linoleic, and a-linolenic acids
distributed specifically in flower, leaf, stem, and
root tissues, modulated by local edaphoclimatic
conditions. Fatty acid profile differentiation
indicates that in Rafael Delgado, flowers exhibit
the highest palmitic acid concentration, useful in
bioherbicide or natural antipathogen
formulations. Leaves showed elevated stearic
and  o-linolenic  acids, important for
phytopharmaceutical, = cosmeceutical,  and
agricultural bio-stimulant formulations. Stems
and roots in Ixtaczoquitlin and Rafael
Delgado showed palmitic and stearic acids,
suggesting possible use in biofertilizers, soil
improvers, bioactive extracts, and
lignocellulosic ~ waste  valorization  with
biological activity.
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The distribution pattern also revealed
Ixtaczoquitldn had the lowest standard deviation
among replicates, suggesting greater metabolic
stability in fatty acid synthesis, whereas
Orizaba showed higher variability, especially in
palmitic acid, possibly linked to microvariations
in edaphic and management conditions, opening
the possibility to adjust cultivation and harvest
techniques for the desired metabolic product.

This integrative approach, based on
accessible analytical technologies adapted to
local conditions, allows designing viable
technology transfer proposals for small
producers, utilizing underused phytogenetic
resources with low input requirements and high
edaphic adaptability. The incorporation of T.
diversifolia into silvopastoral production
schemes, biofertilization, and compound
extraction contributes to lowering production
costs, promoting synthetic input substitution,
and fostering a circular and sustainable
agricultural economy in Veracruz.

The tissue- and locality-specific
phytochemical-functional analysis highlighted
how the edaphic conditions of each zone
[Orizaba, Ixtaczoquitlan, and Rafael Delgado]
differentially modulate this species' metabolic
pathways, directly influencing the accumulation
of secondary metabolites, fatty acids, and key
phenolic compounds of functional and economic
value.
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Abstract

The global demand for electrical energy from alternative sources has
positioned wind power as the most feasible option. The aim of this
research was to analyze the design and maintenance of wind turbine
gearbox systems exposed to lightning strikes. On the other hand, state-
of-the-art gearboxes have an average replacement frequency of 0.4 times
the lifespan of the wind turbine. However, those lacking these
technologies will experience longer downtimes, impacting their
efficiency and profitability. A mixed-mechanism analysis was performed
to evaluate gearbox design and maintenance parameters, identifying
critical factors such as intermittent torque and lightning strikes. An
analysis of existing gearbox design methods prompted the proposal of an
alternative method that meets the goals of sustainable development and
modernization. The optimization of this technology will be the future
work focus.

Resumen

El requerimiento global de energia eléctrica de fuentes alternativas, ha
posicionado la generacion edlica como la de mayor factibilidad. El objetivo
de esta investigacion fue analizar el diseflo y mantenimiento de sistemas de
cajas de engranes de aerogeneradores expuestas a descargas por rayo. Por otro
lado, las cajas de engranes de tltima tecnologia tienen frecuencia de
sustitucion promedio 0.4 de la vida util del aerogenerador. Sin embargo, los
que no cuentan con estas tecnologias experimentaran mayores tiempos
muertos impactando su eficiencia y rentabilidad. Un analisis mixto fue
realizado en la evaluacion de parametros de disefio y mantenimientos a cajas
de engranes, identificando factores criticos; par torsor intermitente y
descargas por rayo. Un analisis de métodos existentes de disefio de cajas de
engranes fue el detonante para proponer un método alternativo que cumpla
con los objetivos del desarrollo sustentable y modernidad. La optimizacion de
esta tecnologia sera motivo de trabajos futuros.
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Introduction

Wind energy is expanding the global electric
power generation industry with greater
efficiency within the area of sustainable
development and zero emissions. To achieve
these goals, turbine size continues to increase in
all dimensions, capacities, and control through
artificial intelligence. This predicts exponential
growth for future generations of wind farms with
technological improvements in all their
components. Banihabib, R., & Assadi, M.
[2023].

In recent decades, there has been a major
shift in wind turbine technology, leading to the
variable-speed wind turbine with a multi-stage
gearbox. This type of turbine features a gearbox
between the low-speed rotor and a higher-speed
electrical generator [usually a doubly fed
induction generator]. The purpose of the gearbox
is to increase the rotor's rotational speed before
powering the generator. In a wind turbine, the
gearbox increases the blade rotational speed by
15 to 20 revolutions per minute [RPM] to reach
the speed required by the generator.

Wind turbines without gearboxes are
called variable-speed direct-drive wind turbines.
The synchronous generator is powered directly
by the rotor. There are two types of generators
for direct-drive wind turbines: permanent
magnet generators and electrically excited
synchronous generators.

Wind turbines, both onshore and
offshore, are exposed to different environments
and phenomena that determine the types of
failures in wind turbines. In the case study of
gearbox systems, the main phenomena related to
failure are wear and lightning strikes, which are
decisive factors in the wind turbine's lifespan.
Alves Ribeiro, J., et al. [2025], Arias Velasquez,
R. M. [2024], Farrando, M., et al. [2024] and
Verma, P., & Kumar, N. [2021].

The annual lightning strike rate,
according to some real-time storm tracking sites,
reports an average of 0.6 to 1 cloud-to-ground
lightning strike per turbine per year. However,
multi-megawatt turbines in exposed hilltop or
offshore locations experience around 10 direct
lightning strikes per year. This generates a high
frequency of lightning strikes on wind turbines,
where the rotational axis and its components are
part of the discharge channel to the ground
system.
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The gears of a wind turbine amplifier box
exposed to a lightning strike experience an
intense, ultra-rapid burst of energy. The
combination  of  heat, pressure, and
electromagnetic fields from the arc concentrates
the damage in tiny points, which can damage the
entire gear train. Electrical arcs can exceed
20,000 kA. They develop melt craters, brittle
cast layers, and heat-affected zones. The rapid
expansion of the plasma generates shock fronts,
and the metal peels off in microflakes around the
pit. Gears exposed to plasma may suffer from:
Surface erosion, sputtering, ion bombardment,
sharp tooth edges, high energy neutrals and
radicals, return currents, passing through
lubricated spaces, lubricant degradation, attack
of oils by plasma reactive [O, OH, F, Cl],
vacuum or low pressure plasmas, thermal and
mechanical stress, localized heating of
discharges, induce thermal cycles, microcracks,
increased friction, change in surface roughness,
different wear phenomena. Alipio et al. [2021],
Araya, N., et al. [2025], Fridman et al. [2007]
and Verma, P., & Kumar, N. [2021].

The aim of this research was to analyze
the design and maintenance of wind turbine
gearbox systems exposed to lightning strikes. An
analysis of existing gearbox design methods was
the catalyst for proposing an alternative method
that meets the goals of sustainable development
and modernity.

How can we achieve efficient wind
turbine gearbox designs and maintenance
programs that meet sustainable development
goals, focusing on equalizing the lifespan of
amplifying gearboxes with that of wind turbines,
increasing electricity generation and the
profitability of wind energy in an environment
with frequent lightning strikes?

The improvement proposals for wind
turbine gearboxes were developed based on the
authors' experience and considered real-time
monitoring databases with machine learning and
comparison of classified characterization models
for interpretation and decision-making. The
optimization of this technology will be the
subject of future work

Research methodology

This research adopted a mixed approach,
applying both quantitative and qualitative
technologies, utilizing systematic processes, as
well as records and estimated data.

Berra-Ceballos, Raul, Cruz-Gomez, Marco Antonio, Mejia-Pérez, José
Alfredo and Castillo- Pensado, Juan Luis. [2025]. Design and maintenance
analysis of wind turbine amplifier gearboxes systems exposed to lightning
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The aim of this investigation was to
analyze the design and maintenance of wind
turbine gearbox systems exposed to lightning
strikes. To this end, the application of the
quantitative method was relevant in identifying
control variables involved in previous studies
evaluating gearbox design and maintenance
parameters, identifying critical factors such as
intermittent torque and lightning strikes.

An analysis of existing gearbox design
methods was the trigger for proposing an
alternative method that meets the goals of
sustainable  development and modernity.
Quantitative indices from gearbox design reports
under  current international  regulatory
frameworks determine, based on variables such
as revolutions per minute, torque, load,
lubrication type, diametral pitch adjustment,
mechanical vibration frequency, and material
mechanical properties, the design factors for
traditional bearing and gear methods. Analysis
of wind turbine operating curves based on
mixed-methodology records determined that
state-of-the-art gearboxes have an average
replacement frequency of 0.4 times the lifespan
of the wind turbine, which decreases the
efficiency and productivity of the wind farm.
Furthermore, the experiences of wind farm
personnel qualitatively identify that damage to
wind turbine amplifier boxes is primarily due to
wear and lightning strikes, which cause a loss of
efficiency in the wind turbine system.

This was linked to scientific reports,
contrasting experience and statistics that were
considered as the application of the mixed
method, which allowed the possibility of
obtaining results from the estimation of
variables, which played an important role in
decision-making to evaluate the useful life of a
generator's gearbox. A mixed analysis was
performed in the evaluation of design parameters
and maintenance of gearboxes, identifying
critical factors, intermittent torque and lightning
discharges through quantitative and qualitative
methods. The operational data resulting from
this research determined that the improvement
proposals for wind turbine gearboxes were
carried out through the experience of the authors
and considering real-time monitoring databases
with machine learning and comparison of
classified characterization models of gearbox
systems with uses in the aerospace industry for
interpretation and decision-making.
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Finally, using a mixed method, an
analysis of the control variables was carried out,
which allowed us to address the question of how
to achieve efficient gearbox designs for wind
turbines and maintenance programs that meet
sustainable development objectives, focusing on
achieving equal lifespans of amplifying
gearboxes with those of wind turbines,
increasing electricity generation and the
profitability of wind energy in an environment
with frequent lightning strikes.

This research proposes a design of
amplifying gearboxes for wind turbines using
specialized techniques from the aerospace
industry to generate thin-film coatings for
ultrasonic equipment. It quantitatively evaluates
technical parameters adaptable to the wind
energy industry, allowing for increased
mechanical properties in bearings and gear
shafts to supply an expanding and growing wind
energy industry with continuous threats of
lightning strikes. Additionally, an autonomous
gyroscopic balancing and leveling system was
proposed for the equipment anchoring system
inside the machine room. This system will
reduce impacts on rotodynamic systems in the
face of intermittent wind gusts and bending of
the wind turbine base pedestal, greatly reducing
impact cracking of materials and reducing
abrasive, adhesive, and corrosive wear, fatigue
failures, and surface pitting.

Qualitative methods were used to
estimate the feasibility of these technologies for
modern wind turbines. Quantitative and
qualitative methods show that coating the wind
turbine machine room equipment, mainly the
amplifier box, with high mechanical strength
thin films and gyroscopically balancing and
leveling using autonomous systems reduces the
impact between gear systems, bearings, and
bushings. Furthermore, when used as a channel
in the lightning discharge phenomenon, plasma
is generated, but the ceramic coatings act as a
protector of the substrate, experiencing less
damage to its microstructure. In addition to this,
the autonomous gyroscopic balancing and
leveling systems have reduced impacts, which
increases the useful life of the wind turbine
gearbox in all its components. [Akgiil, 2024, Al-
Bedhany, J. H., et al. [2024], Doostmohammadi,
M., et al. [2020], Farrando, M., et al. [2024] and
Fridman et al. [2007].
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Classification of gearboxes for wind turbines.

Multi-stage gearboxes for multi-megawatt wind
turbines can be classified as two-stage planetary
+ single-stage helical [three stages total], three-
stage parallel helical, compound configurations
combining spur and helical gears, magnetic
torque, cycloidal, hydrodynamic, and direct
drive.

Wind turbine gearbox types include:
Planetary [planetary gears around the ring gear,
generating ratios of 30:1 to 100:1, compact, high
torque capacity], Parallel Shaft [multi-mesh
spur/helical gears, ratios of 30:1 to 90:1, simpler
design, easier maintenance], and Hybrid
[variable combination of planetary and parallel
stages balances size, weight, and reliability].

The gear set [planetary or parallel] is
made of high-strength alloy steel, the bearings
are designed for axial and radial loads, seals and
filters keep the lubricant clean, and advanced
synthetic oils maintain the film under high
pressures and temperature fluctuations. Adede;ji,
P. A, et al. [2024] and Araya, N., et al. [2025].

Active magnetic bearings; these bearings
use electromagnetic fields to levitate and
stabilize rotors, allowing for frictionless
operation and self-balancing.

Magnetic  transmissions: torque is
transmitted via magnetic coupling, without
mechanical contact; wear-free, lower torque
density, zero gearbox failures, the need for
lubrication is virtually eliminated, and
availability and energy efficiency increase by
approximately 10%. These have disadvantages:
they are in the development stage, require a very
large nacelle footprint, and require a high initial
cost due to rare-earth magnets or large mass.

Cycloidal [strain wave] transmissions—
a crescent-shaped rotor flexing on a stationary
ring—generate very high reductions per stage,
are less field-proven, and require complex seals.
Hydrodynamic transmissions feature fluid
coupling and torque converter stages, smooth
torque transfer, overload protection, lower
efficiency, and bulkiness.

Direct drive systems, by not having a
gearbox, reduce mechanical noise and the
number of rotating components.
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Furthermore, this type of wind turbine
has a single main bearing for the rotor and
generator assembly, further reducing the number
of moving parts and reducing maintenance and
repair costs. Gearbox vs. Direct Drive. Direct
drive systems have permanent magnets made of
rare earths, neodymium, and can be used in
small-scale wind turbines, but they also have
applications in high-power wind turbines, both
offshore and onshore. Previous studies have
determined that direct-drive wind turbines of 7-
10 MW require larger and heavier generators. In
this case, a single- or two-stage gearbox is the
best option and offers the same operating
conditions.

Previous studies contrast mechanical
transmissions with direct drives, where the role
of mass, materials, and affordability influence
the cost of the support structure. These groups of
developers  defend  different  positions,
highlighting their advantages in terms of service
life, indicating that the gearbox-based wind
turbine is almost at its peak efficiency, while
direct-drive turbines have more room for
improvement.

The previous proposals are in dispute;
however, both proposals have significant growth
potential within their areas and combined, will
be superior in future technology developments.
But the problem to overcome is lightning strikes,
for which neither proposal is prepared to operate
without repairs during the wind turbine's
planned lifespan. NFPA. [s.f.]. NFPA 780.

Traditional mechanical design methods for
gearbox design

Traditional mechanical design methods for gear
design specify that the first thing to be known are
design environment conditions which are key
input and output: input speed, torque, power,
direction of rotation, output speed, torque, power
and type of motion desired, operating conditions
[temperature, lubrication, duty cycle], space
constraints, weight, noise and efficiency are
essential to select the gear type, gear ratio and
materials.

Select the gear geometry that best suits
your application: spur, helical, helical, bevel,
worm. Consider load carrying capacity, size,
noise, and mounting configuration when making
your decision.

Berra-Ceballos, Raul, Cruz-Gomez, Marco Antonio, Mejia-Pérez, José
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Determine the gear ratio, select the
standard tooth size [modulus or diametral pitch],
calculate pitch diameters, verify center
distances, select the appropriate pressure angle,
clearance for the lubricant to be used, tooth
profile, interference and clearance [involute
profile], radial height above the pitch circle
[addendum], radial depth under the pitch circle
[dedendum], clearance between the tip and root
[clearance], angle between the line of action and
the tangent on the pitch circle [pressure angle],
contact depth [working depth].

Avoid interference by ensuring the
minimum number of teeth meets AGMA 2001-
D04 for a given pressure angle and profile offset.
Clearance [typically 0.05 to 0.15 mm] ensures
smooth rotation and compensates for thermal
expansion and tooth deflection. Strength
analysis and AGMA classifications, strength
checks; bending stress, contact stress [Hertzian],
applying dynamic, load, size, and reliability
factors, converting these allowable stresses into
a safety factor against fatigue and pitting.
material selection and heat treatment,
manufacturing methods, assembly, alignment
and lubrication, maintain correct center distance
and shaft alignment to minimize vibration and
noise, adjust backlash within recommended
limits for thermal expansion and tooth
deflection, choose lubricant type [oil, grease,
solid film] based on speed, load and temperature
and finally prototype verification and testing,
stress re-evaluation with refined loads [dynamic,
impact], finite element analysis and continuous
evaluation of the system based on its
experimental development until the expected
performance target is reached in a sustainable
and sustainable optimization. AGMA. [2004].
AGMA 2001-D04 and Araya, N., et al. [2025].

Design of gearboxes for wind turbines.

The wind power propulsion system has a turbine
whose load is not perfectly uniform.
Implementing an equivalent load with various
load levels must be done with multifunctional
design models and safety factors against fatigue
and pitting, based on the environment and
exposure to chaos theory phenomena, as this can
lead to inaccurate results when assessing fatigue.
AGMA 6006 includes a method for calculating
gearbox reliability and also addresses how to
address other failure modes. AGMA. [s.f.].
AGMA 6006 and Jiang, L., et al. [2020].
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Numerical simulation combines finite
element gear stress models with plasma arc CFD
to predict local heating and erosion, in-situ
monitoring incorporates thin-film sensors on
critical tooth surfaces to detect arc events and
quantify material loss over  time,
multidisciplinary ~ cross-sector  collaboration
analyzing experience from the wind turbine and
aerospace sectors, where plasma arcs on metal
frequently result in advanced mitigation tactics.

By combining gear geometry, load rating
standards, lightning protection protocols, and
high-energy discharge testing, drives can be
created that are resilient to the mechanical
stresses and extreme conditions of lightning-
induced plasma.

Multidimensional failure modeling and
optimization based on the classic Stribeck curve
of planetary gearbox bearings, pins to prevent
wear failures and reduce friction in wind
turbines, have proposed a unified failure model
based on a tribodynamic framework for full-size
gearbox bearings. The proposed
multidimensional designs achieve reductions of
more than 90% in friction and wear failures,
closely matching wear patterns that improve
stability and wear resistance of the radial
clearance observed in tests. This represented an
improvement in the regulation of oil film
thickness in the critical transition zone.

Hydrodynamic and mixed lubrication
regimes in gear shafts, bearings, and bushings
reduce friction coefficients at contacts, thermal
effects, and thermoelastic deformation. Lower
clearance ratios and higher width-to-diameter
ratios alleviate stress concentrations at the edge.
Al-Bedhany, J. H., et al. [2024].

Replacing rolling bearings with plain
bearings and integrating them with planetary
gears can increase the torque density of wind
turbine  transmission  systems. However,
planetary gears are subjected to complex forces
and moments arising from the dynamic meshing
of internal and external gear pairs. This results in
edge contact in the plain bearings, feedback
effects in the mesh, load skew, strong inter-gear
coupling, and critical lubrication.

Asymmetric deformation of the support
pins under dynamic meshing forces results in
skewed mesh loading and edge contact, which
intensifies the increase in input torque.

Berra-Ceballos, Raul, Cruz-Gomez, Marco Antonio, Mejia-Pérez, José
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Optimizing skewed mesh loading and
edge contact of the bearing reduces loading
conditions, improving load distribution and the
performance of the wind turbine gearbox shown
in Figure 1.

Gearbox test bench top view diagram:

Loading torque
cylinder

Back shafts support
L ]

Test
rig
gear

Input torque transducer

Power
input

Output torque
transducer

Figure 1
Gearbox system for wind turbine
Source: Own elaboration

Lightning strikes on wind turbines.

Lightning strikes to wind turbines over their
lifetime were estimated by previous studies at 20
years and are divided into low-risk scenarios
with 12 events, medium-risk scenarios with 20
events, and high-risk scenarios with 200 events.
Factors affecting the number of strikes include
turbine height, geographic location, and lifetime.

Lightning and high-voltage faults can
create a transient plasma arc carrying tens to
hundreds of kiloamperes and temperatures
exceeding 20,000 K. This plasma expands
supersonically, emits intense electromagnetic
fields, and generates powerful shock waves.
When such an arc touches a gear system or
gearbox housing, it can cause complex damage
that goes far beyond simple superficial burns.

Factors influencing the severity of
lightning damage: current waveform: short,
high-peak return strokes [us] cause deeper,
sharper craters; longer continuous currents
[hundreds of ps] provide more total heat and
wider melting zones, resulting in greater total
charge transfer; greater charge results in higher
energy deposits, thicker melt layers, and larger
heat-affected zones. Cernalevschi, G., et al.
[2025], and Farrando, M., et al. [2024].

Gears made of high-conductivity steel
and hardened alloys are more prone to cracking.
Protective and lubricating coatings: Dielectric
paints delay arc formation but can trap energy,
causing the coating to explode. Grounding and
enclosure design: Well-sealed housings deflect
arc paths away from sensitive gear surfaces.
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Transient currents induce
electromagnetic Lorentz forces that can bend
fine metal teeth or demagnetize bearings. Bruce,
T., et al. [2015] and Cernalevschi, G., et al.
[2025].

Mitigation strategies include installing a
robust ground and bonding system to provide a
low-resistance arc path to the chassis or ground,
thus avoiding the gears; enclosing gear trains in
conductive housings or Faraday cages to
intercept arcs externally; and applying arc-
resistant  coatings  [thin,  high-hardness,
conductive films] that vaporize in a controlled
manner, thereby reducing direct damage to the
steel. Agbogo, V. U, et al. [2025].

Recommendations after a lightning
strike: install surge protection on nearby power
supplies to minimize stray current faults;
implement condition monitoring [ultrasonic
inspection, ink penetration testing, hardness
mapping] after any severe electrical event.

Beyond immediate repairs, arc erosion
test benches are worth exploring to quantify
material loss under current waveforms. This data
helps predict service life after an impact and
refine maintenance intervals for critically
damaged gear systems. Cernalevschi, G., et al.
[2025] and Zhang, W., et al. [2025].

Standards for the design of gearboxes,
bearing and bushings exposed to lightning
discharges.

International standards for wind turbines
exposed to lightning strikes. IEC 61400-24:2019
Wind power generation systems Part 24:
Lightning protection specifies requirements and
guidelines for the protection of wind turbines
and complete wind power systems against the
direct and indirect effects of lightning. It defines
the lightning discharge environment for wind
turbines, establishes risk assessment procedures,
and sets out protective measures, test methods,
and recommendations. Alipio et al. [2021] and
IEC. [2019]. IEC 61400-24:2019.

To design mechanical or
electromechanical gear systems that may be
exposed to lightning strikes, two families of
international standards are used: general
lightning protection principles and test methods,
and application-specific requirements [for wind
turbines, vehicles, aircraft, etc.].

Berra-Ceballos, Raul, Cruz-Gomez, Marco Antonio, Mejia-Pérez, José
Alfredo and Castillo- Pensado, Juan Luis. [2025]. Design and maintenance
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discharges. Journal-Mathematical and Quantitative Methods. 9[15]1-16:
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General rules for lightning protection and
surge immunity; IEC 62305-1 - 2021, Lightning
protection - General principles, risk management,
definitions, and lightning parameters. IEC
62305-2 - 2021; Lightning protection - Risk
management methodology for assessing
lightning risk to structures/equipment. IEC
62305-3 - 2021; Lightning protection - Physical
damage to structures and life-threatening
lightning strikes - Protection of external systems
[air termination, downconductor, earthing]. IEC.
[2021]. IEC 62305-1:2021, IEC. [2021]. IEC
62305-2:2021, IEC. [2021] and IEC 62305-
3:2021.

Wind turbine gearboxes IEC 61400-
24:2019; Wind turbine generator systems - Part
24: Lightning protection addresses lightning
strikes to blades, nacelles, and internal surge
mitigation for control and power electronics.
IEC. [2019]. IEC 61400-24:2019.

International standards for the design of
gears that may be exposed to lightning-induced
plasma arcs require combining traditional gear
engineering standards with lightning protection
and high-energy discharge testing standards.
ISO 6336, Load-carrying capacity calculation of
spur and helical gears, defines safety factors for
bending and pitting, material properties, and
design formulas. ISO 1328, Precision of involute
cylindrical gears, specifies tolerances for tooth
profile, helix, and pitch to ensure accurate
meshing. AGMA 2001-D04, Fundamental
classification factors and calculation methods,
the American equivalent of ISO 6336, which
includes fatigue factors for surface cracking and
wear. AGMA. [2004]. AGMA 2001-D04, Bru,
K., etal. [2020], ISO. [2019]. ISO 1328 and ISO.
[2019]. ISO 6336.

Lightning  protection  and  risk
management IEC 62305 lightning protection,
NFPA 780 standard for the installation of
lightning protection systems and guides on air
terminals, down conductors, bonding and
grounding. IEC. [2021]. IEC 62305-1:2021.

High-energy discharge and plasma
testing IEC 60068-2-60 Environmental testing -
Mixed gas flow corrosion test, adapts to
electrode erosion testing by simulating the
impact of a plasma jet. IEC 61000-4-5
Electromagnetic compatibility, Surge immunity
test defines the generator output for high-energy
transients, useful for emulating impact currents.
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IEC 61400-24 Wind turbines,

Lightning protection, although focused
on blades, details plasma arc adhesion and
material erosion.

Aerospace and Transportation
Applications RTCA DO-160, Section 22
Environmental Conditions and Test Procedures -
Lightning-Induced  Transient  Susceptibility
addresses the indirect effects of lightning strikes
on mechanical and electrical assemblies. SAE
ARP5412A Guidelines for Aircraft Lightning
Protection describes test setups for direct-strike
plasma arc interaction with metallic parts. Bru,
K., et al. [2020], Cernalevschi, G., et al. [2025],
IEC. [2000]. IEC 60068-2-60, IEC. [2014]. IEC
61000-4-5 and SAE. [s.f.]. SAE ARP5412A.

Integrating standards into the gear design
workflow: Risk assessments apply IEC 62305-2
to determine the likelthood and severity of
lightning strikes at the facility. Mechanical
design: Use ISO 6336/AGMA 2001 to size gears
for torque and fatigue life, considering potential
plasma erosion. Material and coating selection:
Choose steels or nickel-based alloys with proven
resistance to plasma arc erosion; consider
thermal spray coatings according to ISO 14916.
Protective measures: Connect gear housings to
down conductors; ensure equipotential bonding
according to IEC 62305-4. Laboratory tests:
Overcurrent simulation according to IEC 61000-
4-5 on gear shafts.

Perform plasma jet erosion tests
according to the modified TEC 60068-2-60
standard. Check the accuracy of the gears after
testing against the tolerances of ISO 1328.
AGMA. [2004]. AGMA 2001-D04, IEC. [2000].
IEC 60068-2-60, IEC. [2014]. IEC 61000-4-5,
IEC. [2021]. IEC 62305-1:2021, IEC. [2021].
IEC 62305-2:2021, IEC. [s.f.]. IEC 62305-4,
ISO. [2010]. ISO 14916, ISO. [2019]. ISO 1328,
ISO. [2019]. ISO 6336 and ISO/AGMA. [s.f.].
ISO 6336/AGMA 2001.

The ISO 4406:99 4/6/14 pm standard is
used to classify the cleanliness of hydraulic oil
[or similar fluids] based on the amount of
particles it contains in pm. ISO. [1999]. ISO
4406:99.
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Failure rate in onshore and offshore wind
turbine gearboxes

A previous assessment of offshore, floating,
semi-submersible, and stationary wind turbines
estimated that the failure rate for electrical and
electronic components and blade systems is
seven times higher than that of land-based
turbines. However, the approximate annual
failure rate for the gearbox and drive train
system was estimated to be about four times
higher than that of land-based turbines. Baragetti,
S.,etal. [2011].

The adverse operating conditions of
semi-submersible and fixed floating offshore
wind turbines determined that failures have a
greater incidence in the support structures,
hydraulic system, gearbox, generator, and other
systems.

These are due to factors such as salt spray,
waves, high wind speed, and others. Early fault
detection allowed for the implementation of
predictive maintenance strategies for the most
critical systems, such as corrective maintenance
in gearboxes, generators, turbine blades, and
hydraulic systems that require longer downtimes.
Maintenance strategies were implemented with
cause-and-effect analysis of failures, as part of a
plan to improve the design and optimize
maintenance programs.

In semi-submersible and fixed floating
offshore wind turbines, it was identified that the
mooring system - support structures [mooring
line breakage, abnormal tension of turnbuckles,
failure of anchor, buoys and fairleads] were the
most prone to failure components with a rate of
17%, failures to hydraulic and pitch systems
have a failure frequency around 13%, the
generator with a frequency 12%, the gearbox and
speed train with 8% representing the failures
with the greatest downtime due to repair that
influence the performance of the wind turbine
with impacts on the production of the wind farm.

On the other hand, failures of lesser
incidence are electronic components, blades, and
blade yaw system. Cardoni, M., et al. [2021] and
Farrando, M., et al. [2024].
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The frequency of failure in wind turbine
amplifier box systems considering a useful life
of 20 years, with respect to CMMS/SCADA
[Computerized  Maintenance =~ Management
System/  Supervisory Control and Data
Acquisition] inspection databases, manufacturer
recommendations and statistics is; oil change
and filter replacement every [0.1, 0.25] complete
gearbox disassembly and rebuild every [0.15,
0.4], drive train failure 0.03 and bearing failure
0.028, media leakage 0.78, mechanical vibration
0.13, sensor failure 0.001, abrasive wear 0.24,
gear fatigue 0.06, bearing pitting 0.06, poor
lubricating oil quality 0.04, abnormal filter 0.04,
gear pitting 0.04, poor gear tooth design 0.04,
excessive pressure 0.04, gear tooth deterioration
0.02, and over temperature 0.018. you can see
figure 2. Hu, Q., et al. [2017].
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Figure 2

Failure frequency in wind turbine amplifier box
systems considering a useful life of 20 years.
Source: Own elaboration

Damage mechanisms in gears, bearings and
bushings of wind turbines

Gear damage mechanisms generated by thermal
effects cause localized melting and vaporization
at the arc junction, producing craters, pitting,
grain  growth, hardness reduction, and
embrittlement. Repeated or prolonged current
pulses deepen the molten layer and widen the
heat-affected zone, developing mechanical
effects; supersonic plasma expansion, pressure
shocks in the metal, microcracks, and subsurface
delamination. Furthermore, magnetic [Lorentz]
forces from the arc current can deform thin-
walled gear teeth or initiate fatigue cracks. High-
velocity plasma jets erode sharp edges and
surface asperities.

Berra-Ceballos, Raul, Cruz-Gomez, Marco Antonio, Mejia-Pérez, José
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Eddy currents induced in specific areas
of the gear cause volumetric heating,
intensifying thermal, stress and electromagnetic
gradients, and distorting tolerances between
parts and within the part.

Chemical and metallurgical effects
promote rapid oxidation of the freshly molten
metal, forming brittle oxides that delaminate
under load.

Nitrogen and other atmospheric ions can
be absorbed by the heat-affected zone, altering
the microstructure and corrosion resistance.

Thin films and their properties at high
temperatures applied to  mechanical
transmissions of wind turbines.

Thin films are a mitigation strategy, using
plasma-resistant alloy substrates [stainless steel
such as 316L or nickel-based superalloys], hard
ceramic or diamond-like carbon [DLC] coatings
to protect against sputtering and arc pitting,
alumina insulating barrier coatings on non-drive
surfaces to prevent unwanted discharges, round
tooth edges and avoid sharp corners to reduce
field intensification factors, introduce local
grounding electrodes or Faraday cages around
the gearbox to deflect stray discharges from the
gears, implement adequate insulation on shafts
or housings to control where plasma can form,
use solid lubricants [molybdenum disulfide and
graphite or those that resist plasma attack.
Agbogo, V. U., et al. [2025], Amaro, R. 1., et al.
[2005], Bobzin, K., et al. [2015], Bobzin, K., et
al. [2015] and Yu, B., et al. [2024].

Plasma ion nitriding is used to harden
gears and shafts in the aerospace industry
operating in  high-altitude, low-pressure
environments. Plasma-resistant coatings
[ceramic thermal barriers] protect rotating
components from ionized gas erosion and
thermal cycling in the industry. Gear systems
near plasma-exposed components are coated
with tungsten carbide or DLC to resist neutron
bombardment and plasma-induced erosion.

High-temperature =~ ceramic  matrix
composites are used in gear housings and
bearing housings to withstand extreme thermal
loads. Originally developed for turbine blades,
these composites have now been adapted for
compact, high-temperature gearboxes to operate
at temperatures up to 1200°C without significant
thermal deformation.
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Diamond-like carbon [DLC] surface
engineering coatings offer a combination of
mechanical and chemical benefits. This
amorphous carbon material with diamond-like
properties, extreme hardness, low friction, and
high chemical resistance. It contains mixtures of
sp? [graphite] and sp® [diamond] carbon bonds,
giving it a unique balance of toughness and
lubricity. DLC is deposited by physical vapor
deposition [PVD] or chemical vapor deposition
[CVD]. Substrates are placed in a vacuum
chamber where carbon ions are accelerated and
implanted onto the surface, forming a uniform,
ultra-thin film a few microns thick. DLC
coatings offer a low coefficient of friction <0.1,
reducing wear and energy loss, which is essential
for automotive and aerospace parts.

High hardness protects components from
abrasion and corrosion resistance, and is applied
under ISO 4406:99, ISO 14577-1/-2/-3:2015,
and ASTM F1578-18 standards. ASTM. [2018].
ASTM F1578-18, Baragetti, S., et al. [2011],
Bobzin, K., et al. [2015], ISO. [1999]. ISO
4406:99, ISO. [2015]. ISO 14577-1/-2/-3, Latha,
S., & Surendar, S. [2023], Latha, S., & Surendar,
S.[2023] and Yu, B., et al. [2024].

Lubricants for transmission exposed to
plasma environments.

Lightning discharges generate plasma channels
with ion bombardment that dislodge atoms from
gear teeth and rolling elements/races in bearings,
altering profiles and increasing clearance. High-
energy neutrals and radicals chemically erode
surfaces over time. The sharp edges of deformed
teeth and rolling elements on bearing races
concentrate electric fields, causing microarcs
that pit the metal. Return currents or discharge
paths can traverse lubricated spaces, degrading
gears, bearings, and lubricants.

Reactive plasma species [O, OH, F, Cl]
attack and degrade conventional lubricants
[semi-solid, liquid, gaseous-nebula states],
acidifying them, or carbonizing them to form
sludge. Vacuum or low-pressure plasmas
completely eliminate lubricants, generating
thermal and mechanical stress. Localized
heating of the discharges can induce thermal
cycling and microcracks. Increased friction due
to surface roughness amplifies wear. Araya, N.,
et al. [2025].
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Gears exposed to plasma environments
use solid lubrication [MoS: or graphite], which
performs better than fluid lubricants. Ag-Mo,
FeTiOs, composite coatings form lubricating
films that can withstand over 800°C under
plasma exposure, ideal for hypersonic vehicle
gearboxes. Extreme temperatures can exceed
1000°C.

Gearbox  housings and  internal
components must resist thermal distortion and
maintain lubricant integrity. Motors and
actuators require compact gearboxes that deliver
hundreds of kW per kilogram. Achieving high
torque in a confined space tests gear strength and
bearing life. Araya, N., et al. [2025], Gonzalez
Prieto, D., et al. [2021], Kozien, E., &
Grzegorczyk, M. [2020] and Ma, Y., et al.
[2020].

In vacuum or low-pressure plasmas, it is
advisable to use thin films of ionic-coated MoS:
or gold-coated coatings as a solid-film solution.
It uses self-healing lubricants, such as ionic
liquids with high oxide stability that resist
radical bombardment. Smart lubrication systems;
nano-enhanced lubricants [incorporating
graphene or boron nitride,
polytetrafluoroethylene [PTFE], to reduce
friction and wear at high temperatures], self-
healing lubricants [which react chemically to
repair microabrasions on gear surfaces], and
real-time oil condition monitoring [sensors
integrated into the gearbox detect degradation
and trigger adaptive responses]. Graphenes in
oils increase the heat transfer rate by 31.91%,
increase viscosity and performance, strengthen
lubricants for wind turbine gearboxes, optimal
graphene loading varies between [0.1, 4] wt%
depending on base oil viscosity and operating
conditions, high shear mixing or ultrasonic
treatment ensures uniform distribution. Ahsan,
A., etal. [2025], Gulzar, M., et al. [2015], Jin, X.,
et al. [2024], Kozien, E., & Grzegorczyk, M.
[2020], Ma, Y., et al. [2020] and Zouina, O., et
al. [2025].

Previous studies of oils in wind turbine
amplifier gearboxes identified oil properties.
The oil degrades for up to 16 years, but does not
lose its lubricating properties, making it
functional for use. However, the addition of
additives [corrosion inhibitors and antifoam
agents] is recommended to improve @ its
properties. It is also worth mentioning that these
studies were conducted in a laboratory under
controlled environmental conditions and without
the presence of lightning strikes.
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They also identified premature failure of
the gearbox bearings, which continue to fail
between 5% and 20% of their useful life. This
indicates that the lubricant loses shear properties
and, tribologically, loses load conditions that are
fundamental to the contact clearance damping
phenomenon. Kozien, E., & Grzegorczyk, M.
[2020] and Kumar, R., et al. [2023].

Autonomous base balancing and leveling
systems for industrial machinery

Gearboxes in wind turbines accelerate the slow
rotation of the turbine blades to the high speed
required by electric generators. A gear ratio of
90:1 transforms [7, 16] rpm in the rotor into 1500
rpm in the generator.

Design challenges: it must withstand
large moments, torque fluctuations, and severe
transient loads from power grid startups,
shutdowns, and events. Misalignment under
high loads causes stress concentrations, leading
to gear or bearing failures, as shown in Figure 3.
Al-Bedhany, J. H., et al. [2024] and Bruce, T., et
al. [2015].

Fatigue test:
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Figure 3
Areas of greatest damage in bearings and gears.
Source: Own elaboration

Offshore wind energy takes advantage of
the high intensity of oceanic winds. As energy
demand grows, larger turbines are required to
optimize generation and reduce the cost of
renewable electricity. On the other hand, the
engineering challenge, particularly in the design
of pedestal-type structures, is that they must
withstand greater structural loads such as wind
gusts while maintaining structural integrity,
profitability, and transportability.
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A sustainable development analysis
supported by monitoring using digital twin
technology, powered by artificial intelligence,
can revolutionize the optimization of tower
design based on zonal deformation under radial
and mixed loads that influence the leveling of the
wind turbine and its components, as shown in
Figure 4. Ding, Y., et al. [2025].

Deformation diagram of wind towers:
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Figure 4
Deformation of towers by zones under radial and
mixed environmental loads

Source: Own elaboration

Autonomous balancing and leveling
systems for industrial or aerospace machines
automatically monitor and correct imbalance
and misalignment of rotating aerospace
components  [propellers, turbine  rotors,
driveshafts] during operation. By integrating
real-time sensors, control algorithms, and
actuators, these systems ensure optimal rotor
dynamics, reducing vibration, noise, and
structural fatigue. Aerospace components
operate at very high speeds and within tight
tolerances. Unbalanced rotors amplify vibration,
reduce performance, and accelerate wear. An
automatic balancing and leveling system seeks
lightweight, highly stable structural designs that
minimize additional mass and part count,
meeting the stringent requirements of
aeroengines and transmissions.

High-precision  accelerometers,  or
vibration probes, measure synchronous vibration
amplitudes and phase angles in one or more
planes. These have aerospace applications, such
as gyroscopes for inertial navigation and satellite
stabilization platforms, microturbines and high-
speed ventilation devices in avionics cooling,
helicopter rotors [main and tail] and fixed-wing
propellers, turbine and compressor discs in jet
engines, drive shafts and power take-off
assemblies. Coronado, D., & Kupferschmidt, C.
[2014].
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The working principle of a self-contained
balancing and leveling loop captures the
amplitude and phase of vibration via vibration
Sensors, base mounted piezoelectric
accelerometers detect the amplitude and phase of
the wunbalanced vibration in real time,
inclinometers/gyroscopes, MEMS
[Microelectromechanical Systems] or fiber optic
gyroscopes continuously measure the roll and
pitch angles of the base enabling angulation
leveling control, control unit, real-time signal
processor, a high-speed DSP [Digital Signal
Processors] or FPGA [Programmable Gate
Arrays] reads the sensor data, executes
balancing/leveling algorithms, and issues
actuator commands with millisecond latency
adaptive algorithms, combination of PID
[Proportional-Integral-Derivative control] loops
for fast correction with model-based observers
that distinguish between true unbalance and
transient  disturbances, actuation layer,
Electromagnetic balance actuators generate
counter-rotating magnetic forces that directly
oppose 1mbalance vectors, ideal for high-
frequency corrections without adding moving
mass.

Hydraulic/pneumatic leveling cylinders.
High-rigidity cylinders adjust base height at
multiple corners; solenoid valves regulate flow
according to control needs. Adjustable mass
carriers: Motorized sleds carrying removable
masses are repositioned around the spindle to
rebalance rotating components. Al-based
adaptive controls: Hybrid controllers that
combine the simplicity of PID with the
adaptability of  reinforcement learning,
automatically adapting to changing dynamics.
Edge computing and 5G [machine learning or
blockchain]: Offloading heavy estimation and
planning tasks to edge servers, enabling lighter
embedded computers and more complex
algorithms.  Bio-inspired mechanisms for
optimization offer forward-looking learning
capabilities. Gonzalez, M. J., et al. [2021].

International standards for autonomous
balancing and leveling systems applicable to
wind turbine systems: SAE ARP 4048;
Horizontal rigid bearing balancer for aero-
components, SAE ARP 4050; Vertical rigid
bearing balancer for discs and rings, SAE ARP
5323; Test methods for vibration measurement
on rotating machinery, ISO 1940-1; Balance
quality and permissible residual unbalance, IEC
62832.
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Establishes a framework for digital
factory architectures, including digital twin
elements for level sensing modules and adaptive
control systems that maintain machine or
platform levelness in real time; and IEC 60204-
1; Covers the safety of machine electrical
equipment, specifying requirements for control
circuits and monitoring devices used in
automated leveling systems. Al-Bedhany, J. H.,
et al. [2024], Bruce, T., et al. [2015], Ding, Y.,
et al. [2025], Hu, Q., et al. [2017], IEC. [2016].
IEC 60204-1, IEC. [2016]. IEC 60204-1, IEC.
[2016]. IEC 62832, IEC. [2016]. IEC 62832,
ISO. [2006]. ISO 1940-1, SAE. [s.f.]. SAE
ARP4048, SAE. [s.f.]. SAE ARP4050, SAE.
[s.f.]. SAE ARP5323 and SAE. [s.f.]. SAE
ARP5412A.

Proactive maintenance of wind turbine
amplifier boxes with the support of artificial
intelligence [AI]

Wind turbine maintenance programs begin at the
beginning of their useful life, in an initial phase
of 0-5 years; manufacturing defects are
identified, a performance baseline is established.
In the intermediate life phase, corresponding to
5-20 years, uptime is maximized and wear is
addressed. Finally, in the final life stage of 20-
25 years, conservation maintenance is carried
out to enable safe and profitable operation with
a planning approach to a decommissioning
program aligned with circular economy
objectives. Verma, P., & Kumar, N. [2021].

Strategies to extend service life: dust and
moisture-proof housing sealing, high-reliability
HVAC or fan systems, surge protection units,
remote monitoring: SCADA status indicators for
early warnings, solid-state MOSFET or SSR
[MTBF] replacements. Digital twins: simulating
thermal and vibration profiles to optimize
preventive maintenance. Consider amplifier
enclosures as mid-life consumables. Agbogo, V.
U, et al. [2025], Araya, N., et al. [2025], Arias
Veldsquez, R. M. [2024], Bobzin, K., et al. [2015]
and Ding, Y., et al. [2025]. For monitoring and
maintenance, install active cooling [liquid or
conduction] near high-flow areas to buffer
temperature spikes; incorporate voltage/current
sensors to detect the onset of electrical arcing in
real time; schedule periodic inspections using
optical profilometry or scanning acoustic
microscopy to detect early erosion; implement a
predictive maintenance algorithm based on
operating hours, discharge counts, or cumulative
plasma exposure.
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Digital twins: Virtual replicas of geared
powertrains  that enable real-time load
optimization. You can see Figure 5.
Doostmohammadi, M., et al. [2020], Gonzalez
Prieto, D., et al. [2021], Gulzar, M., et al. [2015],
Jin, X., et al. [2024], Verma, P., & Kumar, N.
[2021], Yu, B., et al. [2024] and Zouina, O., et
al. [2025].
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Real-time monitoring of wind turbine systems and
components.

Source: Own elaboration

Wind turbulence can cause enormous
stress on wheels and bearings. The faster the
wind, the more vulnerable the gearboxes;
offshore turbines are more exposed than onshore
ones.

Wind turbine gearboxes face severe
stresses due to temperature fluctuations,
humidity, vibrations, and system transients. The
presence of 0.01% water in the oil reduces oil
life to 66%, 0.05% to 38%, and 0.15% to 20%.
This represents a latent problem in gearbox
systems, shortening gearbox life.

Al models predict failure modes before
they occur, enabling proactive maintenance.
Gearboxes now include integrated vibration and
temperature  sensors.  Surface  roughness
measurement provides valuable information on
slippage failures; the shape of the roller impact
zone confirms deflection and misalignment
throughout the bearing's rotation. Indentation, on
the other hand, depends on contact pressure
rather than debris size. Coronado, D., &
Kupferschmidt, C. [2014], Farrando, M., et al.
[2024], Gonzalez, M. J., et al. [2021], Hu, Q., et
al. [2017] and Zhang, W., et al. [2025].

Berra-Ceballos, Raul, Cruz-Gomez, Marco Antonio, Mejia-Pérez, José
Alfredo and Castillo- Pensado, Juan Luis. [2025]. Design and maintenance
analysis of wind turbine amplifier gearboxes systems exposed to lightning
discharges. Journal-Mathematical and Quantitative Methods. 9[15]1-16:
e3915116.
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Replacing a turbine gearbox represents
approximately 10% of the cost. Turbines are
designed for a 20-year lifespan, but many
gearboxes fail after about five years due to
fatigue, micropitting, and lubrication failure.
The downtime from replacement impacts
profitability and energy efficiency. Arias
Velasquez, R. M. [2024] and Cardoni, M., et al.
[2021].

Gearbox efficiency affects net power
output; advanced tooth profiles and low-
viscosity lubricants are key to increasing
efficiency. Gearbox design varies for marine and
onshore turbines; the role of digital twins in
proactive maintenance. Ding, Y., et al. [2025],
Kumar, R., et al. [2023] and Zhang, W., et al.
[2025].

Conclusions

This research study fulfills its objective of
analyzing the design and maintenance of wind
turbine gearbox systems exposed to lightning
strikes. It presents the contribution that wind
turbine gearbox systems have evolved to meet
the growth and expansion of the wind energy
industry, along with the challenges it faces. The
results of the analysis determined that traditional
design methods under international standards
establish the design bases for wind turbine
amplifier boxes based on dynamic safety factors
for each of their components. However, the wind
turbine gearbox system and its components face
a major challenge in lightning strikes [transient
currents].

In the event of this phenomenon, the
mechanical transmission is part of the grounding
plasma channel, exposing its components to high
temperatures, causing premature wear and
reducing their useful life. In order to solve this
problem, this research contributes that existing
technologies for the aerospace industry should
be used, such as the coating of thin films of
ceramic or diamond-like carbon [DLC] on
stainless and duplex steel superalloy substrates,
to protect against sputtering and plasma-resistant
arc pitting, in addition to the use of nano-
enhanced intelligent lubrication systems
[incorporating graphene or boron nitride, solid
MoS: or graphite, Ag-Mo, FeTiOs;, PTFE
[Polytetrafluoroethylene] that resist high
temperatures in the event of transient discharges.
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It is worth mentioning that the authors'
proposal to incorporate an autonomous
gyroscopic balancing and leveling system used
in the aerospace industry and that has not been
used for the anchoring system of equipment
inside the machine room of wind turbines, will
allow intermittent wind gusts and bending of the
pedestal of the base of the wind turbine to
mitigate the impacts on the rotodynamic systems,
greatly reducing cracking.

The impact of materials, abrasive,
adhesive, and corrosive wear, fatigue failures,
and surface pitting will extend the lifespan of the
gearbox system, similar to the lifespan of the
wind turbine. The growth of wind turbines
means that the technologies that must be used are
the same as those used in the aerospace industry,
with their adaptations to international standards,
and the idea that a wind turbine is a simple
machine for generating electrical energy with
reduced costs that can be scaled with the same
basic infrastructure conditions is abandoned.

The sustainable development of a wind
farm lies in generating a sustainable balance
based on the advanced technologies demanded
by the equipment's operating environment.
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Abstract

Autonomous vertical parking lots [AVP] are fully automated systems that
allow vehicles to be stored efficiently and securely. These systems offer an
innovative solution for fast access and reliable storage of automobiles. In this
work, the conceptual design of an AVP was developed with a vision oriented
towards Industry 5.0. The design, modeling and structural analysis, using
computer-aided engineering [CAE] tools, of a braking system for the central
platform where vehicles are housed upon arrival was carried out. This
platform is raised and transfers the vehicles to a structure divided into several
levels, evaluating different configurations and design parameters. Finally, the
behavior of the braking mechanism under loads was studied by finite element
analysis [FEA]. The results obtained demonstrate and verify the feasibility of
the system under real operating conditions, improving both safety and
operational efficiency.
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Resumen

Los estacionamientos verticales autonomos [AVP] son sistemas completamente
automatizados que permiten almacenar vehiculos de manera eficiente y segura.
Estos sistemas ofrecen una solucion innovadora para el acceso rapido y el resguardo
confiable de automoviles. En este trabajo, se desarrollé el disefio conceptual de un
AVP con una vision orientada hacia la Industria 5.0. Se llevo a cabo el disefio,
modelado y analisis estructural, utilizando herramientas de ingenieria asistida por
computadora [CAE], de un sistema de frenado para la plataforma central donde se
alojan los vehiculos al llegar. Esta plataforma se eleva y transfiere los vehiculos a
una estructura dividida en varios niveles, evaluando diferentes configuraciones y
parametros de disefio. Finalmente, se estudio el comportamiento del mecanismo de
frenado bajo cargas mediante analisis por elementos finitos [FEA]. Los resultados
obtenidos demuestran y verifican la viabilidad del sistema en condiciones reales de
operacién, mejorando tanto la seguridad como la eficiencia operativa.
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Introduction

Autonomous vertical parking systems have
evolved significantly since their introduction,
especially in urban areas where space is limited,
traditional parking systems require a lot of space
and cause pollution and traffic jams, as drivers
often keep circling to find an empty space
(Guangmei Wu, 2019). These systems combine
quick access and safe storage of vehicles, with
minimal space requirements. A notable early
example is the Auto Zuri West in Switzerland,
an automated system that employs a
combination of lifts and platforms to maximize
the use of vertical space.

These systems are part of a trend toward
more efficient and technologically advanced
parking solutions that seek to reduce
environmental impact and improve accessibility
in densely populated environments. Nowadays it
is very important to know that urban space is
becoming more and more limited, the need for
innovative solutions to optimize the use of land
is more and more constant. In this context, the
conceptualization of vertical parking support
structures emerges as an efficient and practical
response to the growing demand for parking
spaces. Aiming to mitigate the limitations in the
current parking infrastructure and address the
global challenge of traffic congestion, they
propose a vehicle design scheme with vertical
lifting mechanisms and folding wings, which
represents an  innovative  change  for
environmental protection, sustainable
development and artificial intelligence (Yixu,
Junying, & Kun, 2024).

Other researchers propose as an
alternative solution, the development of a
conceptual design of a vertical autonomous
parking with a vision oriented to the 14.0
industry (Betanzos-Castillo, Fuentes-Castafieda,
& Cortez-Solis, 2024).

Emerging technologies are used during
the machine design process, such as simulation,
which substantially improves performance by
facilitating the detection of anomalies not
foreseen in the design phase, reducing the
number of tests under real conditions and, in
addition, enables the analysis and evaluation of
the safety factor, reducing the probability of
generating failures due to fatigue or overload.
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Today, finite element methods are widely
used to numerically solve structural, fluid and
multiphysics problems (Bathe, 2003). Engineers
and scientists can mathematically model and
numerically solve very complex problems, such
as to evaluate designs, which allows to a large
extent to gain insight into phenomena and
ideally predict them. Designs can be made safer
and more cost-effective, and can help prevent
catastrophes during operation.

Finite Element Analysis [FEA] is
referred to as Finite Element Method [FEM],
which is used in engineering to reduce the
number of physical prototypes and run virtual
experiments to optimize their designs
(Rameshrao Yawale & Nivrutti Naik, 2021). The
basic idea of FEM is to divide the complex
structure into a finite number of interconnected
elements, to determine the loads acting on each
node and to calculate the displacements in the
direction of those loads, and thus obtain a result
for the whole (Oguz Ormecioglu, Aydogdu, &
Tugba Ormecioglu, 2024).

Throughout the history of braking
systems, from the earliest wooden blocks to
modern disc brakes and specific spring brake
systems designed for elevators, one fundamental
principle has remained constant: the intrinsic
reliance on friction. In addition, the concept of
mechanical advantage, whether through levers,
pulleys, or hydraulic systems, has been
consistently employed to amplify the force
applied to friction surfaces, making braking
more effective and less dependent on brute
human strength. The present work deals with the
structural analysis of the braking mechanism for
a lifting platform of an autonomous vertical
parking lot, simulating the behaviour under load
conditions.

The analysis is performed using software
such as Ansys Workbench, the results obtained
demonstrate and verify the feasibility of the
system in real operating conditions, improving
both safety and operational efficiency. A general
description of the research is given in the first
section of this article.

The second part includes the
introduction to the project, in which the reader
will understand the comparative and the main
point of analysis.

Betanzos-Castillo, Francisco, Fuentes-Castafieda, Pilar, Cortez-Solis,
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The third shows the theoretical
framework as the main support of the project to
know terms and concepts that will be addressed
in the CAE simulation, then, in the fourth section
you will find the FEA methodology to be applied
in the analysis of the mechanism, materials
added to the 3D model, parameters, types of
models to be used, meshing and comparisons
made, finally the fifth section shows the results
and conclusions found.

Methodology

Structural engineering is the science and art of
safely and economically planning, designing and
constructing structures to serve those purposes.
Structural analysis is an integral part of any
structural engineering project, whose function
begins with the prediction of the behaviour of the
structure. Structural analysis is the prediction of
the performance of a structure under prescribed
loads and/or external effects, such as support
movements and temperature changes. The
characteristics of interest in the design
performance of structures are [1] stresses or
stress results, such as axial forces, shear forces,
and bending moments; [2] deflections; and [3]
support reactions, therefore, the analysis of
structures usually involves the determination of
these quantities as the cause of a loading
condition.

Planning Stage

A4

| Preliminary Structural Design |

A

| Determination loads |

4

Structural Analysis
|

v

Are safety
and service
conditions
met?

) No Review
structural
design

Construction Stage

Figure 1

Stages of structural design, adopted from (Kassimali, 2015);
(Betanzos-Castillo, Fuentes-Castafieda, & Cortez-Solis, 2024).
Source: Own elaboration, 2025
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A structural engineering study is
described by various stages using a flow chart,
this indicates that it is an iterative process, and
generally consists of the following steps
(Kassimali, 2015):

1. Planning Stage. The planning phase usually
involves the establishment of the functional
requirements of the proposed structure, the
general layout and dimensions of the structure,
general considerations of the possible types of
structures [e.g., rigid frames or trusses] that may
be used, and the types of materials to be used
[e.g., structural steel or reinforced concrete]. This
stage may also take into account other
considerations of non-structural factors, such as
aesthetic aspects, environmental impact of the
structure and some others. Its result is generally
a structural system that meets the functionality
requirements and is expected to be the most
economical.

This stage is perhaps the most crucial of
the entire project and requires experience and
knowledge of construction practices, as well as a
thorough understanding of the behaviour of
structures.

2. Preliminary structural design. In the
preliminary structural design stage, the size of
the structural system elements selected in the
planning stage 1is estimated based on an
approximate analysis, previous experience and
code or regulation requirements. Thus, the sizes
of the selected elements are used in the next
stage to calculate the weight of the structure.

3. Determination of loads. Load estimation
involves the determination of all loads that can
be expected to act on the structure.

4. Structural analysis. In the structural analysis,
the load values are used to develop an analysis
to determine the resulting stresses in the
elements and the deflections at different points
of the structure.

5. Safety and serviceability check. The results
of the analysis are used to determine whether or
not a structure meets the safety and
serviceability requirements of the design code. If
these requirements are satisfied, then the design
drawings and construction specifications are
executed and the construction phase begins.

Betanzos-Castillo, Francisco, Fuentes-Castafieda, Pilar, Cortez-Solis,
Reynaldo and Rodriguez-Cortes, Aldo. [2025]. Modelling of the lifting
platform braking mechanism for autonomous vertical parking. Journal-
Mathematical and Quantitative Methods. 9[15]1-9: e4915109.
https://doi.org/10.35429/IMQM.2025.9.15.4.1.9



Journal-Mathematical and Quantitative Methods

4
9[15]1-9: 4915109

Article

6. Structural design review. If the requirements
of the structure are not satisfied, then the element
sizes are reviewed, and phases 3 to 5 are repeated
until all safety and serviceability requirements
are met (Kassimali, 2015).

Mathematical model FEM

Different problems treated in science and
engineering are often described in terms of
differential equations, formulated by using
continuous mechanics models. In general,
elasticity problems are reduced to solving the
differential equations, known as equilibrium
equations together with stress-strain relations or
the strain-displacement relations and the
compatibility equation under given boundary
conditions.

Equilibrium equations in an elastic body
in two dimensions:

9oy | Otxy _
6x+ 3y +FE =0 [1]
Otyx | 0oy _
o +ay+Fy—O [2]

Where o, and o, are normal forces in
the x and y axes respectively, 7, and 7, are
shear forces acting in the xy plane.

The strain-displacement relationships are:

__Ou

g =2 [3]
7]

g =2 [4]
v ou

Yy = o a [5]

Where &, and ¢, are the normal
deformations in the x- and y-axis directions
respectively, the engineering shear deformation
in the xy plane is ¥, ; u and v are infinitesimal
displacements in the x- and y-axis directions
respectively.

Constitutive  equations  [stress-strain
relationships]. These relationships describe the
state of deformation, deformations induced by
internal forces or stresses resisting against
applied loads. These relationships depend on the
materials properties; they are determined
experimentally. Hooke's law relates six
components of the three-dimensional stress
tensors to the strain tensors, as follows:
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o, = ﬁev + 2Ge, [6]
g, = ﬁev +2Ge, [7]
0o, = ﬁev + 2Ge, 8]
Try = GVay = 351755 Yoy [9]
Tyz = GVyz = 50y Ve [10]
T = GVix = 55105 Vo [11]
Or inversely:

Ex = %[ax - v(ay +0,)] [12]
&y = %[ay —v(o, + a,)] [13]
&, = %[O’Z - v(ax + ay)] [14]
Yy = 2 [15]
Vyz = 2 [16]
Vox = 2 [17]

Where E is Young's modulus, v is
Poisson's ratio, G is the shear modulus and e,
the volumetric strain expressed by the sum of the
three normal strain components, e, = €, + &, +

;.

The FEM assumes an object of analysis
as a set of elements having arbitrary shapes and
finite sizes [called finite element], approximates
partial differential equations by simultaneous
algebraic equations and numerically solves
various  elasticity  problems (Nakasone,
Yoshimoto, & Stolarski, 2006).

The Finite Element Analysis method
requires the following main steps:

- Discretization of the domain into a finite
number of subdomains [elements].

- Selection of interpolation functions.

- Development of the elementary matrix
for the subdomain [element].
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- Assembly of the elementary matrices of
each subdomain to obtain the global
matrix of the complete domain.

- Imposition of the boundary conditions.

- Solution of the equations.

- Additional calculations [if required].

Computational Model

A computational model is a computer program
designed to simulate and study complex systems
using an algorithmic or mechanistic approach.
These models are widely used across various
fields, including physics and engineering. The
ability to discretize irregular domains with finite
elements makes the [FEA] method a valuable
and practical analysis tool for the solution of
boundary, initial and eigenvalue problems
arising in different engineering disciplines
(Madenci & Guven, 2015).

Simulation programs, over time, have
improved their analysis, using improvements in
the meshing processes, acceptance criteria,
implementation of variables and presentation of
results, where it is absolutely essential that the
user acquires skills and can identify its operation,
to have a command of the software (Diaz
Iglesias, 2021). In order to perform simulation
and structural analysis, some design software is
used, such as: Ansys Workbench® which is an
engineering simulation software, provides a
wide range of tools and resources for post-
processing and visualization of simulation
results, allowing to understand and analyze the
results effectively (SEMCOCAD, 2024). Ansys
Workbench® was used for this study.

Table 1 shows the initial conditions for
configuring the computational model, which are
essential for structural analysis in ANSYS.

Table 1
Key elastic mechanical properties of ASTM A36
structural steel.

Mechanical Recommended q
e Symbol Value [ASTM Units
A36]
Modulus of E 200 GPa
Elasticity
[Young's
Modulus]
Poisson ratio v 0.30 Dimensi-
onless
Shear G 78 GPa
Module
Density p 7850 kg/m?

Source: Own elaboration, 2025
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Results

The support structure and central platform were
designed, which will lift and transfer vehicles in
the available space. The lifting mechanism and
braking system were also designed, taking into
account the mechanics of the structure, creating
a model and simulation in software, and
considering the sensors, controllers, and
electromechanical drives. To obtain the
structural behaviour of the lifting platform,
where the vehicles will be housed and later
transferred to their final available location, a
bridge type structure was designed, without
lateral perforations, square profile 127 mm per
side, 12.7 mm thick, 25.4 mm plate, upper and
lower central part without plate and lower sides
without plate. This can be seen in Figure 2.

To determine the structural behaviour of
the lifting platform model, a load distributed
along the entire structure was configured.

The necessary components for the lifting
and braking systems were selected, and then the
calculation was developed for a total load W =

11,000 kg, considering 2 lifting systems.

We found that the force needed to lift the
load is Fs = 53,955 N and the torque required
by the system on the pulley shaft is Tp = 10,791
Nm.

Figure 2

Support structure and central platform.
Source: Own elaboration, 2025
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A fundamental part of a lifting system is
the braking system, which consists of two
different types of brakes: the continuous-use
brake, which is the electromagnetic brake, and
the emergency brake, which is the mechanical
brake.

The lifting system must be capable of
lifting heavy loads. One might think that a
hydraulic system would be the best option;
however, it must be taken into account that this
system does not allow for lifting to great heights,

such as the 22 levels contemplated for the project.

In contrast, an electric system represents a better
alternative.

In addition, the electrical system offers
greater performance, precise control, and energy
savings, which is why this system was selected,
demonstrating concern for its environmental
impact, as the oil required in hydraulic systems
is highly polluting. Figure 3 shows the parachute
brake mechanism and its components and the
properties of its materials, which is connected to
the lifting platform and the motor by means of
cables and pulleys.

g eDE I NeDEPIEA DESCRIPCION CANTIDAD
! [prozoCoble Endo oo Snerficial !
2 [prozofrenos Endo Soperficial !
3 [Seportefreno Endomsmanto Sooericial 2
4 [Frenoparacaides | ICon 908 0 oo o | 2
5 |Soportefrenos Endoresimmnto sooaricial 2
Figure 3

Freno Paracaidas.
Source: Own elaboration, 2025
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Simulation in Ansys Workbench

To translate the behaviour from a physical model
to a computational model, the problem must be
understood, which leads to obtaining an
analytical solution using the theory of simple
stresses and stress concentration factors. The
computational model of the platform for an
autonomous vertical parking was designed in
DesignModeler of  Ansys  Workbench,
considering the geometry, load, boundary
conditions and structural materials, in this case a
ASTM A36 structural steel was used.

In Figure 4, using the Static Structural
module of Ansys Workbench 2024 R1 Student
software, which was configured to use ASTM
A36 structural steel for the proposed
computational model, the static structural
analysis of the elevation platform supporting the
parking transfer was performed, which allowed
determining the total deformation, this is shown
in Figure 5.

G

Figure 4
Configuration for static structural analysis
simulation.

Source: Own elaboration, 2025

Figure 5

Minimum and maximum total deformation,
analysis simulation.
Source: Own elaboration, 2025
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Figure 6

Configuration of forces and supports.
Source: Own elaboration, 2025

For the static structural analysis, an input
force of 98100 N was used on faces of the
structure shown in red in Figure 6.

Figure 7

Equivalent [von-Mises] Stress.
Source: Own elaboration, 2025

Finally, Figure 7 shows the minimum
and maximum equivalent stress values, i.e.,
using the Von Mises criterion, these were
1.4122e-3 Pa and 5.9599e¢6 Pa, respectively,
which are found at the end of the fastening
element of the brake mechanism support
structure.

Discussion of results

A braking system for a lifting platform was
modeled, and the behavior of the stresses and
total deformation was determined. which were
determined numerically using the finite element
technique. This type of analysis is very suitable
for structural analysis, which made it possible to
determine the mechanical behavior of the
braking mechanism for the vertical parking lift
platform, which, as a conceptual proposal, will
be used for an autonomous vertical parking
system with a view towards Industry 5.0.
ISSN: 2531-2979
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In addition, this technique saves time and
money in performing material strength
calculations, as well as in the construction and
prototyping of physical models.

Computational modelling allowed us to
represent and describe the behaviour of total
deformation and equivalent stress when
subjected to loads equivalent to actual working
conditions, allowing us to visualize structural
behaviour under different working and limit
conditions, which gives an idea of what that
behaviour would be like in reality and saves time
and money.

The results found in this research allow
us to conclude that it is feasible to use
computational models with the help of CAD
software and perform CAE analysis, which
makes it relatively easy to carry out various
simulations, thereby imitating the real physical
conditions of this type of mechanical element, as
well as comparing the results obtained.

It 1s recommended to continue working
on the analysis of these findings and take
advantage of these tools to support research in
the field of engineering by implementing
physical prototypes and verifying and
optimizing the current design.

Conclusions

The implementation of electromechanical
elevators in this type of parking system offers
advantages in terms of energy efficiency and
reduced operating costs, providing greater speed
and lower energy consumption thanks to the
incorporation of advanced electric motors and
counterweight systems.

This efficiency not only allows for more
economical operation in the long term, but also
contributes to reducing the carbon footprint
associated with parking infrastructure. In a
context where environmental policies demand
lower emissions and responsible energy use,
electromechanical elevator systems are aligned
with current sustainability standards.

Future work should focus on studying
new conceptual designs and comparing them
with theoretical calculations in order to optimize
results and resources. This will make it possible
to predict the behavior of the braking mechanism
in different materials subjected to different

working conditions.
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Finally, this project highlights the
importance  of  incorporating  innovative
technological solutions into city planning and
management.

Autonomous vertical parking systems
with electromechanical lifts are a practical and
sustainable solution to mobility and space
problems in densely populated urban
environments.
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