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Abstract

The study examines how machine learning can be incorporated into a traditional
Statistical Process Control (SPC) scheme to improve the early detection of
deviations in industrial sewing processes. Using real production data, the
researchers trained a supervised model designed to identify combinations of
variables that often appear before a quality issue. The model’s performance was
compared with standard control charts that apply Nelson rules. Findings indicate
that the machine learning model detected deviations 3-to-12-time units earlier than
SPC, providing a margin that can be used for preventive adjustments. The team also
developed a prototype interface that displays SPC signals alongside model
predictions in real time. According to the results, a hybrid strategy that keeps SPC
as the central tool and adds machine learning as a predictive layer can support more
timely and effective decision-making in manual or semi-automated textile
operations.

Statistical Process Control enhanced with Machine Learning for
intelligent monitoring of industrial processes

| Objetives | | Methodology | | Contribution
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Detect deviations * Variables from manual ﬁ:ﬂ The ML model
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Resumen

Este estudio analiza la integracion de técnicas de aprendizaje automatico dentro de
un esquema tradicional de Control Estadistico de Procesos (SPC) para mejorar la
deteccion temprana de desviaciones en procesos de costura industrial. Se utilizaron
datos operativos reales para entrenar un modelo supervisado capaz de identificar
patrones multivariados que suelen aparecer antes de que surjan problemas de
calidad. Su desempefio se comparé con gréaficos de control convencionales
aplicando las reglas de Nelson. Los resultados muestran que el modelo de
aprendizaje automatico anticip6 desviaciones entre 3 y 12 unidades de tiempo antes
que el SPC, lo que ofrece un margen Util para realizar ajustes preventivos. Ademas,
se desarroll6 un prototipo de interfaz que muestra en tiempo real tanto las sefiales
de SPC como las predicciones del modelo. El enfoque hibrido demuestra que
combinar SPC con analitica predictiva fortalece la toma de decisiones y promueve
un control de calidad mas proactivo.
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para el monitoreo inteligente de procesos industriales
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Introduction

Industrial manufacturing processes demand
increasingly higher levels of quality, consistency,
and efficiency to remain competitive in a
globalized and rapidly evolving market.
Ensuring process stability is essential not only
for minimizing waste and downtime but also for
guaranteeing product compliance with stringent
specifications. For decades, Statistical Process
Control (SPC) has been the backbone of quality
control in manufacturing. Control charts, along
with decision rules like those proposed by
Nelson, allow SPC to identify unusual process
behavior and guide corrective actions when
needed.

Even though Statistical Process Control
(SPC) has served as a central tool for quality
monitoring for many years, it tends to react only
when the data already shows a change. Its signals
depend on spotting limit violations or
recognizable patterns in past measurements,
which means that very small or slowly
developing issues may go unnoticed. Most SPC
methods also evaluate variables one by one and
assume relatively stable behavior, something
that does not always hold true in modern
production lines where several factors interact at
the same time.

As Industry 4.0 technologies have
become more common, manufacturing systems
now produce continuous streams of real-time
data through sensors and automated equipment.
This situation has made it easier to incorporate
machine learning (ML), which can analyze
many variables simultaneously and uncover
relationships that traditional charts do not reveal.
In several cases, ML models can anticipate
potential issues and provide an idea of how the
process is likely to evolve.

This study examines how SPC and ML
can be used together. Real data from sewing
operations—materials, operator experience,
recent machine adjustments and operating
conditions—were used to train an ML model and
compare its performance with control charts
based on Nelson rules. The main interest was to
determine how early each approach can detect an
upcoming deviation.

The findings show that using both
methods together results in earlier warnings,
fewer disruptions and a more stable process in
manual sewing environments.
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Although the system has not yet been
tested directly in production, the prototype
developed with real operational data provides a
strong foundation for future implementation.

Related works
Statistical Process Control and Nelson Rules

Statistical Process Control (SPC) is an
established and powerful method for ensuring
controlled and quality-capable manufacturing
processes, aiming to consistently meet specified
standards and produce high-quality products
[Wolniak & Grebski, 2023, Bracke, 2024]. It
identifies and addresses variations by
distinguishing  between inherent  process
variability (common cause) and sporadic issues
(special cause) [Wolniak & Grebski, 2023] and
has been successfully applied for process
monitoring and variation reduction [Vanli &
Castillo, 2021].

Since the introduction of Industry 4.0
tools, the way SPC is used has changed quite a
bit. Before this shift, SPC mainly served to check
quality after the process was finished. Now it
works together with data analytics, real-time
readings and information coming from different
0T devices on the production line. Because of
this, factories receive far more data than they
used to, and the information is also more detailed
[Wolniak & Grebski, 2023].

Integrating these tools helps maintain
consistent quality and improves the way a
production line operates, making it more stable
and efficient. A related study presented the
ProcMon application, a mobile-cloud system
created to monitor SPC in factory settings. The
authors built it with MIT App Inventor 2 and
Google Workspace, showing that an effective
solution can be developed at low cost and
without requiring advanced programming skills,
which is useful for teams working with limited
resources [Hon & Feng, 2022].

For deeper analysis of control chart
patterns, the Nelson rules are applied
[Montgomery, 2013; Zaman & Hassan, 2021].
These rules help quickly identify out-of-control
conditions, as illustrated in figure 1.

Burciaga-Alarcén, Ricardo, Véazquez-De los Santos, Laura Cristina,
Meléndez-Silva, Teresita de Jesis and Adan-Sanchez, Roberto Gerardo.
[2025] Statistical Process Control enhanced with Machine Learning for
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Rule Description

1 One point is more than 3 standard deviations () from the mean

Nine points in a row are on the same side of the mean

Six points in a row are continuously increasing (or decreasing)

Fourteen points in a row alternate in direction, increasing then decreasing.

[FRF SN

Two out of three points in a row are more than 26 from the mean in the same

direction.

6 Four out of five points in a row are more than lg from the mean in the same
direction

7 Fifteen points in a row are within 1 of the mean on either side of the mean.

8 Eight points in a row exist with none within 1o of the mean and the points are in

both directions from the mean.

Figure 1
Nelson rules

Source [Nelson, 1984]

The importance of optimizing control
charts and the application of Nelson rules is
significant for minimizing false alarms and
improving  the reliability — of  signals.
[Muralidharan et al., 2024], highlighted the
importance of optimizing control charts in
Continued Process Verification (CPV) by
analyzing factors like sample size, skewness,
and Kkurtosis. Their research concluded that
limiting certain Nelson rules and adjusting
control limits improved signal reliability,
leading to more efficient designs for accurate
decision-making.

Similarly, [Westgard and Westgard,
2019] proposed an evidence-based SPC
approach for clinical laboratories, utilizing tools
like the Sigma-Metric Run Size Matrix to select
control rules. They critiqued standard 2-standard
deviation limits and recommended more reliable
multirule procedures to simplify SPC without
compromising patient safety or analytical
quality.

Machine Learning and Predictive Maintenance
in Manufacturing

In modern industrial settings, anomaly detection
is important for safety and productivity
management. [Grunova et al., 2024], conducted
a systematic review, finding that despite current
advances, significant room remains for
improvements and developments in ML-based
anomaly detection in industrial environments,
designating it as a key future research area.

Building on this, [Ani, 2024], examined
ML integration in advanced manufacturing,
concluding that ML algorithms effectively
process large data volumes (sensor, production,
performance data) to provide vital operational
insights.
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They highlighted that ML-powered
predictive maintenance optimizes equipment
upkeep, reducing downtime, and ML-based
quality control enhances product consistency by
detecting real-time defects.

Further addressing quality control
challenges in environments with less advanced
infrastructure, [Mattera et al., 2025] introduced
a novel methodology for anomaly detection
specifically designed for traditional
manufacturing settings lacking advanced sensor
networks. Their approach models systems as
complex temporal networks and use
unsupervised ML with dimensionality reduction
(PCA or Deep Neural Autoencoders) on
statistical features from job flows. Results
showed that Local Outlier Factor and Isolation
Forest, with  Autoencoder-based  feature
reduction, achieved an F1-score exceeding 84%
(precision ~99%, recall ~74%).

Expanding on ML model performance in
manufacturing anomaly detection, [Kharitonov
etal., 2022] conducted an extensive comparative
analysis of ten ML models for identifying
machine breakdowns from production schedules.
Their findings indicated that conventional ML
algorithms, particularly K-Nearest Neighbors
(KNN) and KNN-based Feature Bagging,
performed strongly with mean F1-scores of
>0.75 across various configurations. They noted
DNN AutoEncoders were computationally
expensive, and excluding noisy features
significantly improved accuracy.

Moreover, to address distributed
industrial environments and data heterogeneity,
[Ahnetal., 2023] proposed a novel approach for
predictive maintenance and anomaly detection
based on time-series data distribution shifts.
They introduced a 1DCNN-BILSTM model
integrated into a federated learning framework,
achieving a test accuracy of 97.2%. This
approach is particularly useful in industrial
environments where data are distributed across
heterogeneous equipment, demonstrating its
potential for real-world predictive maintenance
applications.

Artificial Intelligence for Quality Assurance in
Textile Manufacturing

Quality control is a cornerstone of textile
manufacturing, with early defect detection being
essential. Traditional manual inspection faces
limitations due to human error and scalability.
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[Ozek et al., 2025] examined the
evolution of textile defect detection methods,
transitioning from manual inspections to Al-
driven automated systems. According to the
review, deep learning models, especially
Convolutional Neural Networks (CNNSs), play a
fundamental role in achieving precision in defect
identification. It also pointed out the importance
of high-resolution cameras and real-time
monitoring systems in promoting sustainability
and cost-effectiveness within quality control
processes.

Further demonstrating the efficacy of
deep learning in this domain, [Beljadid et al.,
2022], described an approach for developing a
convolutional neural network for identifying
fabric defects from input images of fabric
surfaces. The study utilized a pre-trained
convolutional neural network known as
DetectNet, which was modified to enhance its
efficiency in extracting features from fabric
images. The adapted model demonstrated strong
performance, accurately classifying defective
and non-defective textiles, with the first version
reaching 93% accuracy and the second
improving to 96%. According to [Sandhya et al.,
2022], an Al-based automated fabric defect
detection algorithm was proposed, utilizing pre-
trained deep neural networks (DCNN and
AlexNet) to classify fabric defects. The system
achieved a maximum classification accuracy of
92.60%. This approach aids in identifying
common fabric flaws, such as color, cut, hole,
thread, and metal contamination, improving
efficiency in textile manufacturing.

A recent comprehensive review by [Guo
et al., 2024], emphasizes the critical role of
intelligent fabric defect detection in textile
quality control, noting computer vision's
centrality to smart manufacturing. Their work
classifies detection methods into traditional and
learning-based  categories, detailing the
principles, performance, and applicability of
deep learning. The study further examines fabric
defect datasets and deep learning frameworks,
summarizes existing inspection systems, and
outlines future research directions in the field.

Methodology

This study adopts an applied research design
with an experimental methodology, aiming to
evaluate the integration of Machine Learning
(ML) techniques with traditional Statistical
Process Control (SPC).
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The primary objective is to demonstrate
how predictive analytics can enhance classical
statistical tools by anticipating deviations in
industrial processes under controlled conditions.

The general methodology is divided into
three main stages: process data collection, ML
model training, and comparison  with
conventional SPC:

A. Data acquisition

To conduct this study, real data were collected
from manual industrial sewing processes under
normal and deviation-prone conditions. These
datasets captured key variables such as fabric
type, operator experience, machine temperature,
and sewing speed, providing a reliable basis for
evaluating the predictive capabilities of the
proposed model.

Automated  Configuration  Interface  for
Production Setup

Figure 2 shows a proposed configuration
interface inspired by real setup procedures
observed during the initial stages of a production
line. For a given product (e.g., 2568756-AB), the
system automatically retrieves predefined
parameters from a central database, including
expected values for speed, needle type, stitch
length, fabric type, and operator assignments.

This setup screen allows users to verify
and confirm the operational targets for each
workstation without manual data entry, reducing
setup time and human error. The approach
ensures consistency across batches and aligns
machine parameters with product-specific
requirements.

System Configuration X

System not configured for current line

Station 1 Awaiting product parameters...
Station 2 Awaiting product parameters...
Station 3 Awaiting product parameters...
Station 4 Awaiting product parameters...

Load Configuration from Database

ML Model: Not Trained Historical Data: 0 Last Product: ---

Figure 2
Configuration Screen for Process Setup.
Source: own elaboration
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B. Training predictive models

A supervised classification or regression model
was implemented using Python and libraries
such as Scikit-learn. The goal was to train the
model to identify process conditions that precede
deviations, capturing multivariate patterns that
are often missed by traditional SPC techniques.

The implementation was carried out
using Jupyter Notebook. Input variables were
normalized to improve pattern recognition, and
cross-validation methods from Scikit-learn were
applied to ensure model robustness and
minimize overfitting.

C. Comparison with traditional SPC

Control charts and Nelson rules were applied to
the same dataset to identify the moments at
which SPC would generate alarms. These
instances were then compared with the ML
model’s predictions to assess its ability to
anticipate anomalies.

The comparison focused on lead time
measured in time units—and the model's
capacity to detect subtle multivariate signals not
flagged by conventional SPC. This evaluation
aimed to quantify the predictive advantage
offered by integrating machine learning into the
monitoring process.

Hybrid Monitoring Architecture

Figure 3 illustrates the hybrid monitoring
framework proposed in this study. Process data
is continuously collected and evaluated through
two complementary paths. First, traditional SPC
methods such as control charts and Nelson rules
analyze the data to detect any rule violations.
Second, a Machine Learning (ML) model
receives the same data and provides predictive
alerts based on multivariate patterns and
historical trends.

In this architecture, the ML model
operates not only as a predictive layer but also in
tandem with SPC outputs, enhancing decision-
making capabilities. The system alerts when
either a rule violation occurs or when the ML
model predicts a future deviation, enabling
earlier and more informed responses. The result
is improved operational efficiency, reduced
waste, and more resilient process control.
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Traditional SPC
(Control Charts

and Nelson rules)
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N
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Reduced Waste
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ML Model

—

Figure 3
Integrated Framework for Process Monitoring Using SPC
and Predictive Machine Learning

Source: own elaboration

Results

To validate the proposed approach, a prototype
was implemented using real process data from a
manual sewing environment. The dataset
included relevant variables. The data
encompassed both normal operation and
scenarios where gradual deviations were known
to precede quality issues, enabling a meaningful
comparison between traditional Statistical
Process Control (SPC) and Machine Learning
(ML) analysis.

Early deviation detection using Machine
Learning

Figure 4 presents a traditional SPC chart with
control limits (UCL and LCL) and a central line
representing the process average. The plotted
data points remain within control boundaries and
do not trigger any Nelson rule violations, which,
under standard SPC interpretation, would
classify the process as stable.

However, the ML model issues an early
alert—marked as "ML Detection"—Dbefore any
detectable SPC pattern arises. This prediction is
based on complex multivariate patterns and
subtle correlations that fall outside the detection
capacity of univariate control charts. This result
underscores the advantage of integrating ML
with SPC, enabling proactive actions such as
preventive maintenance, reducing downtime,
and enhancing process robustness.
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Figure 4

Comparison between traditional SPC detection and early
ML-based alert on process deviation.
Source: Own Elaboration

A supervised learning model (Random
Forest) was trained using this dataset to detect
early signs of deviation. Simultaneously, control
charts and Nelson rules were applied to the same
data, following conventional SPC methodology.

The results showed that the ML model
was able to predict deviations between 3-and-12-
time units earlier than the SPC alarms,
depending on the variable and pattern of
deviation. This anticipation provides a critical
advantage for initiating preventive actions
before  product quality or equipment
performance is compromised.

Table 1 presents a sample of observations
comparing the detection times of both
approaches. Each case represents a different
combination of process conditions—such as
needle changes, fabric switches, or operator
inexperience—that eventually led to a deviation.
In all instances, the ML model consistently
generated alerts before any SPC rule was
triggered.

Table 1
Detection Comparison: ML vs SPC

. - SPC ML .
Oarist | condton | oot | oseton | Antsator
Time Time
001 V8 + V12 55 47 8
V5 +
002 V8+V10+V3 65 58 7
003 V13 + V15 91 84 7
004 V9 + V10 112 100 12
005 V2 + V7+V10 76 73 3
006 V3 +V12 58 50 8
007 V6 + V11 88 81 7
008 V8 +V10+V15 95 87 8
009 V9 +V1 60 56 4
0010 V1+V8 70 62 8

Source: Own Elaboration
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Figure 5

Detection timing comparison: ML vs SPC.
Source: Own Elaboration

Additionally, the ML model
demonstrated greater sensitivity in detecting
multivariate patterns that SPC alone did not
classify as abnormal. For example, subtle
interactions between variables such as changes
in fabric type combined with increased sewing
speed were identified by the model as predictive
of upcoming failures, even though each variable
individually remained within control limits.

These findings confirm that integrating
ML with traditional SPC not only enhances
detection capabilities but also shifts the control
strategy from reactive to proactive, enabling
smarter quality management.

SmartSPC Monitoring Interface

Figure 6 illustrates the prototype monitoring
interface developed for the SmartSPC system,
which integrates traditional Statistical Process
Control (SPC) with Machine Learning (ML)
predictions to enhance decision-making in
industrial environments. The interface is
designed for real-time observation and does not
support manual data entry, ensuring data
integrity by retrieving inputs directly from
production systems.

The left panel presents a dynamic SPC
control chart, where Rule #1 has been activated,
indicating a statistical anomaly in the process.
Although no current point appears outside the
control limits, the system retains the alert due to
a previous violation, which may have scrolled
out of view in the time-based display. It is
important to note that Nelson rule violations are
intended as alerts rather than automatic triggers
for halting production.
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The decision to stop the process depends
on contextual factors and is left to the discretion
of the operator or supervisory system.

Meanwhile, the right panel displays the
ML module's prediction, which indicates a stable
state with a forecasted anomaly within eight-
time units. This dual-panel design allows
operators to compare short-term statistical
deviations with predictive insights, improving
responsiveness and foresight.

Additional contextual information is
shown on the right-hand side to provide
situational awareness, aiding in root cause
analysis without requiring manual inspection.

& SmartSPC Monitor i (u] X

SPC Control Chart

e e SRR R R uet Stable

ML Prediction

Anomaly predicted in
8 time units

Explain Prediction

LCL
0 4 B 0 15 20 25 20 25

Machine Temp: 72.5

Last Sample: 25 Thread: Nylon
Status: Rule #1 Activated Fabric Type: Cotton
View Rule Violation Operators Qberatons
Sewing Speed: 275

Export Report 11:23 AM 4/29/2024 Process: Running

Figure 6
SmartSPC Monitoring Interface.
Source: Own Elaboration

The results obtained demonstrate that the
machine learning model, integrated into the
hybrid monitoring system, can anticipate process
deviations earlier than traditional SPC. This
predictive capability represents a significant
improvement in quality management for manual
or semi-automated textile processes.

Discussion

Recent studies have shown significant advances
in the use of artificial intelligence for the
automated detection of textile defects, especially
through deep learning techniques. However,
these approaches often rely on high-resolution
images and complex architectures such as CNNs,
which require considerable investment in
infrastructure, data processing, and technical
training.
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For example, [Sandhya et al., 2022] and
[Beljadid et al., 2022] highlight the need for
well-calibrated computer vision systems, as well
as manually labeled images to achieve high
accuracy in defect classification, which can
hinder adoption in manual or mixed production
lines.

Moreover, works such as those by [Guo
etal., 2024] and [Ozek et al., 2025] acknowledge
that while these technologies have improved
performance in controlled industrial
environments, they still present limitations
regarding generalization to new textures or
varying lighting conditions.

In contrast, the hybrid approach proposed
in this study combining SPC and ML with real
process data represents a more flexible
alternative, capable of operating with less
reliance on advanced infrastructure. This
proposal does not aim to replace vision systems,
but rather to offer a complementary and scalable
solution, especially useful in contexts where full
automation is not yet feasible.

Conclusions

The study demonstrated that the integration of
Machine Learning (ML) models with traditional
Statistical Process Control (SPC) allows for a
significantly earlier detection of process
deviations within the analyzed industrial
environment. While SPC and the Nelson rules
remain essential tools in the quality toolbox,
their intrinsically reactive nature limited their
capability to identify changes when
simultaneous multivariable shifts occurred
during the experimental phase.

By leveraging latent patterns within
historical process data, the developed ML model
was able to discern subtle trends preceding a
deviation that were not clearly visible in
standard univariate control charts. Specifically,
the implemented prototype issued warnings
several time units ahead of SPC, thereby
providing a wider margin for maneuver in taking
preventive action.

The adoption of this hybrid approach
transforms the process monitoring paradigm.
Instead of being confined to a reactive response
after a limit is crossed, the system facilitates the
anticipation of issues, which directly contributes
to the reduction of unscheduled stops and to
greater operational stability.
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Given the continuous and increasing
volume of detailed data generated in factory
settings, the synergistic combination of SPC and
ML is established as a practical and robust
methodology for supporting decisions based on
real process behavior.

Future lines of research will involve the
direct validation of the system on active
production lines, its integration with SCADA or
MES systems, and the exploration of alternative
ML models with the goal of further optimizing
both accuracy and interpretability of the results.
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Al Artificial Intelligence

ANN Artificial Neural Network
CNN Convolutional Neural Network
CpPV Continued Process Verification

DCNN Deep Convolutional Neural Network
DNN Deep Neural Network

F1 F1-score

loT Internet of Things
KNN K-Nearest Neighbors
LCL Lower Control Limit
ML Machine Learning

MES Manufacturing Execution System
PCA Principal Component Analysis
SCADA Supervisory Control and Data
SPC Acquisition
UCL Statistical Process Control
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Abstract

The mechanical design of a prototype requires validation using tools such
as computer-aided engineering (CAE), to simulate and analyze under real
operating conditions its operation. This paper presents the simulation of
the prototype of a glass pulverizer, which is rotated by coupling a
commercial drill; considering three operating speeds, von Mises stress,
displacement and strain values were obtained, these were compared with
the mechanical properties of the materials chosen for the construction of
the prototype. The results obtained show that the coupling element for
turning the prototype must be modified, material or design, to improve
its mechanical performance; furthermore, a range of speeds has been
established for reliable operation.
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Resumen

El disefio mecénico de un prototipo require de la validacion por medio de
herramientas como la ingenieria asistida por computadora (CAE), para
simular y analizar en condiciones de operacion real su funcionamiento. En
este documento se presenta la simulacion del prototipo de una pulverizadora
de vidrio, la cual se hace girar acoplando un taladro comercial; considerando
tres velocidades de operacion, se obtuvieron valores de esfuerzo de von Mises,
desplazamiento y deformacién, mismos que se compararon con propiedades
mecénicas de los materiales elegidos para construccion del prototipo. Los
resultados obtenidos muestran que el elemento de acoplamiento para el giro
del prototipo, debe ser modificado, en material o disefio, para mejorar su
rendimiento mecénico; ademas, se establecié un rango de velocidades para
una operacion confiable.
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Introduction

The mechanical design process involves
different stages, starting with identifying a need
and ending with defining the final prototype. At
this point, the product must be functional, safe,
reliable, competitive, useful, and capable of
being manufactured and marketed (G. Budynas
& Keith Nisbett, 2008). In this way, improving
the design requires the integration and
consideration of other disciplines and technical
approaches for analyzing the functional behavior
of the assembly (Korbi, Tlija, Louhichi, &
BenAmara, 2018). Computer-aided engineering
(CAE) is a tool that involves the use of software
to simulate the performance of elements that
constituted a system and helped in solving
engineering problems. Most of the parameters
used in the simulation are based on the
environment and interactions that the model
should experience once it begins operating
(Hernandez Zempoaltecatl, Cano Corona, Pérez
Serrano, & Méndez Zapata, 2020).

Some computer packages perform
specific engineering analyses and/or tasks that
assist the designer, such as: finite element
analysis, stress and deflection analysis, vibration,
heat transfer, fluid flow analysis and simulation,
programs for simulating dynamic forces and the
movement of mechanisms (G. Budynas & Keith
Nisbett, 2008).

Computer simulation is a tool widely
used in different fields of study to emulate
physical experiments, which, when modeled
appropriately, allow results to be obtained
quickly and economically, with approximations
comparable to those obtained experimentally.
One of the most popular simulation methods is
the finite element method (FEM) (Higuera
Cobos, Mendoza Cuesta, Suérez Granados,
Florez Garcia, & Moreno Tellez, 2021).

Studies conducted with FEM to validate,
optimize, or improve designs are varied. In the
literature, there are works that apply CAE and
FEM tools in the academic field to calculate
stresses, deformations, displacements, and
degrees of freedom; in biomechanics, simulation
of the aorta; automotive design; modeling of
dental materials; aerodynamic behavior of
greenhouses; concrete structures; mechanical
behavior of agricultural soils; aircraft structures,
to name a few.
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The software programs that are used on a
recurring basis are: ANSYS Workbench® and
SolidWorks®; however, Autodesk Inventor®
also allows structural analysis to be performed,
such as that presented by Palacio (Palacio
Durango, 2025). These projects vary in
complexity and subject matter. However, what
they have in common is that they have a model
of the structure or material to be simulated,
which is required to establish the conditions that
affect its performance and obtain results on its
behavior when applied.

In this regard, this paper presents a
simulation of the assembly of a prototype glass
pulverizer, which will be operated in a rotary
manner using a coupling with an electric drill,
The aim is to establish the critical points or
elements for improving the model and thus avoid
failures during its operation.

The methodology section mentions the
importance of studying rotating elements,
determines the value of the mechanical torque
applied by the drill, presents the prototype model
with the assignment of the material of its
components, and establishes the fixed and
moving elements to perform the simulation,
considering three speed values. The results
section shows images of the simulation obtained,
deformation values, displacement, and stresses,
which, in accordance with the mechanical
properties, allow critical points (mechanical
elements) to be identified. In conclusion, it is
specified that the coupling element for the
rotation of the prototype is the critical point to be
modified, in terms of material or design, in order
to improve its mechanical performance, based
on the values obtained from the variables
considered in the simulation.

Metodology

Fatigue is the deterioration of a material due to
repeated cycles of stress and deformation (M.
Gere & J. Goodno, 2009). Any movement that
repeats after a time interval is called vibration or
oscillation. The component of the structure or
machine subjected to vibration may fail due to
material fatigue caused by the cyclic variation of
the induced stress (S. Rao, 2012). This is why
mechanical designs study the effects of vibration
on machines or equipment in general (P.
Cardona, J. Leal, & C. Vasquez, 2016).
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Among the characteristic parameters for
studying vibrations are displacement, period,
frequency, velocity, and acceleration, which
depend on the speed of the machine and its
equivalent frequency ratio (revolutions per
minute, rpm); in the case of low rpm,
displacement data is taken; for values in the
range of 600 to 60,000 rpm, speeds are measured,;
those of a higher order consider accelerations
(Herndndez Davila, Olivo Malliquinga, &
Carrillo Villa, 2020).

1. Calculation of mechanical torque

This study calculates the mechanical torque
exerted by the drill on the prototype. As it is a
rotary movement, there is vibration in the system
and, with it, the possibility of fatigue failure. The
factory specifications of the drill, 650 W, 120
volts at 3150 rpm, are considered to establish an
initial operating condition.

The electrical power converted into
mechanical power in a real rotating motor is
given by the equation (J. Chapman, 2012):

P=1tw [1]

Where:
P is the electrical power in watts (W)
7 is the induced mechanical torque (Nm)

® is the angular velocity of the motor shaft
(rad/sec)

The speed given in rpm can be converted
to rad/sec with:

__2mN

N is the speed in rpm.

Therefore, the value of the pair is calculated as:

9.549 P
T =

! [3]

Two additional operating conditions are
taken from the data obtained in the search for
grinding speed with commercial equipment
(Fritsch, 2025), speeds of 400 and 800 rpm were
found for grinding minerals, considering the
composition of the glass itself.
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2. Material assignment

The assembly of the glass pulverizer prototype
can be seen in the Figure 1, the main element was
called a drum, gray in color and in the extreme
end, the part that, when attached to the drill, sets
the prototype in motion, indicated by the red
circle, is placed. Figure 2 shows an image of the
hexagonal drill adapter, which is commercially
available.

Figure 1
Prototype assembly of glass pulverizer.
Source [Own Elaboration]

Figure 2

Hexagonal drill adapter.
Source [Own Elaboration]

The manufacturing materials are listed in
Table 1, which includes some mechanical
properties and mentions which element they
apply to. It is important to note that this data is
obtained from the materials library loaded into
the software SolidWorks®.

Fuentes-Castafieda, Pilar, Betanzos-Castillo, Francisco and Cortez-Solis,
Reynaldo. [2025]. Analysis of risk points in mechanical elements of a
rotating system. Journal of Technologies in Industrial Processes. 9[19]1-
7:2919107.

https://doi.org/10.35429/JT1P.2025.9.19.2.1.7


http://scielo.senescyt.gob.ec/scielo.php?pid=S2602-84842020000100093&script=sci_abstract
http://scielo.senescyt.gob.ec/scielo.php?pid=S2602-84842020000100093&script=sci_abstract
https://www.google.com.mx/books/edition/M%C3%81QUINAS_EL%C3%89CTRICAS/-9bBAAAACAAJ?hl=es
https://www.fritsch.es/preparacion-%20de-muestras/protocolos-de-molienda/detalles-%20del-protocolo/?no_cache=1&protokoll=21534

Journal of Technologies in Industrial Processes

4
9[19]1-7: €2919107

Article

Table 1
Prototype element materials.
Element Material Elasticity Poisson's
module ratio

Drum Galvanized 200 GPa 0.29
Lid steel

Pin ASTM-A36 200 GPa 0.26
Threaded |AISI-304 190 GPa 0.29
rod

Base ASTM-A36 200 GPa 0.26
Drill

adapter

Source [Own Elaboration]

The materials were selected because they
are commercially available in the area and are
inexpensive.

3. Software modeling

For finite element analysis, different steps are
followed, including discretizing the model, i.e.,
dividing it into nodes and elements; applying
boundary, initial, and load conditions; solving to
obtain nodal results such as displacements or
temperatures, depending on the type of problem;
as well as principal stress values and heat flow,
to name a few (Moaveni, 2015).

The prototype of the glass pulverizer was
modeled in SolidWorks®, the materials for each
component were assigned and the operating
conditions were established. in this case, the
base provides support and must remain fixed, in
green, the drill adapter allows rotation, and is
where the calculated mechanical torque values
of 2, 8, and 16 Nm are applied so that the drum
rotates, in fuchsia, see Figure 3.

Figure 3
Application of operating conditions.
Source [Own Elaboration]
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The mesh prototype model is shown in
Figure 4. The total number of nodes generated
by the software was 628,546, and the number of
elements was 359,852.

Figure 4
Mesh generated in the prototype.
Source [Own Elaboration]

A static analysis is performed because it
is considered that the applied speed, in any of the
three conditions, is constant and does not change
over time.

Because bearings are one of the most
frequent causes of breakdowns in rotating
machines (Hernandez Montero & Atxa Uribe,
2007); For the present study, the quantitative
measure of life is considered in terms of the
number of revolutions of the inner ring until the
first tangible evidence of fatigue appears (G.
Budynas & Keith Nisbett, 2008), this is why no
emphasis is placed on the analysis of this
element, but it is taken into account in the
assembly of the prototype and the corresponding
simulation.

Results

The software produces graphical results, see
Figure 5, and identifies the nodes where the
maximum values of von Mises stress,
displacement, and unit strain are found for the
three operating cases.
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Figure 5
Graphical result of von Mises stress.
Source [Own Elaboration]

Table 2 summarizes the results of the
maximum values obtained for the three
operating speeds considered.

Table 2
Simulation results for three operating speeds.

400 rpm 800 rpm 3150 rpm
Torque (Nm) 16 8 2
Von Mises stress 605.841 302.920 74.418
(MPa)
Resulting 0.105 0.052 0.013
displacement (mm)
Unit strain 0.003 0.001 0.000

Source [Own Elaboration]

In all three cases, the location of the
stress, displacement, and maximum deformation
coincide. Figure 6 shows the von Mises value for
the simulation with a mechanical torque of 16
Nm, which is the one that obtained the highest
value. This critical point is in the drill adapter.

Figure 6

Location of maximum von Mises stress with torque of
16 Nm.
Source [Own Elaboration]
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The maximum von Mises stress value is
605.841 MPa, obtained by applying a
mechanical torque of 16 Nm. Comparing this
value with the elastic modulus of the drill
adapter material, 200 GPa, we can see the
difference between them, which indicates that
the element has a margin of support for the stress
generated by the applied torque.

Poisson's ratio relates the lateral and
axial deformations of materials (M. Gere & J.
Goodno, 2009), in the case of the unit
deformation obtained, it can be inferred that the
deformations suffered by the drill adapter do not
cause damage due to plastic deformation.

The resulting displacement refers to the
movement of a point in the three directions (X, v,
z) of a model in SolidWorks®, the highest value
obtained was in the condition of 16 Nm of
mechanical torque, with 0.105 mm.

At this point, it is important to note that
the drill will be attached to the prototype to
perform the rotation when in use and will be
removed when not in operation. Based on this
consideration, the adjustment for this type of
rotating element is localized clearance, and a
tolerance of 0.015 mm is indicated (G. Budynas
& Keith Nisbett, 2008), since the diameter of the
drill adapter is 6.35 mm.

Therefore, according to the indicated
tolerance and maximum displacement obtained,
the drill coupling element represents an
opportunity for improvement to ensure efficient
mechanical coupling and correct operation of the
prototype.

Conclusions

Although, in terms of the mechanical properties
referred to, elastic modulus, and Poisson's ratio,
the prototype glass pulverizer, with the chosen
materials, is considered to be is within the
parameters for safe operation, it highlights the
importance of modifying and improving the drill
adapter, as it is the element that presents the
greatest risk to the proper functioning of the
prototype, due to the displacement values
obtained in the three operating conditions, which
can cause misalignment at the time of coupling.

In addition, the trend of increasing the
value of the mechanical pair and decreasing the
speed in rpm leads to an increase in stress,
displacement, and deformation.
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Therefore, the study also helped to
establish an operating range, suggesting that the
speed should not be reduced below 400 rpm
under current conditions.

A study analyzing the mechanical
vibrations of each element involved is being
considered in order to corroborate the findings of
this work.
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Abstract

This article presents the development of a virtual reality simulator created
by the Universidad Tecnolégica de San Juan del Rio. Using the Iterative
and Incremental methodology, the team identified key issues and
optimized the simulator according to the client's needs. The system
allows users to operate a forklift, handle loads, and navigate through a
virtual industrial warehouse. Tests were conducted with students to
evaluate its realism and effectiveness in operator training. This
innovative training method provides a safe and practical environment,
allowing users to gain experience before applying it in the real world.
Thanks to the advanced technology of Unreal Engine, the simulator
enhances skill development in forklift operation.
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Resumen

Este articulo presenta el desarrollo de un simulador de realidad virtual
desarrollado por la Universidad Tecnoldgica de San Juan del Rio.
Aplicando la metodologia lterativa e Incremental, el equipo identifico
problemas clave y optimiz6 el simulador segin las necesidades del
cliente. El sistema permite operar un montacargas, manipular cargas y
recorrer una nave industrial virtual. Se realizaron pruebas con estudiantes
para evaluar su realismo y eficacia en la formacion de operarios. Este
innovador método de entrenamiento proporciona un entorno seguro y
practico, permitiendo adquirir experiencia antes de la aplicacion en el
mundo real. Gracias a la tecnologia avanzada de Unreal Engine, el
simulador mejora el desarrollo de habilidades en el manejo de
montacargas
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Introduction

Throughout this period, various development,
testing, and evaluation tasks were carried out in
order to increase the efficiency and safety of
forklift operator training. The project not only
does it seek to perfect the simulator system but
also to provide a more realistic and functional
virtual environment that allows operators to face
a variety of situations in a safe and controlled
manner.

This article details the work plan
followed during an internship, highlighting the
implemented  development, the progress
achieved, and the results obtained in the
simulator’s development, with the goal of
offering a realistic solution for practical operator
training.

The definition of a virtual server can vary
depending on the use case. Often located in an
external data center or a cloud environment, the
deployment of servers involves converting a
physical server into several virtual machines
(VMs). A virtual server is configured so that
multiple users can share its processing power.
When comparing a physical server with a virtual
one, the virtual server proves to be an effective
way to save money on physical hardware costs.
(Google Cloud, 2025)

Unreal Engine (UE) is an open-source
game engine created by Epic Games. It is used
to create video games, virtual reality experiences,
and interactive applications. With over 20 years
of development, UE has become one of the most
advanced and complete tools for programmers
and designers. (British School of Creative Arts
and Technologies, 2023)

Background

Virtual reality (VR) technology creates a fully
immersive, computer created sensory experience
that can be used for entertainment, education and
training. This technology transports users to
three-dimensional virtual environments, where
they can interact with objects and scenarios in an
almost realistic manner, opening a world of
possibilities for the creation of immersive and
educational experiences (Franchi, 1994). Virtual
reality (VR) simulators have become a powerful
tool for training people in tasks that would
otherwise be costly or dangerous to replicate in
the real world.
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They allow users to immerse themselves
in highly realistic simulated environments,
where they can practice and hone specific skills
without taking risks or incurring the high costs
associated with traditional training. (Schofield,
2012)

Virtual reality simulators are an effective
tool for measuring differentiating learner skill
levels, potentially improving the skills,
performance of personnel in training. (Sikder,
Tuwairgi, Al- Kahtani, Myers, & Banerjee, 2013)

For the development of the project the
Unreal Engine was used, according to Epic
Games, is a video game engine developed by
Epic Games, known for its power and versatility
in the creation of games and interactive
multimedia content. It has been used in a wide
range of projects, from high-end video games to
architectural simulations and film productions.
(Games, n.d.)

The machinery that the project is
intended to simulate is a forklift. A forklift is a
machine capable of lifting heavy weights,
similar to a vehicle with two forks that can be
slid under the weights and lifted into the air for
movement. This equipment is widely used in
warehouses, factories, and other industrial
settings to transport and stack materials
efficiently and safely. (Jain, Shah, Sunasara,
Shirgaonkar, & Jagtap, 2020).

This article focuses on the development
of a forklift simulator in virtual reality, using
unreal engine 5. This initiative not only seeks to
modernize the loading and unloading processes,
but also represents a significant step towards the
adoption of Industry 5.0, an industrial revolution
that integrates artificial intelligence, advanced
automation and interconnection of systems.
(Sikder, Tuwairgi, Al-Kahtani, Myers, &
Banerjee, 2013).

Problem

One of the key areas of improvement identified
in forklift operation is operator training, which
in some cases may not be completely effective
or comprehensive. Insufficient training of
operators could have negative repercussions on
crucial aspects such as workplace safety,
operational efficiency, and the technical skills
required to handle the equipment properly.
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Operators who are not fully prepared or
trained to operate a forklift may face serious
difficulties when required to perform tasks under
pressure. This increases the likelihood of making
mistakes or experiencing operational failures,
which not only affects the safety of personnel
and facilities but can also generate additional
costs due to material or equipment damage.

The lack of proper training not only does
pose evident risks in terms of safety but also
directly impacts the company’s productivity. A
poorly trained operator is more likely to perform
incorrect maneuvers, reducing efficiency in
logistics and storage processes. This translates
into lower performance and greater downtime,
affecting long-term profitability.

The implementation of more complete
and effective training programs, especially
through the use of virtual reality simulators, can
significantly improve operator preparedness,
minimizing risks and increasing workplace
productivity.

Justification

The development of a virtual forklift simulator
using technologies such as virtual reality (VR),
Blender, and Unreal Engine aims to
revolutionize training in industrial equipment.

This project enhances workplace safety
and training efficiency by offering a safe
environment that eliminates real-world risks.
Furthermore, it reduces accidents and long-term
operational costs. The implementation of these
technologies positions the organization as a
leader in industrial educational solutions,
improving and optimizing forklift operation
training to face the future challenges of the
industry.

Methodology

The Iterative and Incremental Methodology is a
widely used development approach in product
creation, especially in software and simulator
projects, such as virtual reality forklift
simulators. This methodology is based on the
principle of dividing the project into small
phases or iterations, where each phase adds a
new feature or improvement to the final product.
In each iteration, the work team develops a part
of the project, which is evaluated and tested
before moving on to the next one.
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This allows for early identification and
correction of errors, reducing the risk of failures
in later stages. Furthermore, in each iteration, the
system is incrementally enhanced with new
functionalities or improvements, allowing the
final product to evolve continuously and flexibly.
One of the main advantages of this approach is
its ability to quickly adapt to changes. If new
needs or client-requested adjustments arise
during development, these can be incorporated
into future iterations without the need to redo
previously completed work. This facilitates
constant innovation and optimizes the
development process.

Development

During the project’s development, the Logitech
G923 steering wheel was integrated while
maintaining compatibility with the Meta Quest 3
controllers, as this version of the simulator is
designed to be portable. A precise control
mapping was carried out to ensure smooth and
consistent interaction across both devices. This
implementation responds to a key client
requirement, as the simulator’s portability is
essential to facilitate its deployment and use
across different operational plants the company
may establish.

Figure 1
Portable VR simulator

Source: Own
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Figure 2
Meta Quest visors

Source: meta.com
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Fork contollers in Meta Quest device

Source: Own

g

o

f ol

Frenar/Reversa

Figure 4
Forklift controllers in Meta Quest device

Source: Own
Blueprints

To define what Blueprints are, it’s important to
understand that they are the creators of meshes,
materials, or characters.
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In addition, they allow interaction with
the environment or menus and enable the
creation of cameras or perspectives. It’s also
essential to note that Blueprints do not replace
C++ programming; rather, they complement it,
as both systems are perfectly coordinated and
integrated with each other. (UT-HUB, 2024) In
this case, an error in the loading of Level 2 was
corrected. The issue was that the system did not
correctly identify whether the player was at that
level. To solve this, a verification was added to
check if the current level’s name is “Level2.” If
so, a condition is activated that assigns a specific
value to a variable, indicating that this level is in
use. If it is not Level 2, no action is taken.

Menu

The menus were designed with horizontally
arranged buttons, improving visibility and
facilitating navigation. This layout allows the
user to quickly identify the available options,
making the interface clearer, more accessible,
and more comfortable to use.

Figure 5
Main Menu

Source: Forklift - VR
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Figure 6
Menu screen for level 2

Source: Forklift - VR
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Figure 8

Level 3 completed screen
Source: Forklift- VR

Level 1

In the first level, the difficulty is low and it is
intentionally designed to serve as an
introductory phase to the virtual environment
and forklift operation. Its main objective is for
the user to become familiar with the basic
driving controls, as well as with the essential
functions of the machinery, such as accelerating,
braking, turning, lifting, and lowering the forks,
among other fundamental actions.

During this level, the user must navigate
through the entire virtual warehouse collecting
coins distributed throughout the circuit, which
promotes learning in a dynamic and playful way.
This mechanic not only motivates the operator to
explore the environment but also requires
constant vehicle control practice, facing curves,
tight spaces, and other elements that demand
coordination and basic skill.

An important method for improving or
surpassing the user’s record in this phase was the
inclusion of a time counter at the end of the level,
which indicates how long it took the user to
complete the course. This feature not only allows
the operator to evaluate their own performance
but also introduces a competitive and self-
improvement component that can be leveraged
in training and continuous evaluation programs.
In addition, a graphical environment for the level
was developed, highlighting the visual quality
and overall atmosphere of the warehouse. High-
quality lighting was implemented, along with
greater detail in objects and a more logical and
aesthetic distribution of environmental elements
aimed at creating a more immersive experience
that closely resembles a real industrial space.
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View of level 1
Source: Forklift - Desktop

Level 2

In the second level, the difficulty increases
considerably compared to the previous one. In
this scenario, the user must transport a load from
point A to point B, following operational
protocols more precisely and facing new
conditions that require greater control of the
forklift. Unlike the first level, where tasks were
simpler and served as an introduction to the
environment and basic object manipulation, this
level incorporates greater technical challenges
such as more complex maneuvers, tighter spaces,
and penalties for errors like collisions or
dropping the load. One of the distinctive features
is that the level automatically restarts if the user
makes serious mistakes, such as hitting obstacles
or dropping the load outside the designated area.
This not only increases the difficulty but also
forces the user to maintain a higher level of
concentration, precision, and care in their
movements.

As in the first level, a graphical and
structural environment was developed to enrich
the user experience. This includes the addition of
new visual elements, extra obstacles, less direct
routes, and an atmosphere that more realistically
simulates working conditions inside an
operational warehouse. High-quality lighting
and depth effects were also implemented to
reinforce the sense of immersion. Additionally,
this level focuses on strengthening the operator’s
ability to assess their surroundings, plan their
movements, and execute actions with greater
vehicle control, which is essential in real forklift
operation. The arrangement of pallets and
platforms was carefully designed to force the
user to make quick and strategic decisions, using
the controls with greater precision.
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Figure 9

Figure 11

View of level 2
Source: Forklift — Desktop

Likewise, a bug in this level was fixed in
the load management section, where there is a
load control system that activates when the load
is already on the forks and ready to be taken to
the unloading point requested by the simulator.

S
ONTROL DE LAS CARGAS DEL NIVEL 2

Figure 10

Level 2 Load-Control
Source: Forklift — Desktop Version

Here, the “Get Current Level Name”
node retrieves the name of the currently loaded
level, and the returned value is compared with
the string “Nivel2” using the node with the
double equal sign (==). Next comes the Branch
node, which represents the “If” condition. This
condition evaluates whether the comparison is
true or false—if it’s true, it means the level is
active; if it’s false, no action is taken. Finally,
there’s the “SET numero carga = 1" node, which
executes if the current level is Level 2, assigning
the value 1 to the variable.

Level 3

In the third level, the difficulty continues to
increase, as it also uses the forks like in Level 2,
but this time the user must lift the loads onto a
trailer. In total, there are nine loads that the user
must complete to pass Level 3. As with the
previous levels, modifications were also made to
the environment in this one.
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View of level 3
Source: Forklift — Desktop

Results

A performance test was carried out to evaluate
how it operates at the moment of execution.

BAS DE DESEMPENO

Figure 12

Performance tests
Source: Own

The main factors evaluated in the
simulator were the main menu, the instructional
scenarios, the developed levels, and the final
scene that appears upon completing any of the
levels.

Each of these components underwent
functionality and usability testing, and all
responded optimally, without presenting failures
or execution errors. The main menu interface
proved to be intuitive, allowing the user to easily
navigate between the different available options,
such as logging in, selecting levels, or accessing
settings and tutorials. This clear structure
facilitates the user experience from the very first
interaction with the simulator.
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Regarding the instructional scenarios,

these effectively fulfill their educational purpose.

They are presented visually and with clear
language, allowing the user to understand the
level objectives and basic rules before starting.
Additionally, the visual design of these spaces is
consistent with the simulated industrial
environment, contributing to an immersive
experience.

As for the levels, the atmosphere,
lighting, and environmental design were
optimized to offer a more realistic and engaging
experience. The loads to be handled within the
levels are correctly marked, which facilitates
their identification and tracking during assigned
tasks. Moreover, the system properly responds to
the user’s actions—such as lifting, transporting,
or placing objects—integrating realistic physics
that simulate the weight and balance of the loads.
Finally, the scene that appears upon completing
each level is designed to reinforce the user’s
sense of achievement. This space displays
relevant information such as the score obtained
and any errors made (if any). It also offers an
option to replay the level or move on to the next,
allowing a smooth transition within the learning
process.

Altogether, these elements not only
function correctly from a technical standpoint
but are also aligned with the pedagogical
objectives of the simulator. This ensures a
comprehensive, effective, and motivating
training experience for the user.

Usability tests were also conducted with
several students from the institution. During
these evaluations, various measurable indicators
were analyzed, such as execution time, the
number of tires collected, errors made within the
level, and the perceived quality of the user
experience.

Usability Tests

The corresponding usability tests were carried
out with some users who had not previously used
the simulator. For this purpose, data was
recorded on the completion time, the number of
tires collected—or, in the case of levels 2 and 3,
the loads corresponding to each level—as well
as any errors made.
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Figure 12
Level 1 Tests

Source: Own

In the user experience evaluation, it was
determined that users who completed the task in
less than 6 minutes are considered highly
experienced, those who took less than 10
minutes have medium experience, and those
who took more than 10 minutes have low
experience.
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Figure 14

Time-Graph of Level 1
Source: Own
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Figure 15
Collected tires graph of level 1

Source: Onw
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Errores nivel 2
4

Errores nivel 2
)

0

Figure 16
Graph of the errors made during level 1

Source: Own

Box 17

Recuento de Experiencia del usuario

5
1
3/\
2
1

0
Media Alta Bi

Recuento de Experiencia del usuario

Figure 17
User experience graph of level 1

Source: Owna
Level 2 Tests

In this phase, the same previously established
testing  methodologies  were  replicated,
maintaining the functional and operational
validation objectives to ensure the consistency of
results under comparable conditions.

Box 18
R et B e R g S Cargas con:‘;‘l’:tlado Errores nivel 2 Exp:si::::ii: !
Alumno 1 - Ibrahim 6:45:33 4 Completado 2 Media
Alumno 2 v Ulises 7:12:08 3 Sin completar 4 Media
Alumno 3 A Lupita 5:59:47 4 Completado 2 Alta
Alumno 4 v Raul 8:03:21 3 Sin completar 2 Media
Alumno § v Alan 6:29:15 4 Completado 0 Media
Alumno 6 v Pablo 7:14:22 3 Sin completar 3 Media
Alumno 7 4 Majo 5:55:55 4 Completado 1 Alta
Aligjandro ne 4 Completado 3 Baia
Figure 18
Tests of level 2
Source: Own

ISSN: 2523-6822
RENIECYT-SECIHTI: 1702902
ECORFAN® All rights reserved.

In this case, a high experience level
corresponds to a time of less than 6 minutes, a
medium user experience corresponds to a time
greater than 6 minutes and less than 10, and
finally, a low experience level corresponds to a
time greater than 10 minutes.

Tiempo
15:00:00

12:00:00

Tiempo

9:00:00

6:00:00

3:00:00

Figure 19
Time-Graph of level 2

Source: Own

Cargas

Cargas
o

Figure 20
Graph of loads completed in level 2

Source: Own

Errores nivel 2

Errores nivel 2
N

Figure 21
Graph of the errors made during level 2

Source: Own
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Recuento de Experiencia del usuario
5

4

3

Media Alta Baja

Recuento de Experiencia del usuario

Figure 22
User experience graph of level 2

Source: Own
Level 3 Tests

Similarly to the previous two levels, the same
testing strategies were applied in this level,
maintaining the evaluation criteria to ensure
consistency in the analysis of the simulator’s
performance and functionality.

Pabl 5:45:07 9 Sin completar 1

Majo 6:20:55 9 Completado 1 Media

Alejandro 162256 9 Completado 1 Baja

Figure 23
Tests of level 3

Source: Own

Here, a high experience is defined as a time of
less than 6 minutes, while a medium experience
must be less than 10 minutes, and a low
experience is greater than 10 minutes.

Tiempo
16:00:00

12:00:00

81126

7337

dipa:50
8:00.38 6:18:39 6:20:55

Tiempo

4:00:00

0:00:00

Figure 24
Time-Graph of level 3

Source: Own
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Figure 25
Graph of loads completed in level 3
Source: Own

Errores nivel 2
20

Errores nivel 2
=)

05

0.0

Figure 26
Graph of the errors made during level 3

Source: Own

Recuento de Experiencia del usuario
4

Media Baja Alta

Recuento de Experiencia del usuario

Figure 27
User experience graph of level 3

Source: Own
Simulator Functional Tests

Functionality tests were carried out, which were
rated on a scale from 1 to 10:
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- Visual realism of the simulator

- Ease of use of the simulator

- Technical learning acquired by the user

- Technical errors (such as bugs, controller
disconnection, among others).

In the case of these tests, each user had a
time limit of 5 minutes to evaluate the simulator.

Most users only reached halfway through level 2.

The following table shows the metrics to be rated
by users once they have tested the simulator.

Realismo - Facilidad - Aprendizaje
visual de uso técnico

Total 29 27 34 29 27

Figure 28
Table of functionality tests

Source: Own

As can be seen in the table, the ratings
given by the users who underwent the respective
tests are shown, remembering that the scale is
from 1 to 10, where:

1 = Very poor
10 = Excellent

Visual Realism

As the first graph, the results are analyzed to
obtain the final rating for visual realism.

Figure 29
Graph of the visual realism

Source: Own

Where these values, when summed, give
us a total of 29 points
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Realismo
visual

M - 0 o
<

Total 29

Figure 30
Total, points table of the first evaluated criterio
Source: Own

Giving us a final average of 7.5 in visual
realism

Total 29

Promedio 7.5

Figure 31
Visual realism criteria average

Source: Own
Ease of use
The following graph analyzes the results of how

users felt or how they performed in the ease of
use of the simulator.

rS

0

Figure 32
Ease of use graph

Source: Own

In the case of the “ease of use” criterion,
the graph is analyzed, showing the results
provided by the users. As in the first criterion, a
total of 27 points was obtained.
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Facilidad
S
de uso

8

5

Figura 33
Total, points of the ease of use criterio

Source: Own

This gives us an average of 7 in the ease
of use of the portable simulator.

Total 27
Promedio 7
Figura 34

Average of the criteria “ease of use”
Source: Own

Technical Learning

The following graph analyzes the results of how
much users learned within the simulator.

10

Figura 35
Graph of the technical learning

Source: Own

In the “Technical Learning” criterion,
what was evaluated is how much the user learned
to operate the forklift simulator, which supports
their training for when performing the necessary
tests on the real forklift.
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The graph analyzes the users’ ratings,
giving us the necessary results to calculate the
total and the average for this criterion. A total of
34 points were obtained in this criterion.

Aprendizaje
técnico

9

Total 34

Figura 36
Total points for the Technical Learning criterio
Source: Own

The average for this criterion is 8.5,
indicating that the simulator is efficient and
meets the requirements established at the
beginning of its development.

Total 34
FPromedio 8.5
Figura 37
Average for the Technical Learning criterion

Source: Own
Technical Problems

The following graph shows the ratings given for
some technical problems, such as bugs,
controller disconnections, headsets, or cases
where the computer’s memory becomes
overloaded while running the simulator.

0

Figura 38
Graph of the technical problems

Source: Own
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In the case of the “Technical Problems”
criterion, the ratings given by the users sum up
to a total of 29 points.

Problemas -
técnicos
10
A
7
&
Total 29
Figura 39
Total points for the ease of use criterio
Source: Own

Calculating the average for this criterion
gives us 7.5

Total 29

Promedio 7.5

Figura 40
Average of the Ease of Use criterion

Source: Own

The simulator does not present major
errors that prevent personnel training from being
carried out. However, the average should be
maximized to 10. To achieve this, it is clear that
potential errors affecting the correct use of the
simulator and the user’s technical learning must
be identified.

Dizziness

According to the chart, the scores given by users
for this criterion were recorded, where dizziness
can be caused by a sensory conflict between
what the eyes see and what the body feels.

This phenomenon is known as visually
induced motion sickness (VIMS) or virtual
motion sickness. It occurs because the eyes
perceive movement on the screen, while the
body does not physically experience it.
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10

)

Figura 41
Dizziness chart

Source: Own

The total score for this criterion is 27 points.

Mareos b

Figura 42
Total points for the Dizziness criterio

Source: Own

The average score for this criterion is 7.5

Total 27

Promedic 7.5

Figura 43
Dizziness average table

Source: Own
Averages

As the final rating of the simulator, considering
all that has been developed and based on the
previously mentioned averages from the
functional tests.
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Promedios obtenidos
10

I —

030633 20/C ompletad o

o

Figura 44

Graph representing the averages obtained
Source: Own

Achieving an average of 7.5
Promedio final 7.5

Figura 45
Final average

Source: Own

In this case, it is interpreted that the
simulator performs well, but improvements are
needed for its performance in staff training to be
excellent. It is recommended to implement the
appropriate safety measures used in real training,
such as checking forklift parameters (fuel level,
tire condition, proper fork function, among
others).

Conclusion

The portable virtual reality forklift simulator
proves to be an effective and functional tool for
operational training in controlled environments.
Through the evaluation of the main menu,
instructional scenarios, practice levels, and final
feedback screens, it was confirmed that all
system components function correctly without
technical errors. Moreover, the attractive visual
design and the accuracy in simulating loads and
maneuvers contribute to an immersive
experience that enhances learning.

Users can interact with realistic
environments that replicate situations typical of
heavy machinery operation, allowing the
development of essential skills without risking
their safety or that of others.

ISSN: 2523-6822
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The feedback and scoring system at the
end of each level reinforces the training process,
facilitating continuous improvement and self-
assessment of performance.

In short, this simulator represents a
significant advancement in the application of
virtual reality technologies in the industry,
offering an innovative, safe, and efficient
alternative ~ for  forklift  training.  Its
implementation can positively contribute to the
development of technical competencies in
operators, reducing risks and optimizing training
processes.
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Abstract

The research is currently in the experimental phase of developing a
prototype consisting of a technological development in Electronic
Engineering. It will be used to design electronic circuits for automation
processes. The current problem of technological backwardness observed
in the study area is associated with the technological, economic, and
productive issues of mezcal production in the district of Tlacolula,
Oaxaca. The objective of the research is to respond to the needs of
flexible production systems based on automation and process control. In
this case, it is aimed at the artisanal sector of mezcal production, with the
goal of incorporating the production technique at a semi-industrial level,
which would be implemented in the packaging phase as part of the
mezcal production system.

DISENO EsUEMATICO

Packaging, Technology, Mezcal

Area: Advocacy and attention to national problems

Resumen

La investigacion se enfoca en la fase experimental de un prototipo que
consiste en el desarrollo tecnoldgico a traves de la Ingenieria Electronica.
Que sera de utilidad para el disefio de circuitos electronicos en el proceso de
automatizacion. La problematica actual del rezago tecnologico en la
produccion artesanal, observada en el estudio esta asociada con los topicos
tecnologicos, econdmicos y productivos de la elaboracion de mezcal en el
distrito de Tlacolula, Oaxaca. El objetivo de la investigacion es responder a
la posibilidad de introducir un sistema de produccion flexible con base en la
automatizacion y el control de una fase del proceso. En este caso, esta
orientado al sector artesanal de la produccion de mezcal, con la finalidad de
incorporar la técnica de produccion propuesta y pasar a un nivel semi-
industrial, que se implementaria en la fase del envasado, parte del sistema
productivo del mezcal.

DISENRO EsQUEMATICO

Envasadora, tecnologia, mezcal
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Introduction

Currently, technology is growing and evolving
rapidly, becoming incorporated into the
industries of advanced countries. These include
the United States, Japan, China, and Singapore,
which are consolidated in the use and creation of
their own technologies. This shift is taking place
from a traditional production system to a highly
technological system with flexible production
systems that are easily implemented in various
industrial sectors globally. However, artisanal
production systems in developing countries,
such as Mexico, have lagged behind in the
acquisition of cutting-edge technology for
implementation in the existing production chain,
which represents the economic activity of rural
families.

For this case study, the district of
Tlacolula, part of the Central Valleys region in
the state of Oaxaca, was selected to propose a
prototype for technological development
focused on automation for the packaging of
mezcal in production systems in the district of
Tlacolula, Oaxaca.

This research is supported by several
authors who address the topic of technological
capabilities, such as Bell and Pavitt, Gabriela
Dutrenit, Dosi and other evolutionary theorists
of technology who have made several scientific
contributions in the technological area and who
served as a basis for the development of the
theoretical framework and literary reference in
the present study.

The development presented in this
research consists of the design, manufacturing
and modeling at the prototype level in the
experimental phase, which arises as a proposal
for incorporation into the mezcal packaging
phase; The present project aims to automate a
phase of the process of the artisanal production
chain system for the manufacture of mezcal, said
development is carried out through the
development of electronic engineering, through
a freely accessible programming code, as well as
the design of the electronic circuit and the
printed circuit template for an electronic card
that serves as a control device for the logic of the
semi-industrial technification process that is
proposed as a technological innovation in this
research work.
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Problem statement

In the new economic paradigm of the 21st
century defined by globalization and the changes
it produces such as trade liberalization and the
formation of new economic regions, where
companies face the challenge of competitiveness
both nationally and internationally, where
industrial districts regain relevance as models of
production organization, characterized by their
dynamism and a logic of constant change when
interacting between various actors in a local area,
these districts characterized by specialized
production factors, coupled with the division of
labor of companies, without monopolistic
practices between them, with a high profile of
specialization and training in plant.

With qualified human capital, and related
to the main actors for the supply of inputs and
marketing between the links of the productive
chain of suppliers, for the acquisition of
knowledge that allows local companies to reach
a level of competition with each other, to
improve their productivity, which defines the
internal and external economic progress of the
region, which in turn allows the creation of new
companies at the local level, (L. Soto, and P.
Chauca,2014).

Where technological capabilities are key
factors for their survival in the increasingly
demanding and competitive market for large
companies, the feature that characterizes the
current stage of the globalization process is the
fact that the internationalization of capital and
production markets are linked to changes in
technology.

Now it is not easy to understand the
existence of capabilities in the face of the
capabilities that are needed for technology and
its development, this is because the
technological diversity of companies is affected,
where the use of knowledge and the absorption
capacity are added, in this sense the innovation
process is the consequence of processes of
accumulation and learning of technological
capabilities and are located within a larger
system that is beneficial for companies (Z.
Benavides and C. Parra., 2021).
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Therefore, the ability to quickly identify
markets and technological development needs
becomes a more important competitive
advantage than the size of the available
resources or the history of the organization,
where capabilities are provisions acquired
through technological learning in a favorable
social and cultural context that emphasizes the
opportunities and possibilities of achieving
competitive levels by strengthening individual
and collective capabilities to promote what
people and companies want and can be, because
productive systems have production capabilities,
and these include basic skills such as: quality
control, operation and maintenance, to which are
added more elaborate capabilities such as:
adaptation and improvement of equipment, to
the most complex ones such as: research, design
and innovation, therefore, technologies are not
only considered in relation to their operation and
improvement, but also in their internal
interactions for the acquisition of technology or
appropriation of technology that other
companies occupy (D. Osorio, C. Cardona. And
C. Naranjo 2020).

However, the interests of companies are
to improve technological capabilities by
concentrating heavily on the acquisition of
embedded technology, capital goods and
hardware, leaving behind the development of
capabilities as important as R&D in software
research  and  development, industrial
engineering, management, training, as well as
endogenous capabilities, consulting, capabilities,
technology transfer, which may even be
essential for full utilization of the efforts made in
the acquisition of embedded technology.

Now, within the elements of the problem,
vinasse is a residue from the production of
mezcal that must be treated since the productive
systems analyzed in this research do not include
a system where the circular economy is applied,
so its adaptation is considered an expense that is
difficult to absorb by producers, however, the
treatment of vinasse generates another area of
opportunity such as biorefinery treatment, in
which various types of energy are obtained, such
as biohydrogen, methane and bioelectricity
through the application of bioprocesses that
complement the productive system as a value
chain (S. Diaz, I. Moreno and M. Garzon, 2022).
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For this reason, it is important to develop
our own technology based on theoretical
concepts such as technology and knowledge
transfer to contribute more innovation and
development with endogenous technological
capabilities, since failure to do so limits the
economic development of the region. Therefore,
this research study focuses on the mezcal
production systems in the district of Tlacolula, in
the Central Valleys region of the state of Oaxaca.

Theoretical Framework

Technology is a branch of knowledge, consisting
of the set of knowledge that is specific and
necessary for the use, improvement and creation
of techniques, requiring a deep and mature
knowledge about the nature of resources,
explaining the importance of science as a source
of technological knowledge, making use of
knowledge and skills, giving importance to
formal knowledge, coming from science, and
informal knowledge coming from daily work
and knowledge that is part of the organizational
or social culture, which ensures that technology
is the set of knowledge, machines, tools,
methods, economic and social relations of the
environment, these oriented to satisfy needs
through the production of products, services or
processes.

Technology consists of knowledge and
experiences, equipment and facilities, software
and hardware, as well as services and systems,
products and processes. Technology uses ideas,
creativity, ingenuity, intuition, intelligence, and
vision to efficiently produce and distribute goods
and services that respond to the needs of society
and the market. However, all technological
advances are not without difficulties, which
includes professionals and their organizational
structure of the industrial company.

An example of this occurred in 2022,
since after the pandemic, a series of uncertain
events were generated for the industrial sector
within the financial area for decision-making;
that within the economies of scale for the
efficiency of its processes derived from the new
social context generated by the SARS COV2
virus (COVID 19), therefore, as a result of this
social fact.
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A series of solutions based on Artificial
Intelligence (Al) have been implemented, and
virtual links for intervention in more complex
processes such as the processing of a large set of
data for audit analysis within the industrial plant,
making predictive analysis systems that
intervene in the technical operational tasks of the
industry as well as in the organizational part in
its economic-administrative areas increasingly
necessary, redefining the industrial strategy with
this modality (D. Pilay and K. Marcos, 2025).

Now, technological capabilities
complement technology as a production factor
and are made up of the set of knowledge,
techniques and skills to acquire, use, absorb,
adapt, improve and generate new technologies
that support the production process; it ranges
from accumulated knowledge, the generation of
basic transformations, complex manufacturing
processes, the concepts of processing,
transformation and recycling of raw materials, to
the configuration and performance of the
resulting final products.

Therefore, it is a production factor that
involves the entire production process in all its
stages, having in its central system a
programmable automaton (information
processing computers), since until recently the
vast majority used electromagnetic relays,
electronic cards or wired technology, which is
why currently manufacturing systems prioritize
automatic programming at the core of their
operations system (C. X. Nufiez. L. A. Zabala,
L.M. Sanchez and J.I. Chamba, 2025).

Among the basic theories that are taken
up in this scientific research work, related to the
conceptual constructs of technology and
technological capabilities, the Evolutionary
Theory of technology in economics is addressed,
where the evolutionary conception focuses on
economic changes, and the search for an
endogenous explanation is proposed, which
implies an economy of technological change.

As a historical background, micro-level
foundations of a theory of economic change are
proposed, analyzing the importance of tacit and
imperfect knowledge, the non-optimizing
behavior of productive agents, and the learning
phenomenon at the level of individuals and
organizations.
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Another concept that is rescued is the
trajectory paradigm to describe technical change
in the economic context, where the innovative
capacity of organizations and institutions
influences its course. A clear example of this is
the one equated to the energy resource, where the
use of electricity resumes an important role in
the socio-economic development of the
population.

This is evidenced by the growing energy
demand in urban and rural areas that seek to
satisfy the electricity service through increased
generation  capacity, which forces the
organization of the companies that provide this
energy resource to implement innovation
strategies (S. Ruiz and J. Espinosa, 2018).

Based on the above, we analyze the
phenomenon of technical change in the
emergence of a new paradigm that both destroys
and opens opportunities for companies. We
return to author Keith Pavitt from 1984, who
proposes a classification (taxonomy) of sectors
based on technological capabilities, technology
generation, and the appropriation of
technological gains.

On the other hand, Schumpeterian theory
has an evolutionary approach, since "dealing
with economic development in capitalism is
dealing with the process of evolution," because
the drive that keeps capitalism moving comes
from new consumer goods, new methods of
production and transportation, new markets, and
new forms of industrial organization that create
the capitalist enterprise.

In the case of Giovanni Dosi, a 1982
author, he proposes an interpretive model
suggesting that the procedures and nature of
"technologies" are very similar to those that
characterize science. Within technological
paradigms, the model attempts to consider both
continuous and discontinuous changes in
technological innovation. Continuous changes
are often associated with progress along
"technological trajectories” defined by a
technological paradigm, while discontinuous
changes are associated with the emergence of a
new paradigm.
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Study Area

The state of Oaxaca is located in the southwest
region of the Mexican Pacific, between 15°39°
and 18°42° west longitude, at an altitude that
varies from sea level to 3,750 meters above sea
level: it borders Puebla and Veracruz to the north,
Chiapas to the east, and Guerrero to the west.

The Valles Centrals region is located in
the central part of the state of Oaxaca, between
the parallels 16 degrees 34 minutes and 17
degrees 10 minutes north latitude and between
the meridians 95 degrees 54 minutes and 97
degrees 37 minutes west longitude of the
Greenwich meridian. It has a territorial
extension of 11,987.58 km2 which represents
17% in relation to the state surface distributed in
seven political districts with 121 municipalities
distributed in the districts: 1. - Centro, 2. - Etla,
3. - Zimatlan, 4. - Ocotlan 5. - Zachila, 6. -
Tlacolula and 7. - Ejutla; The Central Valleys
region has 9,774,294 inhabitants, of which
500,137 are women and 470,157 are men,
representing 30.17% of the total population in
the state, registering itself as the most populated
region with a population density of 69.6
inhabitants per square kilometer.

The average annual temperature is 18°C.
Average annual rainfall is 725 mm, and
evaporation is 1,832 mm. The meteorological
phenomena that occur in the district are frost and
hail during the months of December, January,
and February. Agriculture is predominantly
cyclical, with 90% of the seasonal areas devoted
to crops such as: corn alone; corn associated with
beans; corn associated with castor beans; beans;
peanuts; and fodder crops (corn, oats, and
sorghum).

The remaining 10% of the area is grown
with perennial crops such as: mezcal maguey,
avocado, coffee, peach, loquat, guava, apple,
walnut, nopal, lemon, grapefruit, etc. The district
of Tlacolula is part of one of the seven districts
that make up the region of the Central Valleys of
Oaxaca, which in turn is made up of 25
municipalities, within its geographical aspects it
is located in the region of the Central Valleys as
described and is located at the coordinates 16
degrees 57 minutes north latitude, 96 degrees 28
minutes west latitude, at an altitude of 1,600 m.
above sea level.
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The district of Tlacolula has 25
municipalities which are the following:
Magdalena Teitipac, Rojas de Cuauhtémoc, San
Bartolomé Quialana, San Dionisio Ocotepec,
San Francisco Lachigolo, San Juan del Rio, San
Juan Guelavia, San Juan Teitipac, San Lorenzo
Albarradas, San Lucas Quiavini, San Pablo Villa
de Mitla, San Pedro Quiatoni, San Pedro
Totolapan, San Sebastian Abasolo, San
Sebastian Teitipac, Santa Ana del Valle, Santa
Cruz Papalutla, Santa Maria Guelace, Santa
Maria Zoquitlan, Santiago Matatlan, Santo
Domingo Albarradas, Teotitlan del Valle San
Jeronimo  Tlacochahuaya, Tlacolula de
Matamoros and Villa de Diaz Ordaz, of which
they have 283 localities, with a total area of the
district is 3,324.14 k2 which represents 3.5% of
the total territory of the state, with an orography
basically made up of small plains that reach hills
and part of the mountain range, within the
hydrography the main current is the Salado
River that runs through the central part of the
portion of the district and which is joined by
small tributaries such as the Seco River and the
Muralla River, in the enclave the main current is
the San Luis River that runs north-south.

The climate and ecosystems recorded in
the district is semi-dry semi-warm that covers
the vast majority of the central zone, with the
exception of small sectors at the ends of its
territory, such as in the south, north and
northeast where the climate is semi-warm sub-
humid with summer rainfall and lower humidity
and a small sector with a temperate sub-humid
climate with summer rainfall and medium
humidity, the northwest sector has a semi-dry
semi-warm climate, the middle sector a very
warm and warm semi-dry climate, and the south
a very warm and warm dry climate, the average
annual temperature of the entire municipal
territory is 18 ° C to 22 ° C, and the average
annual rainfall is 600 to 800 mm; Below is the
map of the state of Oaxaca with the geographical
location of the district of Tlacolula, where the
present study was based.
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TLACOLULA

Figure 1
Tlacolula Oaxaca study area
Source: Prepared by the author using Arcmap-Arcgis 10.

Utility model for the technological
development of the mezcal bottling plant for
artisanal production systems

Derived from the proposed technological
development for the automation of the
packaging process within the mezcal production
system, this is conceived as a utility model, in
accordance with the theoretical concepts
proposed by the authors (Aboites J. and Soria M.,
2008), who defined the utility model as an
exclusive protection, legally close to a patent. It
is granted to minor inventions of instruments,
utensils, tools, models, and, in general, to objects
of low technological complexity.

This patent is considered a "minor
patent™ (petit patent) due to its low technological
knowledge content or limited productive
potential. There are two criteria for granting a
patent: technological novelty and industrial
application. This is where the technological
contribution of the technological development
proposal developed in this research comes into
play. However, it is worth mentioning that a
third criterion used in patents is inventive step,
which is not applied in this research and
development case.

Technology transfer as a driving concept of
our own technology

For the development of this research and
technological development project, it was
important to understand and analyze that the
production of new knowledge concentrated in
industrialized economies generates the transfer
of technological knowledge between countries.
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Broadly speaking, there are two types of
economies: industrialized economies that are net
exporters of technology, and developing
countries that are net importers of technology.
This has been a key issue in Latin America's
industrialization process since the Second World
War. Transfer encompasses the entire range of
channels and mechanisms through which
technological knowledge is transmitted between
countries.

The channels through which knowledge
transfer occurs are multiple; however, there are
formal and informal channels. Formal channels
include international trade, the import of capital
goods, foreign direct investment (FDI), bilateral
and multilateral intellectual property agreements,
government science and technology policies
(foreign  scholarship  recipients,  visiting
researchers, etc.), and international cooperation
agreements in science and technology. Informal
channels include, among others, reverse
engineering, copy products, etc. Both are
important, and in many cases complementary,
and play an essential role in the diffusion of
knowledge. Formal channels of transfer are
reflected, for example, in the technological
balance of payments, while informal channels
are difficult to measure. As explained in the
previous section, the nature of knowledge
(partially non-excludable and non-rival in
consumption) leads to spillovers, sometimes
unintended by any of the agents transferring
knowledge to one another.

Although the channels of dissemination
are formally the same, the transfer of knowledge
between knowledge-producing (industrialized)
countries and developing countries is not
homogeneous, nor does it maintain the same
patterns. The assimilation of technological
knowledge in each economy varies significantly.
He explains that this is because the technological
capabilities to assimilate external knowledge
flows vary among developing countries.
Technological capabilities play a dual role: they
are assimilation mechanisms, but at the same
time, depending on their strengths (human
capital, technological infrastructure, learning
capacity, etc.), they can create the conditions for
moving beyond the knowledge assimilation
stage. When certain strengths and institutional
conditions exist (government incentives and
subsidies, for example), a process of knowledge
assimilation-production is triggered.
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In other words, the functions of
assimilation and production are not only not
mutually exclusive, but both processes must
interact to reinforce each other. The assimilation
process in industrialized countries is dynamic,
while developing countries vary in their levels of
assimilation of external knowledge, within a
wide range of differences.

Indeed, industrialized economies have
remarkable technological capabilities not only to
produce knowledge but also to assimilate the
knowledge contributions made by other
industrialized economies. They are even
producers of knowledge both due to the quality
of their technological capabilities and their
capacity for assimilation. When studying these
characteristics in globalization, they have been
called the learning economy.

In each technological paradigm, a small
group of economies, thanks to strong and
decisive government intervention, manage to
overcome their status as recipients of
technological ~ knowledge and  become
knowledge-producing countries. This is the case
of the Southeast Asian countries, which have
managed to move from one state to the other
over the last three decades.

A clear example of this is Korea and
Taiwan, which had essentially been technology-
receiving countries, but during the 1960s and
1970s, they managed to build their own
technological and productive capacities to
generate significant flows of knowledge codified
in patents. Even Mexico registered relatively
significant patenting in the 1960s; however, it
declined in the early 1970s and was overtaken by
Asian countries starting in the 1980s. More
recently, Singapore, China, and India surpassed
Mexico in the production of knowledge
registered in USPTO patents.

Industrialized economies that are net
exporters of technological knowledge and
developing countries that are net importers of
technological knowledge are represented by
basic flows of a SP (patent system), and three
basic flows are integrated: a) patent applications
from residents, b) patent applications from
foreigners promoted by most global companies
and c) external applications from one country to
another.
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The second and third flows are
potentially technology transfers because they
originate from or go abroad and are generally
associated with international trade and FDI
(foreign  direct investment). Thus, for
industrialized economies that are net exporters
of technology, domestic patent applications are
very important, given that they are economies
that produce new knowledge, as are the patent
applications they file in other industrialized or
developing countries. Meanwhile, in developing
countries, which are net importers of technology,
the flow of patent applications from residents is
weak due to their limited knowledge production.
However, applications from foreigners at global
companies are very important. Various estimates
indicate that around 90% of total patent
applications filed in developing countries that
are net importers of technological knowledge are
foreign. In the case of Mexico, as the author
refers to (Jaime Aboites, 2008) the proportions
are 96% foreign and only 4% national economic
agents  (companies, R&D institutions,
universities and individual inventors).

The transfer of technological knowledge
from industrialized to developing countries is a
fundamental condition for building
technological capabilities. It is important to
mention that recent industrialization processes
have been dominated by automation systems
derived from the digital transformation that
entails the restructuring of global production,
generating a paradigm based on multimodal
connection, coupled with recent advances in
artificial intelligence and cyber-physical systems.
Technological advances based on these
innovative  developments consolidate the
industry's competitiveness by facilitating access
to information in real time through Internet
protocols for remote access to the industrial
plant and the ability to monitor industrial
production processes. (G. Herrera, L. Olare, J.
Blanco, and C. Marrieaga, 2025).

Description of the mezcal production system
in the industrial category.

Based on the Taxonomy of Technological
Capabilities, the project is integrated within the
technical functions of production focused on the
process, which is located at intermediate
innovative depths, such as the packaging of
artisanal mezcal within the production systems
installed in the district of Tlacolula, Oaxaca.
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Table 1
Taxonomy of technological capabilities

Technical

functions Variables Depths

Decision-making | Basic
and control.
Project
preparation and
execution.
Process-focused. | Intermediate
Product-focused. | Innovatives.

Of investment.

In production.

Internal Advanced
Support. engagement. innovations.

External

engagement.

Team

development.

Source: Prepared by the authors based on the taxonomy
proposed by Bell and Pavitt (1995) and adjustments
made by Dutrénit, Vera-Cruz and Arias (2002) and
Figueiredo (2001). In Ortega R. (2005).

This phase is only part of the division of
labor, and therefore describes the entire chain of
the industrial production system, which is
already strengthened for large-scale production.
This technological research and development
project focuses only on the packaging aspect,
with the goal of implementing it in artisanal
production systems and scaling it up to semi-
industrial ~ production  using  proprietary
technology to improve the region's economic
development. This is an applied case of the
technological learning theory of knowledge
transfer in innovation and R&D.

Within the economic and productive
sector of the mezcal industry, there are
equipment and means of production used to
carry out the technologically advanced industrial
production of mezcal, which are described
below:

Equipment and means of production: For
the reception process of the pifias (agaves),
which are the raw material for mezcal
production and are operated using the following
equipment. For the first phase, a "bucket forklift"
is used, consisting of: 1.- bucket, 2.-
counterweight, 3.- mast, 4.- stabilizer bar, 5.-
axle housing protective plate, 6.- operating
controls, 7.- operator platforms, 8.- solid tires,
9.- protective guard. (See attached image).
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For the maguey milling and juice
extraction process, the following "milling train"
machinery is used: 1.- feed hopper, 2. conveyor
belt, 3.- ripper. (See attached image).

The "agave conveyor” consists of: a
hedgehog mill, 2. a conveyor belt, 3. chains, 4. a
shredder, 5. a transmission belt. (See attached
image).

For the hydrolysis or cooking process,
the machinery used is the following: "Diffuser”
consisting of: 1. Valves, 2. Juice pipe, 3. Pumps,
4. Electrical conduits, and a sump. (See attached
image).

For the process consisting of the "agave
juice storage tank," it consists of: 1. Level
indicator, 2. Pipe, 3. Carbon filter. (See attached
image).

The process carried out by the
"Autoclaves" consists of: 1. Condenser piping, 2.
Condenser header, 3. Autoclave. (See attached
image).

The process consisting of the
"Fermentation™ of the product is composed of
the following elements: 1. Steam inlet, 2. Cold
water inlet, 3. Steam recirculation piping, 4.
Carbon dioxide discharge. (See attached image).
The following elements are used in the "Wort
Tank™ process: 1. Pumps, 2. Wort outlets, 3.
Venting. (See attached image).

Regarding the distillation part of the
process, this is carried out using the following
equipment, known as a "distillation tower,"
consisting of the following elements: 1. Boiler,
2. Header pipe, 3. Stillage pipe, 4. Steam pipe.
(See attached image).

For storage and dilution, this process is
carried out with the following materials: the
"mezcal storage tank" works with the following
instruments: 1. Level indicator, 2. Pipe, 3.
Pumps. (See attached image).

A "dilution tank™ is also used for this
phase of the process, which operates with: 1. A
level indicator, 2. Piping, 3. Pumps, and 4. A
carbon filter. It is important to note that for the
maturation or aging process, white or French oak
barrels are used, in which the product is left to
rest for more than 6 months.
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The packaging process is carried out
using equipment called a "Mezcal Packaging
Unit," which uses the following equipment: 1. A
box erector, 2. A palletizer, 3. A case packer, 4.
Belts for transporting bottles, and 5. A labeler
and filler.

Once the boxes are palletized, a gas-
powered forklift with claws is used again to
transport the finished product to the warehouse.
It is composed of the following elements: 1.
Nails, 2. Counterweight, 3. Protective guard, 4.
Stabilizer bar, 5. Operating controls, 6. Operator
platform, 7. Solid tires, 8. Mast, 9. Gas tank. (See
attached image).

This research and technological
development project works with artisanal
production systems. However, it is necessary to
understand the different types of mezcal
production systems. Therefore, the typology of
mezcal production is presented. It should be
noted that it is based on the stratification of
producers with respect to the technology used in
the mezcal production process, carried out by the
Oaxacan Maguey-Mezcal Council, which is
divided as follows:

Type I.- Artisanal production with
manual grinding and distillation in a clay pot
(earth oven, grinding with a mallet, fermentation
in wooden and/or concrete vats, distillation with
a clay pot).

Type Il - Artisanal production using a
traditional system (earth or stone-lined oven, use
of a Chilean mill, fermentation in wooden vats,
distillation in a copper still).

Type I - Artisanal production using a
traditional ~ system  with  technological
innovations (stone-lined oven, use of a Chilean
mill or a harrowing machine, distillation in a
copper and/or steel still, wooden and/or plastic
fermentation vats, and use of gas).

Type IV - Semi-industrial and high-tech
industrial  production (using sophisticated
machinery for each of the production processes)
in the state of Oaxaca. Only three companies fall
into this classification.

This project proposes incorporating the
semi-industrial  type, which consists of
modernizing only part of the mezcal production
chain, namely the packaging phase of the
product (mezcal).
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To take care of the traditional technique,
the technification is only implemented at the end
of the distillation process, being this the one that
preserves the artisanal properties and when the
final product is accumulated, it would be
packaged automatically and semi-industrialized,
to add value to the production chain, which
would increase the production capacity, which
would make possible the export of the product to
different countries; Within the technical and
engineering  development aspect, it s
appropriate to mention that the nature of the
project is based on the programming of
microprocessors to consolidate the automation
of the technified industrial process, since the use
of microcontrollers is a viable alternative due to
its low cost and high processing capacity, which
solves low information capacity tasks of generic
data storage, which adapts to the mezcal
packaging system proposed in the research
project (A. Gutierrez, L. Fernandez, F. Arroyo
and V. Martinez, 2006).

Methodology
Step 1.- Schematic design: First, the project is

presented schematically to have a reference of its
physical state.
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Figure 2
Schematic design of the prototype
Source: Prepared by the authors.

Step 2.- Programming development:
Programming is developed using MPLAB
software for the development of programs on the
assembler platform using binary code of 0 and 1
to be able to control the logical structure of the

project presented below:

33015, DATA ZONE;; 55555555
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__ CONFIG

_CP_OFF& WDT_OFF& PWRTE ON& XT OSC
LIST P=16F877

INCLUDE <P16F877.INC>

CBLOCK 0x020

reg21, reg22, reg23,conta3,conta4,suma

ENDC

movlw b'00000001'
movwf PORTA
bef  STATUS,RPO
clrf PORTB
movlw b'l1111111"
movwf PORTC
btfss PORTA,0
goto Inicio
movlw  b'00001000'
movwf PORTB
CALL SEG
movlw  b'00000100'
movwf PORTB
CALL SEG

Within the range of microcontrollers,
there is a group known by the nomenclature PIC,
which stands for Programmable Integrated
Circuit, which works with RISC (Reduced
Instruction Set Computer) type instructions. This
group of microcontrollers has powerful
electrical characteristics in terms of their
instructions, programming, and architecture,
which makes them easy to use and program. The
PIC used in this project is the PIC16F874A (T.
Flores, 1998).

Step 3.- Simulation development: This is
developed using the Isis Proteus software to
determine the wiring diagram needed to
implement the program generated in the
previous step.

Figure 3
Initial simulation

Source: Prepared by the authors.
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Figure 4
Final simulation

Source: Prepared by the authors.

Step 4.- Project implementation
development: Among the implementation
aspects, a closed-loop control system was
considered in the design, with the aim of
providing signal feedback to be processed with
the same microcontroller program. This
achieved a duty cycle through the use of timers
that encompasses a sequence of four steps. The
separation of the programmable control section
from the power module, which operates the
operating motor elements, such as the stepper
motor, is important. This module is used to
distribute liquid fluid containers. In this case, the
proposed production system is mezcal. This
module has the technical advantage that
magnetic disturbances can be isolated through an
electrical relay module, since the connection is
not direct to the motor-type components that
operate in the physical work environment, such
as the stepper motor (J. Guarnizo, B. Noriega, D.
Paez, J. Romero, and J. Bayona, 2019).

Figure 5
Implementation on the test table with stepper control
servomotor

Source: Prepared by the authors
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Step 5.- Development and design of the printed
circuit using the PCP Wizard software for the
electronic card.

Figure 6
Printed circuit design for electronic card
Source: Prepared by the authors

Step 6.- Construction of the proposed prototype.

Figure 7
Construction of the packaging distribution for mezcal
Source: Prepared by the authors

Figure 8

Test table with the accessible electronic components for
the proposed prototype
Source: Prepared by the authors
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Results

The results obtained in the theoretical
framework section were relevant to the research
as they contribute to the theoretical concepts of:

Technological Capabilities (TC),
Production Systems (PS),

Technological Development (DT),
Technological Change (TCH),
Semi-Industry in the Division of Labor
(SDL),

Industrialization (1),

Economic Drive (ED),

8. Economic Impact (EMI).

arONE

~No

- =

Figura 9
Modelo tedrico conceptual de relacién secuencial (causa-
efecto)

Source: Prepared by the authors.

Contextualized in the communities of the
study area (Tlacolula District, Oaxaca), made up
of small producers in the mezcal sector, this
productive activity represents 125,000 families
of producers nationwide, and in terms of the
liters of production that cover the national and
export of mezcal packaging, as reflected in the
history from 2011 to 2024, going from less than
2 million liters to 11,362,436 liters.
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In  the methodology section, the
following results were obtained regarding the
technological development of the automatic
mezcal bottling machine, as part of the
production process within the division of labor
chain. The result was the design of electronic
circuits using accessible components available
on the open market as commercial products. This
facilitates the development of proprietary
technology for innovation and implementation
in mezcal production systems during the bottling
phase. Another important element resulting from
the research was the manufacture of the working
prototype, which serves as the basis for the
experimental phase, measuring the timing and
moments of the developed microchip
programming logic, using freely available
programming code for the development of
proprietary, autonomous, and independent
technology.

Conclusions

The conclusion drawn from the research is that
the technological development of automation
and control of production processes, in this case
the mezcal production system, contributes
directly to economic development and generates
greater production capacity in the different
phases of the division of labor in mezcal
production. This contributes to the local and
regional economy, considering that mezcal is
one of the most important products in the
Oaxacan economy. Therefore, economic
recovery would be achieved through the
industrialization of small- and medium-scale
production systems, generating better-paying
jobs by promoting specialized training in this
sector of the maguey-mezcal production system.

Anexos

Figure 10
“Bucket lift”.

Source: Aguilar, M. J. (2012).
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Figure 11
“Grinding train”

Source: Aguilar, M. J. (2012)

Box 12

Figure 12
“Agave transporter”

Source: Aguilar, M. J. (2012)

Box 13

Figure 13

"Diffuser"
Source: Aguilar, M. J. (2012)
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Figure 14
“Agave juice storage tank”
Source: Aguilar, M. J. (2012)

Figure 15
“Autoclaves”

Figure 16
"Fermentation"

Source: Aguilar, M. J. (2012)

Figure 17
“Must tank”

Source: Aguilar, M. J. (2012)
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Figure 18
“Distillation tower”

Source: Aguilar, M. J. (2012)

Box 19
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Figure 19

“Mezcal storage tank”
Source: Aguilar, M. J. (2012)

Box 20

Figure 20

“Dilution tank”
Source: Aguilar, M. J. (2012)
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Figure 21
“Mezcal packaging unit”

Source: Aguilar, M. J. (2012)

Box 22

'Figu re 22
“Gas forklift with nails”

Source: Aguilar, M. J. (2012)
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