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Abstract

Gravimetric concentration of minerals is a solid-solid separation process used to increase the
percentage of the desired mineral. The objective of this work is to evaluate the performance and
efficiency of grinding in a Knelson QS30 Gravimetric Concentrator, through the granulometric
distributions of the process streams, the efficiency of screens and circulating loads, for its
optimization in the extraction of Au and Ag in the Saucito | Plant. The experimentation was
carried out at the plant located in the EI Saucito del Poleo Ejido in Fresnillo, Zac. To achieve the
objective, a sampling of the grinding area was carried out, some variables were kept constant, the
concentration time was modified at the same fluidization flow of the concentrator. The results
showed the need to optimize the concentration time. In conclusion, by optimizing the fluidization
flow and concentration cycle time, the concentration of gold is increased.

Evaluation of the grinding performance at the Saucito | Plant and optimization of the Knelson
QS30 Gravimetric Concentrator

Objetive Methodology Contribution

Recovery, Knelson, Gravimetric Concentrator

Resumen

La concentracion gravimétrica de minerales es un proceso de separacion solido-sélido, empleado
para incrementar el porcentaje del mineral deseado. El objetivo de este trabajo es evaluar el
desempefio y eficiencia de la molienda en un Concentrador Gravimétrico Knelson QS30,
mediante las distribuciones granulométricas de las corrientes del proceso, la eficiencia de cribas
y cargas circulantes, para su optimizacion en la extraccion de Au 'y Ag en la Planta Saucito |. La
experimentacion se realizé en la planta ubicada en el Ejido El Saucito del Poleo en Fresnillo, Zac.
Para alcanzar el objetivo, se realizé un muestreo del area de molienda, se mantuvieron algunas
variables constantes, se modificé el tiempo de concentracién al mismo flujo de fluidizacién del
concentrador. Los resultados mostraron la necesidad de optimizar el tiempo de concentracion.
Como conclusién, al optimizar el flujo de fluidizacion y el tiempo de ciclo de concentracion, se
incrementa la concentracion del oro.
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Introduction

Mining activity has been a fundamental factor in
the economic, political, social and -cultural
history of our country as well as a pillar for
responsible growth and development in the
future.

The mining-metallurgy sector in Mexico
contributes 2.3% of the national gross domestic
product, ranks first in silver production
worldwide, is among the top 10 producers of 17
different minerals: 1st silver, 2nd fluorite |,
3°celestite, 4°sodium sulfate, 5°wollastonite,
6°bismuth, 7°molybdenum, 8°lead, 9°cadmium,
10°magnesium sulfate, 11°zinc, 12°diatomite,
13°barite, 14° gypsum, 15°salt, 16°gold,
17°copper.

The importance of this activity is
reflected in the generation of jobs, profits for
workers, investments, growth in infrastructure,
regional well-being and the contribution to
social development.

Mineral concentration is a process that
mainly consists of raising the percentage
concentration of a given mineral. Specialized
equipment can be used to separate solid-solid, to
obtain a rich concentration of the mineral of
interest.

The gravimetric concentration is more
inclined towards gold and silver, that is, it has
more favorable results. In the other elements, no
significant recoveries are obtained, which is why
this work focuses on recovering gold
gravimetrically.

Gold is one of the minerals found in the
Saucito Fresnillo PLC mining concentrator
plant. It is known that it is a heavy and malleable
metal, which is why it is not feasible to extract it
only by the flotation method. It is worth
mentioning that it is not very viable. opt for
conventional gravimetric procedures, due to
their hydrophobic properties, which due to their
flake shape, fineness and in the form of a flake
since its porosity avoids being wet and therefore
does not sink, thus causing that a favourable
recovery.
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Because the Saucito mining plant has the
KNELSON QS30 gravimetric concentration
equipment, and thanks to technological advances
we can opt for a desired gold recovery, apart
from the fact that we are talking about a simple
and environmentally friendly equipment, Since
it does not use chemical inputs to obtain the
separation of gold, it has great advantages
ranging from great processing capacity,
maintenance and operation are relatively low in
cost and as well as investment costs.

Within the Saucito mining activity
program, the execution of studies and
evaluations of the performance of the different
areas of the mineral benefit process is
contemplated. The Saucito plant
superintendence requests to carry out an
evaluation of the grinding performance in Plant
I and optimization of the Knelson QS30
gravimetric concentrator, launched in 2020, the
same as the evaluation of the current state and
poor results were presented in the gold recovery.

The objective of this research is
evaluating the performance and efficiency of
grinding, through the granulometric
distributions of the process streams, the
efficiency of screens and circulating loads, for
the optimization of the extraction of Au and Ag
at the Saucito | Plant.

This research has two possible routes for
the optimization of the grinding system. The first
suggested in the literature is related to the
material from which the constituent elements of
the mills are made, as suggested by the studies
carried out by Meng et al. (2024), innovatively
propose a stability optimization and prediction
method of multiregenerative weak stiffness
grinding system based on a microstructured tool.
One of the results presented is that compared to
a wheel without microstructures, the
microstructured wheel can increase the deviation
of the speed limit between 12.2% and 54.0%,
avoiding system vibration [1]; Li et al. (2024),
present a solution strategy to prepare tools with
a crystalline structure using multiple jet melting,
resulting in a material with a longer half-life [2];
Zhang et al. (2024), their results are of great
importance for the future formulation of a
grinding process suitable for machining silicon
carbide ceramics [3]; Li et al. (2024) performed
grinding experiments with different grinding
parameters to verify a grinding force prediction
model.

Contreras-Pimentel, Luis Angel, Najera-Lopez, Aimeé Nataly, Villegas-Martinez,
Rodrigo Cervando and Garcia-Gonzélez, Juan Manuel. [2024]. Evaluation of the
grinding performance at the Saucito | Plant and optimization of the Knelson QS30
gravimetric concentrator. Journal of Quantitative and Statistical Analysis. 11[28]-
1-10: e11128110.
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The results show that the predicted
grinding force of the grinding head is in
agreement with the experimental values [4]; and
Xiang et al. (2024), found that ultrasonic
vibration grinding could improve the surface
quality with lower roughness than normal
grinding, and the surface roughness was reduced
by more than 27% [5]. And the approach given
in this work, in which the granulometric
distributions of the process streams, the
efficiency of screens and circulating loads are
modified for a better extraction of Au and Ag.

Background

Ifiiguez (2019) compared the results of the three
metallurgical ~ tests with  pre-established
operating parameters. The methods were
flotation (DENVER SALA flotation cell, model
D-12), cyanidation (leaching using sodium
cyanide) and  centrifugal gravimetric
concentration (Knelson concentrator model KC-
MD3). The result proved that the most efficient
test is the flotation test with a recovery
percentage of 79.28% [6].

Coyago and Pifia (2021) investigated the
efficiency of an electro-kinetic process in the
leaching of alluvial tailings materials. The
results obtained were a maximum recovery of
33.2% in gold concentration [7].

Chamba (2022) applied gravimetric
methods for recovering gold with tailings, using
these methods, he obtained an initial grade of
0.12 g/ton. It optimized the parameters to make
recovery more efficient, achieving a concentrate
grade of 2.27 g/ton and a yield of 70% [8].

Varela (2022) carried out the gravimetric
concentration study of alluvial sediments from
the Nambija River, in Ecuador, using a
KNELSON concentrator. He recovered 1.36 mg
of gold (50.19%) from the tailings using this
method [9].

Cuadros and Moris (2023), characterized
and concentrated alluvial gold minerals. The
chemical analysis of the evaluated terrace
indicates that the gold grade is 0.48 g/m3
equivalent to 0.32 g/t of fresh gravel.
Gravitational concentration tests were carried
out in three stages: coarse rougher, fines rougher
and cleaner using a “Z” type concentrator,
Falcon centrifugal concentrator and a Spiral
concentrator for the operation, respectively.

ISSN: 2410-3438
RENIECYT-CONAHCYT: 1702902
ECORFAN® All rights reserved.

They designed a process scheme for the
evaluated alluvial material, achieving a final
concentrate with a grade of 15 Oz-Au/t of
concentrate and a recovery of 60% [10].

Arias (2024) proposed to implement a
Knelson centrifugal concentration system for the
recovery of gold in the mining district of
Nambija, Ecuador. The results he found were:
That the liquid level in the storage tank is not a
determining variable in the fluidization flow
rate, in addition, he determined that the optimal
operation time is between 3 and 7 minutes. By
optimizing the concentrator, it achieved
recoveries close to 25% gold [11].

Zegarra et al. (2024), carried out a
statistical ~ evaluation of the grinding-
classification circuit of the Antapite gold plantin
Peru. The objective of their research was to
increase the gold content in the concentrate by at
least 5 percentage points to optimize gold
recovery in the cyanidation-adsorption circuit.
They resolved the above using a multivariate
statistical regression model to study the
dependence of the variables in three different
scenarios (Dependency of the cut size, with
respect to the pressure and the feed flow to the
hydrocyclone. Dependence of the gold
concentrate with respect to the flow feeding.
Lastly evaluation of the gold concentrate) [12].

Theoretical framework

Gold can form two main minerals with tellurium,
calaverite (AuTez), and sylvanite [(Au,
Au)Tez)]. It was in these minerals that tellurium
was first discovered, moreover, it occurs with
Palladium (Pd) as porpezite (Au containing 5-
10% Pd, and with rhodium as resinrhodite (Au,
Rh). Located in deposits, may be present as tiny
particles or large nuggets. In certain minerals
known as refractory minerals, gold is associated
with sulphide minerals in a very finely divided
state.

To carry out a gold recovery treatment, it
depends on the mineralization, which is why
most minerals can be classified into three main
classes:

Contreras-Pimentel, Luis Angel, Najera-Lopez, Aimeé Nataly, Villegas-Martinez,
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In those minerals where the oxidation of
the sulphide is practically complete, the gold is
usually free, and the rest is both in the porous
matrix of the sulphide oxidation products and
trapped with the gangue. For this type of mineral
where it is generally low in sulphide content, the
cyanidation process is used, the gravimetric
concentration can be used to separate coarse
gold particles in the case that the mineral is
partially oxidized since it contains a greater
amount of sulphides, for the gold that is trapped
in the sulphides it is advisable to combine the
cyanidation and flotation process and, if
possible, add gravimetric concentration to the
grinding circuit in order to recover large gold
particles.

In minerals where part of the gold is free
either in metallic form or as a tellurite and the
rest associated with sulphides such as pyrite,
arsenopyrite and with non-sulphurous gangue,
these minerals are generally treated with a
combination  of  concentration  methods.
gravimetric, cyanidation and flotation.

There are certain minerals that contain
important base metal minerals such as copper,
lead and zinc. These minerals can have
considerable amounts of gold so this must be
considered when selecting the flotation reagent.

Among the mineral benefit methods are
flotation and cyanidation. amalgamation and
magnetic separation. El Saucito Mine, a
subsidiary of the mining company Fresnillo
PLC, is located in the El Saucito del Poleo ejido,
Fresnillo, Zac., currently extracts 7,800 t/d, has
reserves of 2.4 million proven tons and 10.6
million probable tons with grades average of
1.39 g/t of Au, 261 g/t of Ag and 5% of Pb-Zn,
the beneficiation method is by flotation.

In the 90s, a series of mineral processing
equipment appeared that use centrifugal force to
separate valuable minerals. The best known of
them was the Knelson concentrator, which in a
short time was widely accepted in the mining
industry. This concentrator recovers gold
particles ranging in size from Y47 to
approximately one  micron. In  these
concentrators, the problem of mineral
compaction that could cause centrifugal force
was solved by introducing pressurized water into
the system, counterbalancing the centrifugal
force in the concentration cone.
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The effectiveness of concentration in the
Knelson concentrator is based on the generation
of a gravitational force 60 times greater than the
normal force of conventional equipment that,
together with the fluidization process, allows the
recovery of even microscopic particles, this
means that inside the Knelson concentrator
particles are subjected to 60 times the force of
gravity to ensure the recovery of fine particles
that were previously thought not to be
recoverable by conventional gravimetric
methods.

The Kbnelson centrifugal concentrator
consists of a cone perforated with internal rings
and rotating at high speed. The feed, which in
general should be less than 10 mesh (1.7mm), is
introduced as pulp (20-75% solids) through a
conduit located at the central base of the base of
the cone. The particles, upon reaching the base
of the cone, are propelled by the side walls by
the action of the centrifugal force generated by
the rotation of the cone. A bed of constant
volume is formed in the rings, which retain the
heavier particles, while the lighter particles are
expelled from the bed and carried over the top of
the rings to the tailings discharge area at the top
of the cone.

Considering a spherical particle of
diameter d and density Ds falling by gravity into
a viscous fluid of density Ds under
sedimentation-free conditions.

The particle is acted upon by three
forces, a gravitational force acting downward, an
upward buoyant force due to the displacement of
the fluid, and a drag force D acting upward, the
equation of motion of the particle is:

d
mg—m’g—Dzmd—: [1]

Where:

m = is the mass of the particle.

m' = is the mass of the displaced fluid.
X = is the speed of the particle.

g = is the acceleration of gravity.

When the terminal velocity m% =01Is
reached then:

Contreras-Pimentel, Luis Angel, Najera-Lopez, Aimeé Nataly, Villegas-Martinez,
Rodrigo Cervando and Garcia-Gonzélez, Juan Manuel. [2024]. Evaluation of the
grinding performance at the Saucito | Plant and optimization of the Knelson QS30
gravimetric concentrator. Journal of Quantitative and Statistical Analysis. 11[28]-
1-10: e11128110.

DOlI: https://doi.org/10.35429/JQSA.2024.11.28.1.10


https://doi.org/

Journal of Quantitative and Statistical Analysis

5
11[28]1-10: €11128110

Article
D=(m-m'g [2]
Therefore:
D= %gd3(Ds - D) [3]

George Gabriel Stokes says that the drag
force on a spherical particle is due to viscous
resistance and derived the expression:

D = 3mdnV [4]

Where:

n = fluid viscosity.

V = is the terminal velocity.

Substituting [4] into [3].

3ndnV = %gd3(Ds [5]
— Dy)
Stokes' Law:
- gd*(Ds — Dy) [6]
B 18n

Newton assumed that the drag force was
due to turbulent resistance and derived the
expression:

D = 0.055md?*v?Dy [7]

Substituting [7] into [3]:

Newton law:
8
. 39d(Ds — Dy) [8]
= —Df

Stokes' law is valid for particles below
50p in diameter. The upper size limit is
determined by the dimensionless Reynolds
number. Newton's law is considered for particles
larger than approximately 0.5cm in diameter.
Therefore, there is an intermediate range of
particle size, which corresponds to ranges in
which most of the classification is carried out
wet, where neither the law fits the experimental
data.
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Stokes law equation [6] for a particular
fluid, can be simplified to:

v = k,d?(Ds — Dy) [9]

And Newton's law can be simplified to:

Where k1 and k2 are constants.

Both laws show that the terminal velocity
of a particle in a particular fluid is a
function only of particle size and density.
It can be determined:

If two particles have the same density,
then the particle with the larger diameter has the
greater terminal velocity.

If two particles have the same diameter
size, then the heavier particle will have the
higher terminal velocity.

Let us consider two mineral particles of
densities Da and Dy and diameters da and dy
respectively, which fall into a fluid of density Dr,
in the same settling ratio. Their terminal
velocities must be the same and therefore from
Stokes' law:

d%(D, — Ds) = dj(Dp — D) [11]

Free sedimentation ratio for small
particles

d, (p, - D) [12]

4 (Do - Df)

This equation is known as free
sedimentation of two minerals, that is, the
particle size ratio required for two minerals to
fall in equal proportions.

Similarly, based on Newton's law, the
free sedimentation relationship for large
particles is:

d, (p,-Dy) [13]
dy (D, -Dy)
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For an efficient separation, it is essential
that there be a marked difference in densities
between the mineral and the gangue based on the
concentration criterion. You will have an idea
about the type of separation possible:

Dy - Dy [14]
D,_ Dy

Where:
Dn = Relative density of the heavy mineral.
Ds = Relative density of the fluid medium.
D = Relative density of the light mineral.

Generally, when the ratio is greater than
2.5, whether positive or negative, then
gravimetric separation is relatively easy. As the
ratio value decreases, the separation efficiency
decreases; less than 1.25 concentration by
gravity is generally not commercially possible.

The movement of a particle within a fluid
depends not only on its relative density, but also
on its size, and large particles will be more
affected than smaller ones. The efficiency of
gravimetric processes, therefore, increases with
particle size and particles must be thick enough
to move.

Very small particles, whose motion is
dominated mainly by surface friction, respond
relatively poorly to gravimetric processes. In
practice, it is necessary to control the size of the
feed to reduce the size effect and make the
relative motion of particles dependent on the
relative density.

Methodology

The grinding circuit in Plant | of Saucito
Fresnillo PLC mining company is where the
evaluation will be carried out in order to obtain
equipment efficiency in order to compare them
with the information bases, followed by the
optimization in concentration time to the
Knelson QS30 gravimetric concentration
equipment.
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It was fed to the SAG mill, 172.4 ton/h,
that is, 4,137.6 ton/day, this mill contains
approximately 5" chrome steel balls, it was also
fed with a flow of 500 L/min plus a reagent that
is a promoter. For gold collection, this mill has a
19” grate inside where it discharges the pulp and
passes the ground mineral.

The discharge flow from the SAG mill
will fall into a vibrating screen which has a bed
with a module opening size of '4”, all coarse
mineral that does not meet the opening size is
recirculated by means of a belt. conveyor known
as a return belt which will transport the mineral
again, recirculating it to the SAG mill feed,
continuing with the same treatment, to reduce its
size again and so on until reaching the opening
size, all the mineral that passes through.

The opening of the sieve module, that is,
the fine material, is taken to a drawer where it
will be diluted in water to later be pumped to the
batteries of the hydrocyclones of the SAG mill,
where they will be fed through the distributor of
said battery to be classified. in thin and thick

The methodology used in the
metallurgical laboratory for the preparation of
samples obtained in the field is summarized in
the following figure.

™ ~

Sample [> Sampl_e [> Filtration
preparation

J J

™ ™

Granulometric | Shelled and e .
analysis \,— homogenized \,j Drying
>y v
Shelled and

Chemical Test <] homogenized

Figure 1
Sampling methodology

Figure 2, show the methodology for the
optimization of the Knelson QS30 Gravimetric
Concentrator.
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Figure 2
Optimization Methodology for the Knelson QS30
Gravimetric Concentrator

Results

Tablel, shows the parameters obtained in the
sampling.

Table 1
Parameters obtained from the sample

No. Sampling point %Solids | Kso(um) | Tph
1 | Main band 95.55 19260 | 172.4
2 | SAG mills download 75.85 1702 | 190.2
3 | Bucket Band 97.84 15149 | 178
4 | SAG cyclone supply 57.83 823 | 1724
5 | SAG cyclone fines 25.84 49 27
6 | Thick cyclone SAG 75.36 1483 | 145.1
7 | Remoledor mill 74.16 1951 | 470.5

discharge
8 | Remolder cyclone 56.34 559 | 470.5
feeding
9 | Remoledor fine 36.76 54 145
cyclones
10 | Remoledor thick 73.89 1211 | 3254
cyclones
11 | Floating head 31.48 52 172

Source: Own elaboration.

With the previous data, the desired
optimization began, in addition to the following
being observed from the material balances:

The circulating load of pebbles and
coarse from the ball mill cyclone was 10.3% and
224.3% respectively. The percentage by weight
obtained in SAG cyclone fines was 15.7%. An
important aspect to highlight is that, in this
sampling, the main band load showed a low Ksgo.
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The grinding efficiency in a SAG mill is
very acceptable at size 3364 microns. In a ball
mill it is more efficient between 400 and 600
microns. The efficiency of fines and coarses in
the SAG cyclone was low and good respectively,
contrary to the Remoledor cyclones.

To obtain the efficiency in the SAG
cyclone, the granulometric analyzes were taken
into account, taking as reference the data
obtained from the plant and from them the feed
tonnages, under-flows and over-flows of the
cyclone were determined, and with this the
determination of efficiencies in fines and coarse
where it is observed that for the SAG cyclone a
low classification efficiency is obtained in fines,
because a value close to 70% was expected, and
for coarse it presented a good efficiency with a
value of 96%.

To obtain the efficiency in the
Remoledor cyclone, the granulometric analyzes
were taken into account, taking as reference the
data obtained from the plant and from them the
feed tonnages, under-flows and over-flows of
the cyclone were determined, and with this the
determination of efficiencies in fines and coarse
where it is observed that for the Remoledor
cyclone a good classification efficiency in fines
is obtained because a value of around 70%
should result, and for the coarse efficiency, it
was not favorable since the reference is close to
95%.

For the optimization of the Knelson
QS30, a total discharge of a concentration cycle
was carried out, samples of head, tail,
concentrate and coarse were taken from the
Knelson sieve, granulometric analysis continued
each of the samples, as well as their respective
granulometric size distributions.

The balance of the KnelsonQS30 was
carried out at different times at 20min, 30min,
40min and 60min, to calculate the recoveries of
gold (Au) and silver (Ag). It was carried out
using a monometallic balance with respect to
these two base metals. The method used to solve
it was the Integrating factor Tetha, a numerical
reconciliation method, which relates the
concentration tonnage with respect to the
Knelson feed.
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Integrating Factor Method

o [15]

SN

To solve the balance, the following
equations were used, where the variability in the
data was also considered and taking the standard
deviation equation as a reference.

Global Balance
A=B+C [16]
Balance by metal

a2

az.3

Summation of Errors

5 (M)Z [18]

aIexp
SD

Using this method and based on the
results of the tests obtained in each sampling, the
contents were calculated in a way that reconciled
the restrictions of the numerical method used,
that is:

Gold Contents (Au) at the entrance =
Gold Contents (Au) at the exit.

Silver Contents (Ag) at the inlet = Silver
Contents (Ag) at the outlet.

YError=0

In Table 2, the recovery (percent) of gold
(Au) is presented for each time increment.

Table 2
Percentage of Gold (Au) recovery in each time
Increment

Time [min] AU recovery percentage
20 34.49
30 26.08
40 29.37
60 20.98

Source: Own elaboration
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It is observed that for a base time of two
hours divided into cycles with respect to each
concentration time in the Knelson Gravimetric
Concentrator, a certain content production is
obtained.

Table 3
Production for each cycle

Base time 2 hours Test base
Time [min] Number Production [%]
of Cycles
20 6 122.74
30 4 92.81
40 3 104.52
60 2 74.66

Source: Own elaboration
Conclusions

It was found that the concentration time of 20
minutes is where the highest percentage of
recovery in gold (Au) and contents is obtained.

The grinding evaluation prior to the
investigation was a determining factor for the
optimization of the Knelson QS30.

With the grinding evaluation, the
efficiencies and recoveries in cyclone
classifications were determined, which are
important reference data for consultation in any
subsequent research.

Abbreviations

d Particle of diameter

da Diameter a

db Diameter b

D Drag force eq (1)

Da Mineral particles of density a

Dy Mineral particles of density b

Dt Relative density of the fluid medium
Dn Relative density of the heavy mineral
D Relative density of the light mineral
Ds Diameter spherical

g Acceleration of gravity.

ke Constant eq (9)
Constant eq (9)
' Mass of the displaced fluid
Mass of the particle
Fluid viscosity
Terminal velocity
Speed of the particle
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Abstract

This study introduces a method for predicting wind speed in Baja California Sur, Mexico, using
long-short-term memory (LSTM) neural networks applied to hourly time series data.
Measurements from January 2016, provided by Mexico's Federal Electricity Commission (CFE),
were analyzed to optimize the model inputs and reduce forecast errors. The data was statistically
described to identify relevant patterns and then normalized to improve model training. Several
LSTM network configurations were tested and compared based on error metrics. Initial models
with six variables in input vectors were unsatisfactory. However, three additional models with
five, three, and two inputs were developed. The model with five inputs and one output (5, 10)
achieved the lowest error metrics: Mean Absolute Error (MAE) of 0.72, Root Mean Square Error
(RMSE) of 0.923, and Normalized Root Mean Square Error (NRMSE) of 0.161, indicating the
best performance among the tested models.

Improve the  wind
forecast one step
forward by fonming
the input vector of a
neural network.
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Resumen

Este estudio presenta un método para predecir la velocidad del viento en Baja California Sur,
México, utilizando redes neuronales de memoria a corto plazo (LSTM) aplicadas a datos de series
de tiempo horarias. Se analizaron mediciones de enero de 2016, proporcionadas por la Comision
Federal de Electricidad (CFE) de México, para optimizar los datos del modelo y reducir los
errores de prondstico. Los datos se describieron estadisticamente para identificar patrones
relevantes y luego se normalizaron para mejorar el entrenamiento del modelo. Se probaron y
compararon varias configuraciones de red LSTM en funcién de métricas de error. Los modelos
iniciales con seis variables en los vectores de entrada fueron insatisfactorios. Sin embargo, se
desarrollaron tres modelos adicionales con cinco, tres y dos entradas. EI modelo con cinco
entradas y una salida (51, 10) logré las métricas de error més bajas: error absoluto medio (MAE)
de 0,72, error cuadratico medio (RMSE) de 0,923 y error cuadratico medio normalizado
(NRMSE) de 0,161. indicando el mejor rendimiento entre los modelos probados.
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Introduction

The continued growth of wind energy
worldwide, driven by the United Nations'
universal agreements on climate change, sets a
positive precedent that motivates the global
community to continue efforts to limit the
increase in global warming. According to the
Global Wind Energy Council (GWEC) and the
Mexican Wind Energy Association (AMDEE),
the cumulative global installed wind energy
capacity reached 75.2 GW. At the same time, 7.3
GW were registered in Mexico at the end of 2022
(http://www.gwec.net). The Baja California Sur
region, which includes Santa Margarita Island, is
known for its potential for wind energy
generation, contributing to Mexico's total
installed capacity (https://amdee.org).

The trend towards using this energy
source remains favorable, which encourages the
study of topics related to wind energy
forecasting. Wind speed forecasting can be done
using physical and stochastic methods. Physical
methods are based on terrain considerations such
as roughness, orography, and obstacles, as well
as atmospheric characteristics and modeling
local wind profiles, and they are advantageous
for long-term predictions. Stochastic models,
however, are designed to analyze data series
using time series, statistical techniques, and
artificial ~ intelligence  techniques.  This
adaptability makes them particularly useful for
short-term  predictions,  reassuring  their
applicability in various weather conditions.

Artificial neural networks (ANN) can
manage the uncertainty that appears in solving
problems related to the real world, offering solid
solutions and easy implementation in a different
way than traditional solutions (Pachot &
Patissier, 2022).

Long short-term memory (LSTM) is a
type of recurrent neural network designed to
address the problem of long-term dependency
that occurs when processing data sequences.
LSTMs are primarily known for capturing
temporal dependencies in data sequences,
making them suitable for natural language
processing, time series prediction, and speech
recognition (Kumar, 2023).
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In time series modeling, LSTMs can
identify long-term patterns and trends in data,
such as seasonalities and cycles, as well as react
to short-term changes. This results in a powerful
tool for making forecasts in various fields, such
as economics and finance (Nurhambali, 2024),
for predicting stock prices, cryptocurrencies, and
other financial instruments (Javier, 2023).

In  meteorology, weather prediction
includes estimating variables such as
temperature, atmospheric pressure, relative
humidity, precipitation, etc. (Saeed, 2023). In
renewable energy, forecasts of energy demand
and production of renewable power plants, such
as solar or wind energy (Larson, 2023). The
impact of LSTM networks has been notable in
various time series modelling applications,
proving to be a very efficient tool for analysing,
understanding, and predicting sequential data
(Sherstinsky,  2020).  Although  different
parameters are measured in wind fields, it is
essential to know which ones have the most
significant correlation to shape the input vector
of the neural network models more optimally to
have better approximations in the forecast.

In the present study, different LSTM
network models have been developed to forecast
wind speed one step ahead in Santa Margarita
Island, Baja California Sur (BCS), Mexico.
Meteorological datasets include one-year
measurements obtained by the Federal
Commission. of Electricity (CFE) on the site. In
order to develop the LSTM network models, an
exploratory analysis was carried out to
determine the variable(s) to be predicted and the
predictor variables. Subsequently, it was
necessary to review the existence of missing
data, use techniques that allow completion of
missing data, and finally review the periodicity
of the samples. Once the previous premise was
verified, scaling was carried out on the variables
to be predicted and predictors, which was
required to guarantee that all the characteristics
were in the same range of values, facilitating the
training of the model and the predictions. Four
models were developed by varying the input
vectors, LSTM with 128 layers and a density of
64 with different numbers of neurons at the input
and the ReLU activation function. Finally, the
error for each subset was determined (Train,
validation, and test).
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Improved wind forecasting represents a
significant advance in wind energy optimization.
It is possible to increase the accuracy of wind
speed and direction prediction by shaping the
input vector of a neural network with detailed
and accurate data on meteorological and
geographic conditions. This approach not only
enables better planning and operation of wind
farms but also maximizes power generation
efficiency and minimizes risks associated with
wind resource variability. The use of neural
networks in this context offers a powerful tool
for handling large volumes of data and learning
complex patterns, facilitating more informed
decision-making based on robust data.

This work includes an exhaustive data
collection process, followed by its analysis and
interpretation. The results obtained were
presented in a structured manner throughout the
seven sections that make up this document.
Below is a brief description of each section.

The first Section addresses the main
topic and provides a fundamental background on
wind energy, wind speed forecasting, and LSTM
neural networks. Section 2 presents a detailed
analysis of the time series of meteorological
variables relevant to the study. In addition, the
methodology used for data collection and the
sources of information used are discussed. The
preprocessing procedures applied to the data,
such as cleaning and normalization, are
described to ensure their quality and
consistency. Additionally, temporal patterns and
trends within the data series are explored,
providing a framework for interpreting the
observed meteorological phenomena. Sections 3
and 4 address the technical and conceptual
aspects of how LSTM neural networks are
applied and the metrics used to evaluate the
accuracy of predictions in the forecasting
context, respectively. Section 5 presents and
describes the proposed models as solutions to the
problem. A detailed explanation of each model
is included, including how they work, their main
features, and how they relate to the objective of
the study or project. In addition, the motivations
behind the choice of these models and their
relevance in the context of the problem are
discussed.
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Section 6 is one of the most important
sections, explaining the findings obtained during
the study. In particular, subsection 6.1 focuses
on the results of out-of-sample predictions, i.e.,
predictions made on data that were not used
during the model training process. Finally, the
paper ends with conclusions where the main
findings are summarized, and their implications
are discussed.

1. Weather variables time series

Figure 1 shows the time series of wind speeds
used in the models. It consists of 744 hourly data,
corresponding to 24 hourly average data for each
of the 31 days of January 2016. The models were
trained using the training sub-dataset (TS),
which included 80% of the data. Then, the
validation sub-dataset (VS), which included
10% of the data, was used. Finally, results were
tested in the prediction sub-dataset (PS), which
included 10% of the data. As can be seen in
Figure 1, the data are notable randomness, and it
is difficult to find a trend or seasonality in the
time series. Figure 2 shows the histogram of the
wind speed frequency. The average wind speed
is considerably high in the area, and the data fit
the  Weibull distribution. The sampling
frequencies of the different meteorological
variables were measured or recorded every 10
minutes. The values measured every 10 minutes
were averaged hourly to obtain a representative
measurement of that time interval. This
approach allows for a more generalized and
stable view of the meteorological conditions,
reducing the noise that may be present in more
frequent measurements and providing a trend of
the monitored variables.

—— Train (TS)
— Validation (VS)

Test (PS)
z 104

RA

Wind speed (m/s)
-————
P

0 400 600 800
Time (H)

Figure 1
Mean hourly wind speed measurements of January
2016 in Santa Margarita Island, Mexico

Source: Own elaboration
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The estimation of the sugar cane
production index has been a subject addressed in
different research studies around the world,
which show the diversity of methods applied for
its calculation. Of the methods applied, those
that use remote sensing for the study of
agricultural surfaces stand out, and currently, in
conjunction with machine learning techniques,
have managed to improve the estimation models.
This section mentions work carried out by
different authors who contributed to this project.

Wind speed (m/s)

Figure 2
Wind speed histogram and Weibull fit for the year 2016
in Santa Margarita Island, Mexico

Source: Own elaboration

Table 1 shows the statistical data
measures, including the mean, standard
deviation, minimum, and maximum values of
the input vectors and predictor variables. The
meteorological variables considered for this
study were wind speed, solar radiation, air
temperature, relative humidity, and atmospheric
pressure.

Figure 3 shows the time series used in the
models, which consists of 744 measurement data
in total, as well as the predictor variables for the
different models formed, corresponding to 24
hourly average data for each of the 31 days of
January 2016.
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Figure 3
Meteorological variables time series hour averaged
used in the different LSTM models

Source: Own elaboration

Table 1
Statistical measurements of the meteorological
variables of January 2016 in Santa Margarita Island,
Mexico

Descriptive W.S. R T Hr P |
statistics (m/s) W /m?) 0 (%) (Hg) (%)
Mean 4.5 175.7 14.7 | 80.9 769.7 | 0.2
St. Dev. 2.7 254.8 3.9 28.2 1.8 0.1
Min. 0.0 0.0 2.0 12.0 766.6 | 0.0
Max. 12.1 | 789.8 28.2 | 100.0 | 776.7 | 0.6
Median 2.1 0.0 131 | 68.0 768.1 | 0.1
Q, 4.6 0.0 15.0 | 98.0 768.9 | 0.2
0, 64 | 3644 | 167 | 1000 | 7711 [ 0.2

Source: Own elaboration

Fig. 4 is a violin plot to visualize the
distribution of values in each covariate (input)
and the variable to be predicted (output). This
plot combines features of a box plot with a
histogram, showing the density of the data across
different values. The values go from 0 to 1 to
ensure that all the features are in the same range
of values, which simplifies model training and
predictions. This is especially important to
ensure that the scale of the features does not bias
the model. The horizontal axis lists the different
variables (e.g., Wind Speed, Solar Radiation, Air
Temperature, etc.), while the vertical axis shows
the range of values for the variables from 0 to 1.
Each wviolin in the graph represents the
distribution of the corresponding variable.
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The shape of the violin reflects the
density of the data in different ranges of values:
more expansive areas of the violin indicate a
higher density of data in that range, while
narrower areas indicate lower density.

10 T
. ]

g o6

H

5

£ 04

G
0z

Covariates

wind speed fout]

Figure 4
Scaling of covariates in the range 0 to 1
Source: Own elaboration

Statistical Measures

Box: The middle section highlights the
interquartile range within each violin,
showing the spread of the data around the
median.

- Mustache Lines: The lines extending from
the ends of the box represent the range of
data that falls within 1.5 times the
interquartile range.

Comparisons: The graph allows to
compare the distribution of data between
different variables. For example, it is
observed that the variables Temperature,
Turbulence Intensity, yt — 1, yt — 2, yt —
12, and yt — 13 have a more concentrated
distribution and less variability compared
to Wind Speed, Solar Radiation,
Humidity, Pressure, and Wind Speed
(out), which show a more dispersed
distribution with several areas of high
density. This indicates that the variables
Temperature, Turbulence Intensity, yt —
1,yt—2, yt—12, and yt—13 have
more homogeneous and less dispersed
values. In contrast, the remaining variables
have an elongated graph, suggesting that
their wvalues are more varied and
distributed over a broader range.
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The violin plot suggests that variables with
more concentrated distributions do not require
additional normalization or standardization for
model training since they are on similar scales.
However, variables with more dispersed
(stretched) distributions might need additional
tuning to be adequately handled by the model.

2. Time series model with long short-term
memory network

Time series forecasting using a Long Short-
Term Memory network is a powerful method
especially suited for forecasting problems where
the data series exhibits long-term temporal
dependencies. LSTMs are a type of recurrent
neural network with special units called gates
that effectively allow the network to learn which
data in the sequence is important to keep or
throw away (Skenderi et al., 2023).

LSTMs have been quite successful in various
time series forecasting tasks, including—but not
limited to—financial market prediction, demand
forecasting, weather forecasting, and more. They
are particularly useful for these tasks because
they can capture complex patterns, including
seasonality, trends, and other time-dependent
structures within the data (Time Series Analysis
Homework Help, 2023).

3. Metrics to determine the accuracy of the
forecast

To determine quantitatively the model that fit the
best to real data, forecast error measures were
employed for the model evaluation and
comparison: the root mean squared error
(RMSE), normalized root mean square error
(NRMSE), and the mean absolute error (MAE).
If y, is the actual observation for a period ¢, and
F; is the forecast for the same period, then the
error is defined as:

er =y — F; [1]

The standard statistical error measures
can be defined as:

RMSE = % n g2 [2]
%Z?q et.g
NRMSE = ¥— [3]
Yt
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MAE = " “lel [4]

where n is the number of periods of time.
4. Proposed models
4.1 Hyperparameters

During the LSTM model generation, several
critical parameters must be tuned for the model
to work effectively (McDonough, 2024), such
as:

a)  Number of LSTM layers. The number of
LSTM layers is defined as part of the
architecture. Many layers can capture
higher complexities but can also lead to
overfitting (Deep Learning—What Is It
and Why Does It Matter?, 2023).

b)  Units per layer. It is also necessary to
define the number of neurons, or memory
units, in each LSTM layer. This number is
usually a power of 2 (e.g., 32, 64, 128).

c) Activation functions. The appropriate
activation functions for the LSTM gates
and the network output must be chosen.
For these models, the ReLU activation
function was used (Activation Functions in
Neural Networks: What You May Not
Know, 2022).

d) Learning rate. The speed at which the
model adjusts its weights during training
to minimize error. Too high a rate can
cause the model to fail to converge, and
too low a rate can make training very slow
(Guan et al., 2023).

e) Batch size. Before updating the models,
the batch size of processed samples must
be defined. This parameter affects the
learning process's stability and training
speed (Hoffmann et al., 2022).

f)  Numbers of epochs. How many times will
the algorithm go through the entire
training set? Insufficient epochs can lead
to an underfitting model, while too many
can lead to overfitting (Aburass et al.,
2023).
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g) Dropout. The dropout rate is used to
regularize the model and prevent
overfitting. It is used to randomly
deactivate a percentage of neurons during
training (Regularization, 2023).

h)  Optimizer. Some optimization methods,
such as Adam, SGD, RMSprop, etc.,
adjust the network weights by reducing the
error of the loss function (Hari, 2024).

i) Loss Function. Choose a loss function
appropriate to the problem, such as Mean
Squared Error for regression or Cross-
Entropy for classification (Guan et al.,
2023).

4.2 Model configurations

The models proposed to be analyzed contain 128
LSTM layers, 64 units per layer, ReLU
activation function, 6 batch size, 100 epochs,
5e~> dropout, Adam optimizer, RMSE
functions, and an output neuron (current value of
the speed of the wind), conforming the inlet as
follows:

a) Model 1. Six input vectors (previous
hourly wind speed values), which are the
wind speed, air temperature, relative
humidity, turbulence intensity,
atmospheric pressure, and solar radiation.

b)  Model 2. Five input vectors (previous
hourly wind speed values), which are the

wind speed, Y¢_1, Yt—2, Ye—12, and y;_13.

c) Model 3. Three input vectors (previous
hourly wind speed values), which are the
wind speed, air temperature, and relative
humidity.

d) Model 4. Two input vectors (previous
hourly wind speed values), which are the
wind speed, and turbulence intensity.

e) Model 5. One input vector (previous
hourly wind speed values), which is the
wind speed.

Figure 5 shows the LSTM neural
network configuration by varying the number of
input vectors and with an output.
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Figure 5
LSTM neural network configuration by varying the
number of input vectors with only one output

Source: Own elaboration

Results

Figure 6 shows the evolution of the minimum
error for different input vectors of the different
models. This figure shows how the error
decreases rapidly for a learning rate of 5e~> and
remains almost constant from iteration 100.

""" LSTM6L1O
1t — Validution LSTM 61.10

RMSE

Number of epochs

Figure 6
Evolution of errors at different epochs
Source: Own elaboration

Figure 7 compares the results obtained
using the model 51, 10 with the real data. The
LSTM model predicts accurately; however, at
minimum points, the model finds it difficult to
reach them. The same procedure was followed
for the five proposed models; the results are
shown in Figure 8. This figure shows the
forecasting results obtained from different
proposed models. The other models predict the
behavior of the wind speed but with a slightly
higher lag.
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Figure 7

Comparison of the results obtained using the LSTM
model, 51, 10 versus real data
Source: Own elaboration
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Figure 8

Comparison of the results obtained of the proposed
models versus real data

Source: Own elaboration

Table 2
Error measures of results obtained from the forecasting
models applied to Training, Validation, and Test
subsets

Models | MAE | RMSE | NRMSE
Test Data Set

LSTM, 61,10 |0.852 [1.011 | 0.183
LSTM, 51,10 |0.720 | 0.923 | 0.161
LSTM, 31,10 |0.843 [1.019 | 0.188
LSTM, 21,10 | 0.852 | 1.016 | 0.186
LSTM, 11,10 | 0.852 | 1.014 | 0.185

Source: Own elaboration

Table 2 shows Error measures of results
obtained from the forecasting models (mean
absolute error, root mean squared error and
normalized root mean squared error) for the five
proposed models. The lowest statistical errors
were obtained with the LSTM model 51, 10,
which contains more input vectors or predictor
variables. Figure 9 graphically shows the
quantitative analysis of Table 2. The graph
shows that increasing the number of inputs does
not always significantly improve performance;
in this case, the model with five inputs appears
to have the optimal configuration.
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4.3  Out-of-sample forecasting results

Once the best model is obtained to reproduce the
actual data, it is important to verify its accuracy
using out-of-sample data. This means using the
last 10% data not considered during the training
of the LSTM neural network, corresponding to
January 2016. Figure 10 compares the results
obtained using Model 2 with the real data. This
figure shows how the model predicts the
behavior and speeds of the wind with great
precision from the 10% data. Furthermore, the
model closely follows the trends and fluctuations
of the real data, capturing both peaks and valleys
with a high degree of accuracy. This suggests
that the model can generalize well outside the
training sample and adapt to previously unseen
variations in the data. This validation with data
from January 2016 reinforces the confidence in
the robustness of the model to predict wind
patterns under different conditions.

LSTM, 61, 10

- \ LSTM, 41, 10 |
e} \% LSIM, 31,10
~A X

A L6
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vap LSTM.ILIO LSTM, 41, 10 _
—o—RMSE LSTM, 21, 10 LSTM. 31, 10 Validation

NRMSE
Figure 9

Error measures of results obtained from the forecasting
models applied to Training, Validation, and Test
subsets

Source: Own elaboration

Conclusions

This study demonstrates that the proper selection
of input vectors is crucial to increasing the
accuracy of wind speed prediction models using
LSTM neural networks. The analysis reveals
that the LSTM,51,10 model, which includes five
input  vectors, exhibits the best error
performance, with the lowest values in MAE
(0.72), RMSE (0.923), and NRMSE (0.161). In
contrast, other models evaluated, such as
LSTM,61,10, LSTM,31,10, LSTM,21,10, and
LSTM,11,10, show relatively similar and less
satisfactory errors.
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The results suggest that, although
increasing the number of inputs does not always
significantly  improve  performance, the
LSTM,51,10 configuration stands out for
offering the highest accuracy in wind speed
prediction. This highlights the importance of
carefully tuning and selecting input vectors to
optimize results in prediction models.
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Abbreviations

AMDEE Mexican Wind Energy

Association
ANN Artificial neural networks
BCS Baja California Sur
CFE Federal Electricity Commission
GW Gigawatt

GWEC Global Wind Energy Council
LSTM Long-Short-Term memory

MAE mean absolute error

NRMSE Normalized Root Mean Square
Error

PS Prediction sub-dataset

RelLU Rectified Linear Unit
RMSE Root Mean Squared Error
RMSprop Root Mean Square Propagation

SGD Stochastic Gradient Descent
TS Training sub-dataset
VS Validation sub-dataset
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Abstract

This proposal was made in a company dedicated to producing beer. The study focuses on the
MEGB production line, which lacks continuous flow, presents line stoppages, operators' leisure
time and unnecessary routes. The situation was analyzed using the DMAIC methodology on the
line in order to determine adequate balancing at each workstation and achieve a continuous flow
free of waiting times. Applying the DMAIC methodology is a benefit for companies by reducing
process variation. The statistical method was used to calculate the necessary samples with a
confidence level of 95%. Likewise, some of the tools used are PQ analysis, spaghetti diagram,
operations graph, operator load graph, line balancing and finally a control plan was made.
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Resumen

La presente propuesta fue realizada en una empresa dedicada a producir cerveza. El estudio se
enfoca en la linea de produccion MEGB, la cual carece de flujo continuo, presenta paros de linea,
tiempo de ocio de los operadores y recorridos innecesarios. Se procedid a analizar la situacién
utilizando la metodologia DMAIC en la linea con la finalidad de determinar un balanceo
adecuado en cada estacion de trabajo y lograr un flujo continuo libre de tiempos de espera. El
aplicar la metodologia DMAIC es un beneficio para las empresas mediante la reduccion de la
variacion del proceso. Se utilizé el método estadistico para el calculo de muestras necesarias con
un nivel de confianza del 95%. Asi mismo algunas de las herramientas utilizadas son PQ anélisis,
diagrama de spaghetti, grafica de operaciones, gréafica de carga del operador, balanceo de linea y
finalmente se realizé un plan de control.
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Introduction

Since its creation, the Six Sigma methodology
has been widely used to reduce variability and
increase quality and productivity of the
companies that apply it. It has been considered
by different authors as a philosophy,
methodology, goal, tools, metrics, which uses
data and statistical tools to evaluate and improve
processes in order to satisfy the customer and,
therefore, increase the profits of an organisation
(Garza, Gonzalez, Rodriguez, & Hernandez,
2016).

DMAIC (Define, Measure, Analyse,
Improve and Control) is the process
improvement methodology used by Six Sigma,
and is an iterative method that follows a
structured and disciplined format based on
posing a hypothesis, conducting experiments
and subsequently evaluating them to confirm or
reject the previously stated hypothesis (Ocampo
& Pavon, 2012).

Therefore, in a business environment
characterised by dynamism and competition,
companies face continuous pressure to remain
relevant in the market. The achievement of
success is strongly linked to the effective
management of aspects such as quality,
productivity, innovation and process efficiency.
The management processes in each of these
factors must be constant so that the world is
evolving rapidly and continuously, and this is
where the term process improvement takes
force, which has become a concept of great
importance for companies to make effective
changes, so that they can finally meet customer
and market requirements, (Vidal, G. H & Puello,
E. V., 2017).

For all companies, cost reduction and
increased competitiveness are key objectives.
This need has become even more pressing due to
stricter market demands. Today's customers
expect high-quality products and services,
tailored to their specific needs, delivered faster
and more frequently. Frequent interaction with
customers is crucial for business growth, and
exceeding quality expectations is the most
effective way to foster customer loyalty.
Meeting these demands requires more flexible
production processes. Eliminating non-value
adding activities within the production flow is
essential to achieve this goal (Rangel-Sanchez et
al., 2024).
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From this perspective, according to
Hoefsmit et al. (2024), operational excellence
means striving for the best in quality and
performance in all business operations, and is
achieved through the organisation's ability to
implement an organisation-wide process of
focused and sustained incremental innovation.
For each employee, operational excellence is
concretely defined in their role profile. Well-
known methodologies that enable this
continuous improvement in  organisations
include, among others, Total Quality
Management, Lean, Six Sigma and Lean Six
Sigma.

The DMAIC methodology has been used
in different companies throughout the world to
provide a solution to the problems they present,
in this sense in a study conducted by Garcia,
Fernandez and Brenis (2013), which aimed to
reduce the waste generated in their processes, the
results derived from the application of the
methodology was achieved by providing the
worker with individual skills that improve the
inspection activity supported by an objective
standard with the acceptance of material of at
least 90% compliance. Organisational and social
communication was improved by providing the
worker with visual and comparison tools to
improve the detection of inadvertent errors with
a standardised working method. The result of the
project was to raise the level of operation from
2.4 to 3.9 sigmas as an effect of the reduction
from 17.68% to 0.66% waste in the insulated
glass area.

Another case study presented by Tinoco,
(2013) in the logistics process of a mining
company located in the central highlands of Peru
whose main objective was to reduce losses
arising during the development of operations of
storage and dispatch of zinc, before the
implementation of DMAIC the percentage of
waste is 0.14%, which represents a cost of $
24,592 dollars per month. As a result of the
analysis, the percentage of wastage has been
reduced from 0.14% to 0.12%, given that the
variables that significantly influence the
reduction of wastage were obtained, which are:
personnel training, personnel rotation, use of
trucks with hydraulic systems and the type of
sampling.
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Lean  methodology  focuses on
eliminating waste, and its non-implementation
can result in inefficient allocation of resources.
The absence of lean and other methodologies
deprives  organisations  from  fostering
continuous innovation, which can lead to
stagnation and missed opportunities for
improvement and growth, (Teiler, J. 2021).

In the MEGB production line of the
company under study has been operating for
about 35 years, the company dedicated to the
production of beer products has three production
lines line Al which is responsible for the
production of bottled beer, line B2 which is
responsible for the production of canned beer,
and finally line C3 which is responsible for the
production of medium and quarter beer.

The research was carried out on line A1,
as it is the line with the most waste, with 1 shift
of 7.5 hours, 6 operators. During this time, there
has never been an improvement in its processes,
tools have been applied, but there have been no
favourable results according to the situation.
This means that the production line may be
working with an inadequate number of operators
or that labour is being wasted, which generates a
waste of time and money for the company. It was
noted that the absence of lean tools and
approaches created several complications in the
organisation. By not employing these tools,
problems arose, one of the most notable of which
was the waste of resources. In the filling area,
specifically, over 7,000 hectolitres of beer were
wasted, representing a significant loss to the
organisation.

This line is a high priority for the
company, so it is necessary to carry out a study
of its operations, identifying the number of
operators needed and standardising their
operations. All of the above refers to the
activities that affect the productivity of the
process, so the research will focus on finding out
what actions will enable the reduction of the
operators' idle time without affecting the
productivity of the MEGB line.

In this sense, it is proposed to establish
improvements in the MEGB production line,
through the application of the DMAIC
methodology, so that there is a continuous flow
of the process.
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The implementation of this methodology
will bring substantial benefits for operational
efficiency. Lean manufacturing is a business
management strategy, which is aimed at driving
financial results through process improvement,
while DMAIC correctly implements quality and
efficiency improvement by identifying and
eliminating defects and variations, (Fabian, R.
2022).

Methodology

In the present study, quantitative research will be
conducted and according to Hernandez, R.,
Fernandez, C., & Baptista, P. (2014), it is based
on a deductive type of thinking, going from the
general to the particular, using data collection
and analysis to answer research questions and
test previously established hypotheses. In
addition, it relies on numerical measurement,
counting and often the use of statistics to
accurately establish patterns of behaviour in a
population.

The procedure to follow for the
implementation of the DMAIC methodology
will be as follows:

In the first phase of defining starts with
identification of the process of the line under
study, through the tools shown below:

PQ analysis. In this step the demand from
three to six months ago is taken on the
models of the line, listing them in
descending order, then the total production
yield is calculated for each model and the
accumulated percentage is obtained; in this
way the 80-20 of the models of the line is
determined to thus know the star model,
i.e. the one with the highest demand, on
which the entire study is carried out.

- SIPOC process mapping. It starts by
selecting the process, identifying the
suppliers, inputs, defining the current
process and documenting it, detecting the
outputs or finished product, and finally
determining the customers who benefit
from the process and who receive the
outputs.

In the second phase of measuring, data
collection is carried out for the analysis of the
process under study through the tools shown
below:
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- Spaghetti diagram. This starts by making a
layout of the production line, then a tour of
the process is made with the use of an
odometer to determine the distance
travelled by the operators, finally the
spaghetti diagram is drawn with the help
of some software.

- Number of samples. Samples are captured
in the time recording format to
subsequently determine the number of
samples to be taken. Once the preliminary
sampling is done, it is determined whether
the sample size is sufficient with a
precision of 5% and a confidence level of
95%, by using the statistical formula:

In the third phase of analysing, the data
collected from the previous phase is examined to
discover clues about the causes of the problem
through the tools shown below:

Operations bar chart. To make the
operation bar chart, the manual times,
machine times and walking times of each
operation are added together. The limit and
the bottleneck are also plotted.

Operator load graph. For the creation of
this graph, the manual, walking and
waiting times for each operator obtained in
the time recording are added together.

In the fourth phase of improvement,
solutions are designed to attack the root problem
of the process under study through the tools
shown below:

- Waste elimination. In this step the wastes
of the production line are identified, once
detected they are emptied to a matrix
where all the workstations and their
respective wastes found are shown.

- Spaghetti diagram proposal. A proposal is
made for the route of the operators to
eliminate as much of this waste as
possible.

- Line balancing. For a correct line
balancing, first the operations graph is
observed, the waste and bottleneck are
analysed; the most loaded activities and
those that do not generate any added value
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to the product are detected, then a
redistribution of operations is carried out
and the waste is eliminated, to finally
make the operations graph and the
operator load graph  where the
improvements made are shown.

In the fifth phase of controlling the
standard work is determined to ensure the
sustainability of the improvements of the process
under study through the tool shown below:

Control plan. It indicates the activities to
be carried out in case there is any
abnormality in the operation of the process
of each workstation.

Results

The analysis and interpretation of the results is
shown, which is presented through the
development of each of the phases of the
DMAIC methodology previously raised, with
the purpose of making improvements to the
MEGB production line.

First phase: Define.
PQ analysis.

In this step the demand of three months
ago was taken on the models of the line, this
information was provided by the planning
department, then it was listed in descending
order and the total amount of production for each
model and the accumulated percentage was
calculated; in this way the 80-20 of the models
of the line was determined, being 80% the Al
model.

PQ Analysis
300 150%
200 100%
100 i 50%
0 _— —_— 0%
Al B2 c3
I Demanda Acumulado
Figure 1
PQ analysis

Source: Own elaboration
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- SIPOC process mapping.

A SIPOC process map was also drawn up
to get to know each part of the process in detail,

and to

familiarise

ourselves

workstations of the A1 production line.

with

the

n=16.07
Third phase: Analyse.
- Bar chart of operations.

It was found that the number of batches

ST I ' o'odces s below the minimun,
aking into account that there are 450 minutes

per day to carry out its activities, none of the

Table 1

Diagrama SIPOC

Suppliers Inputs Process Outputs | Customer
Farmers - Bottles 1. Depa/pale Beer Market
Pulp -Labels 2. Box location
manufacturer | -Packaging | selection

s box 3. Washing

Label - Malt 4. Filling

manufacturer | - Barley 5. Labelling

s 6. Palletiser

Source: Own elaboration.
Second phase: Measure.
Spaghetti diagram.

A layout of the production line was made, and a
route of the process was made with the use of an
odometer to determine the distance travelled by
the operators, which results in 2,230 metres, a
colour was determined for each operator, and
finally the route of each operator was traced in
the layout (see figure 2).

,/-\rjx o7 Ju— ~=r "

— r

k.

Figure 2
Spaghetti diagram

Source: Own elaboration
- Number of samples.

The formula for calculating the number
of observations for each station is shown. We
can note that there are no additional samples to
be taken, as the initial preliminary sampling
survey was 20.

n=(z/e)-2p(1—p)
n=(1.64/.05) - 2(.57)(1 —.57)
n=(32.8) - (0.4902)
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stations make use of the total time available.

Bar chart of operations

500

400 /’——\/

300

200
100
0

Operador 1 Operador 2 Operador 3 Operador 4 Operador 5 Operador 6

O RPN W A U N ®

mmmm Tiempo Manual Tiempo Maquina

Tiempo Recorrido Tiempo de Trabajo

s NUmero de lotes

Figure 3
Bar chart of operations

Source: Own elaboration
- Operator load chart

With regard to the operator load, which takes
into account manual time, travel time and delays,
we can see that operators 2, 3 and 4 are below
the minimum required, these being the operators
with the longest idle time.

Operator load chart
500

400 \/\

300

200
100
0
Operador 1 Operador 2 Operador 3 Operador 4 Operador 5 Operador 6

O R, N W A U N

mmm— Tiempo Manual Tiempo Demora

Tiempo Recorrido Tiempo de Trabajo

s Numero de lotes

Figure 4
Graph of operator load

Source: Own elaboration
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Fourth phase: Improve.
Elimination of waste.

The waste of the production line was identified,
once detected, it was poured into a matrix where
all the workstations and their respective waste
are shown; each type of waste is represented
with a different colour, the yellow colour
indicates delays and the green colour indicates
transfers. The wastes found are delays and
unnecessary journeys (see table 3).

Table 2
Waste disposal

Operator Operator Operator Operator Operator Operator
1 2 g 4 5 6
The The The The The The
operator operator operator operator operator operator
travels a | makes a makes  a makes a makes a makes a
distance of distance of | distance of | distance of | distance of | 35-metre
404 metres. 209 metres. 804 metres. 489 metres. 289 metres. run.
The The The The The The
operator operator operator operator operator operator
waits  for | waits for has 11% of | waits for | waits for | waits for
the the supplement | the the the
material to material to | s. material to material to material to
arrive arrive arrive arrive arrive
before before before before before
working working, working, working, working,
(crates and | therefore therefore therefore thus doing
dirty uses  the uses the | uses the | non-
bottles), mobile mobile mobile standard
therefore phone 1% phone 1% phone 1% activities
uses the | of the time, of the time, | of thetime, | 1% of the
mobile chats 1% chats1%of | chats1%of | time and
phone 8% | and the  time, the  time, 5% of the
of the time, supplement does non- does non- time  for
does non- | s3%. standard standard supplement
standard activities activities S.
activities 1% of the | 3% of the
4% of the time and time and
time and supplement | supplement
9% of s 6% of the | s6% of the
supplement time. time.
s.

Source: Own elaboration.
- Propuesta deagrama de Spaghetti.

Given that one of the wastes
identified is the route, a proposal was made for a
spaghetti diagram so that the operator does not
have to waste so much time going back and forth
to the different areas due to a bad work plan, or
not following instructions. A reduction of 86.7%
of the distance travelled was obtained, from an
initial distance of 2,230 metres to 295.05 metres,
thus reducing fatigue and increasing the
productivity of the production line.
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Figure 5
Proposed spaghetti diagram
Source: Own elaboration

Balancing operations bar chart.

The operations were balanced to meet the
customer's demand, which was 8 batches per
day, by eliminating unnecessary routes, and
adding the time they still had available to
continue producing and meet the daily target.

Balance of operations bar chart

500 10
400 8
300 6
200 4
100 2
0 0
N v ) ™ (o) ©
SR I S O U
@ G G G @ @
@ @ & e e e
R R R R X R
Tiempo disponible de operacién
Tiempo Maquina
N Tiempo Manual
Numero de lotes
Figure 6

Operator load graph balancing
Source: Own elaboration

e Operator load chart.

Likewise, the balance of the operator load was
also carried out, leaving the constant of the
elimination of the routes as in the bar chart of the
operations, eliminating the idle time and adding
the available time, it can be seen that the operator
load is the same from operator 1 to 6, and the
demand of 8 batches per day can be met.
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Operator load chart
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Figure 7
Operator load graph balance
Source: Own elaboration

Fifth phase: Control
e Control plan.

Finally, to control the improvement
phase, a control plan was implemented, with
which decisions can be made based on the results
obtained from the evaluation, i.e., we will
control the time that the operator is active or idle
by means of sampling and thus be able to
determine the action to be taken: if the number
of samples when the operator is idle is greater
than 25%, the analysis is carried out from the
first phase.

Table 3
Control plan

Process Measure Sampling Decision-
ment making
process

Line A1 What do we Measure Sample size Frecuency Decision rule
control? ment
method

All seasons The percentage Work 16.07 to have Each time the If the number
of the operator's sampling 95.45% demand is of  samples
activity confidence. met. when the
operator is
idle is more
than 25%, the
analysis  is

carried out.

Source: Own elaboration.

Conclusions

It is through the generation of the proposal
worked on in this project that we have the
opportunity to derive several conclusions, which
are detailed in the following paragraphs.
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Among one of the main statements is that
of having achieved the objective, which is to
make improvements to the production line under
study so that there is a continuous flow in the
process, the improvements that were obtained
are the elimination of waste, a proposal of the
spaghetti diagram, the balancing of the line to
meet the current demand of the company, and in
the last phase the control plan was implemented
to control the process.

The MEGB - A1 production line
currently operates at a standard of 12 bottles per
batch with 6 operators. These operators did not
work 100% of the time available to produce,
which is reflected in the company's profit, i.e. the
operators produced 6 batches per day, which
represents a productivity of 75% and a profit for
the company of $7,074.72 per month. By means
of balancing, it was possible to produce 8
batches per day, which reflects a productivity of
100% and an increase in profit to $9,432.96,
even taking into account the operators'
supplements.

Therefore, it is established that an impact
was achieved in indicators such as productivity
in each of the work stations, elimination of idle
times and continuous flow of the process.

In relation to the methodology applied, it
is considered acceptable to provide a solution to
the company's problems, since, by means of its
application, all the problems that the analyzed
line had at that time were covered.
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Abstract

The demand for efficient battery management systems, especially lithium-ion batteries in electric
vehicles, has increased with the transition to renewable energy. This study presents an ensemble
model that combines Random Forest and linear regression to accurately estimate the state of
health (SoH) of batteries. Using NASA data, divided into training, validation, and test sets, the
model showed an error margin below 1%. An outlier in battery BO007 suggests potential future
improvements in the model's generalization and applicability.
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Resumen

La demanda de sistemas eficientes para gestionar baterias, especialmente las de iones de litio en
vehiculos eléctricos, ha aumentado con la transicion a energias renovables. Este estudio presenta
un modelo de ensamble que combina Random Forest y regresién lineal para estimar con precision
el estado de salud (SoH) de las baterias. Utilizando datos de la NASA, divididos en
entrenamiento, validacion y prueba, el modelo mostré un margen de error inferior al 1%. Un dato
atipico en la bateria BO0OO7 sugiere posibles mejoras futuras en la generalizacion y aplicabilidad
del modelo.
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Introduction

The issue of global warming has heightened the
urgency of transitioning from fossil fuels to
renewable energy sources, particularly in the
transportation sector, where 71% of transport is
road-based and the largest emission of CO: is
caused by gasoline and diesel vehicles.
Therefore, for the integration of renewable
energy into modern life, batteries play a
fundamental role. These devices store chemical
energy and convert it into electrical energy,
which is why they are used in portable electronic
devices and electric vehicles (Rahman &
Alharbi, 2024; Ranjith Kumar et al., 2023).

Among the various batteries available on
the market, lithium-ion batteries (LIBs) are the
most widely used in electric vehicles due to their
high energy density, which is around 200-250
Wh/kg, and their high coulombic efficiency.
This means that they can store more energy per
unit of weight, and the energy stored during the
charging process is nearly equivalent to the
energy used during discharge (Linden & Reddy,
2002). Ordinarily, they have a longer lifespan,
ranging from 6 to 10 years, and can withstand
more charge and discharge cycles. They also
exhibit a low self-discharge rate, meaning they
retain their charge for longer periods when not in
use. Moreover, they do not suffer from the
memory effect, so the battery to be recharged at
any time without the need to fully discharge it
(Ranjith Kumar et al., 2023).

Despite these advantages, LIBs are not
without challenges. One of the limitations of
LIBs is the degradation they undergo over time.
This degradation occurs due to chemical
reactions generated when a charge or source is
connected, resulting in a progressive loss of
battery capacity and, consequently, significantly
affecting their efficiency in applications such as
electric vehicles and portable electronic devices.
Moreover, if the battery is continuously used in
a degraded state, there is a risk of fire or
explosion. To prevent these accidents, a battery
management system is used to diagnose the state
of the battery. Among its tasks, the system
controls the voltage of the battery cells, regulates
input and output voltages, and protects,
diagnoses, and evaluates errors in batteries
(Edge et al., 2021; Habib et al., 2023; Lee et al.,
2021).
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About protection and diagnostics, these
depend on the state of charge, remaining useful
life, and the SoH of the batteries. Specifically,
the state of charge describes the remaining
capacity of a battery as a proportion of the total
capacity under the same conditions and can be
considered equivalent to the fuel gauge in
gasoline vehicles. The remaining useful life is
the number of cycles a battery can be charged
and discharged before it is considered to have
reached the end of its life, which is generally
when the battery’s capacity is reduced to 75% or
80% of its nominal capacity. Finally, the SoH is
used to evaluate the degree of battery
degradation. Unlike the state of charge, SoH is
more complex to define because it depends on
voltage, current, temperature, and state of charge
(L. Lietal., 2018; Xing et al., 2011).

Therefore, the objective of this article is
to estimate the SoH, and for this purpose, various
approaches exist, such as direct evaluation,
adaptive approaches, and data-driven methods,
among others, as shown in Table 1. Among
these, the most used approaches are the adaptive
and data-driven methods, as they present certain
advantages and disadvantages. For instance, the
Kalman filter, known for its accuracy related to
error bounds, is one of the most widely used
methods in literature. However, in nonlinear
systems, more complex variants are required,
involving high computational loads and
sophisticated processing, as the controller needs
high performance. Conversely, the least squares
method is precise, accurate, robust, and has a
simple structure. Nevertheless, among its
disadvantages, accuracy depends on the model
used and requires high performance in the
controller.

Regarding, in data-driven methods,
simple Linear Regression (LR) is one approach
that allows for a quick fit of linear data and has
high computational efficiency. However, its
accuracy depends on the quality of the linear
feature selection, making it prone to overfitting
and sensitive to outliers. Additionally, it is not
suitable for fitting large amounts of non-linear
data. Support vector regression offers an
alternative approach and is a machine learning
technique. Its main advantages are that it is
robust, accurate, and non-parametric, but it
heavily depends on the standard, variety, and
volume of the training data used.
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Furthermore, it requires significant
storage space for the model and needs many
parameters to achieve an adequate fit with
experimental data. On the other hand, fuzzy
logic stands out for its accuracy, robustness, and
applicability in non-linear systems. However, it
also significantly depends on the caliber, variety,
and volume of the training data used. Neural
networks are accurate and require less data
compared to fuzzy logic. They can directly
process multidimensional non-linear data,
thereby  improving  generalization  and
computational efficiency. Nevertheless, they
share the same limitation regarding dependency
on the standard, variety, and volume of the
training data, and they tend to overfit the model
towards local minima rather than global optima.
Long short-term memory neural networks can
store information over several time intervals,
allowing them to recall important information
from past sequences. Moreover, they avoid the
vanishing gradient problem that occurs in long
data sequences, enabling efficient handling of
both small and large datasets. This, in turn
improving prediction accuracy and the model's
ability to adapt to new data. However, advanced
hardware and large amounts of data are required.

Finally, convolutional neural networks
eliminate the need for manual feature selection,
can process large-scale data, and extract
features, thus resulting in high computational
accuracy. Nonetheless, this type of network
operates like a black box, making the tuning
process for predictions uncontrollable. In
addition, to achieve good results, a large amount
of data is needed, leading to low computational
efficiency (Habib et al., 2023; Ranjith Kumar et
al., 2023; Zhang et al., 2023).

Another alternative within data-driven
methods is to combine multiple machine
learning techniques, known as ensemble
methods. For example, stacking LR model,
support vector regression, and Gaussian process
regression can enhance predictive performance.
By stacking these models, a new dataset is
generated and built, which is validated using k-
fold cross-validation. To unify these models, an
LR model is trained, resulting in a reduction of
error when predicting the SoH wusing an
ensemble method compared to using each model
separately (Lin et al., 2023).
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Additionally, an ensemble of neural
networks based on random learning algorithms
IS proposed, where each model generates a SoH
estimate. Decision-making rules based on the
individual results of the ensemble of neural
networks are used to perform the ensemble (Gou
etal., 2021).

Table 1
Summary of SoH estimation methods

Direct Open circuit
Assessment | Coulomb counting
Impedance spectroscopy
Data Driven | Neural Network

Fuzzy logic

Support Vector

Kalman filter

Particle filtering

Least square

Others Sample Entropy
Probability Density Function

Adaptive

Source: Habib et al., 2023

The advantage of these models is that
they significantly reduce error compared to
methods that use a single model, as shown in
Table 2, where various models and their
respective errors are presented. For this analysis,
the NASA dataset was used. Therefore, the
objective of this article is to utilize a data-driven
ensemble model that achieves an error of 1% or
less. The development of the proposed model is
explained in the methodology section, which
combines a classifier and LR.

Table 2
Comparison of algorithms based on mean

Linear regression ~10%
Support VectorRegression ~5%
BackpropagationNeural Network | = 7%
Long Short-TermMemory Neural | _ 1%
Network T
ConvolutionalNeural Network ~1%

Source: Zhang et al., 2023
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Methodology

When estimating the SoH of a battery, a large
amount of data related to battery aging is
required, necessitating experimental tests and
the extraction of data corresponding to the
battery's aging process. Ordinarily, such
extensive data collection can be challenging.
However, NASA provides a dataset where
experiments are conducted under strict
conditions. The LIB model used by NASA for
aging is shown in Table 3. To generalize the
SoH, various scenarios are needed, therefore a
dataset labeled as B0005, B0O006, B0007, and
B0018 was selected.

These data were run through four
different operational profiles, including charge
and discharge at an ambient temperature of
24°C. The charging process is performed in
constant current mode at 1.5 A until the battery
voltage reaches 4.2 V, and then continues in
constant voltage mode until the charging current
drops to 20 mA.

Conversely, discharge is carried out at a
constant current level of 2 A until the battery
voltage drops to 2.7 V, 25V, and 2.2 V for
datasets B0005, B0006, and BO0O007,
respectively, while discharge is conducted at 4 A
until the voltage drops to 2.2 V for dataset
B0018. The experiments are stopped when the
LIBs reach the end-of-life criteria, which is a
30% reduction in nominal capacity from 2 Ahr
to 1.4 Ahr for datasets BO005, B0006, and
B0007, and a 20% reduction in nominal capacity
from 2 Ahr to 1.6 Ahr for dataset B0018, as
shown in Figure 1.

Therefore, the dataset provided by
NASA, the dataset is used for estimating the
SoH of the LIBs, which is defined as the ratio of
current capacity to initial capacity as shown in
Equation [1] (Y. Lietal., 2019).

Finally, the features used to train the
model are obtained during the battery discharge
process. These features include voltage, current,
temperature, and maximum discharge time. For
current, voltage, and temperature, the average of
each variable is calculated as described in
Equation [2].
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Table 3
Specifications of the 18650-battery model

Rated Capacity 2.7 Ah
. Li(NiCoAl)0O2
Material /Carbono
Voltage Range 2.5-4.2V
Charging  Temperature 10-45 °C
Range
Discharging Temperature -20-60 °C
Range
Source: Y. Lietal., 2019
Capacity
OH: _ current [1]
Capacity; .,
R ¢
=14
Feature,,,= — [2]
Box 4
204 battery
B0005
18] B0006
B0007
= B0018
:_-’;_lt
1.4
12
) 25 50 75 100 125 150 175
Cycle
Figure 1

Capacity Degradation of Different LIBs Over Charge-
Discharge Cycles
Source: Own elaboration

For this article, the Random Forest (RF)
model and LR are used to create an ensemble.
The RF model is employed as a classifier, which
combines multiple decision trees to create a
more robust and accurate predictive model. Each
tree takes a random subset of data, either through
bagging, which involves creating multiple
subsets of the training data through random
sampling with replacement and using these
subsets to train a collection of decision trees, or
through a random subspace that randomly
selects a set of features from the original set for
each decision tree. Each tree will split into nodes
until reaching the impurity decrease limit
described in Equation [3]. Ordinarily, when a
class prediction is made, each tree provides its
class prediction, and through a voting
mechanism, the class that receives the most
votes is selected as the final predicted class, as
shown in Figure 2. (Gunay, 2023)
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Where:

N is the total number of examples in the parent node.
N, is the number of examples that move to a child node
after a split.

impurity is the measure of impurity of the parent node
N, and N are the numbers of examples that move to
the right and left child nodes, respectively

right. is the impurity of the right child node

impurity

leftiurity 1S the impurity of the left child node

LR is a method used to model the
relationship between a dependent variable and
one or more independent variables. When there
is a single independent variable, the model is
known as simple LR. If there are two or more
independent variables, it is referred to as
multiple LR. The goal of LR is to find the
regression coefficients for each of the
independent variables. The equation for multiple
regression is described in Equation [4]. Once
these coefficients are obtained, predictions can
be made about the dependent variable
(Weisberg, 2005).

ECY[X) = BBy xi+. 4B, % [4]

Where:

E(X]Y) is the expected value of Y given the values of
the independent variables X.

B, is the intercept of the regression model

By:Bys---oB, are the regression coefficients that measure

the effect of each independent variable on Y
X1,X2,...,X, are the independent variables or predictors
used to estimate Y
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Once the two models used for the
ensemble method have been established, the first
step is the selection of features and data
preparation. The features include average
voltage (Vavg), average current (Cayg), average
temperature (Tempayg), maximum discharge
time (Tmax), and the SoH of the battery as the
final prediction. Equations [1] and [2] are used
for these calculations.

Additionally, a new feature must be
added to train the RF model, which is a label for
each battery (0, 1, 2, 3), corresponding to LIBs
B0O005, BO0006, BO0007, and BO0O018.
Subsequently, the data is then split as follows:
80% for training, 10% for validation, and 10%
for testing.

This ensures that the model is trained
properly, and its performance is evaluated with
unseen data. With the training and validation
data, the RF and LR models are trained
individually.

For the first model, all data from each
battery is used, and the output of this model can
range from zero to three. In contrast, for the LR,
four models corresponding to each battery are
trained using the same feature sets, as shown in
Figure 3.

Once the models are trained, they are
assembled using "if" conditions. For example, if
the RF model, when given an observation,
outputs a 2, the prediction will be taken from the
LR model trained with data from battery B0007,
as shown in Figure 3.
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Ensemble model combining RF and LR for SoH
estimation
Source: Own elaboration

Results

To evaluate the RF model, the metrics Accuracy,
Precision, Recall, and F1-Score were used, as
shown in Table 4. The results are similar for both
the test and validation datasets which suggests
that the model has high precision and recall. This
means that, in most cases, the positive
predictions made by the model are correct,
minimizing both false positives and false
negatives.

Furthermore, the F1-Score is comparable
to the other mentioned metrics, indicating that
the model is robust in its predictions.
Additionally, the consistency of the metrics
between the test and validation sets suggests that
the model generalizes well and is not overfitted
to the training set.

The performance visualization of the
model is detailed in Figure 4, where the
confusion matrices for each dataset are
presented.
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In the first matrix, corresponding to the
test set, one instance of class 2 was incorrectly
classified as class 1, while the other classes were
correctly classified. Similarly, in the second
matrix, corresponding to the validation set, 1
instance of class 2 was incorrectly classified as
class 0, while the other classes were also
correctly classified.

Overall, the model demonstrates good
performance both with known data and with new
unseen data.

Box 7

Table 4

Performance metrics for RF models on test and
validation datasets

0.984375 0.982375
0.985351 0.985094
0.984375 0.981754
0.984254 0.980542

Source: Own elaboration
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Figure 4

Confusion matrix for test and validation datasets
Source: Own elaboration
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In the case of the LR model for each
battery and the ensemble model, the metrics used
to evaluate model performance included Mean
Squared Error (MSE), Root Mean Squared Error
(RMSE), Mean Absolute Error (MAE), and the
coefficient of determination (R2). These metrics
were applied as follows.

- Test Data: Used to evaluate the LR
models.

- Validation Data: Used to evaluate the
ensemble model.

The results obtained are shown in Table
5. In all cases, the error metric values are low and
similar, indicating a good fit of the models to the
data and a small difference between the actual
and predicted values. Moreover, since the
coefficient of determination is close to 1, the
model has a strong ability to explain the
variability observed in the data.

Finally, the estimation of the LIBs' SoH
using the ensemble method is presented. In
Figure 5, the actual and predicted SoH for each
battery using the ensemble method is shown,
along with the corresponding percentage error
between the actual and predicted values. For all
LIBs, the percentage error remains within +1%.
However, in the case of battery BO007, at cycle
166, an approximate error of 6% is observed,
which stands out as the only instance with such
a significant error.

Table 5
Performance Metrics for LR and Ensemble Models

8.25x10°¢ | 2.87x10% | 2.38x10% | 0.9991
4.94x10°6 | 2.22x10°3 [ 1.93x10% [ 0.9997
2.98x10°¢ | 1.73x10% | 1.17x10% [ 0.9995
4.23x10% | 2.06x10° | 1.64x10%° | 0.9994
8.77x106 | 2.96x10% | 2.22x10% [ 0.9989

Source: Own elaboration
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Conclusions

The research conducted allowed for the
validation of the effectiveness of the ensemble
model, which integrates RF and LR techniques,
demonstrating its competence in accurately
predicting the SoH of LIBs. Throughout the
evaluated cycles, the model consistently
maintained an error margin below 1%, which,
combined with a coefficient of determination
close to the ideal, reflects its robustness and its
ability to interpret the variability of the analyzed
data. However, the detection of a significant
discrepancy, specifically observed in cycle 166
of battery B0007, highlights the presence of
outliers and specific conditions that could
challenge the model's accuracy under certain
scenarios. This finding encourages us to
continue refining the techniques used and to
delve deeper into the study of those instances
where the error increases. For future work, the
plan is to extend the model's application to other
datasets, adjusting and refining its structure to
ensure more general applicability and greater
accuracy.
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Abstract

Traditional construction faces challenges such as the complexity of
designs, inefficiency in production and waste generation, which has
motivated the search for innovative and sustainable solutions. 3D
printing is positioned as a promising alternative, allowing the creation of
complex structures more quickly and with less environmental impact.
The approach is deductive, analyzing benefits such as production
efficiency, waste reduction, and design flexibility, as well as limitations
related to initial costs and technical requirements. The hypothesis states
that 3D printing can accelerate processes, reduce costs and adapt
constructions to local needs. At a global level, examples in the United
States and Mexico highlight the ability of this technology to reduce time
and optimize resources. In Huichapan, its application will be able to
transform the local sector, offering efficient and sustainable solutions in
a context where accessible housing and adaptation to local materials and
conditions are priorities.
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Resumen

La construccion tradicional enfrenta desafios como la complejidad de los
disefios, ineficiencia en la produccién y generacion de residuos, lo que ha
motivado la busqueda de soluciones innovadoras y sostenibles. La impresién
3D se posiciona como una alternativa prometedora, al permitir la creacion de
estructuras complejas de manera mas rapida y con menor impacto ambiental.
El enfoque es deductivo, analizando beneficios como eficiencia en produccion,
reduccion de residuos, y flexibilidad en el disefio, asi como limitaciones
relacionadas con costos iniciales y requerimientos técnicos. La hipétesis
plantea que la impresion 3D puede acelerar procesos, reducir costos y adaptar
construcciones a necesidades locales. A nivel global, ejemplos en Estados
Unidos y México destacan la capacidad de esta tecnologia para reducir
tiempos y optimizar recursos. En Huichapan, su aplicacion podra transformar
el sector local, ofreciendo soluciones eficientes y sostenibles en un contexto
donde la vivienda accesible y la adaptacion a materiales y condiciones locales
son prioritarias.
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Introduction

Traditional  construction faces numerous
challenges, including design complexity,
inefficient production and waste generation,
which has led to the need to explore more
innovative and sustainable alternatives. 3D
printing emerges as a promising solution,
allowing the creation of complex structures in a
faster way. This study aims to evaluate the
implementation time of 3D printing in
construction in Huichapan, focusing on
analysing its benefits and limitations.

It is hypothesised that 3D printing can
speed up processes and allow the creation of
structures designed in a more customised way to
be adapted to the needs of both the users and the
area. Expected benefits include greater
efficiency in the production of elements that
favour construction, allowing for cost reduction
and possible modifications. The research
approach will be mainly deductive, based on the
specific analysis of Huichapan, Hgo.

Problem Statement

Quality in construction is a fundamental aspect
that determines durability, safety and end-user
satisfaction. In the context of construction, both
traditional methods and 3D printing present
challenges and opportunities in terms of quality.
In the United States, the adoption of 3D printing
in construction has advanced considerably, with
projects demonstrating the technology's ability
to reduce construction times. Companies such as
ICON have developed 3D printed homes in

Texas, highlighting the efficiency of this method.

3D printing in construction is an advanced
technology that is gaining popularity in Mexico
due to its many benefits, such as increased
efficiency and customisation. This technology
allows automated manufacturing of construction
elements, significantly reducing construction
time and minimising waste.

The industrialisation of construction
proposes the optimisation of processes through
the implementation of methodologies such as
BIM, artificial intelligence and 3D printing,
which have transformed the planning and
execution of projects, leading to a greater and
earlier integration of all the disciplines involved,
with more efficient and encouraging results.
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Local efficiency is crucial to maximise
the benefits of 3D printing in construction.
Adapting the technology to local conditions and
materials can improve sustainability and reduce
the environmental footprint.

Hypothesis

The implementation of 3D printing technologies,
which will allow to optimise the quality of
construction applied in the field of building in
Huichapan, Hgo.

Justification

A thorough understanding of quality issues in
traditional construction and 3D printing is
essential to advance the construction industry.
Identifying and addressing these challenges will
enable the creation of safer, more durable and
efficient buildings. It will also contribute to the
wider adoption of new technologies, such as 3D
printing, in construction.

The integration of 3D printing
technology in the construction sector is a topic
of great relevance and potential. In Huichapan,
Hidalgo, there is a notable lack of formal
research on the application of 3D printing in
construction. Most local companies have not yet
explored this technology. This lack of
knowledge and experience in the region presents
a valuable opportunity to investigate and better
understand its feasibility and benefits.

3D printing allows for customised
designs  without compromising structural
stability. This is particularly relevant for housing
and building construction.

Simultaneous  printing of  various
materials  accelerates the duration  of
construction projects, offers significant benefits
in terms of construction speed, labour reduction,
weather resistance, resource optimisation and
design flexibility, which can contribute to faster
execution of construction projects in Huichapan,
Hidalgo.

Contextual framework

Huichapan, Hidalgo's architecture reflects the
cultural and historical richness of the region. In
Huichapan and its surroundings, you can find a
combination of architectural styles ranging from
traditional adobe constructions to modern style
buildings.
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Traditional constructions in Huichapan
are usually made of adobe, an ancient building
material composed mainly of mud, straw and
sometimes animal dung, which is moulded into
bricks and left to dry in the sun. These structures
often have thick walls that provide thermal
insulation, keeping the houses cool in summer
and warm in winter.

The roofs of traditional houses in
Huichapan are usually made of terracotta tiles,

which is a durable and weather-resistant material.

This type of roofing also helps to keep the house
cool during the day and to conserve heat during
the night.

In terms of the layout of the houses, it is
common to find interior courtyards that serve as
family living spaces and are often decorated with
plants and flowers. Windows are usually small
and designed to let in natural light and fresh air,
but also to maintain the privacy of the
inhabitants.

However, in the wurban areas of
Huichapan, you can also find more modern
buildings that use construction materials such as
concrete, steel and glass. These structures often
follow contemporary designs and are influenced
by contemporary Mexican and global
architecture.

In  summary, the architecture in
Huichapan, Hidalgo, is a fascinating mix of
tradition and modernity, reflecting the history,
culture and needs of its inhabitants.

Theoretical Framework

3D printing, also known as additive
manufacturing, is a technology that has
revolutionised several industrial  sectors,
including construction. It consists of the creation
of three-dimensional objects by adding material
layer by layer, under a predefined digital design.
This technique has been adopted in construction
because of its potential to reduce costs, reduce
construction times and improve the accuracy and
customisation of structures.

As we can see in figure 1, several factors
are pushing construction towards automation: a
reduction of manpower for safety reasons;
reducing construction time on site; production
costs; and/or increasing architectural freedom.
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Box 1
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Figure 1

3D printing automation
Source: [Construible, Tecma Red Group, 2020]

3D printing in construction encompasses
several technologies, including:

Contour Crafting: A technique that uses
a print head to deposit material in layers, forming
walls and other vertical structures.

Concrete Printing: Similar to Contour
Crafting, but specifically designed for use with
concrete, allowing the creation of robust
structural elements.

Binder Jetting: Uses a binding agent to
bind layers of powdered material together,
applicable in the creation of precast components.

Quality

Quality is a crucial aspect of any construction
project. In 3D printing, the quality of structures
is measured by a number of factors, including
mechanical strength, durability, dimensional
accuracy and surface finish. The selection of
appropriate materials and precise control of
printing parameters are essential to ensure that
printed buildings meet building regulations and
end-user expectations.

Quality determinants include:

Materials Used: The types of materials (such as
concrete, polymers and composites) and their
intrinsic properties play a crucial role in the final
quality of the printed product.
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Printing Parameters: These include
printing speed, extrusion temperature, layer
height and print path design. These parameters
directly affect the strength, durability and
aesthetics of the printed constructions.

Design and Planning: Optimal design
and meticulous planning ensure that the final
structure is robust and meets architectural and
engineering standards.

Studies have shown that variations in
materials and adjustments to printing parameters
can have a significant impact on the quality of
printed structures. For example, they underline
the importance of optimising the concrete mix
and calibrating the printers to improve inter-
layer bonding and minimise structural defects.

3D printing in construction is a relatively
new, but rapidly advancing field, below is a
summary of some studies, research and articles
with a focus on the quality of 3D printing based
on various factors. These studies provide a solid
basis for understanding the historical
background of quality in 3D printing applied to
construction.

The study titled ‘Material Properties of
3D-Printed  Concrete: A comparative
Experimental Study’ conducted by D.
Niknezhad, J. Sanjayan and A. Nazari and
published in the journal Construction and
Building Materials in 2018, is a significant
research on the topic of quality that explores the
mechanical and physical properties of 3D
printed concrete in comparison to conventional
concrete.

The main objective of the study was to
analyse how concrete properties such as
mechanical strength, porosity, durability and
other relevant characteristics can be affected by
the 3D printing process compared to traditional
casting methods. Within the research, a
comparative experimental study was carried out
where concrete samples were printed using 3D
technology and compared with traditional
concrete samples. Specific tests were performed
to evaluate compressive strength, water
absorption, permeability and other relevant
properties.
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The implications of these findings for the
construction industry are discussed, emphasising
the need to adjust material mixes and printing
parameters to optimise the quality and strength
of 3D printed concrete.

An important complementary aspect in
research on the properties of 3D printed concrete
is the need to consider not only the mechanical
and physical properties, but also the influence of
the printing processes on the microstructure of
the material. Further studies could explore how
the deposition of layers during the 3D printing
process affects the porosity distribution and
compactness of the concrete, aspects that can
significantly influence long-term durability and
weathering resistance. Advanced research could
deepen microstructural analysis techniques and
computational simulations to better understand
these phenomena and further optimise the
printing parameters to achieve optimal quality of
3D printed concrete in structural and
architectural applications.

On the other hand, process control in 3D
printing for construction is essential to overcome
technical challenges and optimise the
performance of printed structures. Continuous
advances in technology, research and
development are improving the efficiency and
reliability of this innovative technology, opening
up new possibilities for building complex,
customised structures with greater precision and
quality.

The article ‘Stress-Strain Characteristics
of 3D Printed Concrete’ published in the journal
Cement and Concrete Research in 2012, written
by S. Lim, R. A. Buswell, T. T. Le and S. A.
Austin, specifically addresses the issue of
process control in 3D printing for construction,
which is essential for understanding the
technical aspects of process control in 3D
printing applied to construction, highlighting the
importance of precision and uniformity in the
fabrication of structural components using this
innovative technology.

The main objective of the article was to
discuss the challenges inherent in controlling the
3D printing process to ensure dimensional
accuracy and uniformity of concrete printed
structures. It also focuses on how variations in
printing parameters can affect the mechanical
characteristics of 3D printed concrete,
particularly in terms of its behaviour under load
(stress-strain characteristics).
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Within this paper, a study employing
experimental methods to evaluate the
mechanical properties of 3D printed concrete,
including compressive strength testing and
stress-strain analysis, was carried out discussing
the strategies used to control the 3D printing
process, such as optimisation of material
mixtures, calibration of deposition systems and
monitoring of critical parameters during the
construction process. Presenting specific results
on how different printing conditions (such as
deposition rate, material temperature, etc.) can
influence the mechanical properties of 3D
printed concrete, again discussing the practical
implications of these results for improving the
accuracy and quality of printed structures.

Other important points to take into
account to ensure the issue of quality in 3D
printing within construction are the reliability
and durability of the structures, as well as the
certification and validation of processes.

The reliability and durability of 3D
printed structures in construction is a critical and
complex issue involving multiple technical,
material and design aspects. To ensure the long-
term strength and durability of these structures,
it is crucial to select suitable materials that meet
specific requirements for mechanical strength
and durability against adverse environmental
conditions.

The article ‘Design for System
Reliability in 3D Concrete Printing’ by T. Salet,
F. P. Bos and R. J. M. Wolfs, published in the
Journal of Construction Engineering and
Management in 2016, specifically addresses the
reliability and durability of 3D printed structures,
focusing on weather resistance, material
degradation and expected service life. It focuses
on how to design 3D printed structures to ensure
their long-term reliability and discusses factors
that affect the durability of these structures, such
as exposure to severe weather conditions,
material degradation due to environmental
exposure and long-term mechanical strength.

Case studies and laboratory analyses
were carried out to evaluate the behaviour of 3D
printed structures under different environmental
and loading conditions, discussing the
importance of selecting appropriate materials,
effective printing methods and structural designs
that minimise the effects of fatigue and
degradation over time.
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It is mentioned that the design and
geometry of the structures also play a key role.
The complexity of 3D printed geometries can
influence their structural strength and how they
distribute loads. Optimising the design to
minimise weak points and improve stress
distribution is essential to ensure the long-term
reliability of these constructions.

In addition, 3D printing processes must
be carefully controlled and validated. This
includes ensuring dimensional accuracy,
uniformity of material deposition layer by layer,
and adequate adhesion between layers. The
quality of the printing process directly impacts
the reliability and structural integrity of 3D
printed buildings. Certification of materials and
processes to recognised standards, such as
ASTM F2971-16, is critical to ensure that 3D
printed structures meet the quality and safety
requirements necessary for  construction
applications. This certification ensures that the
materials used are suitable to withstand the
environmental conditions and structural loads
expected over the lifetime of the buildings.

Time optimisation

Time optimisation is another critical factor in 3D
printed construction. This involves reducing the
overall time required to complete a project, from
the design phase to the final building. 3D
printing technology can potentially shorten
construction times by automating processes and
eliminating traditional intermediate stages.
Using traditional construction methods, a project
can take many months to complete, with large
projects typically taking 20% longer than
expected and adding up to 80% in cost overruns
on the initial budget. However, 3D printing can
cut up to 70% of the time and the project can be
completed in just hours or days, depending on
the size of the project. Therefore, contractors can
work on more projects and, consequently,
increase their source of income.

3D printing in construction offers several
ways to optimise time compared to traditional
methods.

Reduced Construction Time: 3D printing
allows direct fabrication of structural
components and architectural elements on-site,
eliminating the need for multiple stages of
construction and assembly. According to a study
by, this technology can speed up construction by
up to 50% compared to conventional methods.
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Elimination of Intermediate Processes:
By printing directly from digital models,
reliance on skilled labour is reduced and errors
associated with manual construction are
minimised. This not only speeds up the process,
but also reduces costs associated with project
management and materials logistics.

Flexibility and Customisation: The
ability to quickly adapt designs and produce
bespoke components at the construction site
allows for agile adjustments during the
construction process. This is especially useful in
projects that require design changes or rapid
customisation,  which  can  significantly
accelerate delivery times.

Implementation in Emergency and Crisis
Projects: 3D printing has proven to be effective
in the rapid construction of emergent housing
and emergency structures in areas affected by
natural disasters or humanitarian crises. These
projects can benefit greatly from the reduced
turnaround times offered by 3D printing
technology.

The use of 3D printing in construction is
transforming the industry by significantly
reducing reliance on traditional labour. This
technology automates much of the construction
process by using robots and machines to deposit
building materials layer by layer according to the
digital design. This eliminates the need for
labour-intensive, repetitive and physically
demanding tasks, such as pouring and placing
concrete by hand. With such technology, it is
possible to manufacture complex structural
components in one piece, rather than multiple
parts that require manual assembly.

This drastically reduces the time and
effort that would normally be spent on the
fabrication and assembly of precast components.
Although specialised training is required to
operate and maintain 3D printing equipment, the
level of specific skills needed to execute
complex construction tasks can be reduced
compared to traditional methods. This simplifies
staff training and can allow for a more versatile
workforce.

In addition, 3D printing uses materials
more efficiently by depositing them only where
they are needed, minimising waste and reducing
the costs associated with handling and waste
disposal.
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This also contributes to a reduced
reliance on manual labour for materials
management. By eliminating the need for
labour-intensive manual tasks and streamlining
the construction process, 3D printing can
significantly speed up construction times.
Projects can be completed more quickly, which
not only reduces overall labour costs, but also
enables faster project delivery.

Behrokh Khoshnevis is a leading
researcher and pioneer in the field of 3D printing
in construction, known for his groundbreaking
work in creating 3D printing systems that can
build complete structures in an automated and
rapid manner. His work has had a significant
impact on optimising construction time through
several key contributions:

Behrokh Khoshnevis has emerged as a
central figure in the field of developing and
promoting 3D printing technology applied to
construction, especially through his innovative
concept known as Contour Crafting (CC). This
approach has revolutionised the industry by
offering concrete solutions to optimise time and
resources in large-scale construction projects.

The Contour Crafting system automates
virtually the entire construction process by using
programmed robots to deposit layers of building
materials according to digital design
specifications. This automation eliminates much
of the labour-intensive manual labour and
improves the accuracy of the construction
process. Research and simulations have shown
that this technology can significantly reduce the
time required to complete entire structures
compared with traditional methods.

Experimental studies and pilot projects
have validated the ability of CC technology to
erect basic structures such as walls and columns
considerably faster than conventional methods.
For example, it is estimated that the 3D printing
of a basic house could be completed in less than
24 hours, compared to weeks or months required
by traditional methods.

Khoshnevis and other researchers have
highlighted that the integration of 3D printing in
construction has the potential to significantly
reduce construction times, a crucial aspect for
projects with tight deadlines or strict time
constraints.
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This reduction not only improves
operational efficiency, but can also reduce costs
associated  with  construction  schedule
extensions and project overheads.

As 3D printing technology evolves and
technical and regulatory challenges are
overcome, continued growth in its impact on
optimising construction time is anticipated. This
includes the potential ability to print more
complex and customised structures, as well as
integrate advanced and sustainable materials
into the construction process.

In summary, Behrokh Khoshnevis has
played a pivotal role in driving the adoption of
3D printing technology in construction,
particularly through his innovative approach
with Contour Crafting. His research and
developments have highlighted how this
technology can not only speed up the
construction  process, but also improve
efficiency and open up new possibilities in
modern architectural design. This impact will
continue to shape the future of construction
towards faster, more efficient and customised
methods.

Methodology

In this project, two main products will be
delivered. The first will be a comparison
between the 3D printed system and the
traditional method of construction, using scaled-
down mock-ups to visually illustrate the
differences and advantages of each approach.
For the 3D printed mock-up, thermoplastics and
specialised architectural CAD software such as
Revit and ArchiCAD, which are based on
Building Information Modelling (BIM), will be
used. Tools such as Rhino 3D or SketchUp will
also be used to create detailed digital CAD
designs.

The second deliverable will consist of a
series of surveys conducted with experts in the
construction field, including architects and
masons, with the aim of understanding their
preferences about traditional construction and
their views on the implementation of 3D printing
in the sector.

Below are the survey questions to be asked.

How many years of experience do you have in
the construction industry?
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Why is time optimisation in construction
projects so important to you?

a) Deadline Compliance

b) Efficiency and Cost

¢) Risk Reduction

Why is it so important for you to maintain high
quality standards in your construction projects?
a) Reputation and Credibility

b) Customer Satisfaction

c) Durability and Safety

Which traditional construction methods do you
use most often in your projects?

a) Masonry (brick, block)

b) Reinforced concrete

c) Steel structures

What are the main advantages you find in
traditional construction?

a) Durability and strength

b) Flexibility in design and adaptability

c) Wide availability of materials and labour

What are the main disadvantages or limitations
you have experienced with traditional
construction?

a) High initial costs and maintenance
b) Long construction time
c) Environmental impact and waste generation

Are you familiar with 3D printing in
construction?

a) Yes

b) No

Have you heard of 3D printing in construction?
a) Yes
b) No

Do you think the implementation of 3D printing
technology would be beneficial in the Huichapan
area?

a) Yes

b) No

Which of the following advantages of 3D
printing are you aware of?

a) Customisation and adaptable design

b) Speed in manufacturing and prototyping

c) Design flexibility and complex geometries

d) I don't know any
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Did you know that 3D printing in construction
can reduce the amount of waste generated in a
project?

a) Yes

b) No

Do you think that the implementation of 3D
printing technology in construction could
improve efficiency and reduce construction
times as opposed to the traditional method?

a) Yes

b) No

¢) Maybe

Do you have any additional suggestions or
comments on the implementation of new
technologies in construction?

Results
Population or universe.

The models were made on a housing project,
taking into account a section. The study
population consists of scale models of two
construction methods: traditional and 3D
printing. The prototypes are selected for their
ability to faithfully represent each technique and
their relevance to the objectives of the study.

Collection procedure.

The project that was designed in Revit 2023
software is taken, exported in the file compatible
with the printer software, which is UltiMaker
Cura 5.7.2, as we can see in Figure 2, to later
save the file in STL format.

]

[8] Proyecto1 - Vista 3D - {30}

[$]

Figure 2
Saving process of the design project. Note:
Screenshots of the file compatible with the

Ultimaker application are shown
Source: [Own authorship 2024]
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Once the file is exported and compatible
with the UltiMaker software, the final
corrections are made in the programme in order
to proceed with the small-scale printing of the
prototype, as shown in Figure 3.

IR =2 o¥s
* HQuowevaasccnRedPas ~Ge = som SN,

Figure 3
Open the file, and scale it to the desired size, in
this case 70mm*86.19mm*54.56mm. Note: the
scale is shown in order to proceed with the 3D
printing of the model

Source: [Own authorship 2024]

Once the scale of the prototype was
determined, the programme estimates the
printing time, which was seven hours and 25
minutes, as well as the use of 65 grams of
filament, as we can see in Figure 4.

—
1 5
=

i

:#‘
!ll

L

Figure 4
Scale model, together with execution time and
material to be used. Note: Determination of the

printing time of the scale model
Source: [Own authorship 2024]

To continue with the 3D printing process,
the printer recognises the model and starts, with
an estimated time of seven hours and 25 minutes,
as shown in Figure 5. In Figure 6, we can see the
result obtained from the printing process.
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Figure 5

Scale model, during the 3D printing process

Note: 3D printing of the scaled-down prototype
Source: [Own authorship 2024]

Figure 6

3D printed prototype. Note: 3D printing of the

prototype on a reduced scale
Source: [Own authorship 2024]

To make the comparison of the
elaboration of the prototype to reduced scale of
the prototype, we start the elaboration of the
model inside the laboratory, with traditional
materials such as; paper, scissors, glue, cement,
annealed wire, wooden base and traditional
materials, only a corresponding area of the
prototype is selected, which took a duration of
approximately 32 hours invested in the
elaboration of the prototype with traditional
materials, as we can see in Figure 7.
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Box 7
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Figure 7

Small scale model, made with traditional
materials. Note: Prototype made with traditional

materials
Source: [Own authorship 2024]

Conclusions

The study demonstrates that 3D printing has the
potential to significantly transform the
construction sector, especially in local contexts
such as Huichapan, Hidalgo. This technology
offers innovative and sustainable solutions that
enable the creation of complex structures,
optimisation of resources and reduction of time
and costs, addressing challenges inherent to
traditional methods. However, its
implementation requires overcoming technical,
economic and cultural barriers, such as lack of
knowledge and adaptation.

The research highlights the feasibility of
integrating 3D printing into construction,
showing its ability to customise designs, reduce
waste and improve efficiency in projects both
globally and locally. It concludes that, although
challenges remain, 3D printing is a key tool for
moving towards a more efficient, sustainable
and adaptable construction industry.

In the same way, a time reduction
analysis is carried out under the following
formula;

Time Reduction (%) = [(Traditional Time - 3D
Time) / Traditional Time] * 100
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This allowed us to identify the time and
hours that a project takes approximately in 3D
printing which allows the creation of complex
structures in a faster and more efficient way, as
we can see in Table 1.

Table 1
Analysis of the time in the procesos

Traditional 3D Time
Construction | Printing  Reduction

Structure

(Time) (Time) %

Single- 12-18 month 24-4 999
family hous Hour

Office 6-12 month{ 1-2 Week 979
building

Small bridgg 6-9 month] 1-2 Week 929

Note: Analysis of the development time of both building
systems

Source: [Own Authorship 2024]
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Abstract Resumen

Dispositivo para fabricacion agil de manguera de uso médico: solucién para microempresas

Devices for agile manufacturing of medical Hose: solution for micro-enterprises

Objectives

Manufacturing of
tubes for medical use.

Improve patient care
and treatment
effectiveness, through
more effective and
safer administration of
medications.

Design of a device
capable of producing
hoses for medical use
for development in
small companies.

Methodology

The different phases
that are followed are:
1) Define  market
segments (Preliminary
data). 2) Outline
conceptual to detailed
design to develop the
blueprint of the device
and verify the
possibility of using
innovative
technologies. 3)
Manufacture the
device to define limits
production and supply
chain.  4)  Project
review.

Contribution

Increase in the
effectiveness and
safety of medication
administration.

Better clinical
outcomes for patients.

Timely supply medical
grade plastic tubes for
hospitals and health
centers.

Objectives

Fabricacion de tubos
de uso médico.

Mejorar la atencién al
paciente y la eficacia
de los tratamientos;
mediante una
administraciéon ~ mas
efectiva y segura de
medicamentos.

Disefio de un
dispositivo para capaz
de producir manguera
de uso médico para su
desarrollo en micro o
pequefias empresas.

Methodology

Las diferentes fases
que se siguen son: 1)
Planeacién en cuanto a
mercadotecnia y
definicion de
segmentos de mercado
(Datos preliminares).
2) Disefio conceptual
hasta disefio a detalle
para desarrollar la
arquitectura del
dispositivo y verificar
la posibilidad de uso
de nuevas tecnologias.
3) Manufactura para
definir restricciones de
produccién 'y de la

Contribution

Incremento en la

efectividad y
seguridad en la
administracion de

medicamentos.

Mejores resultados
clinicos  para los
pacientes.

Abastecer de forma
oportuna el tubo de
pléstico de uso médico
para hospitales y
centros de salud.

cadena de suministros.
4)  Revision  del
proyecto.

Manufacturing, tubes, medical use. s -
Fabricacidn, tubos, uso médico
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Introduction

One of the major fields of application for PVC
products and articles is medicine. Initially, P\VC
began to be used in flexible tubes that replaced
materials such as latex and glass, providing a
solution to the proliferation of infections caused
by the use of non-disposable articles.

The use of PVC for the manufacture of
medical tubing contributes to the increased
effectiveness and safety of drug delivery. There
are several ways to achieve this effectiveness
and safety, including A) delivery of fluids to the
body, i.e., infusion systems made of PVC allow
for precision in dosage amounts, as it allows for
precise control of the amount of drug being
administered. B) PVC is generally safe and does
not react with body fluids, which minimises the
risk of adverse reactions. C) monitoring of drug
flow is aided by the transparency of PVC tubing,
allowing air bubbles or blockages that could
compromise drug delivery to be detected. D) in
surgery, PVC tubing is used to drain fluids or
administer  medication, which  optimises
outcomes and speeds patient recovery. E) Ease
of use and clear identification of PVC tubing can
reduce errors in drug administration, thereby
improving the safety and efficacy of treatment.
F) infection prevention through the ease of
sterilisation of PVC. G) their low cost allows
mass production, making medical devices more
accessible. H) they can be designed in different
diameters and lengths, adapting to various
applications such as catheters, drainage tubes
and infusion systems.

These characteristics allow the use of
PVC tubing to make an essential contribution to
the medical industry, improving patient care and
treatment efficacy through more effective and
safer drug delivery, resulting in better clinical
outcomes for patients.

Next, a proposal is presented for the
design of a device for use in micro or small
companies capable of producing medical hose,
since with the experience of the previous
pandemic in 2020 and the current increase in
respiratory system diseases, it may happen that
there is an unexpected increase in the demand for
this input in hospitals and health centres and this
device will cover the need for this material by
having it in a faster way due to the reduction of
the transfer time from the distributor to the end
customer.
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The development shows the sequence of
activities in the design process, identifying the
needs of the client or user, the QFD Level 1
matrix, the basic requirements of the device, the
analysis of the proposed solutions for each
requirement, the detailed design of the proposed
device, the diagram of the manufacturing and
assembly process, the control circuits and
images of the manufacture and assembly of the
prototype of the designed device.

1.1. Development

In this case it was decided to use the
methodology represented in figure 1. [1].

Concept System Testing
Planning develop- level and
ment design i

Start of Project
production review

Figure 1
Problem-solving methodology [1]

In planning, marketing aspects such as
the definition of market segments are
considered; in design, product architecture and
the possibility of using new technologies are
considered; in  manufacturing, production
constraints and the supply chain are defined.

In  concept development, which
corresponds to stage 2, customer needs are
identified, whether they are hose vendors or
machine vendors, the most important of which is
a minimum payback time. Operational
requirements, such as the production of medical
hose, and non-functional requirements of the
system, such as low payback time, easy
maintenance,  simple  installation  and
ergonomics, among others, are also analysed.

The above requirements can be discussed
by implementing the QFD level 1 shown in
figure 2.

Figure 2
QFD Level 1
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Figure 3 presents in graphical form the
data collected with the QFD and weighted a
percentage according to the information that the
customer considers essential for the device to
have.

Customer needs graph

Easy maintenance
Simple installation
Investment return rate
Ergonomic
Safe
Effective

0% 10% 20% 30% 40%

Figure 3
Customer needs graph

Once the customer needs were obtained,
the technical requirements were identified. In
this case, an extruder will be used and the aspects
considered as requirements are:

- Convert electrical energy into thermal
energy.

— Converting  electrical energy into
mechanical energy.

- Temperature control.

- Drive unit.

— Cooling.

— Voltage supply.

— Raw material supply.

— Production capacity.

- Robust structure.

Based on the functional and non-
functional implementation requirements, an
electromechanical device capable of satisfying
each of these requirements must be available.
For this purpose, the solution tree is used, since
with this tool it is possible to identify more than
one solution for each problem and, based on this,
the best option for its resolution is discussed. For
the first requirement, the solution tree is shown
in figure 4.

ISSN: 2444-4936
RENIECYT-CONAHCYT: 1702902
ECORFAN® All rights reserved

)

Clamp type

resistance
| —

Electrical
resistors
Electrical

resistance
shielded by

chambers

Convert electrical

energy into
thermal energy

Figure 4
Solution to the first requirement

As an example, the tree diagrams for
some requirements are presented, see figure 5
and 6.

Radiation
pyrometer

- Thermometerl theBr:rT)%aelter

PID Thermocouple
- - Proportional
ON / OFF

Electrical

Heat increase e

-

reduction A

Figure 5
Temperature control solution

Figure 6
Raw material supply solution

Once each of the options for the solution
of each of the functional and non-functional
requirements of implementation were known,
the construction of the three possible concepts
on which the final design of the product will be
based began.
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Function Subfunction Concept 1 Concept 2 Concept3
e shielded

Elecrical resistance
by char

energy into  thermal Clamp type resistance Clamp type resistance

Convert electrical | Extruder Jotor CA (Variable Charge) Motor CA (Constant torque) otor CD
energy into mechanical ooling ater pump (1/2 hp) ‘Water pump (1/2 hp) ater pump (1 hp)
energy ull jotor CD (Shunt) Motor CD (Compound) otor AC
Thermocouple Bimetallic esistance
Control J OFF PID roportional
an Fan an
Resistance Heater Heater
For medium production Extirusion screw design Material data (Polymer) Head pressure
Pull unit Tires Caterpillar ands

Immersion heat exchanger Air heat exchanger Fans
Standard voltage 206230 460 230/460

I su Hopper (Metal) Hopper (Polymer) Hopper (Acrylic)
Carbon steel

Aluminum Stainless steel

Figure 7
Concept development

1.2. Detailed design

In order to make an analysis and a selection of
elements, the system is divided into sub-systems,
each in turn with its constituent components. The
list is as follows:

A. Extruder subsystem.

Feed hopper.

Extruder screw.

Extruder barrel.

Extruder die.

Electrical resistors.
Three-phase motor and speed reducer.
Extruder table.

Control circuit subsystem.

KOP and force control diagram.
Digital temperature control.
Type K thermocouple.

Relays and contactors.

Buttons and switches.

Control panel structure.
Frequency inverter.

Cooling unit subsystem.
Cooling channel.

Water pump.

Secondary cooling vat.
Hydraulic circuit.

Structure of the cooling unit
Subsystem firing unit.

DC motor (PAP stepper motor).
Speed control for a PAP motor.
Rollers.

Structure of the pulling unit.

gpdMPOgOROMNPONOOORAONMNETIDNOORMONE

The following are some of the
calculations made and the components chosen.
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Extruder subsystem, feed hopper

The dimensions of the hopper are proposed in
such a way as to have the space to accommodate
the necessary amount of material; in addition, by
reducing the space at the bottom, the possibility
of the material returning and not fulfilling its
purpose is reduced, see figure 8.

E=2cm A=10 cm
F=4 cm C=8 cm
D=5 cm B=13 cm

™

Figure 8
Schematic of Hopper Design

In order to obtain its volume, the design
is divided into two parts and based on figures 8
and 9, the following is obtained:

Paralelepipedo Truncated pyramide
Vearattepipea =D * E * F Vogramide = 1/3 [H (A + A, + A; ¥ 4,)]

> S

Figure 9
Parts of the Hopper

VTotal = Vparalelepipedo+Vpirdmide =
0.00053 m? [1]

Now we check that the volume of the
hopper is sufficient to hold all the material
required, for this we have to know the volume
that the material will occupy, so we have:

V = masa/Daparente =

(3.5 kg) / (94.2 grl cm?) * (1 kgl 1000 gr) *
(100°cm?® /1 m®) = 0.0000371 m® [2]

The volume and dimensions of the
hopper are therefore checked to ensure that the
volume and dimensions of the hopper are
adequate.
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Extruder subsystem, extruder screw

The selection of the extruder screw was started
by taking into account the Length / Diameter
ratio. This length defines the diameter and the
length that the screw and the barrel will have; to
select the screw size, the considerations
mentioned in the ‘Blow Molding handbook’ [2]
were taken into account.

Following the recommendations
indicated in the bibliography, it is proposed that
the ratio between length and diameter should be
20:1; with this, the spindle diameter of 22.5 mm
(1 inch) is proposed, followed by the spindle
length, number of threads, pitch, helix angle,
screw/cylinder tolerance, thread width, lengths
of the spindle zones, channel depth, compression
ratio and spindle revolutions. Table 1 shows the
main spindle data.

Diameter D:1in
Channel depth (dosing zone) hy,:0.15in
Pitch I:1in
Fillet width t:0.12 in
Speed N:23.72 rpm
helix angle @:17.7°
Fillet opening 6:0.02in
Table 1

Main spindle data

With the above data, the necessary
calculations are made to calculate the power
used by the screw in its operation; it is necessary
to define the drag flow and the pressure flow, the
maximum pressure in the barrel, the average
pressure, the total flow present in the extruder,
the power based on the flow, the definition of the
losses due to electrical installations, the losses in
motors and generators and the real power. This
real power is 3.8 W.

Extruder subsystem, three-phase motor and
speed reducer

From the calculations obtained in the design of
the extruder screw, it is required to comply with
a minimum power of 3.8 W, so a commercial
three-phase motor of any power can be used
because the commercial minimum is greater than
what is necessary, so it was decided to use a
three-phase motor of 1.5 Hp.
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The technical specifications of this motor
indicate a speed of up to 1750 rpm, which will
need to be reduced to obtain the 23.72 rpm
calculated in the design of the extruder screw.
Due to local market availability, it was decided
to purchase the three-phase motor and the speed
reducer in a single assembly.

The disadvantage of using a gearbox is
that the output speed cannot be controlled by
other means, i.e. this value remains fixed. From
the technical data it is observed that the output
speed is 29.2 rpm, this value does not affect the
extruder screw dimensions and the change is
reflected in the data presented in Table 2.

Production (amount of material /
time)

Maximum pressure

Average pressure

Total flow in the extruder

R=948% ~ 427%
hr hr

Ppoe = 10.577 MPa
AP = 5288 MPa

Q. = 7.505 x107 ™

Power based flow Py =4 Watt

Losses due to electrical installations Z, = 0.9 Watt
Losses in motors and generators Zy, =12 Watt
Actual power P = 5.8 Watt

Table 2

Correction of data, according to the output speed
of the geared motor

Control Circuit Subsystem, KOP and Force
Control Diagram

The operating conditions of the complete
machine are as follows:

- The complete system will not be
energised when connected to a 220 Vac
three-phase source. A main switch will
be required for this to happen.

— The activation of each of the subsystems
does not happen at the same time, it
needs to happen in stages.

- The power supply to the resistors is
controlled by the digital temperature
control, according to its configuration
characteristics.

— There must be an emergency stop, so that
as soon as a fault is communicated
through the controls, the whole machine
can be stopped.

Fulfilling the above requirements, the
KOP diagram is shown in figure 10.
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3F, 220V, 60Hz

Emergency stop C1l

Control coil

Red pilot lamp

e I
Emergency siren coil

Switch Resistor coil

L )

Motor coil

Green pilot lamp

Figure 10
KOP diagram

For the manipulation and proper
operation of the geared motor, the force diagram
shown in figure 11 is used.

Box 13

3F. 220V, 60

L1

L2
L3

Figure 11
Force diagram

Control circuit
temperature control

sub-system, Digital

Temperature controllers are indispensable
equipment for maintaining industrial processes
at correct temperatures. In order for the polymer
to flow effectively, it is necessary to raise its
temperature along the extruder barrel above its
melting point.

ISSN: 2444-4936
RENIECYT-CONAHCYT: 1702902
ECORFAN® All rights reserved

The temperature increase must be
gradual and controlled, because if the
temperature exceeds the boiling point of the
polymer, gases harmful to health will start to be
generated. Therefore, the following
temperatures have been designated for the
different zones of the extruder barrel:

Feed zone: T=pf+10°C.

Transition zone: T=pf+20°C.

Dosing zone: T=pf+5°C.

Where: T indicates Temperatura and pfis
punto de fusion del polimero.

Although the temperature in the dosing
zone remains above the melting point of the
polymer, it is the lowest in comparison to the
other zones, so that the product starts to cool
from the barrel, but the polymer remains in its
liquid form for as long as possible. The largest
temperature shock occurs almost immediately,
as soon as the product starts to come out of the
extruder die.

The ON-OFF control method is the most
primitive and simple as it involves maintaining
the temperature at a desired value (set point ST),
below this the controller output is on and when
it is exceeded the output is deactivated, no other
logic is involved in the process other than
activating or deactivating, see figure 12.

P+ - cv
—0O Control ON/OFF Relay Final actuator }——p»

| Temperature sensor (PV) |47

Figure 12
ON/OFF diagram for temperature control

The following observations are made
from the above figure:

— PV stands for PROCESS VALUE, in this
case temperature.

- ST indicates the SET POINT, the value
that is expected to be achieved in each of
the zones of the extruder barrel.

— CV stands for CONTROL VALUE.
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Cooling unit sub-system, Cooling unit
structure

The dimension of the length that the cooling vat
will have for the product, is a little more than 3
metres long; this result is only based on the
existence of a water flow, in this case it is the one
that will be provided by a pump. A cooling
system will be added to this in order to keep the
water temperature below 25°C and therefore the
length of the wvat will be reduced by
approximately 60% of that previously obtained.
The cooling channel would have the dimensions
shown in figure 13.

Leng (cm) | Height (cm) | Width (cm)
200 25 25

Figure 13
Dimensions of the cooling vat

The image above shows a Solid Works
design of the cooling vat. You can slightly
appreciate some elements that protrude from it,
which will be the innovation in the vat, as many
cooling vats worldwide use rollers.

Figure 14 shows a better view of the
design of these small square-shaped structures.
These 4 structures that are inside the tub, are the
guide of the extruded hose, which its function is
to keep the hose below the water at all times, to
prevent it from floating, thereby ensuring that
the correct cooling of the hose occurs, and also
to prevent it from rubbing against the walls of
the tub or getting stuck at some point and cause
the hose to stop circulating through the die.
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Figure 14
Isometric view of the channel

This design was made so that the product,
the hose, when entering the cooling vat has a
displacement in the form of an inverted arc and
avoids bending; since if this design is not
considered, the hose would bend and could be
damaged at some point due to the pressure that it
could suffer when circulating through the vat.
Figure 15 shows the structure of the cooling
subsystem.

Figure 15
Structure of the cooling subsystem

Once the different elements have been
designed and calculated, they are assembled to
appreciate the complete design, as shown in
figure 16.
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Box 18

Figure 16

Schematic of the medical hose manufacturing
system

Table 3 shows all the parts that needed to
be manufactured, as well as all the
manufacturing processes necessary to carry
them out.

Part Manufacturing process

Turning | Cutting | Welding [ Polished | Boring | Bendding | Painted

Extruder screw A A

Extruder barrel A A

Extruder die A A

Plate A A A

Disassembly plate A A

Feed hopper A A A A
Barrel cover A A A A
Extruder table A A A A A
Control panel structure A A A A A
Cooling channel A A A A
Channel support A A A A A
Pull unit structure A A A

Table 3

Manufactured elements and their manufacturing
processes

The entire manufacturing and assembly
process took place according to the diagram
presented in figure 17.

Extruder Control Cooling unit
m circuit Subsystem
mbl!
assembly subsscslemasss b assembly
Pull unit
subsystem
Assembly
Final ¢ |

adjusinents

Devices for agile manufacturing of
medical hose

Figure 17
Diagram of manufacturing and assembly process
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As part of the construction of parts, some
of them were ordered to be manufactured and
others were machined in the university
laboratories; figures 18, 19, 20 and 21 are shown
below as an example of the parts manufactured.

Figure 18
Extruder dies

Figure 19

Finished roof
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Figure 20
Cooling channel

Figure 21

Finished extruder subsystem
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Conclusion

With the design of a micro-enterprise device.
defined for the manufacture of hose for medical
purposes, the processing costs and agility to
respond to market needs meet the initial
expectations of the development of this project,
i.e. a device capable of producing hose for
medical use was created.

The construction of the device presented
challenges, due to the limitations of specialised
manufacturing equipment, as well as the
available budget, which increased the
complexity of the extruder construction.
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