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Editorial — Innovacion Técnica y Multidisciplinariedad en la Ingenieria Contemporanea.

Nos complace presentar una nueva edicion de Memoria Investigaciones en Ingenieria, en la que
continuamos nuestro compromiso con la difusion de trabajos cientificos y técnicos que reflejan la constante
evolucion de la ingenieria y su capacidad para responder a desafios de gran relevancia para la sociedad.
Esta entrega destaca por su marcada diversidad tematica y por la riqueza de enfoques que combinan
sostenibilidad, automatizacion, tecnologias emergentes e ingenieria estructural avanzada.

Abrimos esta edicion con un enfoque en sostenibilidad medioambiental, mediante el articulo Polymer
Pathways, que propone alternativas innovadoras para la disposicion de residuos plasticos, abordando uno
de los problemas mas criticos de la actualidad con soluciones basadas en ingenieria verde.

La inclusion de tecnologias accesibles para mejorar la calidad de vida esta representada por el desarrollo
de un baston inteligente para personas con discapacidad visual. Este dispositivo, basado en sensores
ultrasonicos y Arduino, ejemplifica como la ingenieria puede democratizar la asistencia tecnologica.

El avance de la robotica aplicada al sector agricola se plasma en el disefio de Robo-Vec, un sistema
autonomo IoT orientado a la cosecha eficiente. Este trabajo evidencia el impacto de la automatizacion
inteligente en la agricultura sostenible.

La caracterizacion mecanica y microestructural contintia siendo un pilar de nuestra revista. Dos
investigaciones abordan los efectos del enfriamiento post-soldadura en aceros de alta resistencia y en
aleaciones de aluminio, revelando cémo las condiciones de tratamiento térmico influyen en propiedades
criticas como la tenacidad, la dureza y la resistencia.

En el ambito de la ingenieria civil y estructural, se presentan comparaciones entre modelos de interaccion
suelo-estructura estaticos y dinamicos (Winkler, Pasternak, Barkan, Savinov, SNIP y Gazetas), aplicados a
losas de cimentacion. Estos trabajos fortalecen el analisis de comportamiento estructural ante distintas
condiciones geotécnicas.

La seguridad en el transporte motiva el disefio de un sistema de intercomunicacion vehicular basado en
sensores electronicos, una propuesta que puede integrarse en entornos urbanos inteligentes para una mejor
respuesta en situaciones de emergencia.

Desde el ambito de la exploracion subterranea, destacamos un articulo que emplea iméagenes infrarrojas
para la reconstruccion de cuevas y la deteccion de murciélagos, integrando vision artificial en aplicaciones
ecologicas y geoespaciales.

La robotica de servicios también tiene cabida con un desarrollo de camarero auténomo basado en IoT,
orientado a entornos de hospitalidad. Esta solucion demuestra como la ingenieria puede optimizar la
atencion al cliente en el sector servicios.

El analisis numérico de uniones compuestas madera-hormigén mediante doble corte aporta nueva evidencia
sobre el impacto de variables geométricas y materiales en la resistencia estructural, fortaleciendo las bases
para el disefio eficiente en sistemas hibridos.

En el campo de la remediacion ambiental, se investiga la eficiencia de la lombriz roja californiana en la
limpieza de suelos contaminados por hidrocarburos, destacando un enfoque biotecnoldgico para la
recuperacion ecologica.

La mejora de procesos industriales se aborda desde diferentes angulos: mediante la aplicacion de Six Sigma
en extrusion de plasticos blandos, la optimizacion paramétrica del mecanizado por descarga eléctrica en
acero AISI 1045, y el uso de metodologias Lean-Sigma para mejorar la puntualidad en procesos de moldeo
por inyeccion.
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En el ambito energético y ambiental, se presenta un analisis tecnoecondmico sobre captura directa de
carbono en aire usando sistemas de adsorcion tipo TVSA basados en estructuras metal-organicas, una
solucion clave en la lucha contra el cambio climatico.

Desde la gestion organizacional, se incluye un estudio de riesgos psicosociales y su efecto en el rendimiento
laboral en una entidad publica, ampliando la vision de la ingenieria hacia el bienestar de las personas en el
entorno de trabajo.

Finalmente, se ofrece una revision historica de la evolucion de la metrologia eléctrica en Uruguay,
aportando una perspectiva unica sobre la consolidacion de estandares y tecnologias a lo largo del siglo XX.

Agradecemos a todos los autores por sus valiosas contribuciones, a los revisores por su rigurosidad y
compromiso, y a nuestros lectores por seguir apoyando la divulgacion cientifica de calidad. Les invitamos
a explorar cada uno de estos trabajos y a sumarse activamente a las futuras convocatorias de nuestra revista.

Dr. Ing. Rafael Sotelo
Editor en Jefe
Facultad de Ingenieria
Universidad de Montevideo
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Polymer Pathways: A sustainable approach to plastic waste disposition
Vias de polimeros: un enfoque sostenible para la eliminacion de residuos plasticos

Caminhos dos polimeros: uma abordagem sustentdvel para a disposi¢do de
residuos plasticos

Ifrah Asif'”, Eylia Abbas Jafri’, Bushra Fatima®, Mehak Fatima Aamir*

Recibido: 28/07/2024 Aceptado: 28/10/2024

Summary. - Pakistan is a land filled with natural resources, but gradually due to depletion of these, the country aims
to benefit use from different materials that can serve the intended purpose with the minimal cost. Our country annually
generates 3.3 million tons of plastic waste. The plastic waste disposal is one of the most threatening challenges to all
major metropolitan areas around the world. If not sorted out immediately, it might degrade in the environment for many
years. This study proposes the use of waste PET bottles in road construction. The main objective is to analyse and
compare the properties of plastic-mixed bitumen roads over non-plastic mixed bitumen roads. Shredded plastic bottles
were mixed with bitumen in different ratios (0%, 6%, 8% and 10%) to enhance the stability and durability of roads.
Different tests like Marshall stability, penetration, ductility, and softening tests were performed in the laboratory. The
results showed that bitumen with 8% plastic has a low flow value. Also, the plastic modifier to bitumen increases the
density of the mixture which improves the structural performance of the asphalt pavement. There is an increase in the
softening point which illustrates that plastic modified bitumen roads can withstand hot weather more effectively than
traditional bitumen roads This addition of plastic in bitumen will be a boon for Pakistan's road industry.

Keywords: Polyethylene terephthalate (PET), asphalt, binder, Marshall stability, waste plastics, aggregates, bitumen,
optimum binder content.
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E. A. Jafri, I Asif, B. Fatima, M. F. Aamir

Resumen. - Pakistan es un pais repleto de recursos naturales, pero debido a su agotamiento gradual, el pais busca
aprovechar el uso de diferentes materiales que puedan cumplir su propdsito con un costo minimo. Nuestro pais genera
anualmente 3,3 millones de toneladas de residuos plasticos. La eliminacion de estos residuos es uno de los desafios
mds importantes para las principales dreas metropolitanas del mundo. Si no se gestiona de inmediato, podria
degradarse en el medio ambiente durante muchos arios. Este estudio propone el uso de botellas de PET desechadas en
la construccion de carreteras. El objetivo principal es analizar y comparar las propiedades de las carreteras con
asfalto mezclado con plastico frente a las de asfalto mezclado sin plastico. Se mezclaron botellas de plastico trituradas
con asfalto en diferentes proporciones (0 %, 6 %, 8 % y 10 %) para mejorar la estabilidad y durabilidad de las
carreteras. Se realizaron diversas pruebas de laboratorio, como pruebas de estabilidad Marshall, penetracion,
ductilidad y ablandamiento. Los resultados mostraron que el asfalto con un 8 % de plastico tiene un bajo indice de
Sfluidez. Ademdas, el modificador plastico del asfalto aumenta la densidad de la mezcla, lo que mejora el rendimiento
estructural del pavimento asfaltico. Hay un aumento en el punto de ablandamiento que ilustra que las carreteras de
betun modificado con plastico pueden soportar el clima calido de manera mas efectiva que las carreteras de betin
tradicionales. Esta adicion de plastico al betun sera una bendicion para la industria vial de Pakistan.

Palabras clave: Tereftalato de polietileno (PET), asfalto, aglutinante, estabilidad Marshall, residuos pldsticos,
daridos, betun, contenido optimo de aglutinante.

Resumo. - O Paquistdo é um pais repleto de recursos naturais, mas, devido ao esgotamento gradual desses recursos,
o0 pais busca se beneficiar do uso de diferentes materiais que possam atender aos propositos pretendidos com o minimo
custo. Nosso pais gera anualmente 3,3 milhoes de toneladas de residuos plasticos. O descarte de residuos pldsticos é
um dos desafios mais ameagadores para todas as principais dreas metropolitanas do mundo. Se ndo forem tratados
imediatamente, podem se degradar no meio ambiente por muitos anos. Este estudo propée o uso de garrafas PET na
constru¢do de estradas. O objetivo principal é analisar e comparar as propriedades de estradas com mistura de
plastico e asfalto em comparacdo com estradas com mistura de asfalto sem plastico. Garrafas plasticas trituradas
foram misturadas com asfalto em diferentes proporgoes (0%, 6%, 8% e 10%) para aumentar a estabilidade e a
durabilidade das estradas. Diferentes testes, como estabilidade Marshall, penetracdo, ductilidade e amolecimento,
foram realizados em laboratorio. Os resultados mostraram que o asfalto com 8% de plastico apresenta baixo valor de
Sfluidez. Além disso, o modificador plastico no asfalto aumenta a densidade da mistura, o que melhora o desempenho
estrutural do pavimento asfaltico. Ha um aumento no ponto de amolecimento, o que ilustra que estradas de asfalto
modificado com plastico podem suportar climas quentes de forma mais eficaz do que estradas de asfalto tradicionais.
Essa adi¢do de plastico ao asfalto sera uma béngdo para a industria rodoviaria do Paquistdo.

Palavras-chave: Tereftalato de polietileno (PET), asfalto, ligante, estabilidade Marshall, residuos plasticos,
agregados, betume, teor ideal de ligante.
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1. Introduction. - In research, it has been found that plastic waste can sustain on earth surface for about 4500 years
without being changed or decomposed [1]. Plastic is a vital substance, and it is present everywhere in various forms,
from synthetic fishing nets to single-use items like water bottle and trash bags. Currently, 400 million tonnes of plastic
waste produces every year, and it is observed that plastics are not biodegradable and are unaltered under the surface of
earth for about a period of 4500 years. The manufacturing of plastics has grown exponentially since 1950, rising from
2 metric tonnes in 1950 to 322 metric tonnes in 2015. Global manufacturing reached an astounding 8.3 metric billion
annually as of 2017. Around 36 metric million tons of plastic waste is generated in the United States every year [2]. It
is approximated that by 2050 a billion metric tons of plastics is consumed and present in landfills. The plastic is a threat
to biosphere. Why? The answer to this statement lies in the properties of plastic itself. Plastics are very much flexible,
handy, cheap, lightweight and durable so once they have been used, they can’t easily be disposed even they take
centuries to be decomposed completely [3].

Landfilling is a conventional approach to deal with plastic waste but due to lack of space for landfills, it was no longer
a justified solution. An alternative to landfilling is incineration of plastic waste but it was also an ineffective solution
due to the release of noxious fumes which are unhealthy to the environment [2]. The best and productive solution for
the disposal of waste plastic is to reuse it. In this way the need for the production of plastic reduces and it will circulate
around the surroundings, hence reduces the health risks. Steps have been taken to reuse plastic waste in different sectors
including clothing accessories, transportation and construction [4]. Researchers found that plastic- bitumen mixed
pavements are more flexible than the ordinary asphalt pavements. When water gathers over the asphalt pavements, it
penetrates and create depressions known as potholes decreasing the strength and the life of roads and bridges. On the
contrary, plastic increases the strength and durability of roads when it is added to the bituminous mix. It also increases
the slip resistance and lowers the cost of the construction [1].

Plastic is a flexible synthetic polymer that can be heated and moulded into different shapes. It is cheap, strong, formable,
lightweight and corrosion resistant. On the basis of physical properties, it is classified as thermoplastic or thermosetting
plastic. Thermoset plastics are formed by the process of irreversible polymerization. They do not soften upon heating
once they have moulded. Examples of widely used thermosets are vulcanized rubber, polyurethane foams and phenolic
resins. On the contrary, thermoplastics undergo multiple heating and cooling cycles and becoming soft and hard during
these cycles. Atoms and molecules in thermoplastics consist of long and short carbon chains that work independently.
This structure makes these materials non-biodegradable due to their resistance to degradation or hydrolytic cleaving of
chemical bonds. A common example of thermoplastics is polyethylene terephthalate (PET) in clothing fibers and in
packaging of beverages and foods [5], [6], [7].

PET or Polyethylene terephthalate is the most used and recyclable plastic in the world. It is used to package 70% of
carbonated soft drinks, fruit juices and bottled water. It is flexible, colorless and translucent polymer. It has a good
tensile strength and chemical resistance. In South Asia only, the consumption of PET by the six largest countries is to
almost double from 886,000 tons in 2018 to 1.52 million tons in 2030 [8]. Due to its good creep resistance and low
moisture absorption, it is suitable to be used in asphalt pavement [9], [10]. The plastics can reduce thermal susceptibility
to bitumen, such as rutting in warm temperatures and fatigue cracking in cold temperature [8]. Plastic waste can be
added to the bitumen either by wet or dry process. The dry process is considered to be simple and economical while
the wet process involves a higher investment and machinery. Hence, it is not commonly used [11]. In the wet process,
plastic waste is made into powder form and then add to the hot bitumen before the aggregates are mixed. The
temperature range for this method is preferably 155°C to 165°C. On the contrary, dry process involves the shredding of
waste plastic. These plastics are coated over pre-heated aggregates. The bitumen is heated to 160°C and get mixed with
plastic coated aggregates [12], [13]. A study reported a marked improvement in various parameters such as Marshall
stability and tensile strength for the outputs of dry process in comparison to that of wet process [11].

The use of plastic-modified bitumen in roads construction is indeed a great idea which has been adopted by many
countries in order to solve the problem of plastic waste disposal and to increase the lifetime of their roads. The United
Kingdom government had invested £23 million into plastic roads technologies. A Ghana based plastic recycling
company produced pavement blocks from waste plastic that have been approved by Ghana’s Ministry of Science and
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Technology and have been used to construct a road in Accra. Moreover, Netherlands have also built a 30-meter cycle
path in the Zwolle municipality [14], [15]. India was also one of the biggest promoters of PET modified roads. Many
other countries including China and Ethiopia have been working under this idea to enhance their roads quality [16].
The authorities in Pakistan also took initiatives to build plastic modified roads across the country. Pakistan’s first plastic
road under the “World Without Waste” program was completed in December 2021 at F-Park and Ataturk Avenue,
Islamabad, using almost 8 tons of polyethylene terephthalate recycled plastics. Over 2.5 tons of discarded lubricant
bottles were recycled for the construction of 730 feet long and 60 feet wide road on which a multinational firm is
located in Karachi. The discarded lubricant's plastic bottles were incorporated in the construction of the asphalt road
using the dry process method, reducing plastic waste [17]. More projects regarding plastic modified bitumen roads are
under operation in the province of Sindh and Punjab [18].

The increasing use of plastic and its disposal has become a worldwide issue which needs to be resolved by taking some
effective measures. This study shows a comparative analysis between plastic modified bitumen and non-plastic bitumen
roads. It highlights the mechanical properties and usefulness of PET modified roads and listed all the results that have
been obtained from the experiments performed. It focused on the need of a sustainable action that makes the true use
of plastic wastes instead of their elimination. For the present study, we use waste PET bottles as a plastic modifier.
Around 100 bottles were crushed to a size of 2-4mm in a crusher machine and thenl sieved thorough 4.5mm sieve.

2. Methodology. - The optimized bituminous mix's binder content was optimized using the Marshall mix design. In
addition, the same procedure was used to optimize three other plastic types. The amount of bitumen needed in the
bituminous mix to produce fully coated aggregates, sealed air gaps, and increased durability is known as the optimal
binder content. The Marshall Testing Machine was used to conduct this test. The specimens with 2.5%, 3%, 3.5%,
3.9%, 4.6%, 5.5%, and 7% asphalt by weight of aggregates, were made using standards ASTM D1559-89 and
AASHTOO standard, T245-82.

Approximately 1200 grams of aggregates are heated to 160-185°C. The first trial involves heating bitumen to 130-
150°C and adding 2.5% bitumen by weight to the aggregates. The heated aggregates and bitumen were completely
mixed at a temperature of 150—160°C. The mixture is then placed in a prepared mold and crushed using a rammer with
75 blows on both sides at a temperature of 130-150°C. The produced mixture is then placed into the Marshall Testing
Machine. The Design Criteria or the Marshall Method Table I were used to determine the optimal binder content for
heavy traffic surface and base mixes.

Surface and Base Mix

Marshall Method Mix Light Traffic Medium Traffic Heavy Traffic

riteria T . T N T .
Crite Minimum Maximum Minimum Maximum Minimum Maximum

Compaction, no. of blows at

each end of the 35 50 75
specimen

Stability, (Ib.) 500 - 750 - 1500 -
Flow (0.01 inch) 8 20 8 18 8 16
Percentage of air voids 3 5 3 5 3 5
Percentage of voids in mineral 14 - 14 - 14 14
aggregate (VMA)

for 3/4"size

Table I. - Design Criteria of the Marshall Method.
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After determination of optimal binder content of bitumen, a mixture consisting solely of virgin bitumen as well as PET
was prepared. Different percentages of plastic were chosen and analyzed for each modified mix. Two different
processes i.e. wet process and dry process can be used. However dry process was used as it is more economical and
does not require any extra effort to preheat the plastic. To begin, an asphalt sample core with 4% plastic content was to
be made. This process involves the heating of aggregates having 12.5mm dimensions at 170°C. About 100 waste PET
bottles were crushed to a size of 2-4mm size in a crusher machine and then sieved thorough 4.5mm sieve. These
aggregates are then coated by hot shredded plastic. Grade 60/70 bitumen which confirms to the ASTM standards is
then mixed with plastic coated aggregates. A digital scale is used to measure the sample weights, and an industrial
grade mixer is used to uniformly mix the contents.

The following procedure is applied on the sample.

a. Heating the sample in a special apparatus to obtain a cylindrical shape as per the standards.

b. Then the sample is left in the oven for 4 hours.

c. The asphalt molds are then air cooled at room temperature.

All The above steps are repeated with varying content of plastic by weight of bitumen (0%, 6%, 8% and 10%).

As shown in Figure I, each sample was labelled according to its plastic content, and each has a diameter of 100mm and
a height of 64mm as per AASHTO standards.

Once the samples cool, the bitumen quality tests were to be applied. At first, the Marshall Stability Test was to be
performed. This test estimates the maximum load that a bitumen sample can bear under standard testing temperature
of 60°C. It was performed by Marshall Testing Machine Figure IV. Along with the MS, density, stability and flow
determination, stability and penetration, ductility and softening of the cores were checked in Figure V.

The density of the specimen can be determined by weighing it in air and clean water at room temperature and the
difference between the two gives the density value called Density Determination. Another test value that can be
measured from Marshal Stability tester is the Stability and Flow determination. The flow value is the vertical
deformation when the maximum load is applied to the specimen.

After stability, the penetration, ductility and softening of the sample cores were to be checked. This test determines the
consistency of bitumen materials by measuring the depth (in units of one tenth of mm) to which a standard needle will
penetrate under specific condition of load, duration and temperature. The weight of the standard needle assembly is
100 gm. The needle penetrates in the sample for a duration of 5 seconds at 25°C and is used for the purpose of grading.
The softer the bitumen the greater will be the penetration. ASTM Standard D5-86 and AASHTO standard T49-68. The
penetration sample is shown in the Figure 1.

Figure 1. Penetration Sample.

Another major factor is Ductility; expressed as a distance in centimeters to which a standard briquette of bitumen can
be stretched before the thread breaks. This test helps to determine the asphalt’s flexibility and its resistance to cracking
in cold weather conditions, as shown in Figure II.
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Figure Il. Ductility Sample.

Softening point is the temperature at which the sample attains a particular degree of softening under specified
conditions. The apparatus used for this test is known as ring and ball apparatus. It was conducted to assess the
temperature susceptibility and suitability of asphalt mixtures in specific climates and weather conditions, especially in

hot weather. Figure III.

Figure IV. Marshall Tester.
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Figure V. Sample Core.

3. Results and Discussions. - The laboratory results for both virgin mix and modified plastic specimen, as well as the
impact of plastic are discussed below in Table 2.

% of bitumen  [Unit wt. (pef.) % Air voids  [Flow in 1/100 inch Stability, Lbs. % VMA
by wt. of mix

2.5 137.5 15.2 6 1000 20

3 142 10 7 2350 16.7

3.5 145.5 7.6 8 2700 15.6

3.9 147.5 5.5 11 2750 14.9

4.6 148 3.7 16.5 2000 15.3

5.5 147.5 2.8 30 1250 16.1

7 146 2 44 400 17.6

Table II. Experimental Results for Optimum Binder Content.

According to the Marshal mix design, the trial findings for optimum binder content are determined where the best value
of stability occurs, and the air voids are within acceptable limits (usually between 3% and 8%). The graph shows that
when the binder content increases, air voids decrease. These details better compaction and performance however values
below 3% can restrict the expansion of asphalt binder during temperature fluctuations, causing potential cracking and
instability [19]. There is an increase in the stability value with the percentage of bitumen up to 3.9% where it peaks at
2750 1bs. Although there is an increase at flow value with the increase in binder, reaching a maximum at 4.6, but the
stability begins to decline. Also, the minimum % VMA is at 3.9% bitumen content but within the acceptable range. On
comparison with the stability and flow values; it is concluded the optimum bitumen binder content is 3.9%. This is also
consistent with [20]. The results of tests performed to find optimum bitumen content are listed in Table II.

When plastic is added, the mixture's viscosity decreases, and its Marshall Stability value rises until it reaches its ideal
content. However, the increased friction between the mixture's various particles causes the MS value to drop after the
optimal content. The use of different kinds of plastic, varying volumes of bitumen, and a variable mixing technique are
the causes of the variation in the ideal percentages that has been noticed as shown in Figure VI.

Figure VII shows the effect on flow value with varying percentage of plastic in asphalt mixture. As seen, flow value
decreases while adding plastic to the bitumen. Plastic increases the viscosity and stiffness of the bitumen, and the
mixture become less susceptible to deformation, especially under high temperature conditions. As shown, bitumen with
8% plastic has a low flow value. This decrease in flow value indicates greater resistance to rutting, which is a common
problem in asphalt pavements. Further, as shown in Figure VIII, density increases with plastic content up to 8% and
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thereafter decreases. Thus, the addition of plastic modifiers to bitumen increases the density of the bitumen mixture
which improves the structural performance of the asphalt pavement. Similarly, the stability of the mixture increases
with plastic content up to a certain value i.e. 8% and thereafter decreases as shown in Figure IX. According to the data,
there exists an ideal range for the binder content that maintains acceptable flow values while optimizing stability.
Hence, the optimum plastic content was found to be 8%.

All the reading taken from the penetration test are listed in Table II. Each sample was tested thrice to get the average
penetration value. Figure X; illustrates the effect of plastic concentration on penetration. The penetration depth
decreases as the amount of plastic increases up to 8% and thereafter increases. This explains that the asphalt mix has
the greater stiffness, durability and resistance to rutting at 8% plastic content. The results of ductility test are listed in
Table III. The distance the specimen stretched before breaking was measured and recorded as its ductility value.

As shown in Figure XI, ductility increases with plastic content up to 8% and decreases afterwards. This means that the
bitumen modified with 8% plastic have greatest elongation or elasticity before it fails. The results of softening test are
listed in table 4. In this test, when either of the two balls touched the base of the cylinder, the temperature was measured
and recorded as the softening point of the given bitumen sample.

It is shown in Figure X that the softening point increases with plastic content up to 8% and thereafter decreases. This
increase in the softening point illustrates that plastic modified bitumen roads can withstand hot weather more effectively
than traditional bitumen roads.

According to the data, there exists an ideal range for the binder content that maintains acceptable flow values while
optimizing stability [21].

Figure XII highlights the superiority of plastic-mixed bitumen sample over non-plastic bitumen sample. It is less
susceptible to softening in hot weather, hence, reducing the risk of rutting and pothole formation. It remains flexible at
lower temperatures, reducing the risk of cracking and deformation. It enhances bitumen’s resistance to wear and tear,
resulting in more durable roads. Furthermore, reusing plastic waste contributes in a sustainable environment and
reduces the maintenance time and cost. Therefore, in order to enhance asphalt's overall qualities, this amount of plastic
modification is advised. It is significant to remember that using modified asphalt in construction might result in
pavement structures that are more resilient and long-lasting.

. . o

. Optimum binder %y 1ol Stability | Flow value in .
Specimen (Ibs) 1/100 inch Density (PCF)

bitumen %] plastic %

1 100 0 1926.84 22 2.23

2 96 4 2647.75 21 2.25

3 94 6 3105.21 24 2.25

4 92 8 3430.39 23 2.26

5 90 10 2438.31 26.5 2.19

Table I1I. Experimental Results.
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Figure VI. Experimental Results of Marshal Stability.
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Figure VIII. Experimental Results for Density.
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Figure IX. Experimental Results of Penetration.

Specimen | Plastic % | Ductility (cm)
1 0 108
2 4 110
3 6 112
4 8 115
5 10 110

Table IV. Experimental Results of Ductility.

Softening point (°C)
Specimen | Plastic %
Ball1 | Ball 2 | Average

1 0 45 46 45.5
2 4 60 61 60.5
3 6 62 61 61.5
4 8 62 63 62.5
5 10 60 61 60.5

Table V. Experimental Results of Softening.
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Figure X. Experimental Results for Softening Point.
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Figure XI. Experimental Results for Ductility.
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Figure XII. Performance indicators of Traditional vs Plastic Bitumen-modified.

3.1. Statistical Analysis. - A correlation analysis was performed amongst the Plastic content and various properties
like Ductility, Marshal Stability, Penetration and Softening Point. The results are discussed below:

1. There is a moderately positive association between ductility and plastic content, indicating that ductility tends to rise
in tandem with plastic content. This relationship may not be consistent across samples, though, as it is not statistically
significant (p > 0.05).

2. The moderate positive correlation between Plastic content and Marshal Stability indicates that higher plastic content
is associated with higher Marshal Stability values, but this rise in Marshal Stability is only valid till 8% of plastic
content, however it reduces at 10% plastic content.

3. According to a strong negative association, penetration drops as plastic content rises, meaning that more plastic
materials are less permeable.

Ductility | Marshal Stability | Penetration | Softening Point

Pearson Correlation 0.589 0.576 -0.796 0.817
Plastic

P-VALUE 0.296 0.31 0.107 0.091

n 5 5 5 5

Table VI. Experimental Results of Statistical Analysis.
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4. Economic Analysis of Plastic Bitumen Road for Pakistan.

4.1 Pakistan’s Bitumen Import Cost. - Approximately, Pakistan imported bitumen of about $ 3 million in the year of
2023, increasing cost of bitumen per year shown in Figure X. Roads made from plastic waste give an opportunity to
reduce the amount of bitumen use for the road construction and eventually reduce the import cost of bitumen annually.
The details of 2023 bitumen import cost approx. in USD $ 45,814.70K and the total tonnage was about 207240 metric
ton from the world [22]. By using plastic waste in roads, we can approx. reduce 10% cost of bitumen import and will
be able to build more sustainable and eco-friendly roads network.

4.1.1 Cost Estimation of Plastic Waste Processing. - Use of plastic waste for road construction, in the bituminous
mixture is 6% to 8% of weight of bitumen. Cost of waste plastic shreds in kilogram is between Rs.85/kg to Rs.90/Kg
[23].

S.NO PARTICULARS APPROX RATE (Rs./kg)
1 Waste plastic 1
2 Collection of plastic 2
3 Transportation 2
4 Cleaning and shredding 2
5 Labor charges 3
6 Machinery charges (electricity and maintenance) 2
Total Rs. 12/ kg

Table VII. Per kilogram waste plastic processing cost.

4.2 Cost Estimation and Comparison of Conventional Roads and Plastic Roads

4.2.1 Material Costing. - For the cost comparison initially take the standard of construction of 1-kilometre road of and
width of 3.7 m [23].

* Bitumen cost per kg is Rs.119 per kg.

* Surface area of road which will be covered by bitumen is given as Road surface area = Road length x width of road
= 1000 meters x 3.7 meters = 3700m?2.

* Gravels chips cost = Rs.12,000 to Rs 13,000 per 1 brass (2.83 m3)

* The volume of bitumen required for all types of roads surface is 0.98 kg to 1.10 kg per m2 [22].

4.2.2 Pure Bitumen Seal Coated Roads Cost Estimation. -Now for the comparison analysis first evaluate the
estimated cost required for the construction and seal coating of aggregate with pure bitumen. We have taken the
standard of 1 kilometer road of width 3.7 meters [20].

* Total volume of bitumen required for road coating Bitumen = (road surface area) x (bitumen required per m2)
=3700 m2x 1 kg/m2 = 3700 kg

* Gravel chips volume required for road.

* Gravel volume = (road surface area) x (Gravel chips layer thickness) = 3700 m2x 0.005m (5mm) = 18.5 m3

* Pure bitumen cost for road coating.

* Total Bitumen cost = (total bitumen volume) x (cost of bitumen per kg) = 3700 kg x Rs.119 /kg = Rs. 440,300/ km
» Total cost of gravels or aggregate is given as

Total Gravel cost = (total volume of Gravels) x (rate of Gravel)

= 18.5m3 x (13,000 / 2.83 m3) {1 brass = 2.83}

=18.5x4,593

=Rs.84,970 / km
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* Total cost of the pure bitumen coated road is estimated as
Total cost of bitumen road = (total cost of bitumen) + (total cost Gravel)
=Rs.440,300 + Rs. 84,970

=Rs.525,270 (approx.).

4.2.3 Costing Evaluation Result. - Hence the total cost for the construction of 1 km and width of 3.7 m road is
approximately estimated as Rs.525, 270. It should be considered that it is estimated cost of the material that is required
for the construction of roads it does not include the cost of labor, machinery and traveling.

4.2.4 Modified Plastic Bituminous Mixture Road Cost Estimation. - The use of plastic shredded waste in bituminous
mixture of road is 6% to 8% of weight of bitumen. For cost estimation again consider the construction of road of 1
kilometer having width of 3.7 meters.

* Cost of shredded plastic waste is Rs 85. /kg to Rs.90/kg

* Total volume required of waste shredded plastic for aggregate coating is Total shredded plastic volume = (total
bitumen volume) x (% of plastic) = (3700 kg) x (8%) = 296 kg

* Total cost of shredded plastic required for road is
Total shredded plastic cost = (total plastic volume) x (rate per kg)
=296 kg x RS.90/kg = Rs.26, 640 /km.

* Total cost of bituminous mixture with shredded plastic can be estimated as.
Total cost of mixture = (cost of bitumen after plastic addition) + (Shredded plastic cost)
=[(3700 kg — 296 kg) x119] + Rs.26,640 = Rs. 431,716/km

* Total cost of plastic road can be estimated as.
Total cost of plastic road = (plastic/bitumen mixture cost) + (Gravel cost)
=Rs.431,716 + Rs 84,970. = Rs. 516,686 / km

4.3 Costing Evaluation Result. - Hence the cost estimation for plastic road is calculated as Rs. 516,686 /km. It does
not include the labor, machinery and travelling cost. We have taken the standard of 1-kilometer road having a width of
3.7 meters. The reduction is cost with plastic shredded particulate in the bituminous mixture can be approximately
calculate as 4% to 6% as compared to pure bitumen road construction.

4.3.1 Bitumen Cost Reduction. - The cost of bitumen is also reduced by using plastic in the road mixture as plastic
replaces the amount of bitumen uses for affective coating of the aggregate, the reduction in cost can be calculated as.
* Bitumen cost (conventional road) = 3700 kg x Rs.119/kg = Rs. 440,300/kg

* Modified Plastic bitumen cost = [(3700 kg — 296 kg) x 119] = Rs. 405,076

« Cost reduction = Rs.440,300 — Rs.405,076 = Rs.35,224/ km

Hence a cost reduction of Rs.35, 224 is saved in bitumen mixture by using shredded plastic as an additive
in the bituminous mixture for road construction shown

4.3.2 Overall Road Construction Cost Analysis. - From the above calculation we have derived some of the major
cost reduction by using shredded plastic waste in the bituminous mixture. The reduction in cost for construction of road
per kilometer can be calculated as:

* Cost reduction = (cost of pure bitumen road) — (cost of modified plastic bitumen)
=Rs. 525,270-516,686
=Rs. 8,584 /km
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The findings of this study show that using waste plastic in road construction can be a smart and eco-friendly solution
for Pakistan. By mixing shredded plastic into bitumen, it can reduce the number of traditional materials needed, which
helps lower costs and makes roads stronger and more durable. This approach not only helps tackle the serious issue of
plastic waste in the environment but also supports the building of better roads that can withstand wear and tear. As
Pakistan adopts these innovative practices, it opens the door to a cleaner future where waste is reused effectively.
Overall, this method can lead to significant savings and contribute to a healthier planet for everyone.

5. Future Recommendations. -

a. Further studies should investigate the potential leaching of harmful chemicals from plastic additives into soil and
waterways. As some plastics can release toxic substances when heated, understanding these risks is crucial for ensuring
the safety of road construction practices.

b. Many studies so far have been conducted using several other forms of plastics like PET, LDPE and HDPE. Further
material like Polypropylene (PP) or Polystyrene (PS) to assess their suitability in the asphalt mix.

c. Further research can incorporate detailed analysis on microstructure of plastic-bitumen sample. This was not
conducted in this study due to limitations of resources.

d. Further studies with bigger sample sizes may offer more conclusive insights into this relationship, as the correlation
approaches significance but falls short of traditional standards.

6. Conclusions. - This research explored the use of waste PET bottles in asphalt mixtures, highlighting the
environmental and economic benefits of incorporating plastic into road construction. Following conclusions could be
interpreted from the results.

a. In our study, we created five sample cores with varying plastic content: 0%, 4%, 6%, 8%, and 10%. The results
showed that asphalt with 8% plastic content by weight of Optimum Binder Content (OBC) exhibited the highest
Marshall Stability, with values of 3430.29 lbs.

b. Also the value of ductility and softening point at 8% plastic content is maximum. This increase in the softening point
illustrates that plastic modified bitumen roads can withstand hot weather more effectively than traditional bitumen
roads

c. Additionally, using plastic in bitumen not only improves road performance but also leads to substantial cost savings.
For instance, roads made with plastic-modified bitumen can reduce overall construction costs by approximately 4% to
6% compared to traditional methods. This innovative approach not only helps manage plastic waste effectively but also
supports the development of stronger, more resilient road networks.

d. By adding waste plastic to asphalt, we can significantly reduce the amount of plastic that ends up in landfills and
oceans, promoting more sustainable practices.
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Enhanced Mobility Aid for the Visually Impaired: An Ultrasonic Sensor and
Arduino-Based Smart Walking Stick

Ayuda de movilidad mejorada para personas con discapacidad visual: un sensor
ultrasonico y un baston inteligente basado en Arduino

Auxilio de mobilidade aprimorado para deficientes visuais: um sensor ultrassonico
e uma bengala inteligente baseada em Arduino

Shahzor Memon'™, Mirza Muhammad Aamir®, Sadiq Ur Rehman®, Halar Mustafa?, Muhammad Shakir Sheikh’

Recibido: 08/08/2024 Aceptado: 29/10/2024

Summary. - This study introduces a smart walking stick for the blind and visually impaired that uses ultrasonic sensors
with Arduino and Raspberry Pi. The World Health Organization estimates that 37 million people worldwide are blind.
People who are blind or visually impaired frequently rely on assistance from outside sources, which may come in the
form of humans, dogs that have been trained, or specialized technological gadgets that play the role of decision-making
support systems. We were then inspired to create a smart walking stick in order to get around these restrictions. In order
to achieve this, we fitted the stick with ultrasonic sensors at strategic locations that activated the buzzer sound while
giving the user information about the surroundings. Our proposal was for a low-cost, lightweight device that uses a
microcontroller to interpret signals and emit beeps to notify the visually impaired individual of any obstacles, water, or
dark places. The system consists of obstacle and moisture detection sensors that receive, process, and send signals to
the alarm system, which then warns the user to take action. The system was conceived and programmed in C, tested
for accuracy, and checked by a visually challenged individual. Our technology can identify obstructions within around
2 meters of the user.

Keywords: Ultrasonic sensor, Arduino ATmega328 Microcontroller, Mobility aid, Visually Impaired Person, Alarm
system
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Resumen. - Este estudio presenta un baston inteligente para personas ciegas o con problemas de vision que utiliza
sensores ultrasonicos con Arduino y Raspberry Pi. La Organizacion Mundial de la Salud estima que 37 millones de
personas en todo el mundo son ciegas. Las personas ciegas o con problemas de vision a menudo dependen de la ayuda
de fuentes externas, que pueden venir en forma de humanos, perros que han sido entrenados o dispositivos tecnologicos
especializados que desempeiian el papel de sistemas de apoyo a la toma de decisiones. Entonces nos inspiramos para
crear un baston inteligente para superar estas restricciones. Para lograrlo, equipamos el baston con sensores
ultrasonicos en lugares estratégicos que activaban el sonido del timbre mientras brindaban al usuario informacion
sobre los alrededores. Nuestra propuesta era un dispositivo liviano y de bajo costo que utiliza un microcontrolador
para interpretar sefiales y emitir pitidos para notificar a la persona con problemas de vision sobre cualquier obstdculo,
agua o lugares oscuros. El sistema consta de sensores de deteccion de obstaculos y humedad que reciben, procesan y
envian seniales al sistema de alarma, que luego advierte al usuario para que tome medidas. El sistema fue concebido
vy programado en C, se probo su precision y fue revisado por una persona con discapacidad visual. Nuestra tecnologia
puede identificar obstrucciones a unos 2 metros del usuario.

Palabras clave: Sensor ultrasonico, Microcontrolador Arduino ATmega328, Ayuda a la movilidad, Persona con
discapacidad visual, Sistema de alarmas

Resumo. - Este estudo apresenta uma bengala inteligente para cegos e com deficiéncia visual que utiliza sensores
ultrassonicos com Arduino e Raspberry Pi. A Organizagdo Mundial de Saude estima que 37 milhdes de pessoas em
todo o mundo sdo cegas. As pessoas cegas ou com deficiéncia visual dependem frequentemente da assisténcia de fontes
externas, que pode surgir sob a forma de seres humanos, cdes treinados ou dispositivos tecnologicos especializados
que desempenham o papel de sistemas de apoio a tomada de decisdes. Fomos entdo inspirados a criar uma bengala
inteligente para contornar estas restrigoes. Para tal, equipamos o stick com sensores ultrassonicos em locais
estratégicos que ativavam o som da campainha e davam ao utilizador informagdes sobre o meio envolvente. A nossa
proposta foi um dispositivo leve e de baixo custo que utiliza um microcontrolador para interpretar sinais e emitir sinais
sonoros para avisar o deficiente visual de qualquer obstdculo, dgua ou local escuro. O sistema é constituido por
sensores de dete¢do de obstaculos e humidade que recebem, processam e enviam sinais para o sistema de alarme, que
avisa o utilizador para agir. O sistema foi concebido e programado em C, testado quanto a sua precisdo e verificado
por um deficiente visual. A nossa tecnologia pode identificar obstru¢des a cerca de 2 metros do utilizador.

Palavras-chave: Sensor ultrassonico, microcontrolador Arduino ATmega328, ajuda a mobilidade, pessoa com
deficiéncia visual, Sistema de alarme
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1. Introduction. - Vision is the most vital part of human physiology as 83% of information humans get from the
environment is via sight. According to a report by the WHO (World Health Organization) estimates that in the world
about 1% of the human population is visually impaired. There are over 2.2 billion individuals with a vision impairment
of some description across the globe among them about 10% are fully blind (or moderate to severe) distance vision
impairment and 90% (about 63 million people) with low vision. In 2015, a survey was conducted by the Royal National
Institute of Blind People (RNIB) (Wilson, 2015) including approximately 500 visually impaired persons for whom a
collision with an obstacle over three months was reported.

#Western Pacilic
® Africa

® The Americas
# South-East Asia
® Europe

u Castern Mediterranean

Figure I: A Pie Chart Showing Blind People Across the World.

The most traditional and oldest mobility aids for individuals with vision impairments are the walking cane (sometimes
referred to as a white cane or stick) and guide dogs. The most significant flaws of these aids are the required skills and
training phase, the range of motion, and the limited information supplied. The rapid growth of current technology, both
in hardware and software, has created the opportunity to deliver intelligent navigation capabilities. Recently, various
Electronic Travel Aids (ETA) have been designed and developed to assist the blind in navigating independently and
safely. Furthermore, the most expensive technical options for assisting blind people in navigating freely have only
recently been introduced. While these systems are suitable for outdoor navigation due to the need for line-of-sight
access to satellites, they still require additional components to improve resolution and proximity detection in order to
prevent blind people from colliding with other objects and thus endangering their lives. In contrast to other technologies,
many blind guide systems use ultrasound because it is resistant to surrounding noise. Another reason why ultrasonic
technology is widely used is that it is relatively inexpensive. Additionally, ultrasound emitters and detectors are tiny
enough to be transported without the need for complicated electronics. In the related research [16], The project
developed a low-cost mobility aid using ultrasonic sensors for obstacle detection, providing alerts through LEDs,
buzzers, and vibrating motors. It effectively detects objects within 2 to 50 cm, enhancing mobility for visually impaired
individuals. The research article [17] presents a voice-based navigation system utilizing ultrasonic sensors for obstacle
detection, enhancing mobility for visually impaired individuals. This system integrates real-time voice assistance,
ensuring safer travel by alerting users to obstacles and slippery surfaces. In [18] the research presents a mobility stick
utilizing ultrasonic sensors and haptic motors to assist visually impaired individuals. This system enhances navigation
by providing haptic feedback, while also monitoring movement and potential falls, integrating data through the Internet
of Things. In research [19], The Smart Cane is used that incorporates an ultrasonic sensor for obstacle detection,
enhancing mobility for visually impaired individuals. This feature alerts users to nearby obstacles, significantly
improving their safety and independence while navigating their environment.

It is difficult for blind people to move or live without help. So, blind people generally use a white cane to guide them
during moving. Although it can be helpful, it doesn’t guarantee saving blind people from risks. These conventional
ways can be used for low-level obstacle detection only.

The goal of this study is to develop a theoretical model and a system idea for providing a smart electronic aid to blind
individuals. In comparison to traditional navigation systems, blind aid systems can be equipped with depth
measurement circuitry, which is useful for sensing the depth when dealing with stairs, and a recorded message is played
to notify the obstacle alert. These various units are described in order to create a "smart stick" concept.

2. Motivation. - The proposed system offers a range of features designed to enhance usability, safety, and accessibility
for visually impaired users. First, the system integrates lightweight components into the stick, making it highly user-
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friendly and easy to carry. It provides a fast response to nearby obstacles within a range of up to 2 meters, thanks to the
inclusion of ultrasonic sensors. Training for this product is minimal and cost-effective, as it only requires a simple
description of the stick's components and their usage positions, unlike the extensive training required for other assistive
devices.

For seamless communication, the stick transmits information to the user via earphones. Instead of relying on vague
sounds that may cause confusion or social discomfort, the earphones deliver clear, spoken warning messages, helping
alert the user without drawing undue attention. Additionally, to improve the independence and ease of use for blind
individuals, the stick includes a clap sensor that assists in locating it if misplaced, providing added convenience.

The ultrasonic sensor is crucial for detecting obstacles, pits, and staircases, and it plays a vital role in generating spoken
warnings whenever an obstacle is detected. This feature enables the user to alter their path in time to avoid hazards. A
water sensor is also included to detect water on the floor, offering timely alerts to help the user avoid potential slips.
Moreover, a fire sensor enhances safety by alerting the user to the presence of fire, while a light sensor increases
nighttime visibility. This sensor helps notify others in the vicinity of the blind person’s presence, encouraging them to
make way and allowing the user to walk with ease.

The designed smart stick detects obstacles and can recognize and speak aloud the upward and downward stairs or
puddles as shown in Figure 2.

Puddle

Figure II: Smart stick detects the obstacles in front of a blind person.

3. Experimental Setup and Procedure. - Different sensors are interfaced with Raspberry Pi and after the process, it
gives feedback to blind persons by using multi-recorded warning messages if any hurdle is detected within the set
range. Figure Il Shows the Complete Block Diagram of the Project.

Light/Dark Smoke Water Ultrasonic
Sensing Sensor Sensing Sensor
Power
Suppl
Arduino <:> Raspberry < . PRlY
Nano Pi Clap
Sensor

Headphone

Figure IlI. System Block Diagram
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4. Details of Component. -

4.1 Power Supply. - A power supply is an electrical device that supplies electric power to an electrical load. The
primary function of a power supply is to convert electric current from a source to the correct voltage, current, and
frequency to power the load.

The basic electrical specification of a power supply suitable for a Raspberry Pi is that it supplies a regulated 5V DC
(direct current) and can supply a current of up to 700mA. It must have a micro USB plug on the end of the lead.

4.2 Ultrasonic Sensor HC — SR04. -

Specifications

Power Supply: 5V DC

Operating Current: 15mA

Measuring Range: 2 cm to 400 cm (0.78 inches to 157 inches)

Resolution: 0.3 cm

Measuring Angle: ~15 degrees

Ultrasonic Frequency: 40 kHz

Accuracy: £ 3mm

The HC-SR04 sensor uses sonar to measure the distance to an object. It sends out a high-frequency sound wave and
measures the time the echo returns after bouncing off an object. Figure IV Shows the Different angles for staircase
detection. The distance can be calculated using the following expression:

Time X Speed of Sound
2

Distance =

Case 1, stair upwards

Case 2, stair downwards Case 2, stair downwards
Case 3, Pit Case 3, Pit

Figure IV. An ultrasonic sensor used for obstacle detection and staircase detection.

4.3 Smoke Sensor (MQ-2). - The MQ-2 smoke sensor is a popular gas sensor for detecting smoke, LPG, butane,
methane, alcohol, hydrogen, and other combustible gases. It’s commonly used in gas leak detection systems in homes,
industries, offices, and simple air quality monitoring applications.

The MQ-2 sensor uses a small heating element to detect gases. When gases like LPG, smoke, or methane are present,
the sensor's resistance changes, causing a voltage drop that can be measured. The sensor’s analog output can be read
directly or converted to a digital signal using an analog-to-digital converter (ADC). The smoke sensor has a built-in
potentiometer that allows you to adjust the sensor's digital output (DO0) threshold. This threshold sets the value above
which the digital pin will output a HIGH signal.

The output can be an analog signal (A0) that can be read with an analog input or a digital output (D0) that can be read
with a digital input.
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We will wire the MQ-2 to an Arduino so that the Arduino can read the amount of voltage output by the sensor and
sound a buzzer if the sensor outputs a voltage above a certain threshold.

Specifications

Operating Voltage: 5V DC

Power Consumption: Less than 150 mA

Detection Range: 300-10,000 ppm (parts per million)
Output: Analog and digital (threshold adjustable)
Preheat Time: About 20 seconds (for stable output)

4.4 Water Sensing on Floor (HW-482). - A water sensor is used to detect the presence of water and provide an alert
in time for path change to avoid slipping. A typical design is a small cable or device that lies flat on a floor and depends
on the electrical conductivity of water to decrease the resistance across two contacts.

HW-482, which consists of exposed metal traces or probes on a PCB. these probes are fitted at the bottom of the stick
to sense obstacles like water pits, when water contacts these traces, it bridges the gap between them, allowing current
to flow and creating a signal that can be read by a microcontroller. This module typically has both analog and digital
output options:

Analog Output (AO): Provides a variable voltage corresponding to the amount of water detected.

Digital Output (DO): Provides a simple HIGH or LOW signal when water is detected, with a threshold adjustable via
a potentiometer.

Specifications:

Operating Voltage: 3.3V - 5V DC

Output Type:

Digital Output (DO): High/Low signal, adjustable via onboard potentiometer.

Analog Output (AO): Analog voltage signal that varies based on water presence and coverage on the sensor probes.
Current Consumption: Typically, around 20 mA

4.5 Light/Dark Sensing (LDR). - A light sensor is useful at night or dark. When there is darkness, it aware the people
in the surrounding area that a blind person is walking and allows space so that the blind person can walk easily.
Light-dependent resistors, LDRs, or photoresistors are generally used in circuits where it is necessary to detect the
existence or the level of light. They can be expressed by a variety of names from a light-dependent resistor, LDR,
photoresistor, photocell, or photoconductor. Even though other devices such as photodiodes or phototransistors can
also be used, LDRs or photoresistors are particularly appropriate electronic components to use. They give large changes
in resistance to changes in light level.

Considering their low cost, ease of manufacture, and ease of use LDRs have been used in a variety of different
applications.

Specifications:

Operating Voltage: 3.3V - 5V DC

Output Type:

Digital Output (DO): HIGH/LOW output, with an adjustable threshold via a potentiometer.
Analog Output (AO): Variable voltage that corresponds to the light intensity.

Current Consumption: Typically, around 20 mA

Sensitivity Adjustment: Onboard potentiometer for setting threshold levels for digital output

5. Experimental Results and Discussion. - Hardware consists of Raspberry Pi, Arduino Nano, and other components
like ultrasonic sensor, smoke sensor, clap sensor, LDR sensor, and water sensor. Hardware connections can be seen
below in the figures. In this project ultrasonic sensor is used for obstacle and staircase detection and smoke sensor is
used to detect fire and clap sensor is used for stick finding and LDR sensor is used to detect lightness/darkness, and a
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water sensor is used to detect the water on floor. Figure V demonstrates the complete experimental setup of a blind

person stick.

Figure V. Experimental Setup.

The ultrasonic sensor has four output formats: pulse width output, analog voltage output, and serial digital output. The
pulse width (PW) representation of the range provides information on the distance between the sensor tip and the
obstruction. As a result, the distance value can be estimated with a scale factor of 147uS per inch. The sensor readings
fluctuate depending on the topography, in our example, the floor or rising or descending staircases, as seen in Figure
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Figure VI. Ultrasonic Sensor Results.
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Figure VII depicts three curves that illustrate the distances between the sensor and the nearest obstacle in three walking
situations:

The top left curve depicts the distance values obtained while the user walks on a floor with no change in floor state.
Because of the wide angle of incidence with the floor, the output of the ultrasonic sensor fluctuates as the user walks.
As aresult, it is incapable of providing accurate measurements. The bottom curve depicts the values of distance as the
user walks on a floor, and the cane detects rising steps.

The top right curve depicts the values of distance when the user approaches falling steps on an even surface.
Logically, when the cane obtains descending (or ascending) steps, the distance values must become larger (or lower)
than those acquired with a floor. However, the curves in Figure VII do not appear to show that the sensor readings alter
in accordance with floor states. Indeed, vibrations occur during cane movement, causing some mistakes in the ultrasonic
output signal.

To separate the three cases experimental data identification rules of the floor, ascending and descending states are
developed in the following section.
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Figure VII. Range sensor raw data — even surface (top left), ascending stairs (bottom) and descending stairs (top
right)

To process these three signals effectively and extract useful information for detecting floor surfaces, ascending stairs,
and descending stairs, we can apply several signal-processing techniques to distinguish between the three cases.

The raw ultrasonic sensor data shown in each plot is noisy due to variations in the angle of incidence, especially for the
flat surface case (top left plot). To reduce noise and improve readability, apply smoothing techniques such as: Moving
Average filter, Low-pass filtering to remove high-frequency noise that doesn’t contribute to identifying floor state
changes and Exponential Smoothing.
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Smoothing Techniques for Different Walking Surfaces

Flat Surface - Original .5 Flat Surface - Moving Average Smoothing Flat Surface - Low-Pass Filter & Exponential Smoothing
Low-Pass Fiter
40ra F y 1 40 WrGa Ze®8g |- O -Exonenal Smootning|
0 3 35
,—'Q 30 30
. 0t
251 +
20 . " . . il 25% 4 . . i 20 " . g .
0 5 10 5 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time Time Time
) Descending Stairs - Original . Descending Stairs - Moving Average Smoothing Descending Stairs - Low-Pass Filter & Exponential Smoothing
40 4 40 -
e Low-Pass Fiter
35| | 35 | 35 a O~ - Exponensal Smoothing
’_é' 30} 3
a
25} 5
2 S 20 " - + 20 * ek
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time Time Time
Ascending Stairs - Original % Ascending Stairs - Moving Average Smoothing Ascending Stairs - Low-Pass Filter & Exponential Smoothing
35 . - 3 . . - - - oo
30| 2R 3
8251
A 0
15 15+

Figure VIII. Smoothing technique results in enhancing the readability of ultrasonic signals for flat surfaces,
ascending stairs, and descending stairs.

After smoothing, extract key features to differentiate between flat surfaces, ascending stairs, and descending stairs.
These features can include Mean and Standard Deviation as given in Table I:

Flat Surface Moving Average: Mean = Std Dev =5.13
33.59

Flat Surface Low-Pass Filter: Mean = Std Dev = 5.24
33.59,

Flat Surface Exponential Smoothing: Std Dev = 4.40
Mean = 34.88,

Descending Stairs Moving Average: Mean = Std Dev = 5.60
28.30

Descending Stairs Low-Pass Filter: Mean = Std Dev = 5.81
28.33

Descending Stairs - Exponential Smoothing: Std Dev = 5.86
Mean = 29.45

Ascending Stairs Moving Average: Mean = Std Dev = 6.14
24.45

Ascending Stairs Low-Pass Filter: Mean = Std Dev = 6.26
24.44

Ascending Stairs Exponential Smoothing: Std Dev = 6.79
Mean = 22.30

Table I: Mean and standard deviation for three cases.

The mean and standard deviation values extracted from each smoothed dataset provide insight into the overall trend
and variability of the signals for different types of surfaces.

The floor flat surface Mean values around 33-35 show that the signal is relatively high. This is expected, as flat surfaces
usually have a steady level without significant upward or downward trends. In the Descending Stairs case the mean is
lower at around 28-29. This reflects the downward trend in the signal due to descending steps, which bring the values
lower on average. The mean for the ascending stairs case is even lower, around 22-24, especially in the exponential
smoothing case. This indicates an upward trend that starts lower but gradually increases, consistent with going upstairs.
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The standard deviation reflects the spread or variability of the signal values. A higher standard deviation indicates more
fluctuations, while a lower standard deviation suggests a more stable, consistent signal. In the flat Surface case, the
standard deviation is generally lower (around 4.4 to 5.3), indicating that flat surfaces are more consistent and less
variable, with fewer abrupt changes. while in the descending stairs case, The standard deviation is slightly higher
(around 5.6 to 5.9), showing increased variability as the signal moves downward with each step. However, in the
ascending stairs, the standard deviation is the highest (around 6.1 to 6.8), suggesting greater variability, likely due to
the upward movement that tends to vary more in amplitude compared to descending stairs or flat surfaces.

Finally, Pattern Recognition with Thresholding to identify distinct surface types: Set a threshold range for standard
deviation values. If the distance variations fall within this range with no clear upward or downward trend, classify the
surface as a flat floor if it identifies a consistent downward trend in the distance values. Apply a threshold on the
gradient (negative values) to trigger an ascending stair detection. and a sudden increase in the distance values after a
period of stability, indicating a possible stair edge. A positive gradient exceeding a certain threshold can signal the start
of a descending stair. The following table 02 shows the classification results after applying thresholding on the data set
for the three cases.

Mean Standard Classified as
Deviation

33.59 5.13 Flat Surface

28.30 5.60 Descending Stairs

24.45 6.14 Ascending Stairs

Table II: Classification Results using Extracted Features.

6. Conclusion. - Blind and visually impaired people require assistance to engage with their surroundings with greater
security. As a result, a multi-sensor system that analyzes floor surfaces for the presence of stairs, obstacles, fire,
darkness, and water was created.

In this research, we offer a unique electronic instrument with two ultrasonic sensors designed to assist the visually
impaired. Only one ultrasonic sensor is utilized to detect and identify three different floor states: even floor, ascending
staircase, and descending staircase. To this goal, we devised a method for detecting floor states. Such performances are
challenging because no prior techniques have proposed detecting stairs.

The experimental results demonstrate that mean and standard deviation values extracted from smoothed signals are
powerful features for differentiating between flat surfaces, ascending stairs, and descending stairs. By implementing a
threshold-based pattern recognition system using these features, one can achieve accurate and efficient surface-type
classification. The findings provide a foundation for developing real-time applications in health, fitness, and navigation.
Future work can explore refining thresholds, incorporating additional features, and testing in dynamic environments to
enhance the robustness and versatility of this approach.

Future research in surface classification holds significant potential for enhancing navigation, mobility assistance, and
health monitoring. By leveraging advanced sensors, machine learning, and augmented reality, these systems can
provide more accurate, adaptable, and user-friendly solutions. Such advancements could lead to more personalized,
real-time assistance for various applications, ultimately improving safety, engagement, and independence for diverse
user groups.
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Design and Development of IoT-based Harvesting Robo-Vec
Disenio y desarrollo de Robo-Vec de recoleccion basado en IoT

Projeto e desenvolvimento de colheita Robo-Vec baseada em loT

Sadiq Ur Rehman'(”, Yasmin Abdul Wahab’
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Summary. - This article presents "Harvesting Robo-Vec" an IoT-based autonomous harvesting robot designed to
enhance agricultural efficiency and precision. Integrating IoT technology with traditional methods, the robot automates
tasks and offers real-time monitoring and control. It navigates crop fields autonomously, detects ripe produce using
advanced sensing and imaging technologies, and performs precise harvesting maneuvers. Harvesting Robo-Vec
features an IoT communication module for seamless connectivity with a centralized control system, enabling remote
management of multiple robots. The paper outlines the robot's architecture, including its mechanical structure, sensors,
control algorithms, and communication infrastructure, along with safety, power management, and robustness
considerations. Iterative design, prototyping, and testing refined the robot's performance. Experimental results show
that Harvesting Robo-Vec improves efficiency, reduces labor costs, and enhances productivity compared to manual
methods. This study underscores the potential of IoT-based robots in agriculture, contributing to precision farming and
autonomous robotics research.
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Resumen. - Este articulo presenta "Harvesting Robo-Vec", un robot de recoleccion autonomo basado en loT disefiado
para mejorar la eficiencia y precision agricola. Al integrar la tecnologia IoT con métodos tradicionales, el robot
automatiza tareas y ofrece monitoreo y control en tiempo real. Navega por los campos de cultivo de forma autonoma,
detecta productos maduros utilizando tecnologias avanzadas de deteccion e imdgenes y realiza maniobras de cosecha
precisas. Harvesting Robo-Vec cuenta con un modulo de comunicacion IoT para una conectividad perfecta con un
sistema de control centralizado, lo que permite la gestion remota de multiples robots. El documento describe la
arquitectura del robot, incluida su estructura mecanica, sensores, algoritmos de control e infraestructura de
comunicacion, junto con consideraciones de seguridad, gestion de energia y robustez. El diserio iterativo, la creacion
de prototipos y las pruebas refinaron el rendimiento del robot. Los resultados experimentales muestran que Harvesting
Robo-Vec mejora la eficiencia, reduce los costos de mano de obra y mejora la productividad en comparacion con los
meétodos manuales. Este estudio subraya el potencial de los robots basados en IoT en la agricultura, contribuyendo a
la investigacion en agricultura de precision y robdtica autonoma.

Palabras clave: IoT, Robot cosechador, Vision por computadora, Agricultura, Automatizacion.

Resumo. - Este artigo apresenta o "Harvesting Robo-Vec", um robo de colheita autonomo baseado em IoT projetado
para aumentar a eficiéncia e a precisdo agricola. Integrando a tecnologia loT com métodos tradicionais, o robo
automatiza tarefas e oferece monitoramento e controle em tempo real. Ele navega pelos campos de cultivo de forma
auténoma, detecta produtos maduros usando tecnologias avangadas de detec¢do e imagem e realiza manobras de
colheita precisas. O Harvesting Robo-Vec apresenta um modulo de comunicagdo loT para conectividade perfeita com
um sistema de controle centralizado, permitindo o gerenciamento remoto de varios robos. O artigo descreve a
arquitetura do robo, incluindo sua estrutura mecdnica, sensores, algoritmos de controle e infraestrutura de
comunicag¢do, juntamente com consideragoes de seguranga, gerenciamento de energia e robustez. O design iterativo,
a prototipagem e os testes refinaram o desempenho do robo. Os resultados experimentais mostram que a colheita
Robo-Vec melhora a eficiéncia, reduz os custos de mdo-de-obra e aumenta a produtividade em comparagdo com os
métodos manuais. Este estudo ressalta o potencial dos robos baseados em IoT na agricultura, contribuindo para a
agricultura de precisdo e a pesquisa em robotica autonoma.

Palavras-chave: 0T, Roboé de colheita, Visao computacional, Agricultura, Automagdo.
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1. Introduction. - Agriculture uses traditional manual harvesting methods that are labor-intensive, time-consuming,
and prone to human error. These methods find it difficult to meet the expanding demands of a globalizing population
[1-2]. In addition, the problem is exacerbated by the dire consequences resulting from a shortage of personnel in
numerous sectors. Creative solutions that may automate and optimize the harvesting process are therefore desperately
needed to boost output, reduce costs, and improve crop quality [3].

The work on Internet of Things (IoT) [4-5] based smart agriculture monitoring systems in [6] offers a noteworthy
breakthrough by employing multiple algorithms to identify, measure, and evaluate vegetable development. Integrating
computer vision techniques and machine learning [7], these systems achieve over 90% accuracy, particularly focusing
on tomato cultivation. The development of autonomous smart agriculture robots, such as the Agri-Bot in [8], further
revolutionizes farming by performing labor-intensive tasks like planting, plowing, fertilizing, and harvesting,
leveraging Arduino UNOs and NodeMCUs for seamless automation. In [9], intelligent tomato-picking robots
demonstrate considerable improvements in agricultural efficiency, employing precise grasping mechanisms, enhanced
color segmentation, and advanced vision positioning to achieve an 83.9% success rate. Similarly, mechanical
harvesting robots for fresh-eating tomatoes in [10], equipped with stereo visual units, end-effectors, and rail-based
carriers, achieve an 83% success rate, significantly enhancing productivity and reducing labor costs.

Apple harvesting robots [11], featuring geometrically optimized manipulators, pneumatic grippers, and vision-based
recognition systems, further illustrate the potential of robotic technology in agriculture, successfully harvesting apples
with a 77% success rate. The integration of IoT and wireless sensors [12] in smart agriculture marks a transformative
shift from statistical to quantitative methods [13], exploring the potential of UAVs [14], precision farming, and wireless
sensors while discussing the benefits and challenges these technologies present. In [15] the design of greenhouse
tomato-picking robot chassis showcases advancements in precise positioning and cruising capabilities through
kinematic models [16], simulations, and physical testing, ultimately increasing the efficiency of greenhouse harvesting.
These studies highlight the advancements in IoT-based agriculture monitoring systems and robotic harvesting
technologies, underscoring their potential to revolutionize modern farming practices. Considering the research gaps,
we aim to create an innovative solution for the agricultural sector by developing an autonomous harvesting robot
named "Harvesting Robo-Vec" that leverages IoT technology. The objectives of the proposed system include:

e Develop a robust and efficient design for the harvesting robot, equipped with necessary sensors, actuators,
and control systems to perform autonomous operations in the field.

e Incorporate IoT modules to enable real-time monitoring, data collection, and communication with a
centralized control system.

e Make accurate harvesting decisions with minimal crop losses by effective detection and recognition of ripe
fruits and vegetables using computer vision algorithms and proximity sensors.

Through this initiative, we seek to revolutionize the agriculture sector with a cost-effective, scalable solution, leading
to increased output, reduced dependence on labor-intensive farming practices, and strides toward precision farming.

2. Proposed system model.- The Harvesting Robo-Vec is an innovative harvesting robot that automates the process
of picking tomatoes. It integrates multiple hardware and software (See Figure I) components to make the field more

efficient and accurate.
Camera
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Figure 1. System Block Diagram
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2.1 Hardware Components

2.1.1 Microcontrollers. - The ESP32 microcontroller [17] is a low-power microcontroller, both Wi-Fi and Bluetooth
capable. It is responsible for the communication line between different sensors and the robotic arm. It manages to
aggregate data retrieval, and actuation as a whole well. The main processing unit is the Raspberry Pi Model 3B+ [18],
which works in conjunction with the ESP32. This mini-computer has a complete Linux OS and handles complicated
functionalities like image processing and computer vision algorithms

2.1.2 Sensors. - Sensors in use provide the data about the environment to the system. The Pi Camera [19] takes high-
resolution images, and video of the crops, which is vital for processing visual information to identify ripe tomatoes.
Ultrasonic sensors [20] send out sound waves and measure the distance to nearby obstacles using the time-of-flight of
the received echo. Additionally, proximity sensors mounted on the robotic arm ensure that the distance to the tomatoes
is accurately gauged for effective harvesting.

2.1.3 Actuators. - The robotic arm is powered by high-torque servomotors, which enable precise control over its
movements, such as rotating and gripping. Motor driver modules interface with the microcontroller and servomotors,
allowing for control over speed and direction.

2.1.4 Power Management. - The robot’s operations are sustained by a battery management system (BMS) that
monitors and regulates the rechargeable batteries, ensuring they are charged safely and used efficiently. Buck converters
help manage voltage levels for different components, maintaining a stable power supply. Table 1. presents the battery
configuration for the Harvesting Robo-Vec.

Parameter Value
Number of Cells 5
Nominal Voltage per Cell 37V
Total Voltage 185V
Estimated Total Current 635 A
Operational Duration 4 hours
Battery Capacity 25.4 Ah
Total Energy Capacity 469.9 Wh

Table I. Battery configuration

Additionally, Table II presents an analysis of energy consumption along with suggested improvements and Figure 11
is regarding the hardware used in the proposed model.

EnergyFCa (;rtlsrmptlon Current Issues Expected Amperes (A) Suggested Improvements
High power draw ESP32: 0.15 A Optimize algorithms for energy
Microcontrollers from ESP32 and . efﬁ01'ency. .
Raspberry Pi Raspberry Pi: 1.2 A Consider edge computing to
] reduce Raspberry Pi load.
. Pi Camera: 0.5 A .
Continuous - - Implement smart sensor activation
Sensors operation leads to Ultrasonic Sensors: 0.1 A (on-demand use).
increased power cach Utilize low-power modes during
usage. Proximity Sensors: 0.1 A inactivity.
each
High energy Use variable torque control based
Actuators consumption for 2 A (per motor, typically) on t?Sk needs,
servomotors Explore energy recovery systems
’ (e.g., regenerative braking).

Table 1I. Energy consumption of Harvesting Robo-Vec

Memoria Investigaciones en Ingenieria, nim. 28 (2025). pp. 32-44
https://doi.org/10.36561/ING.28.4
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
35


https://doi.org/10.36561/ING.28.4

S. Ur Rehman, Y. Abdul Wahab

thii
Wil |

-
_ = x-35-01 T8

-
-
-
-
-
-
-

reesssss
reee 1tea

Figure II. Hardware used in the proposed model

2.2. Software Components

2.2.1 Operating System. - The Raspberry Pi operates on a Linux-based system, which provides a robust platform for
running applications and managing resources.

2.2.2 Programming Languages. - The software is developed using Python for applications running on the Raspberry
Pi, particularly for image processing tasks. The ESP32 microcontroller is programmed using C/C++, which is ideal for
handling low-level control and real-time sensor data processing.

2.2.3 Image Processing. - OpenCV [21] is a critical library used for computer vision tasks. It aids in tasks such as
color detection and image filtering, allowing the robot to identify ripe tomatoes based on their color and shape. The
system transforms images to the HSV color space for better color differentiation.

2.2.4 Control Algorithms. - The gripping and harvesting algorithm modulates the final gripping strength and
positioning given to feedback from the proximity sensors. This guarantees that tomatoes are taken carefully to protect
them from damage during harvesting. Using the ultrasonic sensors as input, the obstacle avoidance algorithm makes
sure the robot does not bump into obstacles while moving. Dijkstra's algorithm [22] calculates obstacles and determines
the optimal path to get through the crop field.

2.2.5 Communication Protocols. - The communication between Raspberry Pi and ESP32 is based on RESTFull API
[23] that allows command executing and data transmitting. This provides connectivity for remote control of the robot
and ensures seamless communication between all components

In Figure III, the flowchart shows the entire process of the proposed system.

Raspbenry Pi3b

ESP 32 Receive
Request

Figure IIl. Process flowchart.
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3. Testing Procedures and Experimental Setup.- Since the testing procedure and setup will be vital for assessing the
performance and functionality of Harvesting Robo Vec. The testing methods evaluate the performance parameters of
Harvesting Robo Vec in tomato identification and detection. The experimental frame for testing the performance of
the robot was established by simulating real agricultural environments incorporating a variety of factors. In the tomato
plantation, the cultivated areas consisting of plants were organized to replicate the arrangement and density of plants
in various fields, enabling a determination of robot efficiency to detect ripe tomatoes while navigating through diverse
arrangements. To ensure the efficient maneuvering of the robot, different obstetrical were designed to test the real
farming challenges which include soil types, and terrain variations. Moreover, the testing was performed concerning
various illuminations, considering the different times of the day and weather (e.g. sunny and cloudy) conditions.
Finally, the testing included levels for different soil types (e.g., clay, sandy, and loamy). This enabled us to compare
the collective effects of these factors on the robot's ability to harvest in terms of stability, traction, and efficiency.

Different testing scenarios were created to assess distinct operations of Harvesting Robo Vec with different situations
and are highlighted in Table III.

o o Soil Crop Lighting Obstacle
Condition Description Type Variety Condition Configuration
Test 1 Standard Row Planting Loamy TOII;I&I: teo os l\gllilggart’y Few Rocks
Test 2 Cluster Planting with Intermixed Weeds Sandy Tol;llgties Overcast Wooden Fences

Test 3 Row Planting with Uneven Growth Clay Tolrill:teoes Cﬁfr’nl?ggy Tall Grass
Standard Row Planting with Different Cherry Clear, Late

Test 4 Tomato Varieties Loamy Tomatoes Afternoon Few Rocks
Mixed Crop Field (Tomatoes with Other Mixed .

Test 5 Vegetables) Sandy Crops Rainy Bushes

Table III. Experimental Conditions and Setup

Key metrics analyzed included detection accuracy, which measures the percentage of correctly identified tomatoes,
providing insights into the reliability of the detection algorithms. Harvesting efficiency was also assessed, quantified
by the number of tomatoes harvested per minute, offering a clear indicator of the robot's productivity.

All sensor data, camera data, and performance logs were used to analyze how well the robot performed in the
agricultural environment. The use of detection accuracy, which explains the percentage of correctly identified
tomatoes, provides information about the reliability of the detection algorithms and thus, it will be one of the key
metrics analyzed in this work. We also evaluated harvesting efficiency (i.c., the number of harvested tomatoes per
minute), providing a direct measure of the productivity of the robot. Moreover, the time spent performing the harvesting
task was also recorded to assess the overall efficiency. Finally, the damage rate was measured as the percentage of
damaged tomatoes during harvesting, which is crucial for understanding the impact of the robot's operations on crop
quality as can be seen in Table IV.

COI:;isttion Detectio(r(l' /Sccuracy Harvesting Efficiency (Tomatoes/Min) Tin(l;/[’fl?)k en Dam?[g:)Rate
Test 1 92 10 15 5
Test 2 85 8 20 10
Test 3 78 6 25 15
Test 4 90 9 18 6
Test 5 80 7 22 12

Table IV. Performance Metrics under Different Conditions

For this purpose, a comparative analysis between the proposed Harvesting Robo Vec and traditional manual harvesting
methods was carried out as shown in Table V which demonstrates the effectiveness and efficiency of the proposed
Harvesting Robo Vec over the traditional manual tomato harvesting method.
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Average Detection Average Harvesting Efficiency Average Time Average
Method Accuracy (%) (Tomatoes/Min) Taken (Min) Damage
Rate (%)
Manual
Harvesting %0 8 15 6
Robo Vec 92 10 12 4
Harvesting

Table V. Comparison of Harvesting Methods

4. Results and Analysis. - In the results and analysis of Harvesting Robo-Vec, a more complex analysis of
objectives was performed on the robot's live-operating performance against multiple metrics.

4.1 Tomato Detection Accuracy. - In regard to tomato detection accuracy results, the confusion matrix [24] (see
Table. VI), summarizes the performance of the algorithm in terms of true positive (TP), true negative (TN), false
positive (FP), and false negative (FN) detections. The confusion matrix shows the classification results and is used to
assess the accuracy of the tomato detection algorithm.

Predicted Actual Tomato Actual Not Tomato
Tomato True Positive (TP) False Positive (FP)
Not Tomato False Negative (FN) True Negative (TN)

Table VI. Confusion Matrix Key Term

To obtain the essential parameters, we used the following formulae:

Accuracy: (TP + TN) /(TP + TN + FP + FN) Eq (1)
Precision: TP / (TP + FP) Eq (2)
Recall: TP / (TP + FN) Eq (3)

By using data of TP = 120, TN =700, FP = 150, and FN = 10, an accuracy of 83.67%, precision of 44.44%, and recall
0f 92.31% was obtained. The result for the tomato detection with other objects placed and with only tomato(s) can be
seen in Figure IV.

Figure IV. Tomato detection.

4.2 Obstacle Avoidance Performance. - In terms of obstacle avoidance, the robot successfully navigated around 95%
of obstacles, with only 2 near misses and 3 collisions out of 100 encounters. This high success rate highlights the
effectiveness of the obstacle detection and avoidance systems, though further fine-tuning could enhance performance.

4.3 Robotic Arm Manipulation Efficiency. - The robotic arm's manipulation efficiency was impressive, achieving a
90% success rate in gripping attempts and an 85% success rate in harvesting tomatoes. These metrics underscore the
arm's reliability and effectiveness, with potential for further optimization in control algorithms and gripper design to
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improve precision and reduce damage to the product. Figure V represents the gripping and dropping of tomato from
the robotic arm at the predefined location.

Figure V. Robotic Arm Manipulation.

The chassis of the vehicle, its charging port, and the resting position of the robotic arm placed in the final product
can be seen in Figure VI.

J

|

Figure VI. Robotic Arm Manipulation.

4.4 User Interface. - The prototype is controlled remotely using an Android application named "Harvesting Robot"
(see Figure VII). To operate it, the Android phone connects to the access point of the ESP-32 module named
"Harvesting Robot”.
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Figure VII. Remote Control of Robo-Vec.

The User Interface for controlling and monitoring the Harvesting Robo-Vec is designed as an intuitive Android
application, enabling remote operation of the robot. Key features include straightforward control options that allow
users to remotely direct the robot’s movements and harvesting actions. The app provides manual control capabilities,
as well as options for pausing and resuming operations as needed. Additionally, users can adjust specific parameters,
such as speed and harvesting sensitivity, to tailor the robot’s performance to various field conditions or crop types. The
total cost analysis of IoT-based Harvesting Robo-Vec is presented in Table VII.

Component Cost Estimate (Pkr)

Development and Prototyping 15,000
Microcontrollers (ESP32, Raspberry Pi) 37,500
Sensors (camera, ultrasonic, proximity) 2,600
Actuators (servomotors) 5,000
Battery (Li-ion system) 750

Chassis and Frame 5,000
Software Development 5,000
Contingencies 6,000
Total Initial Investment 76,850

Table VII. Cost analysis of loT-based Harvesting Robo-Vec

5. Limitations and Failure Modes. - While the Harvesting Robo-Vec indeed works autonomously and can be a useful
tool in agricultural scenarios, it does have its limitations and possible problems that could arise with its operations.
We, therefore, explore these hurdles and propose solutions.

5.1 Obstacle Proximity Challenges. - The robot may have a problem identifying obstacles that are too close, which
can cause collisions, or the robot to unexpectedly stop. This can be compensated for by adding additional sensors and
moving their position

5.2 Detection Errors in Tomato Identification. - Tomato harvesting depends on precise detection with no leading
fault. Such reliability can also be achieved using advanced image processing and methods of machine learning.

5.3 Energy Consumption and Limited Battery Life. - Prolonged operation can lead to quick battery depletion,
especially under heavy workloads. Implementing energy-saving modes and optimizing operational paths can help
extend battery life.

5.4 Mechanical Wear and Tear. - If the robot has run for some time there can be wear in the robotic components that
can affect the performance. This problem can be minimized by making use of durable materials and also by following
regular maintenance schedules.
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6. Ethical and Social Implications. - Harvesting Robo-Vec will raise real ethical and social considerations that need
to be addressed.

6.1 Impact on Jobs. - Automation will improve efficiency and help reduce service costs; It will also decrease the
traditional demand for farm workers. Conversely, this tech can also generate employment in terms of maintaining,
operating, and managing the robot systems, which can assist workers with the transition into new positions.

6.2 Environmental Considerations. - The Robo-Vec is designed to be energy-efficient, helping to lessen its
environmental impact through smart power management and low-energy components. Future models might even use
renewable energy sources, such as solar panels, to further decrease reliance on traditional power, supporting more
sustainable farming practices.

6.3 Workers Safety. - Proximity sensors and emergency stop buttons are also added to Robo-Vec to ensure the safety
of human workers around it. They even have sensors that are sensitive enough to detect anybody walking by, ultimately
stopping the robot from doing its task to avoid an accident

With the continuous expansion of agricultural robotics, it is necessary to consider these ethical and social dimensions
to ensure these advancements benefit society and the environment.

7. Conclusion and Future Work. - The proposed system model successfully achieved its goals and made significant
advancements in automated tomato harvesting. The meticulous design and integration of the robotic system's
components resulted in an effective and reliable outcome. The implementation of a Raspberry Pi-based color
recognition algorithm enabled accurate tomato detection, while the integration of the ESP32 microcontroller facilitated
seamless movement control, obstacle detection, and robotic arm manipulation. The findings indicate that the IoT-based
Harvesting Robo-Vec has the potential to revolutionize tomato harvesting by reducing manual labor, increasing
productivity, and ensuring consistent results through the successful integration of hardware, software algorithms, and
IoT capabilities. Future work could enhance the tomato detection system's accuracy and robustness using machine
learning techniques or advanced image processing algorithms and improve control through real-time data analytics
and remote monitoring via IoT connectivity. Future iterations might also incorporate renewable energy sources, such
as solar power, to enhance the system's sustainability and operational efficiency.
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Impacto del temple posterior a la soldadura en la microestructura y las
propiedades mecanicas del acero de baja aleacion y alta resistencia

Impacto da témpera pos-soldagem na microestrutura e nas propriedades mecdnicas
de acos de alta resisténcia e baixa liga
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Summary. - Shielded Metal Arc Welding (SMAW) is the most widely used welding technique in engineering
industries. Compared to other arc welding techniques like TIG, SMAW is less heat-concentrating. However, welding
thick jobs using SMAW can result in serious issues such as structural distortion due to non-uniform input heat
distribution. High thermal stresses and distortions can degrade mechanical properties, similar to high input heat. Fast
heat removal may prevent such defects, and different quenching media like sand, water, and oil were used to investigate
variations in mechanical properties. High-strength low-alloy steel was selected due to its good weldability and easy
availability, which makes it suitable for many industrial applications, such as in the space and defense industries. The
tensile testing results showed that oil quenching was superior to other quenching techniques because oil-cooled joints
had the highest tensile strength and ductility. However, water-cooled joints showed the highest yield strength, but oil-
quenched joints had the highest welding efficiency. The hardness of water-cooled joints in the heat-affected zone and
weld zone was greater due to rapid cooling in water. The impact energy of oil-cooled joints in the heat-affected zone
was superior to that of other joints. Overall, the mechanical properties of oil-cooled joints were superior and showed
better geometric configuration, such as minimal distortions.

Keywords: Tensile strength; hardness; Impact strength; SMAW; High strength low alloy steel; quenching media.
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Resumen. - La soldadura por arco metdlico protegido (SMAW) es la técnica de soldadura mas utilizada en las
industrias de ingenieria. En comparacion con otras técnicas de soldadura por arco como TIG, SMAW concentra menos
calor. Sin embargo, soldar trabajos gruesos utilizando SMAW puede provocar problemas graves, como distorsion
estructural debido a una distribucion no uniforme del calor de entrada. Las altas tensiones y distorsiones térmicas
pueden degradar las propiedades mecanicas, de forma similar al calor de entrada elevado. La eliminacion rapida del
calor puede prevenir tales defectos, y se utilizaron diferentes medios de enfriamiento como arena, agua y aceite para
investigar las variaciones en las propiedades mecdnicas. Se selecciono acero de alta resistencia y baja aleacion debido
a su buena soldabilidad y facil disponibilidad, lo que lo hace adecuado para muchas aplicaciones industriales, como
en las industrias espacial y de defensa. Los resultados de las pruebas de traccion mostraron que el enfriamiento con
aceite fue superior a otras técnicas de enfriamiento porque las juntas enfriadas por aceite tenian la mayor resistencia
a la traccion y ductilidad. Sin embargo, las uniones enfriadas por agua mostraron el limite eldastico mds alto, pero las
uniones enfriadas con aceite tuvieron la mayor eficiencia de soldadura. La dureza de las uniones enfriadas por agua
en la zona afectada por el calor y en la zona de soldadura fue mayor debido al rapido enfriamiento en agua. La energia
de impacto de las juntas enfriadas por aceite en la zona afectada por el calor fue superior a la de otras juntas. En
general, las propiedades mecanicas de las juntas enfriadas por aceite fueron superiores y mostraron una mejor
configuracion geométrica, como distorsiones minimas.

Palabras clave: Resistencia a la traccion; dureza; Fuerza de impacto; SMAW; Acero de baja aleacion de alta
resistencia, medios de enfriamiento.

Resumo. - A soldagem por arco metalico blindado (SMAW) é a técnica de soldagem mais amplamente utilizada nas
industrias de engenharia. Em comparagdo com outras técnicas de soldagem a arco, como TIG, o SMAW concentra
menos calor. No entanto, a soldagem de trabalhos espessos usando SMAW pode resultar em problemas sérios, como
distor¢do estrutural devido a distribui¢do ndo uniforme do calor de entrada. Altas tensées e distor¢des térmicas podem
degradar as propriedades mecadnicas, semelhante a alta entrada de calor. A rapida remogdo de calor pode prevenir
tais defeitos, e diferentes meios de témpera como areia, dgua e oleo foram usados para investigar variagoes nas
propriedades mecanicas. O ago de alta resisténcia e baixa liga foi selecionado devido a sua boa soldabilidade e facil
disponibilidade, o que o torna adequado para muitas aplicag¢oes industriais, como nas industrias espacial e de defesa.
Os resultados dos testes de tra¢do mostraram que a témpera em 6leo foi superior a outras técnicas de témpera porque
as juntas resfiiadas a dleo apresentaram maior resisténcia a tracdo e ductilidade. No entanto, as juntas resfriadas a
dgua apresentaram o maior limite de escoamento, mas as juntas temperadas a oleo tiveram a maior eficiéncia de
soldagem. A dureza das juntas resfriadas a agua na zona afetada pelo calor e na zona de solda foi maior devido ao
rapido resfriamento em dgua. A energia de impacto das juntas resfriadas a 6leo na zona afetada pelo calor foi superior
a das outras juntas. No geral, as propriedades mecdnicas das juntas resfriadas a oleo foram superiores e apresentaram
melhor configuragcdo geométrica, como distor¢oes minimas.

Palavras-chave: Resisténcia a tracgdo, dureza, Resisténcia ao impacto; SMAW; A¢o de baixa liga de alta resisténcia;
meios de extin¢do.
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1. Introduction. - Shiclded Metal Arc Welding (SMAW) is widely used in various industries due to its affordability
and availability. It has a higher power density than gas fusion welding, but lower than Tungsten Inert Gas (TIG)
welding. However, extensive distortions can occur during SMAW due to the low concentration of flame. Skilled
welders can be easily sourced locally. High Strength Low Alloy Steel, known for its durability and strength, is utilized
in upper atmosphere research, power production, and defense industries [1,2]. High Strength Low Alloy Steel is widely
used in various industries due to its exceptional strength to weight ratio, enhanced toughness, ductility, and weldability.
However, welding joints of low alloy high strength steel can experience a degradation of strength in the joined material.
Welded joints exhibit reduced hardness and impact strength, and their ductility is also mitigated. These changes in
mechanical properties are caused by the high heat input during welding, which results in alterations to both the
microstructure and macrostructure of the welded samples [3,4].

Srinivasan et al. conducted a research study and revealed that the impact of heat on the mechanical properties of TIG
welded joints made from High Strength Low Alloy (HSLA) steel. The study found that the strength of the welded
joints decreased to 55% of the strength of the base material due to the welding process [5,6]. To address this issue, the
samples were subjected to heat treatment, which resulted in an increase in strength. However, while other mechanical
properties such as hardness were improved, the ductility of the welded samples was found to be lower than that of the
base metal [7,8]. Sapthagiri et al. conducted a study on the impact of filler wire variation on the mechanical properties
of welded joints made from low alloy high strength steel. The study found that using copper-coated filler wire resulted
in an improvement in both yield strength and percent elongation [9].

Arc welding is more likely to produce defects such as angular and linear distortions compared to advanced techniques
like laser and electron beam welding. Rami et al. investigated the impact of different welding clamps used in gas metal
arc welding on the mechanical properties of the welded joints. The study found that using a heat treatment clamping
technique resulted in achieving welding efficiency of over 80% [10]. Srivastava et al. conducted a study on the
penetration depth of filler material in welding. The findings showed that changes in input heat and welding speed had
a negative impact on the penetration depth, which, in turn, affected the joint efficiency [11].

Li et al. studied the effect of changes in welding input heat on the mechanical properties of low carbon steel and found
that different microstructural phases were generated due to aberrations in cooling rate [12]. Eroglu et al. investigated
the microstructural variations in High Strength Low Alloy Steel caused by changes in input heat energy. They observed
that the hardness property in the weld region and heat-affected zone was reduced due to increased input heat. While
martensite was produced as a result of lower heat input, hardness property decreased beyond a certain point with further
increase in heat input [13]. Bijaya et al. conducted a study comparing the mechanical properties of mild steel joints
that were welded using GMAW and SMAW methods. The rapid cooling rate after welding resulted in the development
of bainite and martensite structures, which led to an increase in the hardness and tensile strength of the joints. However,
the impact strength was found to have been reduced [14]. Ruming et al. investigated the enhancement of mechanical
properties of welding joints through the addition of Cerium. The results revealed an improvement in toughness
attributed to the surplus of crack-free energy. Additionally, the tensile strength of low alloy steel was enhanced due to
the refined grain structure, resulting in a noticeable increase in welding efficiency upon the addition of Ce [15].

Narwadkar et al. conducted a study on the production of angular distortions in different types of welded joints. The
results indicated that the bevel groove joint was more susceptible to angular distortions than single and double V
groove joints, which were found to have lower angular distortions [16]. In another study, Adamczuk et al. investigated
the correlation between the number of welds passes and angular distortion. It was found that there was a direct
relationship between the number of passes and the angular distortions, with a greater shrinkage power resulting from
the welding of thicker plates due to the direct effect of increasing the amount of weld metal on angular distortions [17].
Wei et al. studied the impact of distortions on the performance of welding joints and revealed that distortions have a
direct effect on joint strength and dimensional accuracy [18]. Despite significant advancements in arc welding
technology, distortion induced by welding remains one of the most noticeable challenges in the production industry
for ensuring higher weld efficiency. Anis et al. investigated the impact of weld thickness and position on the residual
stress generated during welding due to the contraction and expansion of the welding joint [19,20]. Residual stresses
generated during welding hindered the joint efficiency increment, hence M Islam et al. performed a research work to
evaluate joint mechanical properties after different post welding treatments. Pre-bending and pre-heating are some
techniques utilized to control distortions [21,22].

2. Research Objective and Novelty. - The degradation of strength caused by high heat input during welding is a
primary factor contributing to joint failure under load. Uneven thermal distribution across the joint amplifies the effects
of residual stresses and increases the size of the Heat Affected Zone (HAZ). This study aims to improve the mechanical
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properties of welded joints. Achieving this goal is challenging due to the fact that high input heat during welding can
reduce the strength, ductility, hardness, and toughness of the welded structure by as much as 50% compared to the
base metal. The density of input energy, or the concentration of heat, is a critical factor influencing the performance
of welded joints. TIG welding is known for its high concentration of heat, whereas SMAW distributes the heat over a
wider area, ultimately diminishing the mechanical and microstructural properties. Therefore, this study focuses on
quenching the welded joints immediately after welding in various media to explore the impact on mechanical
properties. Distortions that arise in welded structures are a major cause of strength degradation. Uneven temperature
distribution across the welded joint causes distortions, ultimately weakening the structure. Consequently, enhancing
the mechanical properties is vital to ensuring the reliability of welded joints. Ductility is especially important in large
structures like pressure vessels. In this study, the quenching and cooling of welded joints immediately after welding
are investigated to assess their impact on the mechanical properties of welded structures.

3. Experimental Methodology. - Quenching media were selected from local market due to easy availability. Normally
welded joints are cooled in Air. Hence, to make direct comparative study welded joints after welding were cooled in
Air, Water, Sand and old hydraulic oil (used) etc. Following experiments were performed after cooling in different
media,

a. Tensile Testing

b. Impact testing

c. Hardness Testing

d. Microstructural characterization

High Strength Low Alloy Steel plate of 8mm thick was selected as base material and its chemical composition
performed by spectroscopy and mechanical properties of base material was evaluated by using Universal Testing
Machine (UTM) Tinius Olsen HI50KV in material and metallurgy lab. Chemical composition of HSLA plate is
represented in Table I and mechanical properties are represented in Table II.

Element C Si Mn Mo A\ Cr S P Fe

Maximum 0.18 0.22 0.98 1.12 0.27 1.25 0.018 0.017 Remaining

Table I: Spectroscopy results of High Strength Low Alloy Steel

Material Yield stress (MPa) Ultimate strength (MPa) Elongation % Hardness (HV)
High Strength Low 545 705 13 200
Alloy Steel

Table II: Tensile Strength and Hardness of Base metal (annealed state)

3x welded joints were tested in each testing category. Hardness testing and impact testing were performed to investigate
effects of variations in cooling media. Hardness of base metal was checked by using Ernst hardness tester. Charpy
Impact test was performed on machine of 300J capacity. Welding rod E-7018 was used for welding purpose, welding
current of around 150Amp and welding speed of 200mm/min were used as welding parameters. Impact testing samples
were prepared as per ASTM E23-18 standard. Charpy impact testing setup was utilized to evaluate toughness of welded
joints. All quenching media were at standard atmospheric values of temperature and pressure before quenching.

4. Results and Discussions. -

4.1 Microstructural characterization. - The microstructural study was conducted to assess the impact of different
quenching media on grain boundaries and grain sizes, which ultimately affect the mechanical properties. As shown in
Figures la and Ib, the air-cooled samples primarily consisted of a ferrite phase. The slow cooling rate due to natural
convection in air resulted in coarse ferrite grain boundaries and a minimal presence of pearlite, which was enveloped
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by a ferrite matrix. In contrast, Figures Ic and Id reveal finer grain boundaries due to rapid cooling in water. The
spacing between lamellae of pearlite and ferrite was reduced as represented in Figure Id. This decrease is associated
with enhanced strength but reduced ductility due to the rise in hardness.

(e) ®
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() (h)

Figure I: Microstructural Graphs (a) Air-cooled Samples (b) Water-cooled samples (c) Sand- cooled samples (d)
Oil-cooled samples.

Sand cooling was relatively ineffective due to its slow cooling rate, attributed to the poor thermal conductivity of sand.
As shown in Figures Ie and 1f, the microstructure exhibited coarse grain boundaries of ferrite and pearlite.
Consequently, the mechanical properties are expected to be similar to those of air-cooled samples. In contrast, high-
resolution micrographs of oil-cooled samples revealed a fine network of ferrite and pearlite, contributing to enhanced
strength and hardness. The moderate cooling rate in oil facilitated precipitate diffusion along grain boundaries, as
illustrated in Figures Ig and 1h, which could impede dislocation movement. Additionally, the grain boundaries in oil-
cooled samples were larger compared to those in water-cooled samples, suggesting a potential improvement in ductility
due to the balanced cooling effect of oil.

4.2 Hardness testing. - Welding reduces hardness of steel joint and base metal because high input heat deteriorates
microstructure. Hardness of steel after welding mitigated to almost 60% of base metal hardness. Enhancement in
hardness of welded joints was observed due to immediate quenching in water and oil. Water quenching significantly
ameliorated hardness because of development of very fine and compact ferrite and pearlite lamellae in welding regions
and heat affected regions. Results of comparison of WZ hardness are showed in Figure II, hardness 222HV was
observed in WZ of water-cooled joints as compared to 140HV hardness of air-cooled joints. Air and sand cooled joints
showed similar range of hardness because of slow cooling processes. Oil cooling represented significant enhancement
as compared to normal air cooling after welding. Oil-cooled joints hardness was greater than air and sand cooled joint,
however less than water-cooled joints because oil cooling are not as rapid as water cooling due high viscosity of oil.
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Figure II: WZ Hardness.
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Figure I1l: HAZ Hardness.

Comparison of HAZ hardness between welded joints quenched in different media are represented in Figure III. Water
cooling showed maximum hardness than others, 330HV hardness was attained after water cooling of welded joints.
Fine grains development due to rapid cooling in HAZ because low concentrated heat input, dislocation motion was
restrained, and internal stresses induced which causes brittleness. Oil cooling is a slow cooling process as compared
to water cooling due to high viscosity of oil. 305SHV hardness was observed in HAZ after oil cooling of welded joints
and ultimately results in low internal stresses. Air and sand cooling, both are very slow cooling processes and imparted
similar effects on welded joints with minimum variations. Welded joints are normally air cooled hence degradation of
hardness from 200HV to 162HV in HAZ were observed. Enhancement in hardness was observed after quenching of
welded structures in water and oil.

4.3 Tensile Testing. - Mechanical behavior of welding joints were investigated under tensile loading. Ultimate tensile
strength (UTS), Yield strength (YS) and % elongation was evaluated to investigate the direct impact of cooling in
different media on welding joints. Comparative study had been performed to appraise difference in strength properties
of welded joints. Samples from welded joints were tested as per ASTM standard and samples after testing are

represented in Figure IV.

Figure IV: Tensile Te estiné S;m_ipies.
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Figure V: Yield Strength Comparison.
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Results represented in Figure V manifest comparison of YS of welded joints, water cooled joints exhibited maximum
yield strength of 332MPa. Water cooled joints were brittle in nature because rapid cooling promotes internal stresses
in WZ and HAZ. Moreover, due to fine grain boundaries in WZ and HAZ areas enhanced yield strength and ultimately
promoted brittleness. Oil cooling was comparatively slow process than water cooling but fast than air and sand cooling.
Little internal stresses produced during oil cooling because of slow cooling in oil. Hence, higher yield strength was
attained due to good heat sinking of oil and ultimately improved microstructure. Air and sand cooled joints didn’t reveal
any remarkable difference between strength properties because both are slow cooled processes.
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Figure VI: Ultimate Tensile Strength Comparison

Results represented in Figure VI delineate comparison of UTS of welding structures. It is normally observed that UTS
dropped to 50% due to impact of high heat input, however oil cooled joints showed higher strength of 470MPa as
compared to air cooled joints of 390MPa. Water cooled joints UTS was ameliorated as compared to air and sand cooled
joints but not as significant as oil cooled joints. he cooling rate of water is higher than that of oil, making it more
effective in rapidly reducing temperature. However, this higher cooling rate also induces internal stresses and increases
brittleness due to the formation of harder phases. In the case of the welded samples, the 8mm thickness acted as a heat
sink, affecting the overall cooling behaviour. However, in thicker sections, microstructural variations may not be as
pronounced due to uneven heat dissipation, leading to less uniform phase transformation across the sample.
Difference between core and surface microstructure which leads to some ductility due to austenite and ferrite. Already
used hydraulic oil has moderate viscosity which provides greater cooling rate than critical cooling rate. Vapor blanket
stage was not established because of moderate viscosity, hence higher UTS was achieved in oil cooling. It is
conspicuous from results represented in Figure VII that ductility of HSLA degraded from 13% elongation (base metal)
to 7.2% elongation (air-cooled joints). High input heat mitigated ductility by deteriorating materials microstructure.
Water cooling was detrimental to ductility because rapid cooling constrained dislocation motion and developed internal
stresses. Oil cooling enhanced ductility by increasing % elongation from 7.2% to 9% for oil cooled joints.
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Figure VII: Percent Elongation Comparison
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Oil cooling is comparatively slower than water cooling due to higher viscosity of oil. Air and sand cooled joints are not
much distinguished in % elongation because both are slow cooling techniques. Statistical data analysis was conducted
to assess the variations in mechanical properties, with the results presented in Table III. The analysis revealed the
largest range in Ultimate Tensile Strength and Hardness, which can be directly linked to the influence of cooling rate.
Statistical analysis plays a crucial role in identifying and quantifying the relationships between different variables,
ensuring that the observed trends are reliable and representative.

Mean Median Standard Deviation Range
UTS 415.75 405 34.27 87
YS 307.7 304.5 16.9 42
% Elongation 7.225 7.3 1.4 3.7
WZ 176.75 174 38.64 85
Hardness

HAZ 240 234 78 168
WZ 48.25 50.5 6.98 18

Impact
Energy HAZ 94.125 95.75 14.6 41

Table IlI: Statistical Analysis

4.4 Welding Efficiency. - Welding efficiency of normal air-cooled joints is 50-55 %, tensile strength degrades after
welding due to input heat. SMAW is a widely used technique, but joints are less efficient than TIG welding joints.
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Figure VIII: Welding Efficiency Comparison

Input heat concentration is low, hence wider HAZ resulted which ultimately diminishes mechanical properties of joints.
Thicker joints behave like heat sink, hence localized improvements in strength after welding was observed in normal
air and sand cooled joints. Rapid cooling of welding joints in water reduced the width of HAZ and hinder the dislocation
movements. Efficiency of welded joints quenched in water was less than efficiency of oil quenched welded joints as
represented in Figure VIII. Severe internal stresses developed during water cooling was responsible of low UTS due to
brittle behavior of joints. Almost 12% of UTS was enhanced due to oil cooling of welding joints. Improvements in
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weld efficiency of oil quenched weld joints were due to moderate viscosity of used hydraulic oil because no vapor
blanket developed in moderately viscous oil. Air and sand cooled weld joints were equally efficient because slow
cooling resulted in both processes.

4.5 Impact Testing. - Impact testing was performed to appraise toughness of welded joints after quenching in different
media. Charpy impact tester was utilized, and sample was prepared having V notch of 2mm depth. Toughness property
pertinent to ductility because high ductile materials have good toughness. Behavior of welding joints under sudden
impact loading was evaluated and difference between toughness of WZ and HAZ is represented in Figure IX. Reduction
in impact energy of WZ and HAZ of Normal air-cooled joints revealed degradation in toughness, welding mitigated
impact energy from 200J of base metal to 55J in WZ of joint. Rapid cooling in water and oil produced severe effects
on toughness in weld zone of joints by reducing impact energy. Rapid cooling in water promotes brittleness due to
internal stresses at crystallographic planes, hence impact energy of water-cooled joints was minimum as compared to
other joints. Remarkable improvements in Impact energy of oil cooled was observed as value of impact energy in HAZ
was increased by 18] than air cooled joints. Moderate cooling rate in oil was attained due to moderate viscosity and
responsible for fine grain boundaries. Brittle behavior of joints was negligible due to minimum internal stresses.
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Figure IX: Impact Energy Comparison

5. Conclusion. - Considerable improvements were observed due to immediate quenching after welding of HSLA steel.
Results of tensile testing revealed that maximum tensile strength was achieved due to oil quenching. Moreover, greater
ductility was observed in form of enhanced % elongation after oil quenching. Water quenching degraded % elongation
due to rapid cooling. Yield strength of water-cooled joints was greater because of narrow HAZ and constrained
dislocation movement. Generation of internal stresses at crystallographic planes due to fast cooling promoted
brittleness, hence UTS of water-cooled joints were less than oil cooled joints. Appreciable enhancement in welding
efficiency was observed due to oil quenching. Oil quenched joints were 11% more efficient than normal air-cooled
joints. Maximum hardness of 330HV was reported due to water quenching in HAZ and 222HV in WZ. Significant
increase in impact energy was observed after oil quenching, water quenching mitigated toughness because impact
energy of water-cooled joints was very low as compared to others. Overall performance of oil cooled joints under
different mechanical loadings was noteworthy, hence oil quenching after welding would be performed for better
mechanical properties of joints.

6. Future Recommendation. - To gain a deeper understanding of the long-term performance and durability of welded
joints, it is recommended to incorporate fatigue testing into future studies. Creep testing under high temperature and
constant load should be included in future research. Creep resistance is essential for welded joints in high-temperature
environments, such as pressure vessels and steam pipes. While various quenching media have been evaluated in this
study, it is suggested to explore additional or alternative cooling methods, such as cryogenic cooling or the use of
hybrid quenching techniques.
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Summary. - This research aims to enhance the efficiency of weld joints through a cost-effective methodology.
Aluminium 6082-T6 is the chosen material due to its frequent use in applications that require intermediate strength
with low weight. Welding operations typically lead to a weakening of material strength by up to 50% due to the high
input heat. Therefore, the focus of this study is to improve the strength by employing quenching techniques with
different media, such as sand, water, and hydraulic oil. A comparative analysis of the mechanical properties is
performed based on the quenching of weld joints using these various media. Additionally, microstructure examination
is conducted to facilitate this comparative study. The mechanical properties investigated include hardness, tensile
strength, yield strength, and toughness, with the goal of understanding the impact of different quenching media. The
research reveals that water-cooled joints exhibit higher yield strength, while oil-cooled joints demonstrate superior
tensile strength compared to other joints. Furthermore, the ductility of oil-cooled joints is notably higher, as measured
by % elongation. Water cooling leads to noteworthy hardness in both the Weld Zone (WZ) and Heat-Affected Zone
(HAZ) due to rapid cooling. In contrast, the hardness of oil-cooled joints is not significantly different from that of
water-cooled welded joints. Regarding toughness, oil-cooled joints show greater impact energy in the HAZ compared
to those quenched with water, sand, and air. However, in the WZ, air-cooled joints exhibit superior impact energy,
which directly indicates better toughness properties. Therefore, oil-cooled joints display higher toughness in the HAZ,
while air-cooled joints are tougher in the WZ. Overall, the mechanical properties of oil-cooled joints are significantly
enhanced, leading to an improved weld efficiency from 55% to 72%.

Keywords: T1G welding; mechanical properties; Al 6082-T6; quenching media.

1 PhD Scholar, Department of Mechanical Engineering, NEDUET (Pakistan), atifshahzad2717@gmail.com,
ORCID iD: https://orcid.org/0000-0002-3277-7901

2 Associate Professor, Department of Mechanical Engineering, NEDUET (Pakistan), uzair@neduet.edu.pk,
ORCID iD: https://orcid.org/0000-0002-2033-6244

3 Student, Department of Mechanical Engineering, PIEAS (Pakistan), junaidjadoon2012@gmail.com,
ORCID iD: https://orcid.org/0000-0002-3277-7901

4 Student, Department of Metallurgy and Materials Engineering, University of Engineering and Technology (Pakistan),
saleemkhan.uet@gmail.com, ORCID iD: https://orcid.org/0000-0002-3277-7901

Memoria Investigaciones en Ingenieria, nam. 28 (2025). pp. 58-70
https://doi.org/10.36561/ING.28.6
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
Este es un articulo de acceso abierto distribuido bajo los términos de una licencia de uso y distribucion CC BY-NC 4.0. Para ver
una copia de esta licencia visite http://creativecommons.org/licenses/by-nc/4.0/
58


https://doi.org/10.36561/ING.28.6
http://creativecommons.org/licenses/by-nc/4.0/
mailto:atifshahzad2717@gmail.com
https://orcid.org/0000-0002-3277-7901
mailto:uzair@neduet.edu.pk
https://orcid.org/0000-0002-2033-6244
mailto:Email%3Ajunaidjadoon2012@gmail.com
https://orcid.org/0000-0002-3277-7901
mailto:saleemkhan.uet@gmail.com
https://orcid.org/0000-0002-3277-7901

A. Shazad, M. Uzair, J. Jadoon, S. Khan Marwat

Resumen. - Esta investigacion busca mejorar la eficiencia de las uniones soldadas mediante una metodologia rentable.
El aluminio 6082-T6 es el material elegido debido a su uso frecuente en aplicaciones que requieren resistencia
intermedia con bajo peso. Las operaciones de soldadura suelen provocar una reduccion de la resistencia del material
de hasta un 50 % debido al elevado calor de entrada. Por lo tanto, este estudio se centra en mejorar la resistencia
mediante técnicas de temple con diferentes medios, como arena, agua y aceite hidraulico. Se realiza un andlisis
comparativo de las propiedades mecanicas basado en el temple de las uniones soldadas con estos diversos medios.
Ademas, se realiza un examen de la microestructura para facilitar este estudio comparativo. Las propiedades
mecanicas investigadas incluyen dureza, resistencia a la traccion, limite eldstico y tenacidad, con el objetivo de
comprender el impacto de los diferentes medios de temple. La investigacion revela que las uniones refirigeradas por
agua presentan un mayor limite elastico, mientras que las refrigeradas por aceite demuestran una resistencia a la
traccion superior en comparacion con otras uniones. Ademas, la ductilidad de las uniones refrigeradas por aceite es
notablemente mayor, medida mediante el porcentaje de elongacion. El enfriamiento por agua produce una dureza
notable tanto en la zona de soldadura (ZS) como en la zona afectada por el calor (ZAC) debido al rapido enfriamiento.
Por el contrario, la dureza de las uniones enfriadas con aceite no es significativamente diferente de la de las uniones
soldadas enfriadas con agua. Con respecto a la tenacidad, las uniones enfriadas con aceite muestran una mayor
energia de impacto en la ZAC en comparacion con las templadas con agua, arena y aire. Sin embargo, en la ZS, las
uniones enfriadas con aire exhiben una energia de impacto superior, lo que indica directamente mejores propiedades
de tenacidad. Por lo tanto, las uniones enfriadas con aceite muestran una mayor tenacidad en la ZAC, mientras que
las uniones enfriadas con aire son mas tenaces en la ZS. En general, las propiedades mecanicas de las uniones

enfriadas con aceite mejoran significativamente, lo que lleva a una mejora en la eficiencia de la soldadura del 55% al
72%.

Palabras clave: Soldadura TIG, propiedades mecanicas, Al 6082-T6; medios de enfriamiento.

Resumo. - Esta pesquisa visa aumentar a eficiéncia de juntas soldadas por meio de uma metodologia economica. O
aluminio 6082-T6 ¢ o material escolhido devido ao seu uso frequente em aplicacées que exigem resisténcia
intermediaria com baixo peso. As operagoes de soldagem normalmente levam a um enfraquecimento da resisténcia do
material em até 50% devido ao alto calor de entrada. Portanto, o foco deste estudo é melhorar a resisténcia
empregando técnicas de témpera com diferentes meios, como areia, agua e oleo hidraulico. Uma andlise comparativa
das propriedades mecdnicas é realizada com base na témpera de juntas soldadas usando esses varios meios. Além
disso, o exame da microestrutura ¢ realizado para facilitar este estudo comparativo. As propriedades mecdnicas
investigadas incluem dureza, resisténcia a tragdo, resisténcia ao escoamento e tenacidade, com o objetivo de
compreender o impacto de diferentes meios de témpera. A pesquisa revela que juntas resfriadas a agua apresentam
maior resisténcia ao escoamento, enquanto juntas resfriadas a oleo demonstram resisténcia a tra¢do superior em
comparagdo com outras juntas. Além disso, a ductilidade das juntas resfriadas a oleo é notavelmente maior, medida
pela % de alongamento. O resfriamento a agua resulta em dureza notavel tanto na Zona de Solda (ZS) quanto na Zona
Afetada pelo Calor (ZAC) devido ao resfriamento rdpido. Em contraste, a dureza das juntas resfriadas a oleo ndo é
significativamente diferente daquela das juntas soldadas resfriadas a dgua. Em relagdo a tenacidade, as juntas
resfriadas a oleo apresentam maior energia de impacto na ZAC em comparagdo daquelas temperadas com agua, areia
e ar. No entanto, na ZC, as juntas resfriadas a ar exibem energia de impacto superior, o que indica diretamente
melhores propriedades de tenacidade. Portanto, as juntas resfriadas a oleo apresentam maior tenacidade na ZAC,
enquanto as juntas resfriadas a ar sdo mais tenazes na ZC. No geral, as propriedades mecdnicas das juntas resfriadas
a oleo sdo significativamente aprimoradas, levando a uma eficiéncia de soldagem aprimorada de 55% para 72%.

Palavras-chave: Soldagem TIG; propriedades mecdnicas; Al 6082-T6, meios de témpera.
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1. Introduction. - Aluminium alloys are widely used in numerous applications due to their excellent strength-to-weight
ratio. Among these alloys, Al 6082 is noted for its significant strength combined with a low weight. Additionally, this
alloy exhibits remarkable resistance to rust and possesses good reusability properties [1]. Its application is especially
prevalent in the automobile industry, where it is used in the manufacturing of suspension components. Al 6082 is
primarily composed of Aluminium (Al), Magnesium (Mg), and Silicon (Si). To further enhance its mechanical
properties such as tensile and yield strength, impact strength, and grain boundary size, Al 6082 undergoes heat
treatment [2]. A hot forging process is commonly utilized by many industries to produce intricate parts in a single
operation. However, this process results in a highly deformed microstructure with significant thermal and mechanical
stresses. As a consequence, post-forging heat treatment is often employed to alleviate such defects [3][4].

Joining Al 6082 through welding helps to reduce residual mechanical and thermal stresses to some extent. However,
a major drawback of welding is the reduction in joint strength. After welding, the tensile strength and hardness can be
reduced by up to 50%, necessitating post-weld heat treatments to enhance joint strength. Unfortunately, these post-
weld heat treatments can be expensive [5]. Forging is considered a cost-effective and efficient method for
manufacturing small-sized parts; however, for large-sized parts, forging becomes cumbersome and expensive [6]. As
a result, welding is commonly employed to join different parts and create giant structures. The choice of welding
parameters is known to significantly impact the performance of welded joints, with the type of welding technique
playing a crucial role [7]. Tungsten Inert Gas (TIG) welding is preferred in applications requiring concentrated heat,
while Shielded Metal Arc Welding (SMAW) is not suitable for such tasks due to its wider heat-affected zone (HAZ)
compared to TIG welding [8].

TIG welded joints of Al 6082 have been found to exhibit superior strength compared to Metal Inert Gas (MIG) welded
joints. This improvement in strength is attributed to the presence of equally sized grain boundaries after TIG welding,
resulting in a very fine spacing between adjacent grains [9]. Furthermore, the hardness of the joints has been shown to
be influenced by the speed of the tungsten electrode, with higher speeds contributing to the softening of the joint area.
The impact of subzero temperature conditions has been observed to strongly affect the mechanical properties of Al
6082, and thick plate coalescence using arc welding has led to the occurrence of various defects such as cracks and
pores [10]. These findings highlight the importance of selecting appropriate welding techniques and parameters to
ensure the desired mechanical properties and structural integrity in welded joints, especially when dealing with large-
sized structures.

A parametric study to evaluate key influencing factors in TIG welding of Aluminium alloys is considered very
essential. An increment in welding current has been found to negatively affect the tensile strength and hardness of the
welded joints. However, optimal results have been achieved with a welding current of 150A and a welding speed of
200 mm/min, leading to improved tensile strength and hardness properties [11]. The heat treatment of Al 6082-T6
alloy has produced a serious effect on hardness. Artificial aging at 175°C has significantly enhanced the hardness,
whereas performing solution heat treatment before age hardening has led to a degradation in hardness. The
development of the Mg2Si phase during artificial aging has increased the brittleness of Al 6082, consequently
contributing to its increased hardness [12].

Exploration of input heat influence on the precipitation hardening of Al 6082 during TIG welding has affirmed that
the concentrated arc generated during TIG welding allows for directed heat flow to the fusion areas, quickly achieving
the desired fusion temperature. Additionally, TIG welding is considered a welding technique with minimal defects,
especially when compared to other fusion techniques. The distortions resulting from temperature distribution on
welded joints are known to be more severe in other fusion techniques than in TIG welding [13][14]. Severe residual
stresses due to non-uniform thermal loading are known to negatively impact the corrosion behaviour of aluminium
alloys. The elevated temperatures experienced during welding induce thermal stresses, leading to stress corrosion
cracking, precipitation, and subsequent pitting corrosion. These factors ultimately compromise the strength of welded
joints [15]. Moreover, the anodic and cathodic behaviour of aluminium alloy precipitates influence the corrosion
phenomenon. The research has demonstrated that magnesium dissolution exhibits an anodic behavior and contributes
to the enhanced occurrence of pitting corrosion [16].

1.1 Research Motivation. - The strength and hardness of Al 6082-T6 significantly deteriorate due to the high heat
input generated during the welding process. A comprehensive literature review reveals that this degradation primarily
results from substantial microstructural alterations induced by welding. Given the high thermal conductivity of
aluminium, heat is rapidly conducted, leading to an expanded HAZ and subsequent microstructural disruptions, which
frequently contribute to joint failure. Moreover, the ductility of welded joints is considerably reduced due to
microstructural distortion and reinforcement through the incorporation of additional filler metal. This study explores
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the potential enhancement of the mechanical properties of Al 6082-T6 weld joints through post-weld quenching using
various cooling media following TIG welding. The HAZ width in samples cooled under ambient air conditions is
relatively larger due to the slower heat dissipation, which negatively impacts tensile strength, impact resistance, and
hardness. Minimizing the HAZ width is crucial for improving the mechanical performance of welded joints. Therefore,
rapid dissipation of post-welding heat is essential to mitigate mechanical property degradation. This investigation
evaluates the effect of different cooling media on the mechanical behaviour of Al 6082-T6, recognizing that each
cooling medium exhibits distinct heat transfer characteristics, leading to variations in the resulting mechanical
properties of the weld joints.

2. Experimental Methodology. - TIG welding technique was utilized in this study for welding of Al 6082-T6 alloy
of 8mm thickness, different quenching media were used immediately after welding process to alter mechanical
properties and welding efficiency. Following parameters were studied:

a. Microstructural examination
b. Tensile testing

c. Hardness testing

d. Impact testing

To investigate variations in strength and ductility, the researchers conducted tensile testing. Tensile samples were
prepared according to the ASTM E8M-16a standard, and a HIS0KV tensile testing machine (UTM) was employed for
this research. The hardness of the samples was evaluated using an Ernst Vickers Hardness Tester. Four different
quenching media air, sand, water, and hydraulic oil (Shell Morlina S2 BL 10) were selected for the purpose of cooling.
To assess toughness after the cooling process of welded samples, Charpy V-notch impact testing was performed
following the ASTM E23-18 standard for sample preparation. Microstructural examination of properly prepared
metallurgical specimens/weldments was conducted using an Optical Metallurgical Microscope. The chemical
composition of the material was determined using an optical emission spectrometer, and the weight percentages of
constituent elements are presented in Table I. For comparison with the welded samples, the mechanical properties of
the base material were tabulated in Table II. Based on a comprehensive review of the literature, suitable welding
parameters were selected to achieve high-quality welded joints.

Element Mg Si Mn Cu Cr Zn Ti Fe Al

Percentage 1 7 95 13 .26 21 12 48 Balance

Table I: Chemical composition of Al 6082-T6

Base material specimens were cut from 8 mm thick plate and tensile specimens were prepared as per ASTM E8M-16a
standard.

Base metal Yield strength (YS) Tensile strength (UTS) | % Elongation | Hardness Vicker (HV)

Al 6082-T6 250MPa 300MPa 10% 90

Table II: Base material mechanical properties

For TIG welding, the welding parameters chosen were an electrode traveling speed of 200 mm/min and a current of
180 A. The welding process utilized a Precision TIG AC type machine, and a 3.2mm diameter filler wire AA4043 was
selected. To prevent any interference with the mechanical properties, the dwell time after welding was kept to a
minimum.

3. Results and Discussion. -

3.1 Microstructure Study. - Microstructural study was performed to evaluate the impact of different cooling media
on HAZ of welding joints of Al 6082 T6. The microstructural examination presented in Figure I illustrates distinct
grain boundaries within the HAZ. Coarse grain boundaries were observed in both Figure I(a) and Figure I(b),
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contributing to improved elongation percentage and ductility but reduced strength. Conversely, Figure I(c) and Figure
I(d) depict fine grain boundaries resulting from the rapid cooling process involving water and oil. Notably, oil cooling
leads to the formation of elongated grains, as evident in Figure I(d). In comparison, joints cooled with air and sand
exhibit higher levels of porosity when compared to those cooled with water and oil. The presence of pores creates
points of stress concentration, ultimately causing a degradation in the mechanical strength of the joints. Microstructural
analysis of oil cooled joints reveals the presence of fine and equiaxed grains due to the moderate viscosity of the oil,
which facilitates quick and uniform heat dissipation without the formation of a vapor shield.

A,
S

(c) Water cooled joints (d) Hydraulic-oil cooled joints

e

Figure I: Microstructure of HAZ of Air, Sand, Water & Hydraulic-oil cooled joints.

Water-cooled joints exhibit fine yet irregular grains due to their rapid but non-uniform cooling process. The black spots
observed in the HAZ of air-cooled and sand-cooled samples likely result from the formation of secondary phases, such
as Mg.Si precipitates or other intermetallic compounds, during cooling. The slower cooling rates in air and sand
facilitated the diffusion of precipitates along coarse grain boundaries. These precipitates appear darker under optical
microscopy due to their distinct optical properties compared to the aluminium matrix. In contrast, rapid cooling in
water and oil quenching leaves less time for precipitate formation and growth. Instead, the rapid cooling rate traps
solute atoms within the aluminium matrix, inhibiting the development of distinct precipitates. Consequently, black
spots are smaller or less noticeable in these samples. Additionally, slower cooling rates may encourage the segregation
of elements like Mg or Si at grain boundaries. Rapid cooling, on the other hand, promotes fine grain boundaries,
enhancing mechanical strength while reducing the ductility of welded joints. The formation of precipitates restricts
dislocation motion under loading, leading to increased strength. Rapid cooling seizes these precipitates along fine grain
boundaries, potentially contributing to strength enhancement. This precipitation effect is counteracted by the presence
of pores and coarse grain boundaries, meaning slow cooling may not significantly improve strength and hardness.

3.2 Tensile Testing Results. - The strength (both tensile and yield) of welded joints decreased by approximately 50%
as a result of the weld heat input effects [5]. Figure II represents the outcomes of the comparison between the yield
strength (YS) of welded joints that were quenched or cooled using different cooling methods. For each cooling
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treatment, three samples were chosen, and the comparison was based on the average values. The water-quenched
welded samples exhibited a higher YS compared to the samples cooled in air, sand, and oil. This improvement in YS
was achieved because the rapid cooling in water led to the formation of fine grain boundaries.
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Figure Il: Quenching effect on yield strength.

The YS of the oil-quenched welded samples was similar to that of the water-quenched samples due to the higher
convectional coefficients facilitating temperature distribution. Additionally, low distortions were observed after oil
quenching. The YS of the air and sand-cooled samples were approximately equal since both cases involved slower
cooling. Several distortions were observed after water quenching due to its very rapid cooling process. The findings
presented in Figure IV illustrate a comparison of the ultimate tensile strength (UTS) among welded joints that were
cooled using different quenching media. It was observed that the oil-cooled welded joints displayed higher strength
compared to joints cooled in other media. The strength characteristics of the oil-cooled joints were particularly
distinctive, showing an improvement of 54MPa compared to the normally air-cooled welded joints. The tensile strength
of the oil-cooled joints also exhibited a notable difference of approximately 26MPa when compared to the water-cooled
joints. Additionally, Figure III presents the results indicating the ductile behavior of the welded joints cooled in various
media. Base metal ductility reduced from 10% elongation to 6% for normal air-cooled welded joints. Oil cooled
samples showed 7% elongation, highest amongst other media; thus, oil cooling imparted maximum duectility after
welding due to uniform diffusion of precipitates along grains and moderate cooling.

% Elongation
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Figure Ill: Quenching effect on percent elongation.

Fine grain boundaries generally enhance the endurance limit, leading to improved fatigue strength. Rapid cooling
methods such as water and oil cooling can further increase fatigue resistance by maximizing dislocation hindrance. In
contrast, coarse grain boundaries formed through slower cooling methods like air and sand cooling may reduce fatigue
strength due to lower resistance to dislocation movement. Additionally, slow cooling can result in gas porosity, which
creates stress concentrations and further diminishes endurance properties.
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Figure IV: Quenching effect on ultimate tensile strength.

3.3 Welding Efficiency. - The results presented in Figure V demonstrate an enhancement in welding efficiency when
utilizing different quenching media for the welded joints compared to normal air-cooled joints. Among the quenching
methods, oil-quenched joints exhibited the highest weld efficiency of 72.5%.
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Figure V: Welding Efficiency.

This improvement can be attributed to the development of fine grain boundaries, which occurred due to the higher
cooling rate provided by oil quenching compared to air and sand. Additionally, the width of the HAZ was reduced,
resulting in improved mechanical properties, as a narrower HAZ is associated with better performance. In both the
HAZ and WZ, the coarsening of precipitation size was not significant due to the rapid cooling process, leading to
smaller and finer precipitates. Consequently, the oil-quenched joints exhibited higher strength compared to the other
methods. On the other hand, water-quenched joints showed strength improvements of up to 64.6%. However, their
strength was lower than that of oil-cooled joints due to the extremely rapid cooling in water. Although the water-
quenched joints displayed lower tensile strength due to the generation of internal stresses, their yield strength was
higher than that of the oil-quenched joints. This can be attributed to the presence of fine grain boundaries and the
hindrance of dislocations caused by the rapid water cooling.

3.4 Hardness Testing. - The hardness testing results presented in Figure VI illustrate a comparison among the WZ of
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welded joints that were subjected to quenching in various media. Among the different quenching methods employed,
the welded joints quenched in water displayed the highest hardness in the WZ. This can be attributed to the segregation
of fine grain boundaries and the formation of narrow precipitates, which were more pronounced in comparison to the
other quenched joints. The utilization of oil cooling resulted in an enhancement of hardness, increasing it from S6HV
(for joints cooled in normal air) to 68HV.
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Figure VI: Quenching effect on WZ hardness.

Notably, sand cooling did not yield any significant changes in the welded joints, as the results were similar to those of
the air-cooled joints. The input heat effected the width of both the WZ and the HAZ, leading to a decrease in hardness
for joints that were slowly cooled (via air and sand) from 90HV to approximately S5SHV. The results presented in
Figure VII demonstrate a comparison of the hardness in the HAZ of different welding joints after quenching. The HAZ
hardness of joints quenched in water was found to be the highest among the various joints, primarily due to the rapid
cooling process. The oil-cooled joints exhibited a similar level of hardness in the HAZ, closely following the water-
cooled joints. The increased hardness observed in the water and oil-cooled joints can be attributed to the extremely
narrow width of the HAZ and the presence of fine precipitates. The rapid cooling employed in these methods restricts
the movement of dislocations, leading to the generation of stresses across the crystallographic planes. However, it
should be noted that the fast cooling of welded joints in water can result in brittleness, which further increases the
hardness and can have a detrimental effect on the tensile strength of the joints.
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Figure VII: Quenching effect on HAZ Hardness.
3.5 Impact Testing. - The impact absorbed energy (measured in Joules) of the WZ in different media after quenching
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is presented in Figure VIII. The amount of impact energy absorbed during testing directly reflects the toughness of the
welded joints, as toughness is directly proportional to impact energy. It was observed that the water-cooled welded
joints exhibited brittleness. On the other hand, slow cooling in air and sand resulted in generally good toughness due
to their favorable ductile nature. The slow cooling process minimizes the generation of internal stresses. However, it
should be noted that the microstructure of the sand and air-cooled samples showed signs of porosity. In comparison,
the air and sand-cooled welded joints displayed higher impact energy in the WZ compared to the water-cooled joints.
In contrast, the WZ of oil-cooled joints exhibited enhanced toughness compared to the other joints. This improvement
can be attributed to the fact that the viscosity of the oil allowed for the uniform distribution of input heat throughout
the entire area around the WZ, effectively reducing porosity. The moderate cooling provided by the oil, which has
higher viscosity than other media, contributed to an overall improvement in impact resistance. Abrupt temperature
changes due to fast cooling in water resulted in severe internal stresses and restricted dislocation movement eventually
causing the welded joints to become brittle.
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Figure VIII: Quenching effect on WZ Impact Energy

The impact energy of the HAZ in welded joints, quenched using different media, is depicted in Figure IX. Among the
various quenching methods, the oil-cooled joints displayed the highest impact energy, measuring 25.5 Joules. This
superior performance can be attributed to the uniform distribution of input heat achieved through the moderate viscosity
of the oil. Although oil cooling is a faster process compared to air and sand cooling, water cooling is even faster than
oil cooling. As a result, the water-cooled joints exhibited a lower impact energy due to the rapid cooling process, which
restricts dislocation motion owing to the extremely narrow HAZ. On the other hand, air and sand-cooled joints
experienced uneven heat distribution, which facilitated dislocation motion and led to a wider HAZ. Consequently,
these joints demonstrated lower impact energy. However, when the welded joints were oil-cooled, they exhibited mild
effects and demonstrated enhanced impact energy. This suggests that the oil cooling method had positive effects on
the joints. It is important to note that the quenching media used in the experiments were assumed to be at standard
temperature. All the experiments were conducted within a carefully controlled laboratory environment, without any
heating or cooling of the quenching media being performed.
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Figure IX: Quenching effect on HAZ Impact Energy.
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Table III presents the statistical analysis of the data, highlighting that the ultimate tensile strength exhibited the highest
standard deviation. This variability can be attributed to rapid cooling, as UTS increased significantly due to post-weld
quenching. Furthermore, the UTS data demonstrated the largest range of 48, reinforcing the correlation between
enhanced UTS and swift cooling in comparison to air and sand cooling methods. Similarly, the hardness of the HAZ
showed a notable improvement, likely due to refined grain boundaries and precipitate formation. A range of 20 was
observed in hardness values, indicating a substantial variation in response to different cooling conditions.

Mean Median Standard Deviation Range
UTS 189.2 184.5 19.7 48
YS 126.75 126 10.52 25
% Elongation 6.13 6 0.61 1.7
Wz 63.25 62 8.04 19
Hardness

HAZ 73.5 71 9.13 20
WZ 4.9 5.1 1.4 35

Impact
Energy HAZ 21.8 22.4 3.53 8.5

Table II: Statistical Analysis of data.

4. Conclusion. - The utilization of different media for quenching weld joints leads to improved mechanical properties
due to rapid heat dissipation from the joint area, key improvements are listed below:

The strength of welded joints is compromised by normal air cooling, resulting in a decrease of up to 50%.
Among the various quenching media, water-cooled joints exhibited the highest YS of 140 MPa.

Oil cooling enhanced the UTS of joints cooled in air from 170 MPa to 221 MPa. Likewise, oil-cooled joints
demonstrated the highest percentage of elongation, indicating superior ductility.

Oil quenching resulted in the maximum weld efficiency of 72.5%, surpassing the 55.7% efficiency of normally
air-cooled joints. The notable weld efficiency achieved in oil-cooled joints can be attributed to the moderate
viscosity of hydraulic oil.

The water-cooled joints exhibited higher hardness in the WZ and HAZ compared to other joints. The increased
hardness is attributed to residual internal stresses at crystallographic planes.

The impact energy of water-cooled welded joints decreased to 3 Joules in the WZ, while the impact energy of
oil-cooled joints surpassed other joints. In the HAZ, the impact energy of oil-cooled joints was distinct and
the highest among all joints due to the narrow width of the HAZ, fine grain boundaries, and fine precipitates.

Overall, oil-quenched welded joints demonstrated superior performance compared to other welded joints.

5. Future Recommendation. - This study conducted microstructural analysis and mechanical characterization,
including tensile, hardness, and impact testing, on quenched welded joints. The scope of mechanical evaluation can be
further expanded by incorporating fatigue and creep analysis. Additionally, post-weld heat treatment can be employed
to assess the performance of the welded joints. Processes such as solution heat treatment and artificial aging have the
potential to induce significant microstructural modifications and alter the mechanical properties of the material.
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Interaccion Suelo-Estructura de una edificacion con losa de cimentacion con
los modelos estaticos de Winkler y Pasternak

Soil-Structure interaction of a building with a foundation slab with the static
models of Winkler and Pasternak

Interagdo solo-estrutura de uma edificagdo com laje de fundagdo com os modelos
estaticos de Winkler e Pasternak

Juan Contreras ', Genner Villarreal Castro>”

Recibido: 30/09/2024 Aceptado: 26/01/2025

Resumen. - Winkler y Pasternak establecieron que la interaccion suelo estructura entre la base de una estructura y el
suelo de cimentacion, se puede idealizar como un conjunto de resortes de rigidez que se desplazan como resultado de
la carga aplicada sobre su superficie (Ubani, 2022). El aporte de los modelos estaticos es la incorporacion de las
propiedades dindmicas del suelo mediante modelos de comportamiento elastico lineal del suelo, facilitando los
procedimientos de calculo en funcion a las propiedades mecanicas obtenidas del estrato del suelo de fundacion.
Mediante la incorporacién de los coeficientes estaticos obtenidos con las propiedades elésticas del suelo, en un modelo
estructural es posible verificar si puede existir alguna variacion en el comportamiento estructural del modelo (Villarreal,
2017). En este aspecto la investigacion surgio con el objetivo de determinar si esas variaciones pueden ser significativas
afectando el comportamiento estructural de la edificacion que tiene como fundacion una losa de cimentacion. Se
considero para ello las propiedades del suelo obtenidas de un estudio de mecanica de suelos (EMS), mediante el cual
se determino que el suelo se categoriza como S3, con un médulo de elasticidad E_s=1150 tonf/m?, coeficiente Poisson
1v=0.30 y altura del estrato en la zona de estudio. La zona sismica se determind como una zona de aceleracion con 0.25g.
Los resultados se obtuvieron de la comparacion del modelo con disefio sismorresistente que considera como parte de
sus parametros que el suelo de la cimentacion es indeformable, y los modelos con los coeficientes de ISE de Winkler
y Pasternak. Mediante los resultados se llegd a concluir que existe un incremento significativo en los esfuerzos cortantes
en el nivel que se encuentra en contacto directo con la losa de cimentacion, mientras que la variacion en el periodo
fundamental y la deformacion lateral de la edificacion no fue significativa, considerando en parte que la estructura es
altamente rigida por su sistema estructural de muros a corte.

Palabras clave: Interaccion suelo estructura, modelos estaticos de Winkler y Pasternak, coeficientes de rigidez del
suelo.
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Summary. - Winkler and Pasternak established that the soil-structure interaction between the base of a structure and
the foundation soil can be idealized as a set of stiffness springs that move as a result of the load applied to its surface
(Ubani, 2022). The contribution of static models is the incorporation of the dynamic properties of the soil through
linear elastic soil behavior models, facilitating the calculation procedures based on the mechanical properties obtained
from the foundation soil stratum. By incorporating the static coefficients obtained with the elastic properties of the soil,
in a structural model it is possible to verify if there may be any variation in the structural behavior of the model
(Villarreal, 2017). In this aspect, the research arose with the objective of determining if these variations can be
significant in affecting the structural behavior of the building that has a foundation slab as a foundation. For this
purpose, the soil properties obtained from a soil mechanics study (SMS) were considered, through which it was
determined that the soil is categorized as S3, with an elasticity modulus E_s=1150 ton/m2, Poisson coefficient v=0.30
and height of the stratum in the study area. The seismic zone was determined as an acceleration zone with 0.25g. The
results were obtained from the comparison of the model with earthquake-resistant design that considers as part of its
parameters that the foundation soil is non-deformable, and the models with the SSI coefficients of Winkler and
Pasternak. Through the results, it was concluded that there is a significant increase in the shear stresses at the level
that is in direct contact with the foundation slab, while the variation in the fundamental period and the lateral
deformation of the building was not significant, considering in part that the structure is highly rigid due to its structural
system of shear walls.

Keywords: Soil-structure interaction, static Winkler and Pasternak soil models, soil stiffness coefficients

Resumo. - Winkler e Pasternak estabeleceram que a interagdo solo-estrutura entre a base de uma estrutura e o solo
de fundagdo pode ser idealizada como um conjunto de molas de rigidez que se movem em decorréncia da carga
aplicada em sua superficie (Ubani, 2022). A contribui¢do dos modelos estdticos é a incorporagdo das propriedades
dindmicas do solo por meio de modelos de comportamento elastico linear do solo, facilitando os procedimentos de
cdlculo com base nas propriedades mecdnicas obtidas do estrato do solo de fundagdo. Ao incorporar os coeficientes
estaticos obtidos com as propriedades eldsticas do solo, em um modelo estrutural é possivel verificar se pode haver
alguma varia¢do no comportamento estrutural do modelo (Villarreal, 2017). Nesse aspecto, a pesquisa surgiu com o
objetivo de determinar se essas variagoes podem ser significativas em afetar o comportamento estrutural da edifica¢do
que possui uma laje de fundag¢do como fundagdo. Para tanto, foram consideradas as propriedades do solo obtidas a
partir de um estudo de mecdnica dos solos (MSS), por meio do qual foi determinado que o solo é categorizado como
S3, com modulo de elasticidade E_s=1150 ton/m2, coeficiente de Poisson v=0,30 e altura do estrato na drea de estudo.
A zona sismica foi determinada como uma zona de acelera¢do com 0,25g. Os resultados foram obtidos a partir da
comparagdo do modelo com projeto resistente a terremotos que considera como parte de seus pardmetros que o solo
de fundacdo é ndo deformavel, e os modelos com os coeficientes SSI de Winkler e Pasternak. Por meio dos resultados,
concluiu-se que hda um aumento significativo nas tensées de cisalhamento no nivel que estd em contato direto com a
laje de fundagdo, enquanto a varia¢do no periodo fundamental e na deformagdo lateral da edificagcdo ndo foi
significativa, considerando em parte que a estrutura é altamente rigida devido ao seu sistema estrutural de paredes de
cisalhamento.

Palavras-chave: Interagdo solo-estrutura, modelos estaticos de solo de Winkler e Pasternak, coeficientes de rigidez
do solo.
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1. Introduccién. - Los modelos estaticos de interaccion suelo estructura de Winkler (1867) y Pasternak (1954) integran
la rigidez del suelo en el analisis dindmico de las estructuras, mediante coeficientes estaticos, calculados con parametros
geotécnicos obtenidos para los estratos del suelo que soportaran las cargas propias de la cimentacion y de las cargas
que se transmiten de la superestructura. En la actualidad, la utilizacién de coeficientes de tipo estaticos para el analisis
estructural se realiza mediante el médulo de balasto, no siendo obligatorio su uso segun la normativa vigente y
quedando a criterio del ingeniero estructural. Bajo estas condiciones los estudios para determinar la influencia de los
modelos de interaccion suelo-estructura en las edificaciones son escazas y limitadas, aun mas considerando las diversas
condiciones sismicas de un pais con alta sismicidad como Pert. En este aspecto, el estudio se realizé en la region de
Cajamarca, al norte del Perti, en la provincia de Jaén, utilizando una edificaciéon en muros estructurales y losa de
cimentacion. La costa peruana y las regiones adyacentes han experimentado sismos significativos, como el ocurrido el
31 de mayo de 1970 en Chimbote, que fue afectada por un sismo de magnitud 7.8 en la escala de Richter, lo que
demuestra la importancia y la necesidad de considerar todos los pardmetros posibles en el andlisis sismico y el disefo
de las estructuras, siendo por ello los modelos de interaccion suelo-estructura estaticos, modelos ideales que incorporan
la rigidez del suelo en el analisis estructural.

La zona considerada en la investigacion presenta una geologia que se puede considerar tinica, debido a que la region
se encuentra en una zona de transicion entre la Cordillera de los Andes y la llanura amazénica, lo que resulta en zonas
con la presencia de fallas geologicas y depositos sedimentarios. Estas condiciones contribuyen a la complejidad del
comportamiento sismico de las estructuras en este tipo de suelo, suelos blandos, con depositos fluvioaluviales
compactados de baja rigidez.

1.1. Objetivos de la investigacién. - Los modelos estaticos de interaccion suelo estructura de Winkler y Pasternak de
acuerdo a los estudios tedricos de diversos autores, sugieren que la utilizacion de estos coeficientes estaticos como una
representacion de las propiedades del suelo pueden afectar al comportamiento estructural de la edificacion [1]. En ese
aspecto la investigacion surge con el objetivo principal de determinar si la influencia de los modelos estaticos de
Winkler y Pasternak en el comportamiento estructural de una edificacién con muros estructurales y una losa de
cimentacion es significativa.

Como objetivos secundarios se propuso determinar si la ISE estatica en los modelos de Winkler y Pasternak, pueden
afectar al periodo fundamental de vibracién de la estructura, a las derivas y los esfuerzos cortantes, aspectos
fundamentales del comportamiento estructural de una edificacion.

1.2 Implicaciones y limitaciones de la investigacion. - Villareal, Cerna, & Espinoza (2021) [2] en un estudio realizado
en una estructura con plateas de cimentacion sefialan que los modelos de ISE pueden modificar el comportamiento
estructural de las edificaciones, aseverando que se puede realizar un andlisis y un disefio de mayor precision. Asimismo,
Bao & Liu (2019) [3] confirman que los modelos ISE afectan a las propiedades inherentes de una estructura como la
frecuencia de vibracion de la estructura, es decir el periodo puede variar como consecuencia del amortiguamiento y
rigidez proporcionados por las cimentaciones al interactuar con el suelo.

En este aspecto, el estudio implica determinar si esa influencia de los modelos estaticos de ISE, pueden modificar el
periodo de la estructura, las derivas (deformaciones laterales) y los esfuerzos internos, principalmente en el nivel
adyacente que, segun el estudio realizado por Fernandez, Fernandez & Cobelo (2022) [4] provoca que las fuerzas
interiores se redistribuyan en los elementos estructurales y la cimentacion.

Respecto a las limitaciones de la investigacion, el estudio se enmarcé dentro de un andlisis convencional por espectros,
un analisis modal espectral que tiene como funcién principal determinar los periodos por modos de vibracion, las
fuerzas cortantes maximas probables y deformacion lateral de entrepiso, otorgando la respuesta total por combinacion
cuadratica completa (CQC) que estan basados en analisis estadisticos que determinan un valor maximo factible. En lo
concerniente al suelo, el estudio de suelo determiné que la cimentaciéon descansa en un solo estrato, debido a que la
losa de cimentacion se define como una cimentacion superficial.
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1.3 Fuerzas sismicas para el analisis modal. - El analisis sismico de la estructura se realiz6 con fuerzas sismicas de
pseudoaceleracion, mediante el procedimiento de analisis modal espectral. La zona de peligro sismico esta
categorizada como Z2 con un coeficiente de 0.25g. De acuerdo el estudio de Mecanica de suelos (EMS) el suelo de
acuerdo a la velocidad promedio de las ondas de corte (V;) y el promedio ponderado del ensayo estandar de
penetracion (Ng,) se clasifica como un suelo tipo S3. Por tanto, los pardmetros establecidos para el sitio (S,Tp,Tr)
considerados para una zona de riesgo sismico Z2 son: Factor de suelo S3 = 1.40, periodo corto del estrato T,(s) =
1.0, periodo largo del estrato T;.(s) = 1.6

El factor de uso de la estructura es U = 1.0 (E030, 2018), en lo correspondiente a la configuracion estructural de la
edificacion, se determind previamente en un analisis de absorcion de cortantes por elementos estructurales, que los
muros estructurales absorben las fuerzas sismicas por encima del 70%, por tanto, se categoriza como una edificacion
con un sistema estructural por muros estructurales, con un factor de reduccion de R = 6.0 (E030, 2018).

El célculo del coeficiente simico C = 2.5 se determind mediante la norma (E030, 2018), que sefiala que para todos
los casos donde el periodo de la estructura tiene un periodo fundamental menor al periodo corto del estrato del

suelo T< Tp — C=2.5.

En la Tabla I se aprecia la altura de la edificacion y los coeficientes usados para el espectro:

Parametros Factor
Altura de edificacion h, 18.60 m

Coeficiente Ct (sistema muros) 60.00
Periodo estatico de la edificacion T 0.31
Tp(S) 1.00
TL(S) 1.60

T<Tp Cumple condicion

C 2.50

Tabla I.- Parametros normativos

Con esos datos se procedio a calcular la seudoaceleracion elastica y no elastica, asi como el espectro reducido por
R, con la ecuacion de pseudoaceleracion de la norma (E030, 2018). Al reemplazar los parametros de la tabla en la
ecuacion de pseudoaceleracion para el espectro eléstico se obtuvo:

_ZUCS 025 % 1 %25 1.4
@ R 6

= 0.145833g

Para realizar el analisis modal espectral de la estructura, se procedio a cargar el espectro elastico S, = 0.145833g.
Este espectro genera las derivas elasticas, por lo cual se procedi6 a realizar una combinacion de cargas utilizando el
factor 0.75R = 0.75(6) = 4.5 para obtener los resultados con el espectro de pseudoaceleracion S,; = 0.65625 g.

S, = 0.145833g % 0.75(6) = 0.65625 g

2. Estado del Arte. - Los modelos estaticos de ISE de Winkler (1867) y Pasternak (1954) permiten obtener
coeficientes que representan la rigidez variable de los suelos elasticos, que pueden reemplazar la idealizacion de las
estructuras como modelos empotrados. Mediante estos modelos ISE, el analisis puede presentar mayor precision en
la respuesta estructural, por lo cual su importancia radica fundamentalmente en mostrar resultados mas reales. El
principio bésico de los modelos estaticos en la determinacion del modelo ISE es la discretizacion de la rigidez del
suelo mediante resortes de rigidez que se van a definir como el coeficiente de Balasto, el modelo propuesto por
Winkler (1867) y Pasternak (1954) proponen la utilizaciéon de resortes equivalentes colocados en la base de la
cimentacion en una simulacién bidimensional, que a continuacion se detallan.

2.1 Modelo de Winkler (1867). - El modelo de Winkler propone la representacion bidimensional del suelo mediante
resortes de rigidez, que se definen o conocen como el mddulo de subrasante (C,) que se pueden determinar de forma
experimental o analitica [5]. El modulo de subrasante (C;) considera basicamente la incorporacion del coeficiente
en la direccion de reaccion del suelo a la cimentacion, es decir en forma vertical.
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e o e o o e e e e

(a) (b)
Placa flexible sometida Placa rigida sometida
a una carga uniforme a una carga concentrada

Figura I.- Modelo de Winkler (Aristizabal, 1987)

La teoria de Winkler propuso que existe una relacion directamente proporcional entre cualquier punto de apoyo del
suelo y la presion resultante de las cargas q y el desplazamiento generado w (asentamiento del suelo bajo las cargas),
lo cual da lugar a una relacién de tipo matematica que se aprecia a continuacion:

q(x,y) =Ko (x,y)

Donde, los resortes tienen una rigidez K y se consideran como el modulo de balasto tinico que representa al terreno
y que también se puede considerar como constante. Segun el modelo propuesto en la Figura I, el coeficiente de balasto
es constante en cada punto y actiia de forma independiente en cada punto, asi se considere una losa flexible (Figura
Ia) o una losa con rigidez infinita (Figura Ib). Esta condicion en el modelo de Winkler genera una deficiencia en la
condicion real del suelo, puesto que considera que los suelos adyacentes a la cimentacion no sufren ningtin grado de
deformacion (Santana, 2020) [6], al considerar hipotéticamente que cuentan con rigideces independientes.

El célculo del modulo de balasto puede definirse en funcidon al nimero de estratos para uno y dos estratos, cuyas
ecuaciones de Winkler se describen a continuacion.

e  Para un estrato

_ B
hq(1-20%)

G = M

e Para dos estratos

1
h R
E_i (1-20%)+ E—z (1-203)

O
1

2)
Donde:

E;, E; : Mddulos de elasticidad del suelo de los estratos 1 y 2
U1, U, : Modulos de la relacion de Poisson del suelo de los estratos 1y 2
hy, h, : Espesor de los estratos 1y 2

2.2 Modelo de Pasternak (1954). - El modelo de Pasternak propone la representacion bidimensional del suelo
mediante dos coeficientes de rigidez, el primero el médulo de subrasante propuesto por Winkler en la direccion
vertical o a compresion, y el segundo que describe la rigidez de los empujes laterales del suelo en la cimentacion
(Villarreal et al, 2021) [7].

En el modelo de Pasternak se trata de superar la condicion de discontinuidad del modelo de Winkler, proponiendo
para ello una capa de corte como se aprecia en la Figura II [8] que permitiria de acuerdo al autor considerar la
interaccion entre los resortes adyacentes, mediante dos constantes elasticas independientes.

capa a
|cortante pura

q(x,y)

s T e =

Figura Il.- Modelo de Pasternak [8]
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El calculo del modulo de balasto puede definirse en funciéon al nimero de estratos para uno y dos estratos, tal como
se indica a continuacion.

e  Para un estrato

_ B
hy(1-20%)

G = 3)

Ei1xhq
6(1-vq)

4)

e  Para dos estratos

1

¢ = Q)

R R
n (1—2u{)+E—§ (1-202)

1 Ei1xhq
6(1—&3) L6(1—vq)

Eyxhy

C, =
2 (1-v2)

(3+35 +&2)+ 6)

Donde:

E;, E; : Mddulos de elasticidad del suelo de los estratos 1 y 2
Uy, U, : Modulos de la relacion de Poisson del suelo de los estratos 1y 2
hy, h, : Espesor de los estratos 1y 2

3. Modelado de la estructura. - La estructura inicialmente se procedié a modelar con el empotramiento en la base,
considerando para ello las propiedades del concreto, metrados de cargas, sistema estructural, entre otras condiciones.

3.1. Propiedades de la estructura para el modelamiento. - El modelo estructural con las propiedades de los materiales
utilizados para el concreto y acero de la estructura se muestran en la Tabla II:

Elementos Propiedades
Concreto en vigas, columnas, losas £¢=210 kgf/cm?
Losa de cimentacion e=0.40 ¢=210 kgf/cm?
Acero (resistencia) y=4200 kgf/cm?
Modulo de elasticidad Ec Ec=2188.20 kgf/mm?
Cocficiente de Poisson del concreto v=10.20
Metro cubico de concreto (Peso) Yca=2.4 tonf/m?

Tabla 11.- Propiedades de Resistencia del concreto

El médulo de elasticidad se determind con la siguiente ecuacion de la norma ACI 318:

E, = 15100 /f'c

Al ingresar la resistencia del concreto usado en todos los elementos estructurales, se obtuvo el modulo de elasticidad
del concreto ingresado al software:

k
E, = 151210 f

g
mm?2

= 2188.20 kgf /mm?

El modelo estructural es una estructura con porticos y muros estructurales, losas aligeradas en los niveles superiores
y una losa de cimentacién de e=0.40 m. Para determinar las derivas de entrepiso en el centro de masa se utilizaron
diafragmas rigidos para los elementos horizontales.

3.2. Cargas propias e impuestas en la estructura. - En lo concerniente a las cargas se utilizaron las cargas promedio
de la norma E.020.
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Nivel Concepto Carga (tonf/m2)
Tabique 0.140
Acabado 0.100
Semisotano al 5to piso "1 adrillo techo 0.090
Cielo raso 0.050
Total 0.380
Ladrillo techo 0.090
Azotea Cielo raso 0.050
Total 0.140

Tabla 111.- Cargas permanentes de la edificacion

En la Tabla I1I se muestran las cargas gravitacionales impuestas (sin funcion estructural) en el modelo estructural.
En la Tabla IV se muestran las cargas gravitacionales vivas (por uso de la edificacion) en el modelo estructural.

Nivel Uso (Servicio) Carga (tonf/m2)
Semisotano Estacionamiento 0.25
Nivel 1 Vivienda 0.200
Nivel 2 Vivienda 0.200
Nivel 3 Vivienda 0.200
Nivel 4 Vivienda 0.200
Nivel 5 Vivienda 0.200
Azotea Azotea 0.100

Tabla 1V .- Cargas vivas de la edificacion

De las tablas elaborados, se procedioé a ingresar al modelo en el software ETABS las cargas permanentes (CM) y las
cargas vivas (CV) como se muestra el resumen en la Tabla V.

Cargas a asignar el ETABS

Tipo Niveles Total (Tonf/m2)
Semisotano 0.380
Carga
1°-5° 0.380
Permanente
Azotea 0.140
Semisotano 0.250
Carga Viva 1°-5° 0.200
Azotea 0.100

Tabla V.- Metrados de cargas en el modelo

El peso sismico de la edificacion se determind mediante la combinacion de cargas definidas en la norma E.030:
P; =100% CM + 25% CV

El modelo estructural se puede apreciar en la Figura III. La estructura tiene una planta tipica en todos sus niveles.

a) Planta tipica b) Modelo Estructural

Figura III.- Modelo estructural en planta (a) y vista 3D (b)
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En las Figura IV en a), b) y c) se aprecian los modos de vibracion de la estructura. El primer modo de vibracion (a)
es en la direccion XX del modelo, el segundo modo de vibracion (b) es en la direccion YY del modelo y el tercer
modo de vibracion de la estructura es torsional como se puede observar en (c).

a) Primer Modo t=0.554 b) Segundo Modo t=0.441 b) Tercer Modo t=0.306

Figura IV.- Modos de vibracion de la estructura

La estructura con el andlisis convencional cuenta con empotramiento en la cimentacion (restriccion en los 6 grados
de libertad).

4. Modelos estaticos con los coeficientes estaticos. - Para el analisis de la estructura considerando los modelos estaticos
de Interaccion Suelo Estructura de Winkler y Pasternak, se procedido a modelar la estructura considerando las
propiedades de los materiales como la resistencia del concreto a compresion y la fluencia del acero. Se consider? las
propiedades del suelo obtenidas del estudio de Mecanica de Suelos, que clasifica el suelo de cimentacién como un
suelo flexible S3 con un sélo estrato, con un material blando y una granulometria conformada por arena media a fina.

4.1. Propiedades del modelo estatico de Winkler. - Se procedio a calcular el coeficiente estatico de Winkler
(coeficiente de rigidez), que se denomina como coeficiente vertical de balasto C; usado a compresion. Para ello se
utilizé los parametros obtenidos en el estudio de Mecanica de Suelos (EMS), considerando ademas que el suelo se
encuentra dentro de los suelos clasificado en la norma (E030, 2018) como blando y que se aprecian a continuacion:

. Clasificacion del suelo : S3 — Suelo blando (EMS)

. Velocidad de onda : Vs =165 m/s (Norma E.030)
. Moédulo de elasticidad del suelo  : Eg= 1150 ton/m?

. Coeficiente de Poisson del suelo  : v; =0.30

. Altura de estrato : h;=1.00m

En la ecuacion de Winkler (Eg. 1), se procedio a determinar el modulo de balasto ingresando el mddulo de elasticidad
del suelo (Eg= 1150 ton/m?), el coeficiente de Poisson del suelo (v; = 0.30) y la altura del estrato (h; = 1.00 m),
obteniendo el modulo de balasto C; , como se aprecia a continuacion:

1150 ton/m?

C1= 100m = =2(030)2)

= 1402 tonf/m3
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El coeficiente estatico de Winkler fue incorporado en el modelo mediante ¢l comando Area spring, para ello se
procedi6 a discretizar la losa de cimentacion. Después de generar el coeficiente Cy, se selecciond areas discretizadas,
y se procedio a asignar el coeficiente estatico a la losa de cimentacion del como se aprecia en la Figura V:

Figura V.- Modelo con los coeficientes estaticos de Winkler

4.2. Coeficientes de interaccion suelo estructura estitica de Pasternak. - Los coeficientes de rigidez vertical C; de
Winkler y Pasternak, se determinan mediante la misma ecuacion para calcular el coeficiente vertical de balasto C;
para suelos que tienen un solo estrato. Sin embargo, el modelo de Pasternak considera un coeficiente lateral C, (Eq.4).
Al reemplazar los valores del suelo obtenidas mediante el EMS, como el modulo de elasticidad, el coeficiente de
Poisson y la altura del estrato se obtuvo el coeficiente de balasto C, como se aprecia a continuacion:

115022+ 1.00m
m
6(1 — 0.30)

C, = = 273.81 tonf/m

El coeficiente vertical C; fue el utilizado para Winkler:
C, = 1402 tonf /m?3

Para incorporar los coeficientes estaticos calculados mediante las ecuaciones de Pasternak, se procedi6 a discretizar
la losa de cimentacion. Luego mediante el comando Area springs se incorpord los coeficientes de balasto en la
direccion vertical C; tal como se hizo con Winkler. Mientras que el coeficente lateral C, de Pasternak se ingresé
mediante el comando Spring Properties/Point Springs/ incorporando las propiedades en las direcciones horizontales
de la losa de cimentacion (traslacional en X e Y). El modelo con la incorporacion de los coeficientes estaticos de
Pasternak se puede apreciar en la Figura VI

Figura VI.- Modelo con los coeficientes estaticos de Pasternak
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5. Resultados del anilisis de los modelos con los coeficientes estiticos. - El analisis de resultados se encuentra en
funcién a los objetivos especificos, que consideran la variacion del periodo para los primeros casos modales de
traslacion y rotacion, el analisis de la deriva de entrepiso y comparacion entre el analisis convencional y usando los
modelos ISE estaticos, y la comparacion de los esfuerzos cortantes.

5.1. Periodo fundamental con el modelo de Winkler y Pasternak. - Al incorporar los coeficientes estaticos de
Winkler y Pasternak al modelo estructural se llegd a determinar que existe una variacion en el periodo fundamental
de la edificacion poco significativa. En la Tabla VI se puede observar que el periodo fundamental se increment6 en
un maximo de 2.46% para el modelo de Winkler y en 2.29% para el modelo de Pasternak. La utilizacion de los
coeficientes estaticos de Interaccion Suelo Estructura (ISE) influyeron minimamente en los modos de vibracion de la

estructura.
% de % de
Modelo . Variacién  Variacion
Modo Convencional Winkler Pasternak Winkler Pasternak
% A % A
Modal 1 0.568 0.567 2.46% 2.29%
Modal 2 0.448 0.448 1.56% 1.56%
Modal 3 0.313 0.311 2.24% 1.61%

Tabla V1. - Porcentajes de variacion de los periodos

En la Figura VII se aprecia que mediante la incorporacion de los coeficientes de rigidez al analisis para el tipo de
suelo y estrato definido en el estudio geotécnico y de mecénica de suelos, se obtuvo que el incremento del periodo
fundamental no fue muy significativo.

08

Figura VII. - Periodos obtenidos con los coeficientes estaticos de Winkler y Pasternak

el

Periodo de Vibracién - Modelos de Interaccién Estaticos

10 12

5.2. Deriva de entrepiso del modelo estructural. - Respecto a la deformacion lateral de la estructura, en la Tabla VII
se muestran las derivas de entrepiso de la estructura en ambas direcciones, con la base empotrada y con la
incorporacion de los coeficientes estaticos de Winkler y Pasternak.

Direccion - XX

Direccion - YY

Modelo Modelo
Nivel Empotrado | Winkler | Pasternak | Empotrado | Winkler | Pasternak
Azotea 0.0042  0.0044 0.0044 0.0017 0.0017 0.0017
Story5 0.0044  0.0047 0.0047 0.0017 0.0018 0.0018
Story4 0.0040 0.0042 0.0042 0.0019  0.0020 0.0020
Story3 0.0043  0.0045 0.0045 0.0019 0.0019 0.0019
Story2 0.0040  0.0043 0.0043 0.0016  0.0017 0.0017
Story1 0.0030  0.0033 0.0034 0.0010 0.0011 0.0011
Semisotano 0.0008 0.0012 0.0012 0.0001  0.0001 0.0001
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En la Tabla VIII se muestran los porcentajes de variacion de la deformacion lateral de la estructura con los coeficientes
de Winkler y Pasternak, se llegb6 a determinar que existe un incremento de las derivas al utilizar los coeficientes
estaticos de Winkler y Pasternak. La variacion es significativa en el nivel que se encuentra en contacto con la losa de
cimentacion, el nivel definido como semisétano, en vista que la deformacion lateral se increment6 en 40.03% con
Winkler y 40.69% con Pasternak en la direccion XX de la estructura. En la direccion Y'Y de la estructura, que presenta
mucha mayor rigidez que en la direccion XX, el porcentaje de incremento en la deriva en el nivel del semisétano llegd
hasta el 26.70% con Winkler y 21.72% con Pasternak. En el primer piso y pisos intermedios la deriva se incremento
en un maximo de 10.24% para ambos modelos estaticos.

Direccion - XX Direccion - YY

Modelo | Winkler | Pasternak | Modelo | Winkler | Pasternak
Nivel Empotrado | % A %A | Empotrado| %A % A
Azotea 0.0042 5.26% 5.12% 0.0017 3.43% 2.61%
Story5 0.0044 5.36% 5.25% 0.0017 3.27% 2.46%
Story4 0.0040 5.21% 5.21% 0.0019 3.01% 2.32%
Story3 0.0043  5.53% 5.54% 0.0019  3.06% 2.38%
Story2 0.0040 6.61% 6.63% 0.0016  3.53% 2.72%
Story1 0.0030 10.18%  10.24% 0.0010 5.16% 4.00%

Semisotano 0.0008 40.03%  40.69% 0.0001 26.70%  21.72%
Tabla VIII.- Porcentajes de variacion de las derivas en los modelos

5.3. Esfuerzos cortantes en el modelo estructural. - Al evaluar los resultados de las cortantes en el modelo estructural
empotrado y los modelos con los coeficientes de Winkler y Pasternak, se obtuvo una variacion poco significativa en
los entrepisos. En la Tabla IX se muestran los resultados de los esfuerzos cortantes de entrepiso de la estructura en
ambas direcciones, con base empotrada y con la incorporacion de los coeficientes estaticos de Winkler y Pasternak.

Modelo
Empotrado Winkler Pasternak
Vx Vy Vx Vy Vx Vy
(Tonf) | (Tonf) | (Tonf) | (Tonf) | (Tonf) | (Tonf)

Azotea 46.17 4737 46.77 4748 46.80 47.39
Story5 109.65 115.74 111.55 11594 111.65 115.72
Story4 163.87 169.81 166.84 170.15 167.02 169.77
Story3 205.44 209.49 209.53 210.04 209.78 209.51
Story2 23493 236.94 240.18 237.80 240.48 237.18
Story1 252.28 251.70 258.78 252.99 259.10 252.31

Semisotano  260.95 260.36 268.76 261.41 269.12 260.76
Tabla IX.- Fuerzas cortantes de entrepiso

En la Tabla X se aprecia que la cortante se incrementd en un 3.13% como maximo en la direccion XX para el modelo
con los coeficientes de Winkler y se incremento en 3.13% como maximo en la direccion XX para el modelo con los
coeficientes de Pasternak, en el nivel del semisotano que se encuentra en contacto con la losa de cimentacion.

Los porcentajes fueron disminuyendo con cada entrepiso, por tanto se determind que el esfuerzo cortante varia
principalmente en el nivel que se encuentra en el primer nivel, el nivel que se encuentra en contacto directo con la
losa de cimentacion.

Modelo
Empotrado Winkler Pasternak
Vx Vy Vx Vy Vx Vy

(Tonf) | (Tonf) | %A | %A | %A | %A

Azotea 46.17 47.37 1.30% 0.23% 1.36% 0.05%
Story5 109.65 115.74 1.73% 0.17% 1.82% 0.02%
Story4 163.87 169.81 1.81% 0.20% 1.92% 0.03%
Story3 205.44 209.49 1.99% 0.26% 2.11% 0.01%
Story2 23493 236.94 2.23% 0.36% 2.36% 0.10%
Story1 252.28 251.70 2.58% 0.51% 2.70% 0.24%

Semisotano  260.95 260.36 3.00% 0.40% 3.13% 0.15%
Tabla X.- Porcentajes de variacion de fuerzas cortantes de entrepiso
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6. Conclusiones y recomendaciones

e Mediante el analisis de la estructura con la base empotrada y la estructura con los modelos de Interaccion Suelo
Estructura estaticos de Winkler y Pasternak, se llegd a determinar que los coeficientes de rigidez pueden influir
significativamente en el comportamiento estructural de la edificacion, pues se aprecié un incremento significativo
de las derivas de entrepiso especificamente con mayor incidencia en los primeros niveles de la edificacion, por
ende, se puede concluir que los modelos estaticos de ISE pueden influir y condicionar directamente el disefio
estructural de una edificacion. Al respecto Barnaure & Manoli (2019) [9] sefialan respecto a las estructuras de
concreto armado, que la ISE puede a veces dar lugar a un comportamiento sismico desfavorable, siendo algunos
de los efectos desfavorables aquellos relacionados con el incremento de los desplazamientos absolutos o de las
derivas de piso, como resultado estos efectos pueden dar lugar a un riesgo de golpeteo entre edificios adyacentes,
a un aumento de las fuerzas o de las exigencias de ductilidad. Por tanto, se puede concluir que el uso de los
coeficientes estaticos de Winkler y Pasternak pueden ser usados para obtener un mayor nivel de exactitud en el
analisis y diseflo estructural de edificaciones mediante un analisis modal espectral.

e Se llega a concluir que la variacion del periodo fundamental de la estructura no fue significativa, considerando
que la variacion entre el modelo convencional y los modelos con los coeficientes ISE de Winkler y Pasternak se
encuentran por debajo del 5% de variacion. Se debe considerar que el resultado estd condicionado al sistema
estructural de la edificacion que fue propuesta con muros a corte, no siendo el resultado aplicable a la tipologia
de estructuras de menor rigidez como las edificaciones en porticos.

o Sec llega a concluir que la variacion en las derivas de entrepiso es significativa, especificamente en el nivel que se
encuentra en contacto con la losa de cimentacion y que transmite las cargas al suelo. Se determind que esta
variacion es del 40% en la direccion XX de la estructura, direccion que presenta menor rigidez. Mientras que en
la direccion YY el maximo incremento de las derivas fue del 26%. Mediante estos resultados se puede aseverar
que los modelos estaticos de Winkler y Pasternak tienen influencias significativas en las deformaciones laterales
de una edificacion de concreto con losa de cimentacion.

e Se llega a concluir que la variacion en los esfuerzos cortantes no fue significativa, en vista que los porcentajes de
variacion se encuentran por debajo del 5% al comparar la estructura con la cimentacion empotrada y las estructuras
con los modelos ISE de Winkler y Pasternak.

o Tras haber realizado el estudio comparativo de una estructura empotrada con los modelos estaticos de ISE de
Winkler y Pasternak es recomendable incorporar el uso de los coeficientes de rigidez de ambos modelos en la
norma peruana E030, en vista que se comprobd que existe una influencia significativa en las deformaciones
laterales que afectan independientemente al periodo de vibracidn de la estructura y la distribucion de cortantes de
entrepiso.

Es recomendable realizar estudios en estructuras aporticadas, que, de acuerdo al resultado encontrado en el
comportamiento estructural, pueden ser mas afectadas por las derivas de entrepiso, aspecto que podria colocar a la
estructura en mayor riesgo de sufrir deformaciones inelésticas, por tanto, mediante la utilizacion de estos modelos
estaticos se proporciona una mayor exigencia y precision en el andlisis y disefio estructural.
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Design of a vehicular emergency intercom system
using electronic circuits and sensors

Diserio de un sistema de intercomunicacion de emergencia vehicular
utilizando circuitos electronicos y sensores

Projeto de um sistema de intercomunicag¢do de emergéncia veicular
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Summary. - This study presents the design of a vehicular emergency intercom system aimed at improving motorcyclist
safety through the integration of electronic circuits and sensors. The system employs an Arduino UNO R3
microcontroller, GSM SIM900L modules, and ultrasonic and proximity sensors. It is programmed in C++ to detect
falls and automatically trigger alerts with high efficiency.

Falls can be detected with 95% accuracy within a range of 2 to 100 cm, with an average response time of 1.2 seconds,
making it suitable for emergencies. The system's ability to send alerts quickly enhances user safety in critical situations
occurring at distances between 101 and 150 cm. However, limitations in the detection range were identified,
particularly at minimum distances between 0.02 cm and 1.96 cm and maximum distances between 151.36 cm and
177.72 cm, which fall outside the operational range. This suggests the need for future adjustments. This project offers
an innovative, efficient, and easy-to-implement solution for improving road safety, featuring high sensitivity to
optimize emergency response.

Keywords: Vehicle intercom; Traffic emergency; Collision prevention; Vehicle safety.
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Resumen. - En el presente trabajo se ha disefiado un sistema de intercomunicadores de emergencia vehiculares,
enfocado a mejorar la seguridad de los motociclistas mediante la integracion de circuitos electronicos y sensores. Se
utiliza un microcontrolador Arduino UNO R3, modulos SIM900L GSM y sensores ultrasonicos y de proximidad, el
sistema esta programado en C++ para detectar caidas y activar alertas automdticas con alta eficiencia.

Las caidas se pueden detectar con un 95% de precision y en un rango de 2 a 100 cm, con un tiempo de respuesta
promedio de 1,2 segundos, lo que lo hace adecuado para emergencias. También se destaco la capacidad del sistema
para enviar alertas rapidamente, lo que aumenta la seguridad del usuario en situaciones criticas que van desde los
101 hasta los 150 cm. Sin embargo, se identificaron limitaciones en el rango de deteccion, especialmente a distancias
minimas que oscilan entre 0,02 cm y 1,96 cm, y distancias mdximas que oscilan entre 151,36 cm y 177,72 cm,
mediciones que estan fuera del rango de operacion, lo que sugiere la necesidad de realizar mds ajustes en el futuro.
Este proyecto ofrece una solucion innovadora, eficiente y facil de implementar para mejorar la seguridad vial, con un
alto grado de sensibilidad para optimizar la respuesta a emergencias.

Palabras clave: Intercomunicador de vehiculos; Emergencia de trdfico, Prevencion de colisiones; Seguridad del
vehiculo.

Resumo. - Neste trabalho, foi projetado um sistema de intercomunica¢do de emergéncia veicular, com foco na
melhoria da seguranca de motociclistas por meio da integragdo de circuitos eletronicos e sensores. Utilizando um
microcontrolador Arduino UNO R3, modulos GSM SIM900L e sensores ultrassonicos e de proximidade, o sistema é
programado em C++ para detectar quedas e disparar alertas automaticas com alta eficiéncia.

As quedas podem ser detectadas com 95% de precisdo e em um alcance de 2 a 100 cm, com tempo médio de resposta
de 1,2 segundos, tornando-o adequado para emergéncias. A capacidade do sistema de enviar alertas rapidamente
também foi destacada, aumentando a seguranga do usudrio em situagoes criticas que variam de 101 a 150 cm. No
entanto, foram identificadas limitagoes no alcance de detec¢do, principalmente em distancias minimas que variam de
0,02 cm a 1,96 cm e maximas que variam de 151,36 cm a 177,72 cm, medidas que estdo fora da faixa de operagao,
sugerindo a necessidade de mais ajustes no futuro. Este projeto oferece uma solugdo inovadora, eficiente e facil de
implementar para melhorar a seguran¢a nas estradas, com alto grau de sensibilidade para otimizar a resposta a
emergéncias.

Palavras-chave: Intercomunicador veicular;, Emergéncia de transito,; Preveng¢do de colisdes; Seguranga veicular.
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1. Introduction. - Technological progress has revolutionized emergency management, making communication an
essential factor in improving response in critical situations, such as traffic accidents. Road safety regulations, promoted
by organizations such as the World Health Organization (WHO) and the United Nations (UN), highlight the importance
of having efficient communication systems that reduce response times in emergencies. These regulations underline the
need to incorporate advanced technologies into vehicular communication devices, thus ensuring their effectiveness
and reliability in difficult circumstances, which contributes significantly to road safety and the protection of lives. [1].

The highway via la Costa in Guayaquil, Ecuador, faces a recurring problem of traffic violations that complicate the
rapid response to accidents, affecting the effectiveness of emergency teams. To address this situation, it is proposed to
integrate advanced electronic circuitry and sensor systems into emergency communication on this road to improve the
transmission of vital data during critical incidents. This study justifies the need to innovate in intercom systems to
improve coordination and response to emergencies, contributing to the field of telecommunications engineering with
a solution adapted to local needs. [2].

This project has the potential to revolutionize road safety through an innovative system of emergency intercoms for
motorcycle helmets. Equipped with advanced technology, the system accurately detects falls and collisions using
proximity sensors and ultrasound. In the event of detecting a collision, the system automatically makes a call and sends
a message to an emergency contact, while, for accident prevention, it sends notifications to the driver to avoid
collisions. Experimental tests will be carried out at the Centenario Campus of the Salesian Polytechnic University of
Guayaquil, using an Arduino UNO R3 and a GSM SIM900L module to simulate accident scenarios. [3], [4].

This approach seeks to optimize response times in critical cases, improve the reliability and adaptability of the system
in various environments, and increase road safety. The system's ability to operate at specific distances and its speed of
response ensure efficient communication, significantly reducing risk and providing drivers with a reliable tool to
protect their well-being on the road, thus setting a new safety standard and contributing to accident prevention, saving
lives and reducing property damage. [3], [4].

The experimental methodology to design a risk prevention circuit for motorcycle helmets through the integration of
advanced detection and warning technologies is based on the use of the Arduino UNO R3 Board, GSM SIM900L
Modules, and proximity sensors. Initially, individual tests of each component will be carried out to ensure its
functionality, followed by its integration into a prototype using a Protoboard board and suitable connections. [5], [6].

C++ programming will develop algorithms that respond to data in real time, triggering alerts through a buzzer and
LEDs. In addition, an exhaustive review of the literature will be carried out to identify the most effective technologies,
which will guide the design of C++ software that manages the communication between sensors and the GSM module
SIM900L. Detailed simulations will assess the detection capability and accuracy in generating alerts, ensuring that the
system responds efficiently to emergencies, with key parameters such as response speed measured and compared to
predetermined criteria. [7].

1.1 Related Jobs. - The Arduino Uno R3 board, which has been used to teach electronics and programming,
demonstrates the ability of this microcontroller to simplify the learning of complex concepts. It was taken as a reference
because it mentions the use of each pin that was used and thus able to connect it to the circuit, where each pin of the
board has an interface to make it work. [8].

To program the Arduino software, you will take coding examples found in the articles and load them onto the board.
The Arduino stands out for its versatility, used in both vehicle safety projects and education. The ease of use and
extensive support community make it ideal for both beginners and advanced projects. [9].

The Arduino is also used, as in the article, to integrate voice recognition technologies into vehicular communication
systems, demonstrating its versatility in critical communication applications. In this article, it is used for sensor
management and emergency communication, which focuses on data transmission to improve the interaction between
emergency vehicles [10], [11].

The GSM SIM900 module is one of the elements that stand out in the prototype because its function is to send and
receive SMS messages, make calls, and connect to the internet through a network next to the Arduino.

This article [12] Uses the GSM SIM900L module to send real-time alerts to homeowners when an intrusion or
suspicious activity is detected in the home. The system is based on IoT technology and uses a network of sensors to
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monitor the environment of the house. When one of the sensors is activated, the SIM900L module is responsible for
transmitting an alert via text messages or calls.

The GSM SIM900L module is essential for applications that require remote communication. In educational projects,
its ease of integration and low consumption make it very useful, while in this article, its application in emergencies is
highlighted. And remote communication systems. This component is essential for real-time communication with
emergency contacts, which is critical for vehicle safety situations. [13], [14].

In this article, the buzzer is used to provide audible signals in case of emergency detection, functioning as a local alert
system complementary to SMS messages.

There are similar articles where buzzers are used for alerts in obstacle detection and home security systems, reinforcing
their usefulness as a warning signal in varied environments, and electromagnetic buzzers, although less common in
modern applications, are used in systems that demand greater sound intensity. [15].

In this article, he introduces the buzzer as an essential component in rapid notification systems, used for its ability to
generate immediate and effective alerts. Its application extends to educational projects, where it facilitates practical
learning of circuits and programming, as well as in vehicle and home security systems, where its distinctive sound
warns of dangerous situations or important events. This has helped us to know how the circuit works so that it can
work. [16].

The LED light diodes emit a strong signal to be able to establish a situation, in several articles, they are related to being
able to measure the depth and give the warning to the next phase, as we see in the article which the purpose of that
study was to determine if increasing the distance between the light source and the pit and fissure sealant affects its
curing depth, Concerning the article, it can be seen that to have an emergency start-up warning, these diodes can be
used and give better scope to the projects. [17].

In the article, the ultrasonic sensor is used in obstacle detection systems for robots and in security alarms. This
highlights the sensor's versatility for safety and navigation applications. With this base, it was possible to obtain
information to program the circuit, which in this project measures the distance between the motorcyclist's helmet and
the ground to detect falls, activating automatic alerts in case of an accident. [18], [19].

The HC-SR04 ultrasonic sensor is a flexible tool for both distance sensing in vehicle safety projects and robotics and
automation applications. Its easy programming and integration with Arduino make it a popular component in various
projects. By analyzing the items, it was possible to know the proper handling and what each pin is used for to connect
it to the circuit. [20].

The article relates the 4-pin pushbutton because it is a fundamental electronic component in circuit design, commonly
used in a variety of applications, from electronic devices to industrial control systems. This type of pushbutton is
characterized by its specific structure and functionality, which differentiates it from other kinds of switches and buttons.
For this article, it helps to control the circuit pass, it is used when we already have a signal and continue to the other
step, which is to transmit calls and alert messages [21].

Both jumpers and resistors are essential elements in the design and testing of electronic circuits. Jumpers provide
flexibility and ease for the temporary connection of project components, as visualized in this article, while resistors
allow precise control of current and voltage, protecting and optimizing the operation of circuits. Their correct use is
key to the development of functional and efficient circuits. [22].

You can find articles where these elements are used for the connection and fluidity of the components, in this article,
we find similar connections along with the breadboard where they fundamentally complement the operation. The
breadboard, according to the articles, is a crucial tool in electronics for the creation, testing, and adjustment of circuits.
Its ability to facilitate rapid and flexible prototyping, coupled with its ease of use, makes it indispensable for designers,
engineers, and students. [23], [24].

The breadboard is an indispensable tool for the development of electronic prototypes both in education and in advanced
emergency systems projects. It offers an efficient platform to experiment with different circuit configurations
visualized in the article and optimize the performance of electronic designs before moving on to a more permanent
stage of development. [25].
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Python is crucial in the design and management of modern electronic circuits due to its ease of use. By integrating
Python into electronic projects, as noted in the following articles, they can automate processes in the programming of
microcontrollers and embedded systems, as well as analyze and process sensor data in real-time. Python streamlines
the implementation of algorithms, communication between devices, and the creation of intuitive interfaces for user
use. [26], [27].

2. Materials and methods. - The experimental methodology for the design of a hazard prevention circuit for
motorcycle helmets is based on a meticulous integration of advanced detection and warning technologies. Using the
Arduino UNO R3 Board, GSM SIM900L modules, and proximity and ultrasound sensors, the aim is to design a robust
and efficient system. The methodological process ranges from the exhaustive review of the literature to select the most
effective technologies to the implementation and testing of the system in a functional prototype. Each phase of
development is designed to ensure that the system not only performs optimally but also meets the required safety and
accuracy standards.

Figure I is presented below, illustrating the six main phases of the methodology for the design of the motorcycle helmet
risk prevention circuit. The detailed explanation of each phase follows below to understand their role in the overall

process:
Review and preliminary
Phase 1 — . g
data collection

a Phase 2 2N Individual (.jomponem
S Testing
U
L Q9
w2
_g _g Phase 3 —> < Component lnlcgrulion)
-
= 2
g Ft v o S\
< © Phase 4 - ( Software Development )
£
Phase 5 ks ( Simulations and Syslcm>
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Analysis and
Phase 6 —_ 5, A
Documentation of Results

Figure I. Main phases of the methodology.

1. Preliminary data review and collection: A thorough literature review is conducted to identify best practices
and technologies available in warning and detection systems. This research allows us to select the most
effective sensors and modules and design a robust system based on the latest technologies.

2. Individual Component Testing: In this initial phase, each component of the system, such as the Arduino
UNO R3 Board, GSM SIM900L modules, and proximity and ultrasound sensors, undergoes extensive testing
to verify its functionality and compatibility. This ensures that each part of the system operates correctly before
being integrated into the prototype.

3. Component Integration: After validation of the individual components, the prototype is assembled using a
Protoboard board. This phase involves connecting the different elements of the system in a precise way to
form a functional circuit that allows communication between the Arduino and the GSM modules.

4. Software Development: In this stage, the C++ algorithms are developed to manage the communication
between the sensors and the GSM module SIM900L. Specific algorithms will be developed to detect risks,
send instant alerts to emergency contacts, and send prevention messages to the driver, thus optimizing the
speed and accuracy of the response.

5. System Simulations and Tests: Detailed simulations are carried out using specialized software to evaluate
the performance of the system under various conditions. This phase allows us to measure detection capacity,
accuracy in generating alerts, and speed of response, comparing the results with established performance
criteria.
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6. Analysis and Documentation of Results: The results will be analyzed to measure the detectability and
accuracy of the alerts, comparing this data to predetermined performance criteria. The findings will be
documented and analyzed to validate the effectiveness of the system in preventing risks and improving road
safety.

2.1 Flowchart. - Figure II shows the process of running a prototype designed to notify emergencies and prevent
collisions over a specific distance range. It is divided into two main parts based on distance range:

e Range from 2 to 100 cm (Collision): If the system detects a collision within this range, a call is made, and a
warning message is sent to the emergency contact configured in the programming, alerting to an accident.

e Range of 101 to 150 cm (Collision Avoidance): If a potential collision is detected within this range, a caution
message is sent to the driver's contact to prevent an accident.

The flow highlights the importance of set distance ranges and the automatic actions the system takes based on detection,
prioritizing safety in both prevention and response to potential collisions.

Description of the circuit execution process, divided into
two phases depending on the detected distance range:
emergency notification and collision avoidance.

Range 101 to 150 cm
Collision prevention

Range 2 to 100 cm

System Distance
startup. detection
Collision J
Message to [ Message intended for

emergency  |+— anp Call emergency the driver's contact

contact. L_I— contact

D 1

WARNING! An CA?T:ON.
accident has been a e

detected precautions

Figure II. Flow chart of the prototype execution process.

2.2 Circuit Schematic. - To develop this project, an Arduino R3 board will be used, which will allow programming
and controlling several electronic components, as can be seen in Figure III. Among the materials to be used are a GSM
SIM900 board for mobile communication, a laptop to program and monitor the system, an operating chip, an LED
sensor, a 5V HC-SR04 4-pin ultrasonic sensor, a 4-pin pushbutton, a buzzer module, resistors, and a Protoboard board
to make the necessary connections.

Arduino Uno R3 Board

GSM SIM900 Board

Laptop

Operating chip

LED Diode Sensor

Ultrasonic Sensor 5v HC-SR04 4pin
4-pin push button

Modulo buzzer zumbador
Resistance

0. Protoboard Board

i e AR
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Figure III. Prototype of a design in Protoboard.

2.3 Data analysis methodology. - To start, the pins of the Arduino UNO R3 are related to those of the GSM board
SIM900L using a Headers pin, ensuring a correct union between the two. In addition, power was supplied via a power
cord to power the device. Once both boards were assembled, they were connected to the computer, and the
corresponding programming began. Figure IV shows the plate bonding scheme.

Figure IV. Arduino board and GSM board link scheme.

The stages described below correspond to phases 3 and 4 of the methodology. First, the linked boards, as shown in
Figure IV, are connected to the computer, and the appropriate development environment is opened. The necessary code
is typed or loaded into the IDE, then compiled and uploaded to the microcontroller. Once the programming has been
successfully uploaded, the green LED on the breadboard schematic in Figure III will light up, indicating that the system
is operating properly.

Next, manually turn on the GSM SIM 900 module, making sure that it is correctly connected to the microcontroller.
After a few seconds, when the GSM module has detected the signal, the red LED will light up, confirming that a signal
is available. Then, press the button connected to the microcontroller.

This action will turn on the yellow LED, indicating that the system has detected the activation of the button. At that
point, the ultrasonic sensor will begin to detect motion. The microcontroller will process the information from the
ultrasonic sensor to take the necessary actions according to the previously uploaded programming. All exposed
materials will be placed on the breadboard board, as shown in Figure V.
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Figure V. Protoboard scheme.

Once the Arduino and GSM boards have been connected, as shown in Figure 111, all the sensors, modules, and resistors
are integrated into the breadboard. These components are interconnected by breadboard cables (jumpers) to establish
a functional and simulation-ready circuit.

The circuit in the breadboard, depicted in Figure V, includes a 5V ultrasonic sensor (HC-SR04, 4-pin), which acts as
a means of detecting movements based on the programmed distance. When the set thresholds are exceeded, the system
emits a warning sound through the buzzer and sends an SMS or makes a call to the pre-configured number.

Figure VI also shows the complete schematic of the circuit, detailing the connection between the GSM module, the
Arduino board, the buzzer, a proximity sensor, a pushbutton, resistors, and LEDs. All these components are connected
to a breadboard, powered with 9 volts for the amplifier and 3.3 volts for the sensor and the analog-to-digital converter,
ensuring the correct operation of the system.

Figure VI. Circuit diagram.
2.4 Schematic simulation methodology of the circuit compiled on an Arduino UNO R3 board. -

2.4.1 Programme implementation. - Figure VII shows the complete signaling process of the GSM module. Initially,
the program is entered without a signal, displaying the AT+CREG message, which indicates that the module is looking
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for a signal. Once the signal is established, the system transmits a message confirming "alarm fully initiated," and the
red LED lights up to indicate that the GSM module has been successfully connected and is ready to go.

@ com3 - o X

Ruodulo 3im900 Encendido...

figurando Alarma...

AT+CREG?

AT+CREG?
AT+CREG?

Alarma totalmente iniciada...

8 Autoscroll | ) Mostrar marca temporal Nueva linea 19200 bavdio | mipar salida

Figure VII. Programmed implementation.

Figure VIII illustrates the connection of the GSM SIM900 module to the network. The red LED light confirms that the
module has established a network signal and is operational. This visual indicator shows that the GSM module is
properly integrated and ready to transmit data.

Figure VIII. Programmed implementation.

Figure IX illustrates the detection of a movement at 5 cm, which is within the predefined range of 2 to 100 cm. This
distance confirms that the detected object is in the specific range for which the system is designed to trigger alerts. The
correct identification of this distance within the set range is crucial for the accurate operation of the system, ensuring
that appropriate response measures are activated in emergencies.
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Figure IX. Collision detection.

Figure X illustrates the complete process that the system follows when detecting a collision using the ultrasonic sensor.
When the sensor detects a potential collision, the system immediately activates the emergency protocol, which includes
making a call to the pre-configured emergency contact. This call is made to quickly and effectively alert about the
incident, ensuring that help is requested without delay and increasing the chances of a timely response to the
emergency.

Figure X. Emergency call.

Figure XI illustrates the complete process after making an emergency call. Once the call has been made, the system
automatically sends a message to the emergency contact with the text "Warning! An accident has been detected." This
notification ensures that the emergency contact is immediately alerted to the critical situation, providing essential
information for rapid intervention.

ADVERTENCIA! Se ha detectado
un accidente

ADVERTENCIA! Se ha detectado
un accidente

ADVERTENCIA! Se ha detectado
un accidente

ADVERTENCIA! Se ha detectado
un accidente

Cuidado! Tome precauciones

ADVERTENCIA! Se ha detectado
un accidente

ADVERTENCIA! Se ha detectado
un accidente

Figure XI. Emergency message.
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Figure XII illustrates motion detection at different distances: 127, 123, 124, and 104 cm, all within the preset range of
101 to 150 cm. In these situations, the system is designed to send an alert message to the driver that says, "Watch out!
Take precautions." This message aims to warn the driver of a potential impending collision, allowing them to take
preventative measures to avoid an accident.

Figure XIII illustrates that the system sends a warning message to the driver's contact. This message, transmitted
automatically, is crucial for the driver to be able to take proper precautions and avoid a potential collision. By receiving
this alert, the driver receives real-time information, allowing them to adjust their behavior and improve safety on the
road. The figure clearly shows how the system facilitates this vital communication, highlighting its role in accident
prevention by enabling a quick and effective response to potentially dangerous situations.

< @ Kiara

Cuidado! Tome precauciones
Cuidado! Tome precauciones
Cuidado! Tome precauciones

Cuidado! Tome precauciones

Cuidado! Tome precauciones

Cuidado! Tome precauciones

Cuidado! Tome precauciones

Cuidado! Tome precauciones

Cuidado! Tome precauciones

Figure XIII. A collision warning message addressed to the driver.
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4. Results. -
4.1 Distance analysis calculations and alert activation. -

Sound Speed Formula:

Distance formula: t= f—l €))
Where:
. t: Time it takes for the signal to go and return.
. x: Total distance traveled by the signal (round trip).
. v: Signal propagation speed, which in this case is the speed of sound.
340m
vV=—-
s
v = 340(;0cm (2)
Where:
. v: The speed of sound in the air, expressed in

centimeters per second. It is considered 34000 cm/s (equivalent to 340 m/s).

1cm
¢ = 34000cm

s
t=29,411yps 3)

Where:

. This is the conversion of the time it takes for a
signal to travel 1 cm (round trip) at a speed of 34000 cm/s. The result is 29,411 microseconds.

The signal goes back and forth therefore, half the distance will be taken.

Distance (cm)= (Tiempo medido(ps) /29.41 us * cm) /2) 4)
Distance (cm) = (Tiempo medido (us /58.82 ps) (5)
Distance (cm) = Tiempo medido (ps) * 0.017 6)

4.2 Simulation results. - In scenario 1, the moment when a collision occurs is captured within the range of 1 to 100
cm, specifically at 19 cm. At that proximity, the system activates, making a call and sending an SMS to the emergency
contact, notifying them of the collision and allowing an immediate response, as visualized in Figure XIV.

Figure XIV. Scenario 1: Collision message.
Table 1 presents the distances measured by the ultrasonic sensor, calculated using formula (6):

A column labeled "Collision" has been included, indicating whether the system detects a driver’s fall at a specific
distance. This data is essential for evaluating the system’s accuracy and effectiveness in identifying accidents.
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The system determines that an accident has occurred when it detects a helmet fall within the predefined range in the
programming (2 cm < distance < 100 cm). In this case, an emergency protocol is automatically activated, which
includes sending an SMS message and making a call to an emergency contact, alerting them about a potential collision.
This process is illustrated in Figures 9, 10, and 11.

Distance (cm) = Measured time Distance COLLISION
(ns) * 0.017

120 2.04 YES
600 10.20 YES
900 15.31 YES
1200 20.41 YES
1500 25.51 YES
1800 30.61 YES
2100 35.71 YES
2400 40.82 YES
2650 45.07 YES
2950 50.17 YES
3250 55.27 YES
3550 60.37 YES
3850 65.48 YES
4150 70.58 YES
4450 75.68 YES
4750 80.78 YES
5000 85.03 YES
5300 90.14 YES
5600 95.24 YES
5900 100.34 YES

Table 1. Collision results, applying the sound speed formula.

Figure XV provides a graphical representation of the data from Table 1, highlighting the direct relationship between
measured time in microseconds and distance travel. To enhance visualization, distances are presented in 5-cm
increments.
The graph illustrates that as time increases, distance also increases, suggesting a constant movement or a process in
which one variable is directly dependent on the other. Additionally, the figure indicates that when the distance falls
within the established range, a collision is detected.
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Figure XV. Graphical representation of collision detection.
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Scenario 2 shows the moment when the system detects a potential collision at a distance of 114 cm, within the range
intended for collision avoidance. In this case, the system proceeds to send a collision avoidance message to the driver
to avoid the impact, as presented in Figure XVI.

With the integrated and processed circuit, the emergency alert is detected, reacting immediately to a possible fall.

Figure XVI. Scenario 2: Collision avoidance

Table 2 presents the distances measured by the ultrasonic sensor, calculated using formula (6). The system specifically
evaluates the distance range defined by the condition "else if (distance > 101 && distance <= 150)", which refers to a
proximity zone where the detection of an obstacle does not necessarily imply an immediate collision, but it could
represent a potential risk to the driver. Within this range, the system interprets that the driver must remain cautious and
be prepared to take corrective actions in case of an emergency.

Consequently, a warning message is triggered to alert the driver about the proximity of the object without a collision
occurring. In addition, an audible alarm is activated, reinforcing the visual alert and enhancing the visibility of the
impending danger. This system behavior is depicted in Figures 12, 13, 14, and 15, which provide a detailed illustration
of how the detection of this intermediate zone triggers the alert mechanisms for the user.

Distance (cm) = Measured DISTANCE (cm) COLLISION
time (ps) * 0.017
5950 101.19 YES
6200 105.44 YES
6500 110.54 YES
6800 115.65 YES
7100 120.75 YES
7350 125.00 YES
7650 130.10 YES
7950 135.20 YES
8250 140.31 YES
8550 145.41 YES
8850 150.51 YES

Table 2. Collision avoidance results by applying the sound speed formula.

Figure XVII provides a graphical representation of the data shown in Table 2, illustrating the direct correlation between
the distances detected by the system and the time measured in microseconds. This relationship suggests that, as time
increases, the distance traveled also increases proportionally, reinforcing the notion that both parameters are closely
linked in the proximity measurement process.

To facilitate interpretation, distances are displayed in 5-cm increments, which enhances the visualization of variations
within the measurement range. The graph emphasizes that when distances fall within a specific range, a collision
avoidance message is triggered, indicating the presence of a potential risk. This preemptive alert is critical for the
driver to take the necessary precautions and avoid hazardous situations. The graphical analysis allows for a deeper
understanding of how distance and time interact in real-time within the detection process, showcasing the system’s
effectiveness in identifying potential threats.
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Figure XVII. Graphical representation of collision avoidance.

4.3 Experimental results: Non-collision scenarios. - In Scenario 3 it shows a minimum distance of 0 cm and then a
distance of 2 cm, where it begins to detect collisions. It is important to note that the minimum distances range from
0.02 to 1.96 cm, in which the system will not detect falls since they are outside the range established for detection, as
shown in Figure X VIIL.

e csccsl———
Distance in 0 cm
Figure XVIII. Scenario 3 Minimum distances.

Figure XIX illustrates a clearly defined trend line, demonstrating that as time, measured in microseconds, increases,
the detected distance also increases proportionally. However, distances fall within the range of 0.02 cm to 1.96 cm,
which is minimal and indicates that no significant movement is detected. This suggests that at these very short
distances, the sensor is unable to register any form of collision or impact, highlighting its limitations in detecting
objects within this range.
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Figure XIX. Graphic representation: No collision at minimum distances.

Scenario 4 has a maximum distance of 174 cm, as shown in Figure XX. It is important to note that the maximum
distances range from 151 to 177 cm, where the system will not be able to activate automatic alerts, this is caused
because they are outside the range established for detection.

1 Distance in 174 cm [

Figure XX. Scenario 4 Maximum distances.

Figure XXI illustrates that at distances between 151 cm and 177 cm, the sensor fails to detect any motion. This
observation, also detailed in Table 4, suggests that the sensor's effective range for detecting collisions or impacts does
not extend within these distances, highlighting the limits of its detection capabilities outside the defined proximity
range for accurate monitoring.
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Figure XXI. Graphical representation: No collision at maximum distances.

Table 3 presents the results of 50 tests conducted to evaluate the performance of an emergency communication system
based on distance detection. The data includes key aspects such as the distance from the detected object or event (in
centimeters), the detection time (in seconds), the signal activation time, the SMS sending time, and the total time from
detection to SMS dispatch.

The total time, which is the sum of the individual times for detection, activation, and sending, shows significant
variation, ranging from 1.8 seconds at very short distances (e.g., 3 cm) to 10.6 seconds at longer distances (e.g., 149
cm). These variations are critical for assessing the system’s efficiency, particularly in emergencies where rapid
response is essential. This data helps evaluate the system's ability to process and communicate information effectively
in real time, offering insights into the timeliness and reliability of the system's emergency response.

COMMUNICATION EFFICIENCY TABLE
Distance Signal(s) activation SMS Sending Total
Test (cm) Detection Time(s) time Time(s) Time(s)

1 72 3.1 0.52 1.1 4.72
2 30 1.9 0.3 1.2 34
3 100 5.9 0.3 1.2 7.4
4 105 6.2 0.25 1.4 7.85
5 32 1.9 0.26 1.2 3.36
6 61 3.6 0.3 1.3 52
7 65 3.8 0.3 1.3 54
8 70 4.1 0.41 1.3 5.81
9 10 0.6 0.25 1.2 2.05
10 140 8.2 0.5 1.1 9.8
11 109 6.4 0.28 1.2 7.88
12 115 6.8 0.35 1.1 8.25
13 41 2.4 0.4 1.2 4
14 50 2.95 0.41 1.2 4.56
15 25 1.5 0.42 1.2 3.12
16 5 0.3 0.2 1.3 1.8
17 134 7.9 0.5 1.2 9.6
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99
68
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31
56
14
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116
121
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55
63
102
112
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67
36
93
91
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23
4
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3.1
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0.85
1.25
2.25
6.85
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1.1
1.2
1.1
1.2
1.3
1.3
1.2
1.2
1.3
1.3
1.2
1.2
1.3
1.3
1.3
1.4
1.2
1.3
1.3
1.3
1.4
1.3
1.3
1.35
1.4
1.3
1.3
1.3
1.3
1.2
1.2
1.3
1.3

4.4
7.45
5.5
5.95
34
4.9
24
2.75
3.85
8.4
8.75
2.15
2.86
2.56
1.8
4.95
5.35
7.8
8.4
4.7
5.65
3.75
7.05
7.05
6.25

5.25
2.9
1.8

10.15

10.35

10.6
9.2

Table 3. System efficiency in communication.

Figure XXII illustrates the relationship between detected distance and total delay time in the emergency
communication system. The blue bars represent the detected distance (in cm), while the orange line indicates the total
delay time (in seconds), which includes detection time, signal activation, and SMS dispatch. A trend is observed where,
as the detected distance increases, the total delay also tends to rise, which is expected due to the longer processing and
transmission duration at greater distances. However, some fluctuations are present, possibly due to environmental
factors or system performance variations. This graphical representation helps assess the system’s efficiency in
detecting and transmitting emergency messages, highlighting the importance of optimizing its performance at greater
distances to improve response times in critical situations.
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Detection Distance vs. Total Delay Time in the Emergency Communication System
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Figure XXII. Graphical representation of the efficiency of the communication system.

The system does not detect distances outside its operating range because its operating range has been strategically
defined to ensure accurate and relevant detection in potential collision scenarios. An interval of 2 to 100 cm was
established for activating emergency alerts and 101 to 150 cm for preventive warnings, considering reaction times and
avoiding false alarms. Although the ultrasonic sensor can measure greater distances, the restriction is due to a design
decision oriented to system efficiency and not to hardware limitations. If necessary, parameters in the microcontroller
programming could be modified to extend the sensing range, ensuring that the stability and accuracy of the
measurements remain within acceptable margins.

To improve coverage without compromising reliability, a possible solution would be the integration of complementary
sensors with longer ranges or the implementation of additional technologies, such as LiDAR or machine vision
cameras. These systems could provide more advanced detection in dynamic environments and at greater distances,
optimizing the system's ability to anticipate and prevent incidents with a greater margin of time.

Table 4 presents the results of tests conducted to evaluate system performance, focusing on accuracy and false positive
rate. With a response time between 1.8 and 10.6 seconds, as demonstrated in Table 3, the system showed a 90% correct
detection rate, indicating high reliability in identifying obstacles within the range of 2 to 150 cm.

A false positive rate of 10% was observed, attributed to external interference or variations in object reflectivity. To
mitigate these errors, filters were implemented in the programming that discards inconsistent readings, stabilizing the
measurements. The optimization process will continue to improve accuracy and reliability in future tests.

Performance Metrics Table

Distance (cm) True Positives (TP) | False Positives (FP) | Accuracy | False Positive Rate (%)
2-50 48 2 96 4
51-100 45 5 90 10
101-150 40 10 80 20
151-200 38 12 76 24
Table 4. System Performance.

. Definitions:

. True Positives (TP): Cases where the system correctly detects the presence of the object.

. False Positives (FP): Cases where the system detects an object that is not present.

. Accuracy: Calculated as: Accuracy = VPV-:JFP x 100

. False Positive Rate: Calculated as: False Positive Rate = % x 100
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5. Discussion. - The paper [27] focused on the implementation of a visible light communication (VLC) system for
emergency vehicles, highlighting the transmission and reception of data over a radio frequency link and VLC. While
their results demonstrated the feasibility of the system, especially in terms of range (up to 200 meters for radio
frequency and 30 cm for VLC), the present study proposes a solution that integrates voice recognition, significantly
improving accessibility and interaction without the need for manual intervention.

Both studies seek to improve the efficiency of communication in vehicular emergencies, although from different
technological approaches. In this project, an average of 8.24 s can be visualized for sending emergency SMS, which
shows that the greater the distance, the longer it takes to send the message. While the VLC system provides an efficient
alternative means of data transmission that has a data of 6.4 s, the integration of voice recognition technologies in this
study facilitates more intuitive and accessible communication, which is crucial for people with disabilities.

The integration of speech recognition into the proposed system could further improve communication efficiency by
eliminating the need for manual intervention, which could be crucial in emergencies where time is of the essence, and
the person in need of assistance may be unable to manipulate a device. Additional data would be useful for further
analysis, such as SMS sending success rate, speech recognition error rate, and comparison with other communication
technologies used in emergency vehicles, such as radio communication systems or satellite communication systems.

The article [28] presents an innovative device that monitors the blood alcohol concentration and heart rate of drivers
using advanced sensors and wireless communication technologies. Sensors are a fundamental part of data measurement
and frequency monitoring, in this article, unlike the present article, monitors the distance in which one is about to suffer
or suffered a collision from the most accurate data was detected at a distance of 100 cm from the surface where in a
total of 7.4 seconds of reaction sends an alert message to a third party.

The results of the study show that the device achieves remarkable accuracy in measuring blood alcohol concentration
and heart rate, with an average absolute error of 1.61 and a standard deviation that supports the reliability of the data
obtained. The processed information is sent through the Node-RED platform for analysis and subsequent early warning
in case of detecting dangerous levels of alcohol in the driver's blood. In addition, the importance of 5G network
infrastructure to improve system performance in future deployments is highlighted.

In this article, measurements are noted, but through movement at the moment of suffering or about to have a collision,
for example, when the circuit detects that it is falling at a distance of 75 cm measured towards the ground, it will issue
a message with a total time of 6.25 seconds to send an emergency message to a predetermined contact, on the other
hand, when it detects a distance of 112, it will send a warning message to the same intercom user after 8.4 seconds.

Based on voice recognition for vehicular emergency communication, it is compared with state-of-the-art solutions,
such as biometric driver monitoring from article [28], highlighting its potential lower cost and ease of implementation.
However, its limitations, such as speech recognition accuracy in noisy environments and its focus on post-accident
communication, are discussed. Future research is required to improve speech recognition accuracy, integrate it with
accident prevention systems, develop more intuitive user interfaces, and test it in real environments.

Both the paper [29] and this article measure the importance of instantaneous and accurate communication and
signaling. In the case of vehicular intercoms with voice recognition technology, the goal is to speed up response in
traffic emergencies, enabling interaction without requiring manual use and improving accessibility for people with
disabilities. Similarly, the motion detection system with ultrasonic sensor HC-SR04 and Arduino seeks to control the
capacity in closed environments, alerting in real time about the number of people present and helping to minimize the
risk of contagion in closed spaces.

Vehicular intercoms with voice recognition, with state-of-the-art solutions, such as the HC-SR04 ultrasonic sensor
motion detection system and Arduino from the article [29]. Both systems share the goal of improving emergency
response through instant and accurate communication and signaling. While the system focuses on interaction through
voice recognition, the article [29] focuses on capability control in closed environments.

In terms of cost, the proposed system could be more economical than other solutions involving more complex sensors
and devices. In terms of accuracy, both systems aim for immediacy in response, although the accuracy of the proposed
system will depend on the quality of speech recognition. In terms of implementation feasibility, the proposed system
could be easier to integrate into existing vehicles.
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In addition, both systems rely on data collection and analysis to improve decision-making. In the context of traffic
accidents, the integration of sensors and proper programming allows for determining the distance at which the
emergency signal will be activated, with the data obtained with all the simulations that have been performed when a
vehicle is close to suffering a collision in a set range of 2-100 cm, a collision message will be executed and executed
to a third party as “direct contact or emergency contact.”

If a driver has a collision on a road, depending on the distance, the movement will be executed, for example, when the
circuit detects the impact at 19 cm, the alert is executed to the nearest relative, friend at 2.86, and if it is only a
movement, a caution message will be executed at 149 cm in a total time of 10. 6 seconds, or in another case at 105 cm
with a total time of 8 cm, while, in capacity control, data analysis facilitates the display of the number of people present
and counts if 10 people entered in an estimated time and alerts on the maximum allowed capacity.

However, common challenges are faced in terms of reliability and adaptability. While vehicular intercoms must be
accurate and function in various environments and emergencies with accurate cm and message execution, capacity
control systems must be able to operate in different tourist and cultural scenarios, complying with current social
distancing rules.

The article [30], which presents a system for monitoring vehicular traffic using technological devices, offers a practical
and economical solution for traffic management. The three-tier architecture, which includes a mobile tracking system,
an information gathering system, and fog devices, provides a robust platform for recording and analyzing vehicle
movement. The accuracy and effectiveness demonstrated by the system in a real-world environment, such as the city
of Corfu, highlight its potential to be deployed in various cities to improve traffic management and develop intelligent
traffic-related services.

It integrates voice recognition to improve emergency response and vehicular traffic management with the traffic
monitoring system of the article [30]. Both share the goal of optimizing traffic management but differ in their approach.
The proposed system focuses on communication in emergencies, while the article [30] uses technological devices to
monitor traffic. In terms of cost, the proposed system could be more economical than that of the article [30]. In
accuracy, both aim to improve efficiency, but the accuracy of the proposed system depends on voice recognition.

In terms of the feasibility of implementation, the proposed system could be easier to integrate into existing vehicles.
However, the proposed system has limitations, such as the possible effect of ambient noise on speech recognition
accuracy and its focus on post-accident communication. Future research is proposed to improve speech recognition
accuracy, integrate the system with accident prevention technologies, develop more intuitive user interfaces, and test
in real-world environments.

In the article, the measurement tables are obtained where you can see the time used and the distance to see if a collision
is obtained or not and thus manage the traffic emergency, with a distance of 0.03 gives a time of 0.02 therefore, a
collision is not opened, with a distance of 0.77 gives a time of 0.45 therefore here a collision will not be realized, nor
an emergency message will be sent either. But you get 2.04; the time will take 1.2 where if a vehicular emergency
message is sent.

The convergence of these technologies represents a significant advance in vehicle emergency management and traffic
monitoring. The integration of advanced communication systems and technology solutions not only improves the
effectiveness of response teams but also provides a flexible and accessible platform for managing traffic in real-time.
Continued research and development in this field is essential to overcome current challenges and exploit the full
potential of these innovations.

5. Conclusions. - The state-of-the-art analysis showed various technologies and components, which allowed us to
conclude that the integration of advanced electronic circuits and specialized sensors in this system offers a superior
solution in terms of efficiency and reliability. Unlike other systems studied, the proposed design not only ensures
secure connections with emergency contacts but also optimizes the response capacity in dangerous situations, sending
alerts more quickly and accurately. This advance represents a significant improvement over previous work, underlining
the effectiveness of the system in user protection and safety and confirming its relevance and superiority in the context
of emerging alert technologies.

The evaluation of the risk prevention circuit carried out through simulations confirmed that the system is effective in
detecting falls and potentially dangerous situations. The ultrasonic sensor measures distances and detects collisions,
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triggering alerts when predefined criteria are met. Table 1 shows that the system effectively detects collisions at
distances ranging from 2.04 cm to 100.34 cm. In addition, simulations show that the system can issue preemptive
warnings when it detects objects in a higher risk range, as detailed in Table 2, where distances range from 101.19 cm
to 150.51 cm.

However, some limitations in the sensor's detection range were also identified. These limitations correspond to
minimum and maximum distances outside the ranges established in the aforementioned tables. This finding
underscores the importance of fine-tuning the system to improve its accuracy and ensure that alerts are issued
effectively. Figures 19 and 21 show a trend line that shows the minimum distances, ranging from 0.02 cm to 1.96 cm,
and the maximum distances, ranging from 151.36 cm to 177.72 cm, where it is shown that the system will not detect
collisions or issue collision preventions.

The tests in Table 3 revealed the effectiveness of the emergency communication system based on distance detection.
Data from the 50 tests showed that the total time from detection to sending an SMS varies significantly, from 1.8
seconds over very short distances to 10.6 seconds over longer distances. These results underscore the importance of
response time in emergencies, where every second is crucial for user safety.

6. Recommendations. - The current system is effective in detecting risk situations and issuing the corresponding
alarms. However, by expanding its design, the response to hazardous situations could be optimized. Considering that
the SIM9001 GSM module would cover up to 8 different contacts. This would make the system more versatile,
increasing the likelihood of receiving a quick and appropriate response from multiple users and not specifically from
one contact who might not be available at the time of the emergency.

To power the entire circuit through an external source, it is recommended to use a Power Bank that has a capacity of
at least 10,000 mAh, with 5 V and 2 A output. This ensures an adequate and stable power supply for the correct
operation of the circuit. The incorporation of other types of sensors, such as microphones, cameras, thermometers,
ultrasound, proximity sensors, accelerometers, and gyroscopes, could offer new ways to improve the range and
accuracy of the system.

In addition, new algorithms can be developed that transform the way data from different sensors is analyzed. This
would help reduce false alarms and improve the system's ability to respond to truly emergent situations.

To adapt the vehicular emergency intercom system to blind people, proximity sensors could be integrated into the
user's cane, in addition to an audio-guided function using voice recognition and audible notifications. These sensors
would detect obstacles and nearby collisions, triggering audible alerts that provide information about the immediate
environment.

The use of modern communication systems, such as 5G, would have a major impact on the clarity and speed of alert
transmission. The speed of 5G connections would significantly outperform the 4G network, making it easier to send
messages more efficiently. These aspects are crucial in hazardous environments where it is vital to address messages
quickly to improve response. In addition, the system could automatically send emergency messages in the event of an
accident. Benefits include greater autonomy and safety, as visually impaired people would be able to navigate more
safely and receive immediate assistance in hazardous situations.
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Explorando las Profundidades: Reconstruccion de Cuevas y Deteccion de
Murciélagos mediante Imagenes Infrarrojas

Exploring the Depths: Cave Reconstruction and Bat Detection
Using Infrared Imaging

Explorando as Profundezas: Reconstrucdo de Cavernas e Detecgdo de Morcegos
Usando Imagens Infravermelhas

Israel Cruz Rangel'®, José-Angel Arroyo-Romero ?, Isabel Béircenas-Reyes®, José-Joel Gonzdlez-Barbosa’,

Juan Bautista Hurtado-Ramos’, Francisco-Javier Ornelas-Rodriguez®, Alfonso Ramirez-Pedraza’
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Resumen. - Nuestro objetivo es proporcionar informacion detallada y precisa sobre las cuevas y la dindmica de la
poblacién de quirdpteros (murciélagos) que las habitan nos permite comprender las dimensiones y requerimientos del
habitat, monitorear tamafios de poblaciones, desarrollar planes de manejo y conservacion especificos. Por tanto,
aumentamos nuestro entendimiento de los murciélagos con su entorno y mejoramos la prevencion de enfermedades
zoonoticas. En este articulo presentamos el desarrollo de una plataforma portatil multisensor, compuesta por una camara
RGB, dos camaras infrarrojas, sensores inerciales y un par de luces infrarrojas. Esta plataforma permite la deteccion de
quirdpteros y la reconstruccion de las cuevas donde habitan. Ejecuta un algoritmo en tiempo real, generando un mapa
de nube de puntos y facilitando la observacion y deteccion de los quirdpteros. La plataforma fue probada en condiciones
reales en diferentes cuevas del estado de Guanajuato por personal del “Comité Estatal para el Fomento y la Proteccion
Pecuaria”.

Palabras clave: murciélago, reconstruccion 3D, YOLO, conteo automatico.
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Summary. - Our objective is to bring detailed and precise information about caves and the bat’s population dynamics
which allows to comprehend the habitat’s shapes and dimensions, monitor population size, and development of
conservation and specific control plans. And facilitate the study of the relations between bats and their environment.

Thus, increasing prevention and understanding of zoonotic diseases. In this article we present the development of a

portable multi-sensor platform, integrated by a RGB depth camera, two Infra-Red (IR) cameras, and IR illuminators.

With an autonomy of two hours. This platform can detect chiroptera (bats) and reconstruct their nesting caves.

Performing real time algorithm, to transform the caves into a point cloud, helping in observation and detection of
chiroptera. This platform was tested in real conditions with different caves of the Guanajuato state by the personnel of
“Comité Estatal para el Fomento y la Proteccion Pecuaria’.

Keywords: Bat, 3D reconstruction, YOLO, Automated Counting.

Resumo. - Nosso objetivo é trazer informagoes detalhadas e precisas sobre cavernas e a dindmica populacional de
morcegos, o que permite compreender as formas e dimensoes do habitat, monitorar o tamanho populacional e
desenvolver planos de conservagdo e controle especificos. E facilitar o estudo das relagdes entre morcegos e seu
ambiente. Assim, aumentando a prevengdo e a compreensdo de doengas zoonoticas. Neste artigo, apresentamos o
desenvolvimento de uma plataforma multissensor portdtil, integrada por uma camera de profundidade RGB, duas
cameras de infravermelho (IR) e iluminadores IR. Com autonomia de duas horas, esta plataforma pode detectar
quirdpteros (morcegos) e reconstruir suas cavernas de nidificagdo. Executando um algoritmo em tempo real, para
transformar as cavernas em uma nuvem de pontos, auxiliando na observagdo e deteccdo de quiropteros. Esta
plataforma foi testada em condi¢bes reais com diferentes cavernas do estado de Guanajuato pelo pessoal do "Comité
Estatal para o Fomento e a Prote¢do Pecudria”.

Palavras-chave: Morcego, reconstrug¢do 3D, YOLO, Contagem Automatizada.
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1. Introduccion. - El estudio de quirdpteros abarca diversos aspectos bioldgicos utilizados para el desarrollo de la
humanidad como la medicina, modelos bio-inspirados en areas como la robotica [1] y ecologicos como las cadenas
troficas, los ciclos de polinizacion [2] y como reservorios microbioldgicos. a Los quirdpteros intervienen en numerosos
ciclos bioldgicos. Los quirdpteros en ocasiones son los tnicos polinizadores de varias especies de plantas [3]. Es
conocido que los quirdpteros usan refugios artificiales como tineles, puentes y minas abandonadas, asi como los huecos
de los arboles [4]. Sin embargo, algunos estudios ecoldgicos han demostrado que las caracteristicas del refugio artificial
suelen ser no aptas para la supervivencia de sus colonias, lo cual representa una desventaja para su ciclo reproductivo
[5]. Las cuevas son refugios naturales que cuentan con la temperatura y humedad favorable para la supervivencia de
los quirdpteros, por lo que son habitats clave para muchas especies de murciélagos durante el tiempo de crianza [6]. En
la reciente década y mas aun derivado de la pandemia COVID-19, estudiar el estado actual de conservacion y las
tendencias de poblacion de los quirdpteros representa un desafio, principalmente en sus refugios naturales que son
entornos de investigacion valiosos para mejorar la comprension sobre la ecologia, comportamiento, fisiologia y
evolucion de estas especies y su biodiversidad [7]. Este monitoreo se dificulta mas debido a que este tipo de refugios
son oscuros y poseen escondrijos, como grietas, cavidades, rocas y paredes con poca inestabilidad estructural, lo que
limita el acceso del personal de vigilancia epidemioldgica de enfermedades transmitidas por vectores y del personal
operativo de vigilancia para la preservacion y conservacion de los murciélagos. Esto es un factor condicionante para la
planificacion de las estrategias diagnosticas, preventivas y de control de enfermedades en la salud humana y animal,
principalmente la de fauna silvestre como los murciélagos de México [6].

En la reciente década y més aun derivado de la pandemia COVID-19, estudiar el estado actual de conservacion y las
tendencias de poblacion de los quirdpteros representa un desafio, principalmente en sus refugios naturales que son
entornos de investigacion valiosos para mejorar la comprension sobre la ecologia, comportamiento, fisiologia y
evolucion de estas especies y su biodiversidad [7]. Este monitoreo se dificulta mas debido a que este tipo de refugios
son oscuros y poseen escondrijos, como grietas, cavidades, rocas y paredes con poca inestabilidad estructural, lo que
limita el acceso del personal de vigilancia epidemioldgica de enfermedades transmitidas por vectores y del personal
operativo de vigilancia para la preservacion y conservacion de los murciélagos. Esto es un factor condicionante para la
planificacion de las estrategias diagndsticas, preventivas y de control de enfermedades en la salud humana y animal,
principalmente la de fauna silvestre como los murciélagos de México [6]. El monitoreo de los quirdpteros y los tipos
de refugios que habitan puede ser optimizado con el uso de técnicas de reconstruccion tridimensional como
herramientas de planificacion de la conservacion utiles para detectar refugios naturales con las caracteristicas
estructurales Optimas para el establecimiento o habitat potencial para los quirdpteros [8]. Por ejemplo, el trabajo
presentado en [9] muestra como se pueden implementar soluciones mas tecnificadas a estas problematicas.

En [10] presentan un estudio tridimensional de cuevas en la naturaleza, los autores buscan la adquisicion simplificada
de la topografia de cuevas comparando un escaner laser terrestre, un portatil basado en SLAM y una camara fotografica.
En [11] muestran la importancia de la investigacion de cuevas. Los esfuerzos cartograficos tradicionales consumen
mucho tiempo y son subjetivos, motivando el desarrollo de técnicas utilizando escaneres terrestres y sistemas LiDAR
moviles para la generacidon de mapas precisos similares a la cartografia tradicional. En [12] muestran dispositivos
moéviles autdbnomos en entornos confinados, sistemas de tineles subterrancos y cuevas. Los escenarios sin GPS,
requieren técnicas de mapeo foto realistas, realizando simulaciones con un sistema de tuneles subterraneos realistas y
en escenarios representativos del mundo real. Algunos trabajos realizan aplicaciones terrestres subterraneas y marinas
como muestra algunos trabajos realizan aplicaciones terrestres subterraneas y marinas como muestra en [13] evalta un
sistema portatil de mapeo con LiDAR, llamado PoLiMap, que usa un sensor Livox Avia y un algoritmo modificado de
FAST-LIO-SLAM. Usado para aplicaciones de entornos como tineles, muestran la importancia y aplicaciones de este
tipo de mapas. En [14] presenta el levantamiento arqueoldgico de una cueva subterranea mediante mapeo
tridimensional utilizando 62 escaneos TLS, generando 1.5 mil millones de puntos, y se utilizé el algoritmo Poisson
para reconstruir el modelo 3D. utilizando la nube de puntos para un analisis detallado de interés arquitectonico. En [15]
presenta el disefio, implementacion de un sistema para explorar minas subterraneas inundadas. Utilizando un mapa
topoldgico generado por un modulo de SLAM. Dado que el mapa puede contener errores e incertidumbres, se define
una métrica de distancia para la correspondencia de nodos, permitiendo al robot localizarse y moverse en el mapa.

La vision por computadora ha incrementado notablemente su potencial debido a los avances en aprendizaje automatico,
convirtiéndose en una herramienta cada vez mas utilizada por bidlogos e investigadores para el estudio de poblaciones
animales. Por ejemplo, investigadores en Israel han implementado esta tecnologia para contabilizar el nimero de grullas
comunes, utilizando imagenes termograficas captadas desde vehiculos aéreos no tripulados (UAVs) [16]. El plumaje
de las grullas, al presentar una reflectividad distinta a los cultivos circundantes facilita el conteo mediante el
procesamiento de imagenes en infrarrojo lejano (TIR) antes de ser analizadas por la red neuronal YoLo V3. Aunque
nuestro enfoque es similar, existen diferencias notables en cuanto al tipo de fauna estudiada y la metodologia aplicada.
Las grullas son animales de mayor tamafio, y no se ven afectadas significativamente por la presencia de los UAVs, los
murciélagos que son objeto de nuestro estudio, su comportamiento se ve alterado ante la presencia de estos dispositivos.
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Por otro lado, otro grupo de investigadores ha utilizado imagenes termograficas TIR para observar primates en las
copas de los arboles, quienes son visibles debido a la temperatura de sus cuerpos [17]. Este método muestra la utilidad
de estudiar la fauna mediante tecnologia avanzada, aunque resaltamos que el uso de equipos TIR es considerablemente
mas costoso en comparacion con los equipos NIR mas econdmicos, como las Arducam IR que emplea nuestro sistema.

Un estudio realizado en Nebraska, Estados Unidos, por Hu et al. aborda la complejidad del uso de técnicas de vision
por computador y aprendizaje automatico para el estudio de ecosistemas, centrandose especificamente en aves de
estuario [18]. Este estudio es particularmente interesante debido a su enfoque en el desarrollo de software destinado a
facilitar la utilizacion de la vision por computadora a investigadores de vida silvestre, implementando tecnologias de
etiquetado automatico y la deteccion de areas extensas. Sin embargo, los autores concluyen que es posible que su
tecnologia no funcione con la misma precision en diferentes escenarios.

Una aplicacion de software para el conteo de murciélagos desarrollada en MatLab fue presentada por Bentley et al.
[19]. Sin embargo, esta herramienta también se basa en la colocacion de una camara de imagenes termografias (TIR)
en una posicion fija, operando bajo el supuesto de que los murciélagos cruzaran su campo visual. McFarlane [20] hace
un estudio sobre las poblaciones de murciélagos en las cuevas de Guangtong en Borneo. McFarlane escoge
especificamente dichas cuevas porque habia estudios previos en ellas, realizan escaneos 3D de las cavernas con un
equipo FARO. A partir de estimar el numero de murciélagos que pueden estar presentes en funcion de la densidad de
murciélagos por unidad de area, y luego multiplicar esta densidad por el area o volumen total del refugio. También
implica contar el niimero de murci¢lagos que salen de un refugio. Generalmente, los observadores cuentan
manualmente los murciélagos que salen en un periodo de tiempo determinado y luego extrapolan para estimar el tamafio
total de la colonia.

Los investigadores en [21] han desarrollado un sistema automatizado de respuesta conductual que integra experimentos
de reproduccion sonora en estudios con camaras trampa, las cuales se activan mediante un sensor de movimiento. Esta
estrategia, que también activa bocinas, es crucial para observar el comportamiento de los animales salvajes ante sonidos
asociados a la caza furtiva, representando una excelente estrategia de ahorro de baterias. En [22] proponen un disefio
de hardware especifico para el estudio de libélulas en cuerpos de agua, utilizando camaras trampa centradas en
estructuras como postes, facilitando la observacion de animales pequeiios y rapidos. Esta tecnologia es relevante para
entender el desempefio de camaras trampa en la deteccion de animales pequeifios y escurridizos, como los murciélagos,
dado que ambos comparten la dificultad de ser detectados debido a su reducido tamafio. En cuanto al conteo de
quiropteros, en [23] han disefiado un dispositivo que produce barreras de luz infrarroja, situadas en las oquedades que
permiten el ingreso y salida de los murcié¢lagos de sus refugios. Este estudio, realizado en Alemania, se centr6 en
poblaciones hibernantes, una condicién que no se aplica a las especies de nuestro estudio, como Desmodus rotundus.
Ademas, el uso de estas barreras luminosas exige un equipo que pueda cubrir completamente la entrada del refugio y
que sea adaptable a las variaciones de cada uno, especialmente en entornos silvestres.

Las camaras tradicionales que proporcionan imagenes RGB presentan problemas de adquisicién en el habitat natural
de los quirdpteros, ya que estas camaras tradicionales no funcionan eficazmente en escenarios con ausencia de luz. El
uso de sistemas combinados como las camaras de infrarrojas pueden proporcionar una respuesta en entornos visuales
desafiantes. La deteccion de quirdpteros, asi como la reconstruccion de las cuevas que son habitadas por estos
mamiferos exige que el equipo sea liviano, compacto y portatil.

Este estudio propone un sistema autonomo, ligero y facil de transportar que cuente con dos funcionalidades principales:
1) la adquisicion de imagenes infrarrojas para la deteccion de murcié¢lagos y 2) la reconstruccion tridimensional de su
habitat que destaque por su capacidad para generar mapas virtuales sin necesidad de referencias.

1.1 Objetivos. -

«  Evaluar la efectividad de una camara infrarroja (IR) en expediciones en cuevas y otros espacios naturales para
la deteccion de quirdpteros.

«  Obtener imagenes infrarrojas (IR) que puedan ser utilizadas en el entrenamiento de redes neuronales para el
conteo automatico de quirdpteros.

+  Obtener imagenes de profundidad que posibiliten la realizacion de reconstrucciones tridimensionales de las
cuevas habitadas por quirdpteros.

Dentro de este trabajo, la pregunta de investigacion que respondemos es la siguiente: ; Como pueden las tecnologias de
imagen infrarroja y de profundidad, junto con redes neuronales, mejorar la deteccion, monitoreo y modelado de los
habitats de quirdpteros en cuevas y otros espacios naturales, asegurando una tasa de deteccion correcta minima del 85%
en condiciones de funcionamiento?
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2. Desarrollo. -

2.1 Descripcion del area de estudio. - Un desafio importante en el estudio de cuevas habitadas por quirdpteros es la
capacidad de acceder a ellas. En el municipio de Xicht en el estado de Guanajuato, México. El Comité Estatal para el
Fomento y Proteccion Pecuaria responsables del control biologico de estas especies necesitan caminar grandes
distancias de hasta 14 km, como se muestra en la Figura XII. Regularmente el personal carga con redes de niebla,
equipo de seguridad, por lo que el peso del equipo es una condicionante importante. Por esta razén el equipo
proporcionado debe ser un sistema de adquisicién pequefio, estable y de poco peso que faciliten el trabajo del personal.

™M Medir e C X
Marcador sin titulo

Haz clic en puntos del mapa para medir distancias
y areas

Longitud
7.852,92m

[ Guardar en proyecto

Capilla ® £
b

L
A

000@

Figura I. Recorrido realizado para llegar al nicho de los murciélagos desde el ultimo acceso vehicular y hasta la
entrada a la cueva con la ayuda de un mapa de Google.

Los refugios de anidacion de los murcié¢lagos son en su mayor parte de dificil acceso. Aunque se trata en algunos casos
de excavaciones a pie de carretera, principalmente minas abandonadas, también hay minas muy internadas en zonas
naturales. Muchas veces hay que atravesar caminos irregulares, asi como obstaculos peculiares, llamense rios, arenales,
formaciones rocosas, maleza, entre muchos otros. Asi mismo, cuando se trata de excavaciones mineras la orografia
dentro de las cuevas suele ser bastante transitable. Pero en ocasiones nos topamos con tineles, rocas afiladas y caminos
sinuosos e irregulares (ver Figuras II y XII). En el caso de esta expedicion, nos topamos ademas con condiciones de
alta humedad en las cuevas, y calor sofocante, por lo que el equipo a utilizar opera correctamente en esas condiciones.
El equipo debe estar protegido para soportar golpes y pinchazos puesto que en determinadas zonas de la cueva los
espacios son sumamente reducidos, como se muestra en la Figura III. Utilizando un equipo de adquisicion equipado
con una camara de profundidad para una reconstruccion tridimensional, un par de camaras infrarrojas para la deteccion
de quirdpteros, un par de luces IR (infrarrojo) proyectando hacia adelante y hacia arriba y sensores inerciales. El estudio
de cuevas requiere atencion y es peligroso debido al riesgo de lesiones al operar en la oscuridad y la inestabilidad
estructural del entorno. Este trabajo compacta las necesidades de realizar observaciones de quirdpteros con el analisis
del entorno obteniendo un mapa tridimensional de dimensiones conocidas de una cueva, asi como la deteccion de
especies que en esta habitan.

Figura Il Imdgenes de la orografia de Xichii hacia la cueva
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Figura Ill. Las imagenes muestran ejemplos de las condiciones de trabajo dentro de las cuevas de Xichu

2.2 Materiales. - Para el desarrollo de este trabajo construimos un sistema portatil. Se utilizé una estructura equipada
con una camara Intel D4351 (es una camara estereoscopica utiliza dos sensores de profundidad y una camara RGB para
capturar imagenes tridimensionales e IMU integrada). La camara estereoscopica tiene una resolucion de hasta
1280x720 y puede alcanzar hasta 90 FPS en modo de profundidad y hasta 30 fps en modo RGB. La arquitectura
multisensor propuesta también cuenta con dos camaras IR que se conectan a través de un puerto USB 3.0. con una
configuracidon estereoscopica para la deteccion de quirdpteros. Al sistema portatil le incluimos un par de luces
infrarrojas. El sistema cuenta con un mini pc Intel i7 a .3.6 GHz con 16 g de memoria RAM con un sistema operativo
Ubuntu 20.04 utilizando el entorno de trabajo de ROS (Robot Operating System). ROS es una modular que permite
crear componentes de software para diferentes tareas, los nodos de software se ejecuten de manera independiente y se
comunican entre si de manera eficiente. La imagen mostrada en la Figura IV muestra un esquema de nuestro sistema.
El dispositivo funciona con un banco de energia portatil, asegurando hasta 2 horas de uso continuo. El peso total del
dispositivo es 3 kilogramos, y estd disefiado para ofrecer adaptabilidad, puede integrar sensores adicionales como se
muestra en la Figura. La Figura V muestra la arquitectura propuesta, los componentes utilizados son:

«  Monitor touch screen. Esta pantalla nos permite a través del tacto, seleccionar una de las dos funcionalidades
propuestas, ademas de visualizar en tiempo real los resultados tanto de la grabacion de iméagenes infrarrojas o
la reconstruccién tridimensional de la caverna

«  Céamara de profundidad D435i. Es una camara de profundidad que combina sensores IR, una cdmara RGB de
alta resolucion y una unidad de medicion inercial (IMU) para capturar datos tridimensionales. Proporciona
informacion detallada de profundidad y movimiento en tiempo real, (ver Figura VI(a)).

+  Iluminacion IR. La iluminacién infrarroja permite iluminar los objetos dentro de la cueva, asegurando que los
tipos de objetos sean visibles en la imagen infrarroja capturada con la mejor calidad posible. « Camaras NIR.
El sistema cuenta con un par de camaras NIR, que nos permiten capturar imagenes en entornos oscuros, como
cuevas, sin necesidad de iluminacion en el rango visible.

«  Convertidor. El sistema de alimentacion es de corriente continua (DC) a 12 voltios. Sin embargo, algunos
dispositivos funcionan con este voltaje, otros, como la PC, requieren 19 voltios. El convertidor nos permite
realizar las adaptaciones de voltaje necesarios.

«  Tres bancos de baterias. Las baterias utilizadas son de litio. Un banco de baterias alimenta el sistema de
iluminacion infrarroja, otro banco suministra energia a la PC, y el tlltimo se encarga del monitor. Es importante
destacar que el sistema una vez configurado puede funcionar sin necesidad de conectar el monitor.

«  PC.: Un equipo de computo responsable de almacenamiento y procesamiento de la informacion adquirida por
los sensores, equipada con un procesador AMD Ryzen 7 3750H y 16 GB DDR4 con un sistema operativo
Linux.
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Figura IV Principales componentes del sistema
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Figura V. Sistema de mapeo tridimensional y deteccion de Quiropteros
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Figura VI. Principales componentes del sistema a) camara de profundidad que combina sensores IR, una
camara RGB de alta resolucion y una unidad de medicion inercial (IMU) para capturar datos
tridimensionales. b) muestra una computadora GMXTEC con un procesador AMD Ryzen 7 3750H y 16 GB
DDR4 con un sistema operativo Linux.
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Figura VII. Posiciones de descriptores, puntos en verde, generados para la reconstruccion 3D. Un descriptor en una
imagen es una representacion matematica de caracteristicas visuales especificas que permite identificar y comparar
partes de la imagen.

2.3 Métodos. - Los métodos seleccionados para el analisis de imagenes fueron elegidos por su afinidad con los sensores
utilizados. El Algoritmo 1 describe las etapas de la adquisicion de los datos hasta la reconstruccion y deteccion de
quirdpteros en cuevas.
La camara Intel RealSense D435i se calibra utilizando el software Intel RealSense SDK (Software Development Kit).
La calibracion se compone de dos etapas: la calibracion intrinseca y extrinseca. La calibracion intrinseca corrige las
caracteristicas geométricas y opticas de la cdmara y calibracion extrinseca determina la relacion espacial entre la cdmara
y otros sensores o dispositivos lo que garantiza que los datos de la camara y los sensores estén correctamente alineados.
Se capturan imagenes de patrones de calibracion del tipo tablero de ajedrez identificado bordes y esquinas. Esto
permiten hacer una comparacion entre el plano imagen obtenida por la camara a partir de mundo real. Mientras para
los parametros extrinsecos se realizan rotaciones controladas variando los angulos del patron, permitiendo encontrar
relaciones de posicion en el mundo con las imagenes obtenidas. Para la calibracion extrinseca el software de RealSense
procesa la informacion y ajusta para mejorar la precision y la calidad de los datos capturados.
La reconstruccion 3D es una técnica utilizada para reconstruir un entorno tridimensional a partir de estimar la posicion
y orientacion de una camara, cambiando la perspectiva con una secuencia de imagenes extraidas a partir de las poses
de la camara. Mediante la calibracion de la camara es posible determinar la posicion de la camara en el mundo a partir
de la superposicion de fotogramas utilizando como referencia los puntos de interés en las imagenes llamados
descriptores. El descriptor en un fotograma es un conjunto de pixeles con valores especificos. Las posiciones de los
pixeles en la imagen se utilizan para comparar las intensidades y buscar coincidencias entre fotogramas consecutivos.
Posteriormente, se optimiza la nube de puntos utilizando un punto en profundidad proporcionado por la camara
infrarroja, aplicando el método de Levenberg-Marquardt para actualizar la posicion de la cdmara. En la Figura VII se
muestran los descriptores generados sobre la superficie de la cueva.
Para la reconstruccion del entorno tridimensional se realiza lo siguiente: Se captura informacion de la camara infrarroja
y los sensores inerciales mientras se desplaza el sistema por la cueva por la cueva. Se utilizan herramientas de software
como OpenCV, para escalar la imagen. También se utiliza la biblioteca realsense2 para generar descriptores a partir de
las esquinas y bordes para poder encontrar las relaciones entre fotogramas consecutivos conociendo. Utilizando los
parametros intrinsecos de la camara infrarroja, podemos encontrar la direccién de cada descriptor en el mundo real.
Los descriptores extraidos tienen como particularidad que puede identificar el mismo descriptor en adquisiciones
consecutivas. La identificacion del mismo descriptor en dos admisiones consecutivas nos permite calcular la
coordenada en profundidad para generar una nube de puntos tridimensional donde D es un valor en profundidad que
corresponde a las coordenadas (x, y) consideradas como coordenadas del plano imagen en pixeles como se muestra a
continuacion (D(x, y)). La ecuacion 1 muestra las relaciones entre estos tres parametros permitiendo un punto que en
conjunto formara la nube de puntos que permite reconstruir el objeto tridimensional Punto es = (X, Y, Z).
x—c DY) _ y—cy DY)
) - )

X=—" 5

Z=D(x,y)
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Los siguientes algoritmos describen la funcionalidad del software desarrollado en el prototipo

Algoritmo 1 Algoritmo de reconstruccion de cuevas y adquisicion de datos para el conteo de quirdpteros
1: init < Encendido de la computadora

2: while bateria OK o Computadora encendida do

3: Opcion < Seleccion reconstruccion 3D o deteccion de quidpteros

4 if Opcion = reconstruccion 3D then

5 3D _RECONSTRUCTION() usando SLAM (ver algoritmo 2)
6 else

7: MURCEILAGOS_DETECCION() (ver algoritmo 3)

8 end if

9: end « parar el proceso

10: end while

Algoritmo 2 3D RECONSTRUCTION. SLAM usando Descriptores de Iméagenes Infrarrojas
1: M « Inicializar mapa vacio

2: x9 < Inicializar posicion inicial de la cdmara

3: Obtener la primera imagen infrarroja 10 y extraer descriptores DO

4: Guardar Dy en M

5: for cada iteracion ¢ do

6: Capturar nueva imagen infrarroja /,

7: Extraer descriptores D; de la imagen /,

8: Estimacion de Movimiento:

9: Usar el sistema inercial y sensores del sistema construido para estimar el movimiento x

10: Asociacion de Caracteristicas:

11: Comparar los descriptores D, con los descriptores guardados en M

12: Si se encuentran caracteristicas coincidentes, actualizar posicion estimada del sistema construido x;
13: Actualizacion del Mapa:

14: if nuevas areas no mapeadas son observadas then

15: Actualizar el mapa M con los nuevos descriptores D;

16:

17: Correccion de la Trayectoria:

18: Usar técnicas de optimizacion (Filtro de Kalman) para corregir la estimacion de la trayectoria del
sistema construido x;

19:  end if

20: end for

21: Retornar mapa final M y trayectoria estimada del sistema construido

Algoritmo 3 MURCEILAGOS_DETECCION. Reforzamiento del aprendizaje y deteccion de murciélagos
en imagenes infrarrojas con YOLO

1: Inicializar modelo YOLO preentrenado model

2: Definir porcentaje de imagenes infrarrojas con murciélagos etiquetados para entrenamiento puain ¥
deteccion paerect

: Cargar conjunto de imagenes infrarrojas con murcié¢lagos etiquetados infrared dataset

: Divisién del Conjunto de Datos:

: Dividir infrared dataset en train_set y detect_set segun ptrain y pdetect:

: train_set «— ptrain X infrared dataset

: detect_set «— pdetect x infrared dataset

: Entrenamiento del Modelo:

: for cada imagen | en train_set do

10: Obtener la anotacion de murciélagos para I

11:  Usar Iy su anotacion para entrenar el modelo YOLO

12: Actualizar pesos del modelo model

13: end for

14: Deteccion de Murciélagos en Imagenes Infrarrojas:

15: Inicializar contador de imagenes con murci¢lagos detectados correct detections = 0

16: Inicializar contador total de imagenes procesadas total infrared images = 0

O 03N W\ W
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17: for cada imagen infrarroja lir en detect_set do
18: Obtener predicciones de YOLO sobre I

19: if YOLO detecta murciélagos en I;; then
20: Incrementar correct_detections

21: end if

22: Incrementar total infrared images
23: end for

24: Evaluacion de Resultados:
25: Calcular la tasa de deteccién como:
correct detections

Detection Rate = - -
total infrared images

26: Retornar Detection Rate como métrica de deteccion en imagenes infrarrojas

2.4 Resultados. - En esta seccion se muestran los resultados generados del escaneo tridimensional de la cueva y la
deteccion automatica de murciélagos. El escaneo permite reconstruir el interior de la cueva, ofreciendo ventajas para
los interesados en control y preservacion de los quirdpteros. Por ejemplo, permite explorar el refugio desde cualquier
parte del mundo de forma virtual. El mapeo se genera a partir de una nube de puntos extraida de los fotogramas en
tiempo real, se aportan las propiedades de textura y dimensiones. La Figura VIII muestra la reconstruccion basada en
una nube de puntos a partir de los fotogramas obtenidos, en ella se muestra una textura bastante buena que permite al
usuario darse una idea de lo accidentada que puede estar la cueva, asi como las herramientas que podrian implementarse
como las redes de niebla por mencionar alguna. En el caso de la imagen, se observa un terreno transitable que permitiria
desplazarse de forma convencional manteniendo precauciones en el uso de equipo de proteccion personal, como cascos
para evitar golpes y guantes derivados de la proximidad de las paredes al extraer las dimensiones de la cueva.

La reconstruccion del entorno virtual permite no solo conocer las dimensiones internas de los tiineles habitados por
quirdpteros, también permite conocer algunas caracteristicas en el que se encuentran los quirdpteros, asi como conocer
las posibles rutas internas e incluso establecer el recorrido optimo ya que muchos de estos lugares se encuentran
conectaos entre sus tineles. La Figura IX muestra la cueva sobre un mallado de un metro por un metro permitiendo
encontrar la longitud de la cueva explorado aproximadamente 17 m de longitud. A partir del escaneo de la nube de
puntos procesada hemos reconstruido el mapa 3D que contiene un total de 74 fotogramas a partir de imagenes RGB
sobrepuestas con la misma cantidad de imagenes IR. El tiempo de procesamiento fuera de linea de aproximadamente
15 segundos.

La Figura X es un ejemplo de imagenes adquiridas por el sistema, se llevo fuera de linea un reforzamiento con YOLO
como se muestra en el algoritmo 3. El porcentaje de deteccion (Detection_rate) es de 70%.

Figura VIII. Reconstruccion 3D de las cuevas
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Figura IX. Cueva montada sobre un mallado de 1 m x 1 m a partir de los parametros extrinsecos e intrinsecos de la
camara

realbats/2 (latest) X realbats/2 (latest)

Figura X. Deteccion automatica de murciélagos usando imagenes IR (infra rojas)

2.4.1 Analisis Estadistico. - Para evaluar el desempefio del mapeo y reconstruccion 3D, se tomo en cuenta la precision
de la reconstruccion mediante la reconstruccion del mapa virtual. Se realizd un mapa del entorno sensor laser HER -
430. con las siguientes dimensiones 2.5m * 2.5m. En los resultados del mapa obtenido se aprecia mucha similitud con
el mapa de referencia del entorno, se realizo un céalculo del RMSE obteniendo un valor de en 11.22mm lo que se
considera insignificante para labores de mapeo.

Para evaluar la factibilidad del conteo automatico de murciélagos, se entrenaron multiples versiones de redes neuronales
convolucionales con la plataforma Roboflow. Esta plataforma a través de Ultralytics mantiene las versiones mas
actuales de YOLO, asi como modelos propios y basados en la COCO database. Se evaluaron 238 imagenes capturadas
de murciélagos en sus refugios naturales capturadas bajo iluminacién infrarroja, las cuales fueron aumentadas hasta
formar un conjunto de entrenamiento de 840 imagenes. Es decir, procesadas para crear imagenes modificadas que
ayudan a no sesgar el entrenamiento, en el sentido de que no se entrene la red con imagenes iguales, sino que hagan
acercamientos, cambios en los colores, y agreguen ruido. Lo cual nos permite formar un modelo de inteligencia artificial
mucho mas robusto. De las 3754 imdgenes, conforman: el conjunto de entrenamiento 630, el conjunto de validacion
30 y el conjunto de pruebas 54. De esto obtenemos con una precision de 98.0% para el modelo Roboflow 3.0 Object
Detection (Accurate)luego de ser entrenado por 300 épocas. Y dando como resultado la matriz de la figura [ F 10 ] que
muestra que se clasificaron correctamente (a través de todas las épocas de entrenamiento) 3754 imagenes, hubo 117
Falsos Negativos y 9 Falsos Positivos.
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Figura XI.Reconstruccion de una trayectoria
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Figura XII. Matriz de confusion de YOLO para deteccion automatica de quirdpteros

2.4.2 Trabajos futuros. - En el presente trabajo se busca una arquitectura de adquisicion confiable con el proposito de
establecer una base de datos de cuevas habitadas por quirdpteros, con el objetivo de identificar en el futuro posibles
relaciones entre las caracteristicas de las cuevas y las zonas seleccionadas por estos animales para habitar. Ademas, se
pretende en un futuro cercano explorar la conexion entre el tipo de cueva y las especies de quirdpteros que la ocupan.
También se proyecta aumentar la cantidad de informacioén disponible mediante la inclusion de mediciones sobre los
niveles de oxigeno y otros gases presentes en cada cueva, lo que proporcionara datos mas completos y utiles para el
Comité Estatal para el Fomento y Proteccion Pecuaria del estado de Guanajuato, asi como para otras entidades del pais.
Los dispositivos de medicion deben ser de bajo consumo y portatiles como el presentado en [24]. Las redes neuronales
profundas han demostrados ser eficientes en la clasificacion [25], por lo que en trabajos futuros se detectaran
murciélagos y seran clasificados.

3. Conclusiones. - El enfoque propuesto se distingue de las soluciones convencionales existentes ya que integra un
sistema de deteccion basado en una configuracion estéreo de camaras infrarrojas funcionando como una cdmara trampa
que permite conocer dos aspectos funcionales de suma importancia para bidlogos y veterinarios. De la experiencia
tomada en las visitas a los refugios de los quirdpteros, sean cuevas, minas u oquedades, podemos darnos cuenta
observamos que el sistema de vision debe ser lo mas portatil posible, debido a que los refugios de los murciélagos son
de dificil acceso. Los murciélagos son muy veloces, la tasa de cuadros por segundo de captura de las fotografias debe
ser alta. Por lo tanto, el sistema podria saturarse facilmente de fotografias, especialmente considerando que se usaron
camaras en configuracion estéreo, entonces, la cantidad de imagenes almacenadas se duplica con cada captura. El
prototipo debe contar con discos duros deben ser de gran capacidad de almacenamiento. Al situarse en lugares remotos,
todo el sistema debe ser sumamente autonomo. Es decir, debe tener un bajo consumo de baterias, y debe ser facil de
utilizar. Puesto que el tiempo para la captura de imagenes y de la expedicion en general suele ser muy limitado. Asi
como debe de estar perfectamente aislado de agua y polvo y protegido contra golpes y caidas debido a lo accidentado
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del terreno. El mapeo 3D es importante ya que facilita el trabajo de bidlogos y veterinarios encargados del monitoreo
y control de quirdpteros. En este trabajo buscamos dar una solucién utilizando el equipo portatil que disefiamos. Este
paquete permite la reconstruccion de un entorno hostil y la deteccion de murciélagos por su versatilidad en convertirse
un sistema de vigilancia (camara trampa). Nuestros experimentos muestran que nuestro sistema puede reconstruir las
cuevas habitadas por quirodpteros y brindar informacién del entorno para la instalacién de redes de niebla y equipo
necesario para misiones futura, también nuestro experimento muestra que podemos detectar quirdpteros con precision,
aunque actualmente requiere un procesamiento fuera de linea empleando una red YOLO con entrenamiento reforzado
para la deteccion y etiquetado. Sin embargo, la deteccion de murciélagos estd mas alla del alcance de este trabajo, pero
promete simplificar el trabajo de conteo e identificacion de especies de quirdpteros generando relaciones con el entorno
en el que estas especies habitan en condiciones del mundo real. Consideramos que nuestra propuesta del sistemas y
algoritmos puede servir como conjuntos de datos valiosos para futuros trabajos de investigacion.

Fondos: Instituto Politécnico Nacional, SIP 20240650

Glosario

«  Cuevas (Caves): Espacios subterraneos naturales que sirven como hébitats para diversas especies, incluyendo
murciélagos, proporcionando protecciéon y un ambiente ideal para la reproduccion.

«  Murciélagos (Bats): Quirdpteros que desempefian roles significativos en la ecologia, como la polinizacion y
el control biologico de plagas. Habitan en cuevas y son esenciales para el funcionamiento de diversos
ecosistemas, a menudo enfrentando condiciones de vida desafiantes.

+  Tecnologia Infrarroja (Infrared Technology): Tecnologia utilizada en el estudio para detectar murciélagos y
reconstruir cuevas en condiciones de poca luz, lo que permite la observacion y recoleccion de datos incluso
cuando la visibilidad es escasa.

«  Reconstruccion 3D (3D Reconstruction): Un proceso que crea un modelo tridimensional de los entornos de
las cuevas mediante la captura y el procesamiento de imagenes de diversos sensores.

«  Plataforma Multisensores (Multisensor Platform): Un sistema portatil disefiado para combinar camaras RGB,
camaras infrarrojas, sensores inerciales y luces infrarrojas para detectar murci¢lagos y mapear las estructuras
de las cuevas.

« Algoritmo en Tiempo Real (Real-Time Algorithm): Un algoritmo que procesa los datos a medida que se
recopilan para generar un mapa de nubes de puntos con fines de analisis y monitoreo inmediatos.

«  Nube de Puntos (Point Cloud): Una coleccion de puntos de datos en el espacio producida por el proceso de
reconstruccion 3D, utilizada para analizar las dimensiones espaciales y las caracteristicas de la cueva.

+  Visién por Computadora (Computer Vision): Un campo interdisciplinario que consiste en permitir que las
computadoras interpreten y procesen informacion visual del mundo, aplicado al estudio de las poblaciones
animales.

«  Sensor Inercial (Inertial Sensor): Un dispositivo que mide la fuerza especifica, la tasa angular y, a veces, el
campo magnético que rodea el sensor, contribuyendo al seguimiento de los movimientos y la orientacion de
la plataforma portatil.

« Camara Estereoscopica (Stereoscopic Camera): Un sistema de camaras que utiliza dos o mas lentes para
capturar imagenes que simulan la vision binocular humana, permitiendo la percepcion de profundidad.

«  Zoonosis (Zoonotic Diseases): Enfermedades que se transmiten de los animales a los humanos, destacando la
importancia de entender las poblaciones de murciélagos para gestionar los riesgos para la salud publica.

« Bateria de Litio (Lithium Battery): Baterias recargables utilizadas en la plataforma portatil multisensor,
elegidas por su ligereza y alta densidad de energia.
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Soil-structure interaction of a building with a foundation slab with the dynamic
models of Barkan and Savinov, Russian Standard SNIP 2.02.05-87 and
Gazetas and Mylonakis

Interagdo solo-estrutura de uma edificagdo com laje de fundagdo utilizando os
modelos dindmicos de Barkan e Savinov, Norma Russa SNIP 2.02.05-87 e
Gazetas e Mylonakis
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Resumen. - El analisis de la Interaccion Dindmica Suelo-Estructura en la respuesta sismica de edificaciones ha sido
objeto de estudio en multiples investigaciones, destacando su relevancia en la seguridad estructural, especialmente en
contextos de alta sismicidad como Peru. Estudios realizados por Villarreal (2023), Brafia, Gamon, Fundora y Martinez
(2022) senalan que el comportamiento estructural de las edificaciones puede verse modificada al considerar la
interaccion suelo estructura en el analisis estructural y modelacion de edificaciones. Mediante la incorporacion de los
coeficientes dinamicos obtenidos con las propiedades elésticas del estrato del suelo, es factible determinar si existe
alguna variacion significativa en el comportamiento estructural del modelo, en ese sentido el presente estudio se
propone como objetivo de investigacion: determinar si la incorporacion de los modelos dindmicos de interaccion suelo-
estructura de Barkan & Savinov, Norma Rusa SNIP 2.02.05-87 y Gazetas & Mylonakis establecidos en la norma NIST
GCR 12-917-21, pueden modificar o influir significativamente en el comportamiento estructural de la edificaciéon para
ser consideradas dentro del analisis estructural y posteriormente en la Norma Peruana E030. La edificacion considerada
para el analisis tiene un sistema estructural por muros absorbentes a cortantes (alta rigidez), y la cimentacion es
uniforme mediante una losa de cimentacion de e=0.40 cm. Mediante el estudio de mecanica de suelos se determind las
propiedades del suelo, categorizando al suelo como S3, con un médulo de elasticidad E_s=1150 ton/m? y un coeficiente
Poisson p_(1=) 0.30, la altura del estrato a nivel de cimentacion es de 1.20 m. La edificacion se ubica en una zona de
aceleracion pico de 0.25g. Mediante el analisis de los resultados se llegdé a demostrar que la estructura al tener alta
rigidez no modifica significativamente su periodo, siendo la mayor variacion del periodo de 1.60% para el modelo de
Barkan & Savinov, seguido del modelo de Gazetas & Mylonakis con 1.42%, en lo concerniente a las derivas se observo
un incremento significativo en el nivel en contacto con la cimentacion, con un promedio de variacion de 16.56% en la
direccion XX’ mas flexible de la edificacion, mientras que en la direccion mas rigida el incremento fue de 10.50%. Los
resultados de las derivas se verificaron mediante un analisis tiempo historia, considerando el Sismo de Lima de Octubre
de 1966 y sus dos componentes (EW-NS), verificando que para el caso EW el incremento de la deriva fue de un 16.82%,
mientras que para el caso NS se obtuvo un incremento del 16.81%, ambos en la direccion XX’. Con estos resultados
se lleg6 a concluir que existe un incremento significativo en las deformaciones laterales en el nivel que se encuentra en
contacto con la losa de cimentacidén, mientras que la variacion en el periodo fundamental y los esfuerzos cortantes no
fueron significativas en gran medida por el sistema estructural de muros absorbentes de cortante que presentan una
rigidez superior a otros sistemas constructivos.

Palabras clave: modelo ISE dinamico de Barkan y Savinov, modelo ISE dinamico de la norma rusa, modelo ISE
dinamico de Gazetas y Mylonakis.

Summary. - The analysis of the Soil-Structure Dynamic Interaction in the seismic response of buildings has been the
subject of study in multiple investigations, highlighting its relevance in structural safety, especially in contexts of high
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seismicity such as Peru. Studies carried out by Villarreal (2023), Braiia, Gamon, Fundora and Martinez (2022) indicate
that the structural behavior of buildings can be modified by considering the soil-structure interaction in the structural
analysis and modeling of buildings. By incorporating the dynamic coefficients obtained with the elastic properties of
the soil stratum, it is feasible to determine if there is any significant variation in the structural behavior of the model,
in this sense the present study proposes as a research objective: to determine if the incorporation of the dynamic models
of soil structure interaction of Barkan & Savinov, Russian Standard SNIP 2.02.05-87 and Gazetas & Mylonakis
established in the NIST GCR 12-917-21 standard, can significantly modify or influence the structural behavior of the
building to be considered within the structural analysis and later in the Peruvian standard E030. The building
considered for the analysis has a structural system by shear absorbent walls (high rigidity), and the foundation is
uniform by means of a foundation slab of e=0.40 cm. Through the study of soil mechanics, the properties of the soil
were determined, categorizing the soil as S3, with an elasticity modulus Es=1150 ton/m2 and a Poisson coefficient
1=0.30, the height of the stratum at the foundation level is 1.20 m. The building is located in a peak acceleration zone
of 0.25g. Through the analysis of the results, it was demonstrated that the structure having high rigidity does not
significantly modify its period, being the greatest variation of the period of 1.60% for the Barkan & Savinov model,
followed by the Gazetas & Mylonakis model with 1.42%. Concerning the drifis, a significant increase was observed in
the level in contact with the foundation, with an average variation of 16.56% in the most flexible XX' direction of the
building, while in the most rigid direction the increase was 10.50%. The results of the drifts were verified through a
time history analysis, considering the Lima Earthquake of October 1966 and its two components (EW-NS), verifying
that for the EW case the increase in the drift was 16.82%, while for the NS case an increase of 16.81% was obtained,
both in the XX' direction. These results led to the conclusion that there was a significant increase in lateral deformations
at the level in contact with the foundation slab, while the variation in the fundamental period and shear stresses were
not significant, largely due to the structural system of shear-absorbing walls, which have a higher rigidity than other
construction systems.

Keywords: Barkan and Savinov dynamic ISE model, Russian standard dynamic ISE model, Gazetas and Mylonakis
dynamic ISE mode

Resumo. - A analise da interagdo dindmica solo-estrutura na resposta sismica de edificios tem sido objeto de estudo
em diversas investigacoes, destacando sua relevancia na seguranga estrutural, especialmente em contextos de alta
sismicidade, como o Peru. Estudos realizados por Villarreal (2023), Braiia, Gamon, Fundora e Martinez (2022)
indicam que o comportamento estrutural de edificios pode ser modificado considerando a interagdo solo-estrutura na
andlise e modelagem estrutural de edificios. Ao incorporar os coeficientes dindmicos obtidos com as propriedades
elasticas do estrato do solo, é possivel determinar se ha alguma variagdo significativa no comportamento estrutural
do modelo, neste sentido o presente estudo propée como objetivo de pesquisa: determinar se a incorpora¢do dos
modelos dindamicos de interac¢do solo-estrutura de Barkan & Savinov, Norma Russa SNIP 2.02.05-87 e Gazetas &
Mpylonakis estabelecidos na norma NIST GCR 12-917-21, podem modificar ou influenciar significativamente o
comportamento estrutural da edificacdo a ser considerada na andlise estrutural e posteriormente na norma peruana
E030. A edificacdo considerada para a andlise possui um sistema estrutural por paredes absorventes de cisalhamento
(alta rigidez), e a fundagdo é uniforme por meio de uma laje de fundagdo de e=0,40 cm. Por meio do estudo da
mecanica dos solos, foram determinadas as propriedades do solo, categorizando-o como S3, com modulo de
elasticidade Es=1150 ton/m2 e coeficiente de Poisson 1=0,30, a altura do estrato no nivel da fundagdo é de 1,20 m. O
edificio esta localizado em uma zona de pico de aceleragdo de 0,25g. Por meio da andlise dos resultados, demonstrou-
se que a estrutura com alta rigidez ndo modifica significativamente seu periodo, sendo a maior variagdo do periodo
de 1,60% para o modelo de Barkan & Savinov, seguido pelo modelo de Gazetas & Mylonakis com 1,42%. Em relagdo
aos deslocamentos, observou-se um aumento significativo no nivel em contato com a fundagdo, com variagdo média
de 16,56% na dire¢do XX' mais flexivel do edificio, enquanto na dire¢do mais rigida o aumento foi de 10,50%. Os
resultados dos desvios foram verificados por meio de uma andlise historica temporal, considerando o Terremoto de
Lima de outubro de 1966 e suas duas componentes (EW-NS), verificando-se que para o caso EW o aumento do desvio
foi de 16,82%, enquanto para o caso NS obteve-se um aumento de 16,81%, ambos na dire¢do XX'. Esses resultados
levaram a conclusdo de que houve um aumento significativo das deformagées laterais no nivel em contato com a laje
de fundagdo, enquanto a variagdo do periodo fundamental e das tensées de cisalhamento ndo foram significativas, em
grande parte devido ao sistema estrutural de paredes absorvedoras de cisalhamento, que apresentam maior rigidez do
que outros sistemas construtivos.

Palavras-chave: Modelo ISE dindmico de Barkan e Savinov, modelo ISE dinamico padrdo russo, modelo ISE dinamico
de Gazetas e Mylonakis
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1. Introduccion. - La interaccion dinamica entre el suelo y la estructura es crucial para entender el comportamiento
estructural y sismico en las edificaciones, diversas investigaciones en el tema sefialan que las propiedades modales de
las estructuras se ven alteradas por la flexibilidad del suelo y la masa del sistema suelo-estructura, dando como resultado
frecuencias de vibracion mas largas lo cual incrementa los periodos debido al comportamiento histerético del suelo,
ademas se ha observado que esta interaccion puede alterar los desplazamientos laterales de la edificacion, siendo este
aspecto dentro del comportamiento estructural uno de los factores que ponen en mayor riesgo a las edificaciones, dado
que las deformaciones que se encuentran en el limite ineldstico con una breve variacion podrian pasar a una condicion
de deformaciones permanentes e irrecuperables, asi Tena-Colunga (2019) consideran que es necesario reflexionar sobre
la importancia de modelar las estructuras con Interaccion Dinamica Suelo-Estructura, especialmente en suelos blandos
en vista que ignorar estos efectos puede llevar a dafios irrecuperables y colapsos estructurales. Ademas, se debe
considerar que, en el contexto peruano, esta interaccion adquiere una relevancia especial debido a la condicion de alta
sismicidad del pais y la diversidad de tipos de suelo que pueden presentar caracteristicas complejas, desde suelos
blandos hasta rocosos.

Las regiones que colindan con la costa peruana como Cajamarca, se ven aun en mayor riesgo por la alta sismicidad
debido a su ubicacion frente a la Placa de Nazca que se encuentra en subduccion bajo la Placa Sudamericana.

En ese aspecto, la investigacion se realizo en el distrito de Jaén, region de Cajamarca, al norte del Pert, cuya naturaleza
geologica es caracteristica por la presencia de fallas geoldgicas y depdsitos sedimentarios.

De acuerdo al estudio de mecanica de suelos, se determind que los suelos en la region son blandos, con depositos
fluvioaluviales compactados de baja rigidez, propios de las zonas de transicion entre la Cordillera de los Andes y la
llanura Amazonica, un aspecto que afiade complejidad a la geologia y sismicidad de la zona.

La pseudoaceleracion utilizada en el espectro inelastico en la zona fue de [ S] a=0.875 g que se determino para una
estructura con un sistema estructural por muros de corte (factor de reduccion R=6 ) y sin irregularidades, con un suelo
clasificado en la norma peruana como S3. Cabe sefialar que al espectro para el andlisis convencional se le realiz6é una
reduccion por sistema estructural obteniendo una seudoaceleracion de S a=0.6563 g.

Los modelos de interaccion suelo estructura dinamicos considerados para el analisis fueron tres: Barkan & Savinov,
ISE de la Norma Rusa SNIP 2.02.05-87 y Gazetas & Mylonakis considerados en la norma NIST GCR 12-917-21. Para
determinar el peso sismico se consider6 las cargas gravitacionales y de servicio de la Norma Peruana E020, para el
analisis y parametros se considero los criterios de la norma E030 y E060.

2. Fuerzas sismicas de pseudoaceleracion. - El andlisis sismico de la estructura se realizd con un espectro de
pseudoaceleracion elastico, mediante el procedimiento de andlisis modal espectral. De acuerdo a la Norma Técnica
Peruana E030, la zona de peligro sismico esta definida como Z2 con un coeficiente de 0.25g. En el estudio de Mecanica
de suelos (EMS) y ensayo de penetracion estandar (Ng,) se clasificd como un suelo tipo S3 con una velocidad promedio
de las ondas de corte (;=165 m/s). Por tanto, los parametros establecidos para el sitio (S,TP,TL) considerados para
una zona de riesgo sismico Z2 son: Factor de suelo S, = 1.40, periodo corto del estrato T, (S) = 1.0, periodo largo del
estrato T, (S) = 1.6.

El célculo del coeficiente simico C = 2.5 se determind mediante la norma E030, que sefiala que para todos los casos
donde el periodo de la estructura tiene un periodo fundamental menor al periodo corto del estrato del suelo T <
T, - C=25.

En la Tabla I se aprecia los parametros normativos usados para calcular el coeficiente sismico C:

Parametros Factor
Altura de edificacion h, 18.60
Coeficiente Ct (sistema muros) 60.00
Periodo estatico de la edificacion T 0.31
T (S) 1.00
TL(S) 1.60
T<Tp Cumple condicién

Tabla I.- Parametros normativos para determinar el coeficiente C

El sistema estructural de la edificacion se determind con un analisis de absorcion de cortantes para los muros
estructurales y columnas, determinando que las fuerzas cortantes que absorben los muros se encuentran por encima del
70%, por lo cual la estructura es definida como una edificacion con un sistema de muros estructurales, sistema al cual
le corresponde el factor de reduccion de R = 6.0 (E030, 2018). La edificacion tiene uso “comin” y esta destinado a
vivienda multifamiliar, con un “factor de uso” igual a U = 1.0 (E030, 2018).
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Con los coeficientes simicos Z, U, C y S se procedid a calcular la pseudoaceleracion elastica e inelastica, asi como
el espectro reducido por R, con la ecuacion de pseudoaceleracion de la norma (E030, 2018).

Al reemplazar los pardmetros se obtuvo una pseudoaceleracion para el espectro elastico de 0.145833g como se
aprecia a continuacion:

_ZUCS 025+ 1 %25 = 1.4
a” R 6

= 0.145833g

La pseudoaceleracion S, para el espectro ineldstico, con el factor de reduccion igual a R = 1 es equivalente a una
pseudoaceleracion de :

S, = 0.145833g *(6) = 0.875 g

Mientras que el espectro inelastico de pseudoaceleracion reducido por 0.75#* R = 0.75 * (6) para estructuras
regulares (E030, 2018) fue equivalente a:

S, = 0.145833g % 0.75(6) = 0.6563 g

En la Figura I, se observa los espectros de pseudoaceleracion elastico, inelédstico y reducido. El espectro inelastico
se utilizo para el escalamiento del sismo utilizado en el analisis tiempo historia.

Espectros Sismico de tipo: Elastico e inelastico

—Especiro Elisiko  — Especko Reducidopor R —— Espachro Insldstico

Figura I.- Espectros de seudoaceleracion

Para realizar el analisis modal espectral de la estructura, se procedid a cargar el espectro inelastico con una
pseudoaceleracion S, = 0.6563 g.

3. Modelado de la estructura. - El modelo matematico de la estructura, se realizo considerando las secciones y
materiales de cada elemento estructural como muros, vigas, columnas y losas. En el modelo matematico se considerd
los criterios establecidos en la Norma Peruana E030 como por ejemplo el principio de diafragma rigido, brazo rigido,
combinacion de carga, entre otros.

3.1. Estructura empotrada convencionalmente en la base. - En la Tabla II se aprecian las propiedades de los materiales
utilizados para el concreto y acero usado en el modelado:

Elementos Propiedades
Concreto en vigas, columnas, losas ¢=210 kgf/cm?
Losa de cimentacion e=0.40 ¢=210 kgf/cm?
Acero (resistencia) £y=4200 kgf/cm?
Moédulo de elasticidad Ec Ec=2188.20 kgf/mm?
Coeficiente de Poisson u=0.20
Metro cubico de concreto (Peso) Yca=2.4 tonf/m’

Tabla 11.- Propiedades de Resistencia del concreto
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El modulo de elasticidad del material concreto se determind con la ecuacion de la norma ACI 318, al ingresar la
resistencia del concreto usado en todos los elementos estructurales, se obtuvo el modulo de elasticidad del concreto:

Kgf
m

m?2

E, = 15100 /f'c = 151210 = 2188.20 kgf /mm?

El modelo estructural combina muros estructurales, losas aligeradas en los niveles superiores y una losa de cimentacion
de e=0.40 m. Las cargas vivas se determinaron mediante la Norma E020 como se aprecia en la Tabla I11.

Nivel Uso (Servicio) Carga (tonf/m2)
Azotea Azotea 0.10
Nivel 01 a Nivel 05 Uso comun 0.20
Semisotano Estacionamiento 0.10

Tabla 111 .- Cargas vivas asignadas a la edificacion

En el modelo se considerd cargas impuestas (sin funcion estructural) definidas como cargas gravitacionales, calculadas
mediante la Norma E020 como tabiquerias (150 kng ), acabados de piso (100 ’%f) y ladrillos (60 %) en las losas

mz
aligeradas.
Las cargas sefialadas se afadieron al modelo matematico, asignandolas como carga muerta (CM) y carga viva (CV).

Estas cargas se combinaron para determinar el peso sismico de la edificacion mediante la combinacion de cargas
definidas en la norma E030:

P; = 100% CM + 25% CV

Como resultado del modelamiento en la Figura II se puede observar el modelo en planta (a) y en vista 3d (b). La
estructura tiene una planta tipica en todos sus niveles, se aprecian ademas los muros estructurales encargados de
absorber las fuerzas cortantes.

a) Planta tipica b) Modelo Estructural
Figura II.- Modelo estructural en planta y vista 3D

Al proceder con el analisis inicial, se obtuvo el periodo de la estructura. En la Figura IIl se muestra el periodo
fundamental de la estructura con el analisis modal espectral con la base empotrada. El primer modo de vibracion (a) es
en la direccion del modelo XX’ del modelo con T; = 0.554 s, el segundo modo de vibracion (b) es en la direccion YY’
del modelo con T, = 0.441 sy el tercer modo de vibracion de la estructura es torsional con un periodo de T; = 0.306 s
como se puede observar en (c). El modelo convencional, cuenta con empotramiento en la cimentacion (restriccion en
los 6 grados de libertad).
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a) Primer Modo t=0.554 b) Segundo Modo t=0.441 b) Tercer Modo t=0.306

Figura Ill.- Modos de vibracion de la estructura

4. Coeficientes de los modelos dinamicos de interacciéon suelo estructura. - A diferencia del modelo que considera la
base empotrada, los modelos dinamicos de interaccion suelo estructura incorporan los coeficientes de rigidez y
amortiguamiento en los seis grados de libertad de la cimentacion del modelo estructural. La determinacion de estos
coeficientes se calcul6 considerando las propiedades obtenidas mediante un estudio de Mecanica de Suelos (EMS), el
peso sismico de la edificacion y las dimensiones de la losa de cimentacion. Cabe sefialar que mediante el estudio (EMS)
se tipifico al suelo de cimentacion dentro de los suelos flexibles S3 con un so6lo estrato, con material blando, con una
granulometria conformada por arena media a fina y con las propiedades que se describen a continuacion:

e Clasificacion del suelo : S3 — Suelo blando

e Tipo de suelo . Arena arcillosa de baja plasticidad
e Velocidad de onda : Vs =165m/s

e  Modulo de elasticidad del suelo . Es= 1150tonf/m?

e Coeficiente de Poisson : u;=0.30

e  Altura de estrato : h;=1.00m

e Capacidad portante del suelo : qq= 1.35kgf/em?

e Densidad del suelo : ps= 0.1 tonf.s’/m*

e Coeficiente C, : C,= 0.8 kgf/cm?

e Profundidad de desplante D Yea=12m

El peso sismico de la edificacion se determindé mediante la combinacion de la Norma E030 (CM+0.25CV) para
edificaciones comunes obteniendo un peso sismico P = 2420.38 tonf, como se puede apreciar en la Tabla IV.

Nivel UX (kg) UY (kg) fl‘,’z‘l’lo
Azotea 157059.67 157059.67 157.06
Story5 312775.15 312775.15 312.78
Story4 338874.36 338874.36 338.87
Story3 338874.36 338874.36 338.87
Story?2 338874.36 338874.36 338.87
Storyl 338874.36 338874.36 338.87
Semi S6tano 463424.5 463424.5 463.42
Base 131621.34 131621.34 131.62
Peso sismico sin considerar la losa 2420.38

Tabla IV .- Peso sismico por piso

Las dimensiones geométricas de la losa de cimentacion de la estructura se observan en la Tabla V.

Descripcion Detalle
Direccion de la losa (xx’) a=14m
Direccion de la losa (yy’) b=36m
Area de la losa A = 504 m?
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Altura de la losa e=040m
Distancia al centroide de lalosa d=c/2 =0.2m
Peso del concreto por m3 Y = 2.4 tonf/m3
Gravedad g =9.806 m/s?

Tabla V.- Dimensiones de la losa

4.1. Propiedades del modelo dindamico de Barkan & Savinov. - Los coeficientes de rigidez del modelo ISE de Barkan
& Savinov se obtienen haciendo uso de las masas traslacionales del modelo, respecto a los ejes centroidales x, y, z de
la estructura. Las masas rotacionales respecto a los ejes de contacto suelo — losa de cimentacion se determinaron en los
ejes x’, ¥, z". Al peso sismico de la estructura obtenida mediante la Norma E030 se procedio a anadir el peso de la
losa de cimentacion mediante:

Prosa =Y *a.b.c = 483.84 tonf

Las masas traslacionales en la direccion horizontal son iguales M, = M,, = M,, = M, por tanto, se tiene:

y.a.b.c tonf * s?
M,=M,=M,=M, =— =49.341 —
t x y z g

Mediante las masas traslacionales del modelo, se procedio a determinar las inercias de masa en las dos direcciones de
la estructura:
M, = b? 5
Ly = o - 5328.85 tonf.m.s
M, * a? 5
Iy = o - 805.907 tonf.m.s
Las inercias de masa rotacionales se determinaron mediante las inercias de masa, como se aprecia en las siguientes
ecuaciones:

Mgy, = My.d? + Ly, = 5330.825 tonf.m.s?
My, = M. d? + I,,, = 807.88 tonf.m.s?
a? + b? )
My, = M. o - 6134.758 tonf.m.s

4.1.1 Determinacion de los coeficientes de presion estatica. - La magnitud de la presion estatica del suelo "p " de la
losa de cimentacion de la estructura, y el peso sismico de la estructura se obtuvo mediante:

_ Pestructura + Plosa

Alosa
Al reemplazar los datos de la tabla, se obtuvo una presion estatica del suelo "p " de :
p= Pestructura + Plosa = 0523 kgf
Alosa cm?

Respecto a los coeficientes C, y p, para un suelo arcilloso de baja plasticidad (tabla 2.1 del libro de Villarreal, 2017),
se determinaron los siguientes coeficientes:

_ kgf kgf
Po=02 — %y C, =08
Mediante los datos, se procedio a calcular el coeficiente D,, obteniendo:

1—u 1-0230 kgf
Dy= — . Cp= () %0.80 = 0.659 2
o= 1—05u"° (1—0.5*0.30)*0 cm3

4.1.2 Coeficientes de desplazamiento y compresion. - Mediante los coeficientes de presion estatica, se determiné los
coeficientes de desplazamiento y compresion en la losa de cimentacion de la estructura (Villarreal, 2017) para el modelo

de Barkan & Savinov:
2 +b
¢, =D, [1 * (a ) ] f
I« ALosa pO

f

Memoria Investigaciones en Ingenieria, nim. 28 (2025). pp. 126-153
https://doi.org/10.36561/ING.28.10
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
132


https://doi.org/10.36561/ING.28.10

J. Contreras, G. Villarreal Castro

2(b+3a) p tonf
Cyy =Co [1 + _1—] — =1866.98 —
m * ALosa Po m

4.1.3 Coeficientes de rigidez de Barkan & Savinov. - Los coeficientes de rigidez lateral, se determinaron mediante
las ecuaciones de rigidez Ky, K, y K, (Villarreal, 2017), obteniendo:

tonf tonf
K, = C,A= 1407.06 —-* 504 m* = 709.157 ——

m mm

tonf ) tonf
K, = C,A = 1407.06 —- 504 m* = 709.157 ——

m mm

tonf 5 tonf
K, =C,A= 1708.57 5 *504m* =861.12

m mm

Para los coeficientes de rigidez rotacionales se determind las inercias, como se observa:

I _a3*b_8232 N
xT g T oeeem
axb?
Iy = T = 54432 m4
Los coeficientes de rigidez rotacionales del modelo son los siguientes:
tonf.mm
Kyx = Cpxly = 115173340174.254 “ad
tonf.mm
Kyy = Cypyl, = 15368991472.055 “ad

4.1.4 Incorporacion de los coeficientes de Barkan & Savinov en el modelo. - Los coeficientes calculados se
ingresaron mediante un elemento estructural de tipo resorte definido como Point Spring. En la Figura IV se observa el
modelo con los coeficientes de Barkan-Savinov asignados. Los coeficientes se procedieron a incorporar mediante el
comando Assign/Point Spring en la losa de cimentacion que previamente fue discretizada. Las propiedades se
ingresaron en losas discretizadas en un modelo 2D que se utiliza frecuentemente en sistemas de interaccion suelo-
estructura (Obinna, 2022).
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Figura IV.- Modelo con los coeficientes de Barkan — Savinov
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4.2. Modelo dinamico de la Norma Rusa SNIP 2.02.05-87. - Villarreal (2023) considera que la caracteristica elastica
de la cimentacion se puede determinar mediante el “coeficiente de compresion elastica uniforme”, que se puede
determinar mediante la siguiente ecuacion:

Ao

C,=b,E| 1+
? ? Alosa

Donde, se considera los siguientes parametros:

by = 1.2 * m™! (para suelos arcillosos segtin el EMS)

AlO = 107712
ton

£ =1150 2
m

ALosa = 504 m?

Mediante los pardmetros sefialados, el coeficiente de compresion elastica C, de la Norma Rusa se determind

obteniendo:
C 1.2 %1150 1 + 10m? 1574.385 tonf
=1.2 % — | = .
z 504m? m3

Mediante el coeficiente de compresion elastica C,, se determinaron los coeficientes de desplazamiento elastico
uniforme, mediante las siguientes ecuaciones:

tonf
C,=0.7xC, =1102.07 3
tonf
Cpx = Cyy =2+ C, =3148.77 o~
tonf
Cpx = Cypy = 2xC, = 3148.77 3
tonf

Cypz = C, = 1574.38

m3

4.2.1 Calculo de los coeficientes de rigidez. - Los coeficientes de rigidez de compresion elastica uniforme K, K, K;
y los coeficientes de rigidez rotacionales como K, K,y , K,7; se calcularon previamente. Los coeficientes de rigidez
se calcularon mediante las siguientes ecuaciones:

tonf

K, = C,tA = 546.443 prev

tonf

K, = CyA = 555443 ——
m

tonf

Kz = CZA = 793.49 W

Para los coeficientes de rigidez rotacionales se calcularon las inercias, mediante las siguientes ecuaciones:

a®*b .
Lo =——=8232m
a* b3

Iy = ——= 54432 m*
a®xb a=xbh®

= —_— = 4
I =5+ = 62664m

Por tanto, calculando los coeficientes de rigidez rotacionales, se obtuvo:

Kyx = Cpxly =171,393,900.741 tonf.m/rad
Kyy = Cyyl, = 25920,682.519 tonf.m/rad
Ky, = Cy,L, = 98,657,291.63 tonf.m/rad
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4.2.2 Amortiguamiento relativo para vibraciones verticales. - Para calcular la amortiguacion relativa para
vibraciones verticales (3, :
¥es = 0.7 (Para suelos arcillosos)

Se considero el Quq4:, seglin el estudio de mecanica de suelos como:

k
R =0.915 i];
cm
Determinando la presion estatica media p,,, del suelo se obtuvo:
Pm = Yis * R = 6.405 t:):;f

Considerando el valor adimensional Cy,,:

tonf
m3

C, = 1574.08

Se obtuvo como amortiguamiento relativo vertical:

=2 E _, 1150 =0.675
p. =2 C,*Pm 4157438 x6.405

Con los amortiguamientos relativos para vibraciones verticales, se calcularon los amortiguamientos criticos:
By =0.6* [, =0.405
By = 0.6 x g, = 0.405
Byx = 0.5%, =0.338
Byy = 0.5* B, = 0.338
Byz = 03 % B, = 0.203

Mediante el calculo del amortiguamiento critico obtenido, se procede a determinar los amortiguamientos efectivos en
el suelo, mediante las siguientes ecuaciones:

B, = 2%, * /K, * M, = 4243.158 tonf.s/m
By, =2 B, * /K, * M, = 4243.158 tonf.s/m
B, =2 B, /K, * M, = 8452.573 tonf.s/m
B

ox = 2 % Py * /Kq,x * My, = 645621.656 tonf.s.m

Byy = 2% By * |Kyy * My, = 97741.7 tonf.s.m

By, = 2% By, * Ky, * My, = 315280.967 tonf.s.m

4.2.3 Incorporacion de los coeficientes de 1a Norma Rusa SNIP 2.02.05-87. - La incorporacion de los coeficientes
de rigidez y amortiguamiento se realizdo mediante el comando Spring Properties / Area Spring Property. En la Figura
V' se aprecia la incorporacion de las propiedades determinadas para el modelo dindmico con los coeficientes de la norma
rusa.

Figura V.- Modelo con los coeficientes de la Norma Rusa
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4.3. Coeficientes del modelo dinamico de Gazetas & Mylonakys. - Los modelos dindamicos de Gazetas (1991) y
Mylonakys et al. (2006) requieren de los parametros obtenidos mediante el EMS, donde se determind que el suelo se
categoriza como un suelo S3, por la velocidad de propagacion de la onda de corte Vs en los estratos.

m
Vs =165 ?

u = 0.30 (Coeficiente de Poisson del suelo)
m
g = 9806 2

y=195

En base a esos datos se calculd el modulo de corte del suelo maximo.

Gmax = g * Vs? = 52.75 MPa (Médulo de corte del suelo)

B =7.00m( % medida del lado menor al centroide)
L =18.00m ( % medida del lado mayor al centroide)

Las inercias de la losa de cimentacion utilizadas fueron:
_(2%L)**(2+B)

I, 2 3= 54432 m*
(2%L)*(2*B)
I, = 2 = 8232 m*

J=1,=1+1I,=62664.5 m* (Define el momento polar de inercia)
El moédulo de corte del suelo G, se obtuvo mediante:
G = Gpax * 0.3433 = 18.108 MPa

Con estos parametros se procedid a determinar los coeficientes de rigidez traslacional, los factores de rigidez por
empotramiento, los factores modificatorios de la rigidez dindmica y amortiguamiento, amortiguamiento por radiacion
de la estructura, mediante las ecuaciones elasticas de la Norma NIST GCR 12-917-21 como se describe a continuacion.
4.3.1 Coeficientes de rigidez traslacional y torsional. - Los coeficientes de rigidez traslacional y torsional se
determinaron mediante los coeficientes de rigidez traslacional y rotacional (Figura VI) en los ejes z, y, X, calculados

mediante las ecuaciones de la tabla 2-2a incluidas en la Norma NIST GCR 12-917-21.

Gazetas (1991); Mylonakis et al. (2006)

2G, 7 I(F'S
K. ,M:'”' 0_73454[5'
1w W)
~ ‘0.85
K,=2212425( 2
" 2-v L
0.2 (B
K_.=K ..——GL'I——|
X, Sur ¥. sur 0.75—v | L

/ 10
K., =GI'”|4+1] -2

‘ )
) G as| (L \loli
K, w=—I1,) [3—|
. 1-v' - B)

G AL B)
K. .= 11‘1‘)'[—' :.4+05[—]
: 1-v .B) \ L)

Figura VI.- Soluciones elasticas para rigidez estatica (Tabla 2-2a)
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Con las ecuaciones se procedio a calcular los respectivos coeficientes de rigidez traslacional y rotacional:

Traslacion en el eje z:

Kz,sur_gm = (

Traslacion en el eje y:

Z*Gm*L B 0.85 tonf
Ky sur gm = <ﬁ) x| 2+ 25* (Z) = 134,490.879 I

tonf

2 * Gm * L 0.75
7) (073 +1.54 « (Z) = 155,803,791 — =

1-up

Traslacion en el eje x:

Gm * B L\ tonf
— ) « (6.8 * (E) +24) = 124,539.842 —2

Kx,sur = (

Torsion en torno al eje z:

o7 B\" kN.m
Kyourgm = (Gm + J%75) « (4 + 11 % (1 - Z) = 292,609,657.093 ~ -

Rotacién en torno al eje y:
0.25

Gm ors . (L B kN.m
Kyy,sur_gm = (m) * 1, * <§> x| 2.4+ (z> = 302,869,323.78 W

Rotacién en torno al eje x:

Gm 075 AN kN.m
Kxx,surgm = <m> * [y * [ 3% (E) =77,277,492.743 m

4.3.2 Factores para la correccion de rigidez por empotramiento. - Para el calculo de los factores para la correccion
de rigidez por empotramiento, traslacion en el eje X, y, z (9,,7,,7x) y correccion para la torsion en los ejes x, y, z
(M22)Myy» Nxx)» S€ considerd la altura de la cimentacion y la altura del empotramiento, con los siguientes valores.

D=120m
dw =040m
Zw=0.6m

Aw = 2 % (2B + 2L) * dw = 40m?

En la Figura VII se aprecia el resumen de los factores de correccion traslacional y torsional (tabla 2-2b) de la Norma
NIST GCR 12-917-21

Gazetas (1991); Mylonakis et al. (2006)

7. = 1+£[1+1.3§] 1+0.2j A
: 21B L) 4ABL |

N J

3 ) . 04
1+0.15\/5‘ 1+o.52[L‘1;~'
B _BL* )

n,=

Same equation as for 7, but Awterm changes for B=L

., 0.9

By(d,
L=1+14 1+ = || =
etz 5

. .06 p 19 /o 06
7, =1+092 %) {1.5+[‘;‘J EJ }

) 1,
d d,(d " [B
N, =1+126—1+—2 —
: B B\ D) L

Figura VIL- Factores de correccion (Tabla 2-2b)
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En la Tabla VI se muestran los factores de correccion traslacional y torsional calculados, mediante las ecuaciones de la
Norma NIST GCR 12-917-21:

Nzgm | My_gm | Nx_gm | Nzz_gm | Myy_gm | Nxx_gm

1.05 1.152 | 1.126 | 1.148 | 1.284 1.075

Tabla V.- Factores de correccion

4.3.3 Factores modificatorios de la rigidez dinamica y amortiguamiento. - Se determino los factores modificatorios
de la rigidez dinamica y amortiguamiento por radiacion de ondas considerado en las funciones de impedancia para la
losa de cimentacion y la frecuencia de vibracion del suelo, como se aprecia a continuacion:

21 rad
w=161+—=10.116 —
s s

B 0.429
= * — = (.
(24} w Vs

2x(1—p) .
Y= W = 1.871, donde maximo valor y = 2.5

En la Figura VIII se aprecian las ecuaciones de los factores modificatorios utilizados en modelo ISE de Gazetas &
Mylonakys.
Surface Stiffness Modifiers

i0'4+—L0;:_;- |a§
a.=1.0- —
‘-710 l‘+a1
|\ 1+3(L/B-1)) °
a, =1.0
a, =10
(0.33-0.03JL/B-1)a;
C(:: =]"O_ Py
[ 08 }‘Fﬂ:
[1+0.33(L.-’B—1)_‘ ’
«, ~10-|- 0.55a}
0.6+ a;
‘ (/By} "
(0.55+0.01WL/B-1)a;
o, =10~ — -
0.4
24— a,
(L.-’B]3 | 0

Figura VIII.- Factores modificatorios (Tabla 2-3a)

En la Tabla VII se aprecia los factores modificadores de rigidez dindmica y coeficientes de amortiguamiento por

radiacion para cimentaciones rigidas obtenidos con las ecuaciones de Gazetas & Mylonakys de la Tabla 2-3a de la
Norma NIST GCR 12-917-21.

az ay Ay Azz ayy Aex

0.906 | 1.00 | 1.00 | 0.869 | 0.883 | 0.961
Tabla VI .- Factores modificatorios de rigidez
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Mediante los factores modificatorios y los coeficientes de rigidez sin empotramiento, se procedié a calcular el
amortiguamiento por radiacion de ondas critico sin considerar el empotramiento.

4.3.4 Coeficientes de amortiguamiento por radiacion. - Al determinar los factores modificatorios, se pudo determinar

los coeficientes de rigidez corregidos por el empotramiento de la cimentacion en el suelo. Los coeficientes de

amortiguamiento por radiacion se determinaron mediante las ecuaciones de la Figura IX de la Norma NIST GCR 12-
917-21.

Radiation Damping

| 4zB) [a, ]
B, = |:{X_\-_:yr ;GBJLG_‘ |

[ 4z/8) T 4,
A= {(K,. /GB)| 2a,
.| (4x3J[(ju3)’_{y3)_.ag ) a |
= | . ( 14 ) 2a_ |
[K:.:W'IGB:)'éDTH'aOz- B
| L1+3(L/B-1)" ) |
- (4v/3)(Z/B) a3 ay
KL 18 VoL 2ey,
| ,.,...3..7 | _ |+a5‘ »
(L 6B° J|l1+175(L/B-1))
_ (4w /3)(L/B)a; a,
Be= . 0a ) E
{KH:W FGB;] 22- - <3 ‘_a; .
i I (L/B) )

Figura IX.- Amortiguamiento por radiacion (Tabla 2-3a)

Mediante los factores modificadores de rigidez dinamica y coeficientes de amortiguamiento por radiacion para
cimentaciones rigidas se procedié a calcular el amortiguamiento por radiaciéon de ondas critico sin considerar el
empotramiento, en los ejes traslacionales X, y, z. Asi como para el amortiguamiento por radiacién de ondas en el eje

torsional y rotacionales. (ver ecuaciones en tabla 2-3a de la Norma NIST GCR 12-917-21). En la Tabla VIII se aprecia
los coeficientes de amortiguamiento por radiacion calculados.

ﬁZ By BX ﬁZZ Byy .Bxx
0.417 | 0.234 | 0.253 | 0.055 | 0.059 | 0.059

Tabla VIII.- Coeficientes de amortiguamiento por radiacion

4.3.5 Coeficientes de rigidez dinamica corregidos. - Los coeficientes de rigidez corregidos por el empotramiento de
la cimentacion en el suelo para Gazetas y Mylonakis se determinaron mediante las siguientes ecuaciones:

tonf

Kz_e_gm = Kzsur_gm *Nzgm * Az = 148.156 W

tonf

Kx_e_gm = szur_gm * nx_gm * ax = 14‘0269 W

tonf

Ky_e_gm = Kysur_gm * Ny gm * Ay = 154.885 .
tonf.mm
Kzz_e_gm = Kzz,sur_gm * nZng *A,, = 32,800,214.597 T
tonf.mm
Kxx,egm = Raxsur_gm * Mxx g * Qxx = 8,978,468.754 7
tonf.m
Kyy e gm = Kyysur gm * Nyygm * @yy = 38,598,531.764 ~ad
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4.3.6 Amortiguamiento critico corregido. - Mediante las rigideces corregidas, se procedido a determinar los
amortiguamientos criticos por radiacion de ondas corregidas por el empotramiento para Gazetas & Mylonakis, mediante

las ecuaciones que se aprecian en la Figura X:

Degree of Freedom Radiation Damping

[4[w(L/B)+(D/BY(1+L/B)]| a, ]
Translation along z-axis Boo| ———————~ — f ¢
(k. /c8) 2, |

[4[L/B+(D/BY1+wL/B)]]] a, |
Translation along y-axis B, =|— - - ===
(K GB) |L2a, |

| 3o

(K s/ GB) |L2es ]

a[L/B+(D/B)(w+L/B)|[ a, ]
Translation along x-axis fo=f ————

(4 3;[3[; B)(D/B)+w(L/B) (D/B)+3(L/B)' (D/B)+y(D/B)+(L/B) +@/B)]al |r a ]

Torsion about z-axis B. | = |
[Koms | 1.4 |, -2 L= ]
| 3 .‘ w7 | *da

GB 1+3(2/B-1)"" |
W (£] (2Jr( 2] (£J-(2] o2& vl&] |t (4 Lery)
S EY ) a ]

Rocking about y-axis By = = = =+ — - L]

K || 1.8 [ ‘f\‘..w | 2a,, |
er® ||\ t=rmszie-n )" s | |
[(py Dy (LyDy (DL Ly .
@[ D[ 2| se| 2] A 2 E e 2 |ad (A iR
') "\5) a5/ I E) wH.u|z“LB I3 B
Rocking about x-axis Bo= - - = = +== . ||
.ixatné # _{'1' ‘M L<%x |
\"ep" ||| 1 17s(zB-y) | | GB’

Figura X - zllmortiguamiento por radiacion (Tabla 2—31;)

Mediante los coeficientes de rigidez dinamica corregidos, se procedid a calcular los factores modificadores de rigidez
dinamica y relaciones de amortiguamiento por radiacién por el empotramiento de la cimentacion, como se aprecia en
la tabla IX (ver ecuaciones en tabla 2-3b de la norma NIST GCR 12-917-21)

ﬁzfe .Byfe .Bxfe ﬁzzfe ﬁyyfe ﬁxxfe
0.494 | 0.282 | 0.291 | 0.085 | 0.066 | 0.039

Tabla 1X .- Amortiguamiento critico corregido

4.3.7 Coeficiente de Amortiguamiento por radiacién de ondas. - Los valores efectivos del amortiguamiento, sin
considerar el empotramiento se calculan considerando el amortiguamiento critico obtenido y la frecuencia de vibracion

mediante las siguientes ecuaciones:

Cogm =2 KZ‘S”T‘gm‘; OO+ P2) _ 1438 s.%

Cy gm = 2 Ky'sur_gmv: (005 +5y) = 7.547 s.%

Cx gm = 2 Kx,surﬂm; (005 +5) = 7.448 s. 1:::;{
Covam == K”'S“T‘gmv: O % Fre) _ 683121718 m.s.%
Cyy gm = 2 K”'S”””"V: OO0+ Byy) _ 731002477 m. s.%
Coxgm = 2 K”'S“”’mv: 005+ Ber) _ 187810041 m.s.tro;f

Estos valores efectivos del amortiguamiento, se procedieron a corregir por el empotramiento con las rigideces de
Gazetas & Mylonakis, mediante las siguientes ecuaciones:

2+*K * (0.05 + ton
Crogm = ——20 W( Pee) _ 15938 s, — n{
2%K *(0.05+ 8, .) ton
_ y_e_gm ye) _
Cy o gm = ” = 10157 5.—
2xK * (0.05 + ton
Cx_e_gm = TeIgm W( ,Bx_e) = 9445 s. mn{
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2+ K * (0.05 + ton
sz_e_gm = et W( Bzz_e) = 874198.393 m.s. rac{
2x*K * (0.05+ 8,y ¢) tonf
yy_e_gm yy_e
Cyy e gm = " = 884764.407 m.5.——
2xK * (0.05 + ton
Crxe gm = wnegm * Puxe) _ 157133341 ms. 2

w rad

4.3.8 Incorporacion de la rigidez y amortiguamiento del modelo de Gazetas & Mylonakys. - Las propiedades de
rigidez y amortiguamiento que se obtuvieron con las ecuaciones de Gazetas y Mylonakis se asignaron mediante la
propiedad de Area Spring como se muestra en la figura XI.

Spring

S A s

Figura XI.- Modelo con los coeficientes de Gazetas & Mylonakis

5. Resultados del analisis de los modelos con los coeficientes dinamicos. - Los resultados del analisis modal espectral
de la estructura con la base empotrada convencionalmente y los modelos dindmicos de interaccion suelo-estructura, se
muestran a continuacion en los cuadros comparativos que se describen a continuacion.

5.1. Variacion del periodo con los modelos dinamicos de ISE. - La interaccion suelo estructura con los modelos
dindamicos puede modificar el periodo de vibracion de la estructura por el incremento del amortiguamiento, sin
embargo, se debe considerar que la frecuencia de vibracion de la estructura ademas se encuentra definido por la rigidez
de los elementos estructurales como columnas y muros estructurales. En los modelos se procedid a incorporar los
coeficientes de rigidez y amortiguamiento de cada modelo dindmico de interaccidon suelo-estructura y se llego a

determinar que la variacion en el periodo fundamental de la edificacion es minima y se puede considerar que no es
significativa.

En la Tabla X se muestran los periodos obtenidos para el modelo empotrado y los modelos con los coeficientes
dinamicos. Para la comparacion se considero los dos periodos traslacionales y el periodo rotacional.

Modelo Dindmico

Modelo Modelo Dinamico de  Modelo Dindmico de
Modo . de Gazetas-
Empotrado Barkan-Savinov la Norma Rusa .
Mylonakis
1 0.554 0.563 0.558 0.562
2 0.441 0.446 0.443 0.445
3 0.306 0.309 0.308 0.309

Tabla X .- Periodos de la estructura con los coeficientes ISE

En la Tabla XI se muestran los periodos fundamentales obtenidos para los modelos con los coeficientes dinamicos, se
aprecia que la variacion para el modelo de Barkan y Savinov el periodo se increment6 en 1.60%, en el modelo de la
Norma Rusa fue de 0.72% y en el modelo de Gazetas & Mylonakis el periodo se increment6 en un 1.42%.

Memoria Investigaciones en Ingenieria, nim. 28 (2025). pp. 126-153
https://doi.org/10.36561/ING.28.10
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
141


https://doi.org/10.36561/ING.28.10

J. Contreras, G. Villarreal Castro

0 ., % de variacion con el % de variacion con el

% de variacion con el Modelo N N

Modo DY . Modelo Dinamico de la Modelo Dinamico de

Dinamico de Barkan-Savinov .
Norma Rusa Gazetas-Mylonakis

1 1.60% 0.72% 1.42%
2 1.12% 0.45% 0.90%
3 0.97% 0.65% 0.97%

Tabla X1 .- Porcentajes de variacion de los periodos

En la Figura XII se aprecia la tendencia de los periodos de las estructuras con los modelos dindmicos y el modelo con
base fija, las curvas son similares debido a que las variaciones en el periodo de la edificaciéon no fueron significativas,
este resultado se puede explicar por el sistema estructural de la edificacion que fue propuesta en base a muros de corte
que incorporan una rigidez superior a los demas sistemas.

Periodo de Vibracion - Modelos Dinamicos

Modelo Convencional C Modelo Barhan Savinow Modelo Norma Rusa

Modelo Pais Kausel Modelo Gazetas Mylonakis

Figura XII.- Periodos obtenidos con el andlisis convencional y modelos dinamicos de ISE.

5.2. Derivas de entrepiso con los modelos dinamicos de ISE. - Las derivas de entrepiso son uno de los indicadores
principales del comportamiento estructural de la edificacion, el incremento de las derivas puede dar lugar a
deformaciones inelésticas y permanentes en la estructura. En este aspecto se determind las derivas de la estructura con
el modelo convencional empotrado y con los modelos de interaccion suelo-estructura. Las derivas de entrepiso en la

direccion XX’ para el modelo convencional y los modelos con interaccion dinamica suelo-estructura se muestran en la
Tabla XII.

Nivel Mode!o Bar}(an Norma Gazetas &

Convencional Savinov Rusa Mylonakis
Azotea 0.0042 0.0043  0.0043 0.0042
Story5 0.0044 0.0046  0.0045 0.0045
Story4 0.0040 0.0041  0.0040 0.0040
Story3 0.0043 0.0044  0.0043 0.0043
Story2 0.0040 0.0042  0.0041 0.0041
Storyl 0.0030 0.0032  0.0031 0.0032
Semi Sétano 0.0008 0.0010  0.0009 0.0010

Tabla X1 .- Derivas en la direccion XX’

Las derivas de entrepiso en la direccion YY para el modelo convencional y los modelos con interaccion dindmica suelo-
estructura se muestran en la Tabla XIII.

. Modelo Barkan  Norma Gazetas &
Nivel

Convencional Savinov  Rusa Mylonakis
Azotea 0.0017 0.0017  0.0017 0.0017
Story5 0.0017 0.0018  0.0017 0.0017
Story4 0.0019 0.0019  0.0019 0.0019
Story3 0.0019 0.0019  0.0019 0.0019
Story2 0.0016 0.0017  0.0017 0.0016
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Story1 0.0010 0.0011  0.0011 0.0011
Semi Sotano 0.0001 0.0001  0.0001 0.0001
Tabla X111 .- Derivas en la direccion YY’

En la Tabla X1V se muestran los porcentajes de variacion en las derivas en la direccion XX’ comparativamente para los
modelos dinamicos de interaccion suelo-estructura en referencia al modelo convencional con base empotrada. Para el
modelo de Barkan y Savinov, se observa un incremento en la deriva de 20.04% en el semi sotano de la estructura (nivel
en contacto con la losa de cimentacion), para el caso de la Norma Rusa el porcentaje de incremento en la deriva fue de
11.52%, mientras que para Gazetas y Mylonakis la variacion fue del 18.12%. El promedio de variacion de los tres
modelos en el modelo con empotramiento convencional fue de 16.56%. Cabe sefialar que la direccion XX de la
estructura es la direccion con menor rigidez del modelo estructural.

Barkan Norma Gazetas &

Nivel Savinov  Rusa  Mylonakis Promedio
Azotea 3.34% 1.24% 0.55% 1.71%
Story5 3.44% 1.30% 0.79% 1.85%
Story4 3.44% 1.27% 1.09% 1.93%
Story3 3.62% 1.40% 1.37% 2.13%
Story2 4.25% 1.77% 2.02% 2.68%
Story1 6.29% 2.93% 4.07% 4.43%
Semi Sotano  20.04%  11.52% 18.12% 16.56%

Tabla X1V .- Porcentaje de variacion en las derivas en la direccion XX’

En la Tabla XV se muestran los porcentajes de variacion en las derivas en la direccion YY’ utilizando los modelos
dinamicos de interaccion suelo-estructura en comparacion al modelo con la base empotrada. En los resultados para el
modelo de Barkan y Savinov se observa un incremento en la deriva de 10.53% en el semi sotano de la estructura, en el
modelo con los coeficientes de la Norma Rusa el porcentaje de incremento en la deriva fue de 8.68%, mientras que
para Gazetas & Mylonakis el incremento fue del 12.30%. El promedio de variacion de los tres modelos en comparacion
al modelo con empotramiento convencional fue de 10.50%. Cabe sefialar que la direccion YY” de la estructura es la
direccion con mayor rigidez del modelo estructural.

Barkan Norma Gazetas &

Nivel Savinov  Rusa  Mylonakis Promedio
Azotea 1.81% 0.74% 0.25% 0.77%
Story5 1.67% 0.69% 0.31% 0.69%
Story4 1.61% 0.67% 0.32% 0.65%
Story3 1.63% 0.70% 0.24% 0.70%
Story?2 1.88% 0.89% 0.02% 0.93%
Story1 2.77% 1.49% 0.96% 1.74%
Semi S6tano  10.53% 8.68% 12.30% 10.50%

Tabla XV .- Porcentaje de variacion en las derivas en la direccion YY’

En la Figura XIII se observa las derivas de la estructura con el analisis convencional y las derivas con los modelos
dindmicos de interaccion suelo-estructura. Se aprecia que al incorporar los modelos de ISE las derivas se incrementan
significativamente, este resultado se explica porque la incorporacion de los coeficientes de rigidez y amortiguamiento

en la cimentacion modifican el comportamiento estructural de la edificacion generando mas deformacion en el nivel de
contacto con el suelo.
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Figura XIII.- Derivas obtenidos con el andlisis convencional y modelos dindmicos de ISE.
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5.3. Esfuerzos cortantes con los modelos dinamicos de ISE. - Los modelos de interaccion suelo-estructura pueden variar
los esfuerzos cortantes en cada uno de los niveles de los modelos estructurales. Los esfuerzos cortantes obtenidos en la
direccion XX~ para el modelo convencional con la base empotrada y los modelos con interaccion dindmica se muestran

en la Tabla XVI.

Modelo Barkan  Norma Gazetas &

Nivel Convencional Savinov  Rusa Mylonakis
(tonf) (tonf) (tonf) (tonf)
Azotea 46.17 46.65 46.05 43.98
Story5 109.65 111.01  109.98 108.17
Story4 163.87 165.98  164.50 162.43
Story3 205.44 208.32  206.41 204.33
Story2 234.93 238.57  236.24 234.12
Story1 252.28 256.72  253.97 251.83
Semi Sotano 260.95 266.23  263.03 261.09

Tabla XV I.- Fuerzas cortantes en la direccion XX’

Los esfuerzos cortantes obtenidos en la direccion YY’ para el modelo convencional con la base empotrada y los modelos
con interaccion dinamica se muestran en la Tabla XVII.

Modelo Barkan  Norma Gazetas &

Nivel Convencional Savinov Rusa Mylonakis
(tonf) (tonf) (tonf) (tonf)
Azotea 47.48 47.34 47.15 45.63
Story5 115.94 115.66  115.53 113.01
Story4 170.15 169.72  169.53 166.33
Story3 210.04 209.42  209.24 205.56
Story2 237.80 237.00 236.73 232.40
Story1 252.99 252.00 251.56 246.66
Semi Sétano 261.41 260.58  258.92 255.91

Tabla XV 1I.- Fuerzas cortantes en la direccion YY’

En la Tabla XVIII se muestran los porcentajes de variacion en las cortantes en la direccion XX’ para los modelos
dinamicos de interaccion suelo-estructura en referencia al modelo con la base empotrada. Para el modelo de Barkan y
Savinov, se observa un incremento de 2.02% en el semi sotano de la estructura (nivel en contacto con la losa de
cimentacion), para el caso de la Norma Rusa el porcentaje de incremento en la cortante fue de 0.80%, mientras que
para Gazetas & Mylonakis la variacion fue del 4.98% en el tltimo nivel, estos resultados determinan que los esfuerzos
cortantes se incrementan, sin embargo no son significativos.

Barkan Norma Gazetas &

Nivel Savinov  Rusa  Mylonakis
Azotea 1.04% 0.26% 4.98%
Story5 1.24% 0.30% 1.37%
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Story4 1.29% 0.38% 0.89%
Story3 1.40% 0.47% 0.55%
Story2 1.55% 0.56% 0.35%
Story1 1.76% 0.67% 0.18%

Semi Sotano ~ 2.02% 0.80% 0.05%
Tabla XV1II.- Porcentaje de variacion en las cortantes en la direccion XX’

En la Tabla XIX se muestran los porcentajes de variacion en las cortantes en la direccion YY'. Para los modelos
dinamicos de interaccion suelo-estructura, se obtuvo para el modelo de Barkan y Savinov, se observa un incremento
poco significativo de 0.32% en el semi sotano de la estructura, para el modelo de la Norma Rusa el porcentaje de
incremento en los esfuerzos cortantes fue de 0.95%, mientras que para Gazetas & Mylonakis el incremento fue del
2.15% en el nivel en contacto con el suelo.

Barkan Norma Gazetas &

Nivel Savinov  Rusa  Mylonakis
Azotea 0.30% 0.69% 4.04%
Story5 0.24% 0.36% 2.59%
Story4 0.26% 0.37% 2.30%
Story3 0.29% 0.38% 2.18%
Story2 0.34% 0.45% 2.32%
Storyl 0.39% 0.57% 2.57%

Semi Sotano  0.32% 0.95% 2.15%
Tabla X1X.- Porcentaje de variacion en las cortantes en la direccion YY’

6. Resultados de los modelos ISE dinamicos mediante un analisis tiempo historia. - El procedimiento analitico de
analisis tiempo historia en las estructuras, es un método numérico utilizado para evaluar la respuesta dinamica de las
estructuras bajo cargas variables en el tiempo que se presentan en un sismo real. Mediante este método analitico en la
dinamica estructural, se aplica una simulacion de fuerzas y desplazamientos variables en el tiempo, que pueden ser
tomados de registros sismicos reales o simulados; mediante los métodos de superposicion modal o integracion directa,
se procede a evaluar la deformacion, tension y aceleracion en la estructura a lo largo del tiempo, como consecuencia
de la aplicacion de estas fuerzas variables.

Segun lo que sefiala la Norma peruana E030, en el Art. 30, el andlisis tiempo historia puede ser usado como un
procedimiento complementario al analisis modal espectral, usando para ello acelerogramas reales o simulaciones con
sus dos componentes EW (Este-Oeste) y NS (Norte-Sur). Los registros sismicos deben estar escalados al espectro de
disefio o al espectro con un sismo maximo considerado, teniendo en cuenta un factor de reduccion R=1.

En el analisis complementario de tiempo historia de los modelos dinamicos con interaccion suelo-estructura se utilizo
el sismo de Lima ocurrido en octubre de 1966. A continuacion, se muestra en la Tabla XX los detalles técnicos del
evento sismico.

Ficha Técnica de Sismo de Lima de 1966

Estacion donde se registro el sismo Parque de la Reserva
Fecha del evento sismico 17 de Octubre de 1966
Profundidad del sismo 25 km
Magnitud en Escala de Richter 8.1 Mb
Numero de registros (Analogico) 3283
Pico de aceleracion componente EW -180.56 cm/s2
Pico de aceleracion componente NS -268.24 cm/s2
Frecuencia e Intervalo de registro 0.02s

Tabla XX .- Datos técnicos del evento sismico de Lima 1966

El sismo seleccionado se procedid a escalar a un espectro de escalamiento con un factor de reduccion R=1, considerando
las recomendaciones de la Norma técnica peruana E030. En la Figura XIV se aprecia los componentes del sismo de
Lima EW y NS, en la imagen superior se observa el registro original y en la imagen inferior el sismo después del
escalamiento.
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» a) Sismo Lima 1966 - Componente EW (Registro original y escalado)
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Figura XIV.- Componentes EW-NS del sismo de Lima 1966, original y escalado

En la Tabla XXI se muestra la aceleracion de los registros escalados al espectro inelastico, considerando el sismo de

disefio.

Sismo de Lima 1966

Aceleracion original

Aceleracion escalada

EW NS EW NS
Aceleracion maxima (m/s2) 1.8056 2.6824 4.3146 3.432
Aceleracion en unidades de g 0.18g 0.27g 0.44g 0.35g

Tabla XX .- Resultados del escalamiento del evento sismico de Lima 1966

Los registros escalados generaron cuatro casos de analisis por cada modelo con interaccion suelo estructura. El sismo
de Lima EW — componente EW aplicado en la direcciéon XXy en la direccion YY"

Las derivas de entrepiso en la direccion XX~ mediante el andlisis tiempo historia obtenidos para el modelo con base
empotrada y los modelos con interaccion dindmica suelo-estructura se muestran en la Tabla XXII.

Nivel Mode!o Bar.kan Norma Gazetas &

Convencional Savinov Rusa Mylonakis
Azotea 0.0046 0.0049  0.0047 0.0048
Story5 0.0052 0.0055  0.0053 0.0054
Story4 0.0053 0.0056  0.0054 0.0054
Story3 0.0058 0.0061  0.0059 0.0060
Story2 0.0056 0.0060  0.0058 0.0058
Story1 0.0044 0.0047  0.0045 0.0046
Semi So6tano 0.0012 0.0015 0.0014 0.0015

Tabla XX11I.- Derivas con andlisis Tiempo Historia. Sismo de Lima 1966 — EW, en la direccion XX’

Las derivas de entrepiso en la direccion YY’ mediante el analisis tiempo historia obtenidos para el modelo con base
empotrada y los modelos dindmicos con interaccion suelo-estructura se muestran en la Tabla XXTII.
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Nivel Mode!o Bar}(an Norma Gazetas &

Convencional Savinov Rusa Mylonakis
Azotea 0.0015 0.0016  0.0015 0.0015
Story5 0.0016 0.0016  0.0016 0.0015
Story4 0.0018 0.0018  0.0018 0.0017
Story3 0.0018 0.0018  0.0018 0.0018
Story2 0.0016 0.0016  0.0016 0.0016
Storyl 0.0011 0.0011  0.0011 0.0011
Semi Sétano 0.0001 0.0001  0.0001 0.0001

Tabla XX 111 .- Derivas con andlisis Tiempo Historia. Sismo de Lima 1966 — EW, en la direccion YY’

En la Tabla XXIV se muestran los porcentajes de variacion en las derivas en la direccion XX~ para los modelos dinamicos
de interaccion suelo-estructura. Para el modelo de Barkan y Savinov, se observa un incremento en la deriva de 19.90
% en el semi sotano de la estructura (nivel en contacto con la losa de cimentacion), para el caso de la Norma Rusa el
porcentaje de incremento en la deriva fue de 11.66%, mientras que para Gazetas y Mylonakis la variacion fue del
18.89%, el promedio de variacion de los tres modelos en el modelo con empotramiento convencional fue de 16.82%.

Barkan Norma Gazetas &

Nivel Savinov  Rusa  Mylonakis Promedio
Azotea 5.85% 3.13% 3.54% 4.17%
Story5 5.80% 3.04% 3.50% 4.12%
Story4 5.05% 1.91% 2.77% 3.25%
Story3 5.38% 2.36% 3.17% 3.63%
Story2 5.53% 1.97% 3.19% 3.56%
Storyl 6.32% 3.01% 4.60% 4.65%
Semi Sotano  19.90%  11.66% 18.89% 16.82%

Tabla XX1V .- Porcentaje de variacion en las derivas. Sismo de Lima 1966 — EW, en la direccion XX’

En la Tabla XXV se muestran los porcentajes de variacion en las derivas en la direccion YY’ utilizando los modelos
dinamicos de interaccion suelo-estructura. En los resultados para el modelo de Barkan y Savinov se observa un
incremento en la deriva de 7.22% en el semi sotano de la estructura, en el modelo con los coeficientes de la Norma
Rusa el porcentaje de incremento en la deriva fue de 5.59%, mientras que para Gazetas & Mylonakis el incremento fue
del 7.85%. El promedio de variacion de los tres modelos en comparacion al modelo con empotramiento convencional
fue de 6.89%.

Barkan Norma Gazetas &

Nivel Savinov.  Rusa  Mylonakis Promedio
Azotea 4.26% 2.50% 1.83% 2.86%
Story5 0.17% 1.23% 2.56% 1.21%
Story4 0.28% 0.84% 1.82% 0.98%
Story3 0.00% 0.61% 1.39% 0.67%
Story2 0.46% 0.30% 0.80% 0.21%
Story1 1.38% 0.37% 0.27% 0.68%
Semi Sétano  7.22% 5.59% 7.85% 6.89%

Tabla XXV .- Porcentaje de variacion en las derivas. Sismo de Lima 1966 — EW, en la direccion YY’

En la Figura XV se aprecia los resultados de las derivas con el analisis tiempo historia, en la estructura con la base
empotrada y con los coeficientes dindmicos de interaccion suelo-estructura. El sismo usado en este caso fue el Sismo

de Lima 1966 — componente EW, los resultados muestran un incremento de las derivas en la direccion XX~ y direccion
Yy
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Figura XV.- Derivas obtenidos con el sismo de Lima 1966, componente EW

Los resultados para el caso del componente NS del sismo de Lima de 1966 se muestran en las tablas siguientes. Las
derivas de entrepiso en la direccion XX’ mediante el analisis tiempo historia obtenidos para el modelo con base
empotrada y los modelos dinamicos con interaccion suelo-estructura se muestran en la Tabla XXVI.

Modelo Barkan  Norma Gazetas &

Nivel Convencional Savinov Rusa Mylonakis
Azotea 0.0042 0.0046  0.0043 0.0044
Story5 0.0047 0.0050  0.0047 0.0048
Story4 0.0046 0.0046  0.0046 0.0044
Story3 0.0048 0.0049  0.0048 0.0047
Story2 0.0047 0.0049  0.0048 0.0048
Storyl 0.0037 0.0040  0.0039 0.0039
Semi So6tano 0.0011 0.0014  0.0012 0.0013

Tabla XX V1.- Derivas con analisis Tiempo Historia. Sismo de Lima 1966 — NS, en la direccion XX’

Las derivas de entrepiso en la direccion YY’ mediante el analisis tiempo historia obtenidos para el modelo con base
empotrada y los modelos dindmicos con interaccion suelo-estructura se muestran en la Tabla XXVII.

Modelo Barkan  Norma Gazetas &

Nivel Convencional Savinov Rusa Mylonakis
Azotea 0.0012 0.0013  0.0013 0.0013
Story5 0.0013 0.0014  0.0013 0.0013
Story4 0.0014 0.0015 0.0014 0.0014
Story3 0.0014 0.0014 0.0014 0.0014
Story?2 0.0012 0.0012  0.0012 0.0012
Story1 0.0007 0.0008  0.0008 0.0008
Semi Sétano 0.0001 0.0001  0.0001 0.0001

Tabla XXV 1I.- Derivas con andlisis Tiempo Historia. Sismo de Lima 1966 — NS, en la direccion YY’

En la Tabla XXVIII se muestran los porcentajes de variacion en las derivas en la direccion XX~ para los modelos
dinamicos de interaccion suelo-estructura. Para el modelo de Barkan y Savinov, se observa un incremento en la deriva
de 20.65% en el semi sotano de la estructura (nivel en contacto con la losa de cimentacion), para el caso de la Norma
Rusa el porcentaje de incremento en la deriva fue de 11.92%, mientras que para Gazetas y Mylonakis la variacion fue
del 17.86%, el promedio de variacion de los tres modelos en el modelo con empotramiento convencional fue de 16.81%.

Barkan Norma Gazetas &

Nivel Savinov  Rusa  Mylonakis Promedio
Azotea 10.00% 2.50% 5.46% 5.99%
Story5 5.78% 1.28% 2.90% 3.32%
Story4 0.31% 1.19% 4.65% 1.26%
Story3 1.31% 0.79% 1.20% 0.22%
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Story2 5.20% 2.34% 2.38% 3.31%
Story1 7.17% 3.42% 4.04% 4.88%
Semi Sotano  20.65%  11.92% 17.86% 16.81%

Tabla XXV III.- Porcentaje de variacion en las derivas. Sismo de Lima 1966 — NS, en la direccion XX’

En la Tabla XXIX se muestran los porcentajes de variacion en las derivas en la direccion YY” utilizando los modelos
dinamicos de interaccion suelo-estructura en comparacion a la estructura con base empotrada convencionalmente. En
los resultados para el modelo de Barkan y Savinov se observa un incremento en la deriva de 16.53% en el semi sotano
de la estructura, en el modelo con los coeficientes de la Norma Rusa el porcentaje de incremento en la deriva fue de
12.17%, mientras que para Gazetas & Mylonakis el incremento fue del 15.48%. El promedio de variacion de los tres
modelos en comparacion al modelo con empotramiento convencional fue de 14.73%.

Barkan Norma Gazetas &

Nivel Savinov  Rusa  Mylonakis Promedio
Azotea 4.97% 2.35% 2.58% 3.30%
Story5 4.77% 2.29% 2.43% 3.16%
Story4 4.93% 2.32% 2.63% 3.29%
Story3 4.99% 2.40% 2.74% 3.38%
Story2 5.18% 2.49% 3.04% 3.57%
Story1 5.16% 2.51% 3.32% 3.66%
Semi Sotano  16.53%  12.17% 15.48% 14.73%

Tabla XX1X.- Porcentaje de variacion en las derivas. Sismo de Lima 1966 — NS, en la direccion YY’

En la Figura XVI se aprecia los resultados de las derivas con el analisis tiempo historia, en la estructura con la
base empotrada y con los coeficientes dinamicos de interaccion suelo-estructura. El sismo usado en este caso fue el
Sismo de Lima 1966 — componente NS, los resultados muestran las derivas en la direccion XX~ y direccion YY’. Se
observa un incremento de las derivas significativo en la base de la edificacion, los resultados en el analisis tiempo
historia confirman los resultados obtenidos mesdiante el analisis modal espectral.

Analisis TH Sismo de Lima 1966 - NS, direccion XX Analisis TH Sismo de Lima 1966 - NS, direccion YY

o (onvencional O Barkan 2 Savinov Norma usa Gazetas & Wylonakos Convencional 03 Barkan & Savmm Norma Rusa Saretas & Uylonakis

Figura XVI.- Derivas obtenidos con el sismo de Lima 1966, componente NS

7. Conclusiones

. El estudio inicia con el analisis de una edificacion con un sistema estructural predominante en muros
estructurales, utilizando un procedimiento convencional analitico modal espectral con el supuesto hipotético que
la cimentacion en contacto con el suelo es empotrada tal como lo sefiala la normativa peruana E030. Mediante
un estudio de mecanica de suelos se procedid a determinar las propiedades del estrato que subyace a la
cimentacion, dichas propiedades se usaron para calcular los coeficientes de interaccion suelo-estructura para los
modelos ISE de Barkan y Savinov, Norma Rusa SNIP 2.02.05-87 y Gazetas & Mylonakis, al incorporar los
coeficientes en los modelos respectivos se llegd a determinar que estos modelos de ISE tienen efectos
importantes sobre el comportamiento estructural de la edificacion, siendo la deriva el indicador principal que
muestra un incremento en todos los casos de analisis. Mediante un analisis tiempo historia considerando el sismo
de Lima de 1966 se verifico que los resultados concuerdan con los resultados obtenidos mediante el
procedimiento analitico modal espectral.
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Mediante la incorporacion de los coeficientes dindmicos de interaccion suelo-estructura en el analisis estructural,
se demostrd que existe una modificacion en las frecuencias de vibracion del modelo estructural, una variacion
del periodo en un rango menor al 5% en comparacion al modelo estructural con un analisis convencional que
considera la base con restriccion a desplazamientos en sus ejes traslacionales y rotacionales. El resultado
obtenido se debe en gran medida al grado de rigidez de la estructura, que lo clasifica como una estructura con
un sistema de muros estructurales, dentro de los modelos dindmicos de interaccion suelo-estructura se aprecio
un incremento del periodo en 1.6% para el modelo de Barkan y Savinov, lo que permite determinar que la
variacion en este indicador del comportamiento estructural no es significativa.

En lo concerniente a los esfuerzos cortantes se aprecié un incremento no significativo con los modelos dinamicos
de interaccion suelo-estructura. La maxima variacion obtenida fue del 4.04% para el modelo de Gazetas &
Mylonakis en el ultimo nivel de la estructura. La incorporacion de los coeficientes de interaccion dinamica
suelo-estructura confirmaron el incremento de esfuerzos, sin embargo, para la zona de aceleracion sismica Zona
2 no se consideran significativas.

En las derivas de entrepiso de la estructura provocadas por las deformaciones laterales, la incorporacion de los
coeficientes dinamicos de interaccion suelo-estructura confirmaron un incremento significativo en el nivel 1 o
semisotano, variando en la direccion XX’ de la estructura en un 20.04% para el modelo dindmico de Barkan y
Savinov, para el modelo con los coeficientes de la Norma Rusa fue de 11.52%, mientras que en el modelo con
los coeficientes de Gazetas & Mylonakis se obtuvo un incremento de 18.12%. En la direccion YY’ de la
edificacion se obtuvo un incremento de 10,53% para el modelo dindmico de Barkan y Savinov, para el modelo
de la Norma Rusa se obtuvo un incremento en 8.68%, mientras que en el modelo con los coeficientes de Gazetas
& Mylonakis se obtuvo un incremento de 12.30%. En un analisis modal espectral se determiné que el incremento
de las derivas es significativo, al considerar la interaccion suelo-estructura con los modelos dindmicos.

En el analisis tiempo historia con el sismo de Lima — 1966 para el caso de analisis con el componente EW, la
incorporacion de los coeficientes dindmicos de interaccion suelo-estructura confirmaron un incremento
significativo en el nivel 1 o semisotano. En la direccion XX de la estructura se aprecio un incremento de 19.90%
para el modelo dindmico de Barkan y Savinov, para el modelo con los coeficientes de la Norma Rusa fue de
11.66%, mientras que en el modelo con los coeficientes de Gazetas & Mylonakis se obtuvo un incremento de
18.89%. En la direccion YY"’ de la edificacion se obtuvo un incremento de 7.22% para el modelo dindmico de
Barkan y Savinov, para el modelo de la Norma Rusa se obtuvo un incremento en 5.59%, mientras que en el
modelo con los coeficientes de Gazetas & Mylonakis se obtuvo un incremento de 7.85%. Los resultados
confirman el resultado obtenido con el método modal espectral, siendo la variacion promedio en la direccion
XX’ de un 16.82%.

En el analisis tiempo historia con el sismo de Lima — 1966 para el caso de analisis con el componente NS, la
incorporacion de los coeficientes dindmicos de interaccion suelo-estructura confirmaron un incremento
significativo en el nivel 1 o semisotano. En la direccion XX de la estructura se aprecio un incremento de 20.65%
para el modelo dinamico de Barkan y Savinov, para el modelo con los coeficientes de la Norma Rusa fue de
11.92%, mientras que en el modelo con los coeficientes de Gazetas & Mylonakis se obtuvo un incremento de
17.86%. En la direccion YY’ de la edificacion se obtuvo un incremento de 16.53% para el modelo dinamico de
Barkan y Savinov, para el modelo de la Norma Rusa se obtuvo un incremento en 12.17%, mientras que en el
modelo con los coeficientes de Gazetas & Mylonakis se obtuvo un incremento de 15.48%. Los resultados para
este caso de analisis tiempo historia confirman el resultado obtenido con el método modal espectral, siendo la
variacion promedio en la direccion XX de un 16.81%.

Mediante los resultados obtenidos por el procedimiento modal espectral y analisis tiempo historia en la
estructura, se demuestra que la incorporacion de los modelos dindmicos de interaccion suelo-estructura
modifican el comportamiento estructural significativamente, especificamente en las derivas en el nivel que se
encuentra en contacto directo con la losa de cimentacion, Ccorratgé, Martinez y Cobelo (2022) refuerzan estos
resultados al demostrar que la consideracion de la interaccion dindmica suelo-estructura genera incrementos en
los desplazamientos en el tope de la edificacion y en las derivas por piso, lo que podria llevar a un desempefio
estructural menos favorable, entrando en rangos de pre-colapso y colapso.

Se concluye que la utilizacion de los modelos dindmicos de interaccion suelo-estructura exigen a la estructura a
una mayor deformacion lateral, resultado que coincide con las investigaciones realizadas por autores diversos
como Villarreal (2023), Morales y Espinoza (2020), Acuiia y Molina (2023) quienes llegan a concluir que un
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efecto del uso de los modelos de interaccion suelo-estructura es un incremento en las derivas de la estructura, lo
cual puede ser una diferencia para que una edificacion pase del rango elastico al inelastico.

8. Recomendaciones

. Mediante los resultados obtenidos se llego a determinar que los modelos de ISE dindmicos incrementan las derivas
de la estructura principalmente en el nivel que estd en contacto con la cimentacion, modificando el
comportamiento estructural de la edificacion. Los resultados obtenidos mediante el uso de los coeficientes
dindmicos de interaccion suelo-estructura, muestran resultados con un mayor grado de realidad en el
modelamiento, por lo cual es recomendable considerar la incorporaciéon de la interaccion dindmica suelo-
estructura en la Norma Peruana de Disefio Sismorresistente E030.

e  Considerando que la interaccion suelo-estructura con los modelos dinamicos de Barkan y Savinov, Norma Rusa
y Gazetas & Mylonakis, en un suelo flexible afectan con mayor incidencia en el nivel mas bajo, es necesario
considerar investigaciones similares en estructuras que puedan presentar irregularidades de rigidez en ese nivel
como piso blando, estructuras con sistemas aporticados y estructuras con sistemas duales de columnas y muros
estructurales.

. Es recomendable considerar modelos dinamicos de interaccion suelo-estructura con procedimientos analiticos
de tiempo historia con diversos sismos que puedan ser representativos para la zona sismica en estudio.
Considerando que los resultados obtenidos pueden ser mas exigentes para procedimientos de analisis no lineal
y no lineal por integracion directa.

. Es recomendable considerar el estudio de los modelos dindmicos de interaccion suelo-estructura en edificaciones
reales, como colegios, escuelas y hospitales, en vista que cada tipologia presenta una variedad de sistemas
estructurales diferentes por su uso, por lo cual mediante la incorporaciéon de los modelos ISE se puede sefialar
en que tipologias pueden ser de uso obligatorio y normativo.
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An loT-Based Autonomous Waiter Robot
Un robot camarero autonomo basado en loT

Um robo gar¢om autonomo baseado em loT

Sadiq Ur Rehman'(”
Recibido: 17/10/2024 Aceptado: 26/01/2025

Summary. - The widespread adoption of automation and robotics across various sectors has driven innovations in
service delivery, particularly in the hospitality industry. This paper presents the design, development, and
implementation of an IoT-based waiter robot aimed at enhancing efficiency and customer satisfaction in restaurants.
The robot employs an ESP32 microcontroller, ultrasonic sensors, and a touchscreen interface for autonomous
navigation, order processing, and food delivery. Unlike traditional path-planning approaches, this robot adapts
dynamically to its environment, offering flexibility and reliability in service. Detailed evaluations demonstrate the
system’s effectiveness in optimizing operations, reducing delays, and improving overall customer experience. The
proposed solution is cost-effective and scalable, making it suitable for diverse restaurant settings.
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Resumen. - La adopcion generalizada de la automatizacion y la robotica en varios sectores ha impulsado
innovaciones en la prestacion de servicios, particularmente en la industria hotelera. Este articulo presenta el diserio,
desarrollo e implementacion de un robot camarero basado en IoT destinado a mejorar la eficiencia y la satisfaccion
del cliente en restaurantes. El robot emplea un microcontrolador ESP32, sensores ultrasonicos y una interfaz de
pantalla tactil para navegacion autonoma, procesamiento de pedidos y entrega de alimentos. A diferencia de los
enfoques tradicionales de planificacion de rutas, este robot se adapta dindmicamente a su entorno, ofreciendo
flexibilidad y confiabilidad en el servicio. Las evaluaciones detalladas demuestran la eficacia del sistema para
optimizar las operaciones, reducir los retrasos y mejorar la experiencia general del cliente. La solucion propuesta es
rentable y escalable, lo que la hace adecuada para diversos entornos de restaurantes.

Palabras clave: loT, ESP32, Robot, Automatizacion, Sensores ultrasonicos, Navegacion en tiempo real.

Resumo. - A adogdo generalizada da automagdo e da robotica em varios setores impulsionou inovagdes na presta¢do
de servigos, especialmente na industria hoteleira. Este artigo apresenta o projeto, desenvolvimento e implementagdo
de um robo gar¢om baseado em loT que visa aumentar a eficiéncia e a satisfacdo do cliente em restaurantes. O robé
emprega um microcontrolador ESP32, sensores ultrassonicos e uma interface touchscreen para navegagdo autonoma,
processamento de pedidos e entrega de alimentos. Ao contrario das abordagens tradicionais de planejamento de
trajetoria, este robé se adapta dinamicamente ao seu ambiente, oferecendo flexibilidade e confiabilidade no servigo.
Avaliagées detalhadas demonstram a eficdacia do sistema na otimizagdo das operagoes, na reducdo de atrasos e na
melhoria da experiéncia geral do cliente. A solug¢do proposta é economica e escalavel, tornando-a adequada para
diversos ambientes de restaurantes.

Palavras-chave: IoT, ESP32, Robo, Automacdo, Sensores Ultrassonicos, Navegacdo em Tempo Real.
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1. Introduction. - Technological advancements have significantly transformed various industries, leading to the
integration of robots into daily operations. In healthcare, robots assist in delicate surgeries, while in manufacturing,
they optimize production lines from assembly to packaging [1, 2]. Recently, the service sector has embraced robotics,
introducing loT-based waiter robots to revolutionize dining experiences in restaurants, coffee shops, and similar setups
[3]. These robots aim to improve order processing efficiency, ensure timely food delivery, and navigate safely through
congested aisles. Furthermore, they provide restaurant owners with opportunities to reduce operational costs and
enhance employee productivity, creating a seamless and technologically advanced customer experience [4].

Conventional food delivery systems in restaurants rely heavily on human labor, resulting in inefficiencies such as
delayed service, order mix-ups, and high operating costs. These limitations underscore the need for automated
solutions. Leveraging IoT technology enables real-time data transfers, paving the way for autonomous systems capable
of performing tasks without human intervention [5-9]. This study proposes an [oT-based waiter robot to address these
challenges by integrating advanced navigation algorithms, real-time obstacle avoidance, and decision-making

processes. Table 1 compares existing waiter robots, emphasizing their features and limitations.

Feature Robo Waiter | Savioke Relay Bea;gl"nby“t‘cs Pudu Bot Bella Bot
Manufacturer Robo Waiter Savioke Bear Robotics Pudu Tech Pudu Tech
Country Denmark USA USA China China
I;;S‘;gr:tmn Lidar Lidar, Camera | Lidar, Camera Lidar, Camera Lidar, Camera
Interaction Touch Screen, Touch Screen,
Method Buttons Touch Screen Voice Touch Screen Voice
Payload
Capacity 2 kg 5kg 12 kg 30 kg 10 kg
Battery Life 8 hours 24 hours 12 hours 10-12 hours 12-16 hours
Charging Time | 2 hours 2 hours 4 hours 4 hours 4 hours
Max Speed 0.5 m/s 1.1 m/s 0.9 m/s 1.2 m/s 1.2 m/s
Obstac.le Basic IR | Advanced Advanced sensor Advanced sensor Advanced
Detection sensor sensor sensor
Connectivity Bluetooth Wi-Fi Wi-Fi, Bluetooth Wi-Fi Wi-Fi
Cost Low High Medium Medium Medium
Additional Basic  voice | Can call the | Advanced  voice | Multi-robot feacc(;alni tion
Features responses elevator, SLA recognition collaboration Al & ’

. Simple table | Hotel service, . Restaurant Restaurant
Application . . Restaurant service . .

service Delivery service service

Table I. Comparison table for different bots

Following are the key contributions of our work.
1. Combining IoT technologies with robotics and real-time data processing.
2. Significantly improves service efficiency and reduces operational delays.

3. Features a scalable architecture that adapts to various restaurant sizes and needs.

Recent advancements in waiter robots reflect substantial progress in automation, efficiency, and technology
integration. Table 2. Demonstrate the comparative analysis of significant studies and technological improvement in
comparison to the proposed model

References Limitations Proposed Work

Utilized lithium-ion batteries for better energy
efficiency; implemented advanced mapping for
improved navigation.

Adopted advanced mapping for flexible and
efficient table navigation.

Robots followed only designated paths with
IR sensor arrays; and high-voltage HUB
motors.

[10]

[11] Used RFID tags for table identification.
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RFID is used for order management, but it | Enhanced with ultrasonic sensors for obstacle
[12] has limited obstacle-detection and path- | detection; used mapping for path finding;

finding capabilities. integrated order processing and billing.

Designed an IoT-based robot with real-time | Showcased ESP32’s real-time capabilities and
[13] - ) . . . .

tracking and mobile app control. ease of integration with mobile apps.

Table II. Comparative analysis of significant studies and technological improvement

The remainder of this paper is organized as follows: Section II describes the Proposed Architectural Model and
Methodology of the system. Section III presents the results and discussion, highlighting the system's performance.
Finally, Section IV concludes the paper with a summary of the key findings and the implications for the future of
automated restaurant services.

2. Proposed Architectural Model and Methodology. - The development of the IoT-based waiter robot involved a
series of well-structured steps to ensure its efficiency and reliability. The robot's architecture and specifications are
illustrated in the block diagram in Figure I and the system process diagram in Figure III.

2.1 System Overview. - The IoT-based waiter robot’s architecture integrates hardware and software components to
ensure autonomous navigation and efficient task execution. For the robot, the ESP32 microcontroller [14] is used for
its multi-functionality and an in-built Wi-Fi module which is very essential in IoT and is used to control robots,
appliances, and other attributes to ensure perfect interaction between the robot, the kitchen, and the customers.

For navigation and obstacle detection purposes, the robot uses ultrasonic sensors with a range of up to 21 meters which
allows the robot to smoothly operate at the restaurants. Further, using the TCRT5000 infrared sensor [15], the robot

can identify when the trays placed for the customer's food have been taken and only then return to the kitchen.

ESP 32 TOUCH ‘

MAPPING i SCREEN
DISPLAY
ool
r i | CAM
ESP-32
TCRT 5000 FOR TRAY = . |
SENSING MICROCONTROLLER
: B APP
RELAYS |
‘ LCD
L1
ULTRASONIC
SENSOR
MOTORS

Figure I. Block Diagram

The robot has a touch-based LCD, with ESP32 (connections can be seen in Figure II) at the customer interface and the
kitchen interface. In the kitchen, such a display gives instructions to the robot to move to the customer's table to take
an order. Once at the customer's table, the robot provides the customer with the menu where the customer makes his/her
order which is sent back to the kitchen through the WiFi. The chef then prepares the order and places it on the robot's
tray.

+5v
+3v3 us
L 1
. » [=] +5V -
W3 o &= e ESP32-Display
BN oSl 623 [—8 Ri2
B—SP SCL G22—= TX2 co'°r
5— SN X0 [—= —fTx4 H
36 fed i s Graphical
G35 SDA G21—=a H
o ool Touch Display
G33 MSO G19 (=]
e BT | S—— 5=
=—{GBDAC )  CSGS B
627 o ™02 67
Gl (" RXDZ G
G612 m W G4
oND cal—e
[ . wls e

Figure II. Connection of ESP 32 with TOUCH LCD
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Upon order completion, the chef commands the robot to deliver the meal to the customer. The robot uses its ultrasonic
sensors to navigate, halting if an obstacle is detected until the path is clear. After the customer takes their meal, detected
by the TCRT5000 sensor, the robot returns to its initial position in the kitchen, ready for the next task.

C s D

(reer ) [er ) [ooes )

| Crder placing via PC Application. |
|

| Order transmit through wi-flon te the counter. |
1

| Order received and saved in data base. |
Il

| Waiter robot waiting for the command. |
1

| Command send via chef. |
1
‘ Robot active I

‘ Follow the path |

Obstacle

NO

Move to the destination
Table 1/2/3

Sound the buzzer ]

!

Wait for clear the path ]7

Move toward the YES
nitial point and

check the data base @
for another order )

Wait for unloading |

Unloading

Figure IllI. System Process Diagram

The robot is powered by a 24V lithium-ion battery, which provides energy to the DC-geared motors [16] through a 4-
channel relay module. The relay module, connected to the ESP32, allows precise control of the robot's movements (see
Figure IV).

u2
. [
3v3 GND
EN MOS| G23

. J
-
— mgﬂ
—I u Ry sp SCL 622
— S RLY-3
GOM "““” o RLY-2 SN X0
= RLV| 634 RXD
G35  |ESP WROOM 32| spa G21
1
8=
&=

\T’E
TTT’_%

“H“HH‘“LL“L

1 COM mm 632 GND

_ "” 633 MISO G12
e—c250ac N clk oB

1 — cou m &—G26 DAC \ S 65
"’ 627 o TXD2 GI7

. Gl4 () RXD2 GIB

o— 62 pm W G4
o= GND -]
G13 - G2

5V o— SD2 * 615
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Figure IV. Connection of ESP 32 with relay
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The robot’s base is constructed from an 8mm steel laminated sheet, chosen for its durability and cost-effectiveness.
Measuring 20 inches by 15 inches, the base supports all components and ensures stability during movement (in Figure
Va). It houses the battery mechanism, which includes four Li-ion batteries, and a buck converter that steps down the
voltage from 16V DC to 3-5V for various components ( in Figure Vb).

15 inches

20inches—

Figure V. (a) Dimension of the base, (b ) Base circuitry

On top of the robot, a 2.8-inch ESP32 touch display LCD, with resolutions between 240x320 and 480x320 pixels,
enables user interaction and order placement. A webcam is also installed to monitor the robot’s position and detect
obstacles, allowing real-time visibility of any obstructions (see Figure VI).

K

Pillar 4inch

Gap 8inc

Total Height which <
is 36 + 2.8inch 3 fixed trays
20x 15 inches
Ultrasonic sensor

Base for circuit placing—"

Figure VI Structure with dimensions

2.2 Navigation Algorithm. - The robot employs an A* path-planning algorithm to ensure optimal navigation in
dynamic environments. The algorithm processes input from ultrasonic sensors to identify obstacles and dynamically
adjust the robot’s trajectory. The A* algorithm calculates the shortest path based on cost functions that account for
distance, obstacle proximity, and time. The robot’s movement is controlled by precise motor commands derived from
these calculations.
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2.3 Software Architecture and Real-Time Obstacle Avoidance. - The IoT-based waiter robot is designed with a
robust software architecture consisting of three primary modules: the Data Acquisition Module, the Processing Unit,
and the Communication Module. The Data Acquisition Module is responsible for continuously gathering sensor data,
such as distance measurements and tray status, while the Processing Unit handles the navigation algorithm, processes
sensor inputs, and generates motor control commands. The Communication Module facilitates Wi-Fi connectivity,
enabling interaction between the robot, the kitchen interface, and the customer touchscreen. This integrated system
allows for real-time data processing and dynamic decision-making. Furthermore, the robot's obstacle avoidance system
employs ultrasonic sensors to detect potential collisions. Upon detection, the A* algorithm recalculates the robot's path
to avoid obstacles, and the motor controller adjusts the movement accordingly. Continuous monitoring ensures that
the robot can navigate efficiently and reliably, even in crowded environments.

3. Results and Discussion. - In the kitchen setup, an ESP32-controlled display allows the chef to dispatch the robot to
the customer's table to take an order. Upon arrival, a display on the robot presents menu options categorized as follows:
Appetizers (FOOD A), Desserts (FOOD B), and Grilled Items (FOOD C) as shown in Figure VII. The customer makes
their selection through the display (Figure VIII and Figure IX), which is then transmitted to the kitchen display via Wi-
Fi. After placing the order, the display shows a "Thank You" message (Figure X), and the robot returns to the kitchen.
The chef prepares the meal, places it on the robot's tray, and commands the robot to deliver it to the customer's table.

od H - Yect rood
Food C

-} IR Table-2
Food B €87 Jatarcidt Fod)
Food C €82 g
Food D (32 Table-3 {2

Figure VII. Chefs command the robot to take Figure VIII. Menu Display
the order

=1 ecT
il

T
(Food RS 187

Figure IX. Selection of Food by the customer Figure X. After taking the order

During meal delivery, the robot follows the command from the chef to navigate to the customer's table. Once there,
the customer retrieves the meal trays, and the TCRT 5000 sensor detects the tray's removal, signaling that the meal has
been received. The ultrasonic sensor continuously scans for obstacles, with the robot stopping and sounding a buzzer
if an obstacle is detected, resuming its journey only when the path is clear. After the customer has taken their meal, the
TCRT 500 sensor confirms the absence of the tray, prompting the robot to return to its original position in the kitchen,
ready for its next task.

For the robot's movement, we selected wheels with a diameter of 4 inches (see Table III). Using smaller wheels than
this diameter would cause the robot to slip on the surface, leading to increased power consumption during rotation. On
the other hand, using larger wheels would raise the cost and result in higher power usage, making the 4-inch diameter
an optimal choice for balancing performance and efficiency.
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Accuracy
Name of Circumference of RPM RPS Time Distance Speed Based on
Equipment Wheel (cm) (sec) (cm) (cm/sec) Perfect
Turning
Wheel (Gear 31.92 15 0.3 60 479.04 7.984 Best
Motor)
Wheel (Gear 31.92 20 0.3 45 479.04 10.645 Better
Motor)
Wheel (Gear
Motor) 31.92 25 0.4 36 479.04 13324 | Very Good
Wheel (Gear 31.92 30 0.5 30 479.04 15.968 Good
Motor)

Table Ill. Wheel configuration

The robot has been tested across various testing scenarios to validate its performance. Some of the key scenarios
include the following,

3.1 Load Vs Ampere. - It is observed that the IoT Base Waiter Robot's current consumption varied with different
weight loads. Specifically, with a load of approximately 2 kg, the robot drew 1.68 mA. When the weight was increased
to around 4 kg, the current consumption rose to 1.75 mA. With a maximum load of 6 kg, the current increased further
to 1.91 mA. These findings are illustrated in Figure XI.

Load vs Current for loT-based Waiter Robot

—4 Load vs Current
190

185

@
=1

current (MA)

-
=
>

L

30 15 40 45
Load (kg)

Figure XI. Comparison of Load Vs Amp for the proposed system model

3.2 Distance over time. - The performance of the robot under varying weight loads was assessed by measuring the
distance covered over time (see Figure XII). With a 2 kg load, the robot traveled 2.17 meters in 20 seconds. Increasing
the weight to 4 kg resulted in a distance of 1.78 meters covered in 20 seconds. At the maximum load of 6 kg, the robot
covered 1.50 meters in 20 seconds.
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Distance vs Time for loT-based Waiter Robot with Different Loads
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Figure XII. Comparison of distance covered over time for the proposed system model

3.3 Speed Vs torque. - Table IV shows the statistical relationship between speed and torque for the loT-based waiter
robot under different weight loads (2 kg, 4 kg, and 6 kg). It highlights an inverse relationship: as torque increases (due
to heavier loads or higher resistance), the robot's speed decreases. The yellow line (2 kg) indicates the highest speed at
lower torque (see Figure XIII), while the red line (6 kg) shows the lowest speed, reflecting the significant impact of
heavier loads. This analysis demonstrates the robot’s load-dependent performance, providing insights into optimizing
its operation for varying weights.

Weight (kg) | Speed (m/s) | Torque (Nm)
2 1.5 0.5
2 1.2 0.7
2 1.0 0.9
4 1.2 0.8
4 1.0 1.0
4 0.8 1.2
6 1.0 1.1
6 0.8 1.3
6 0.6 1.5

Table IV. Speed vs Torque

Speed vs Torque for loT-based Waiter Robot with Different Weights

Weight: 2 kg
—e— Weight: 4 kg
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o ~
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Figure XIII. Speed vs torque
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other parameters that were considered during the testing of this prototype system. The graphs in

Figure XIV, we obtain as the result of those tests in which we kept the 4 Kg weight constant. It can be seen that the
graph of battery life versus distance traveled shows a sharp decline in battery life as distance increases, indicating

higher energy con

sumption over longer trips and the need for efficient power management. Similarly, the response

time improves with more orders, while success rates decrease as obstacle density increases, underscoring the need for
advanced navigation algorithms. Customer satisfaction rises with service speed but plateaus beyond an optimal point,
and energy consumption increases significantly with heavier loads. Higher network latency reduces navigation
accuracy, while increased bandwidth reduces processing time, though improvements diminish after a certain point.
Idle time decreases with longer working hours, and collision rates rise at moderate speeds but decline at higher speeds.

Maintenance costs
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w oA U O N @
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increase with usage duration, highlighting the importance of proactive maintenance strategies.
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4. Conclusion and Future Work. - The IoT-based waiter robot proposed in this study can potentially transform the
restaurant business positively. The system which operates with the ESP32 microcontroller and is utilized with the help
of modern sensors and convenient interfaces helps increase the level of service, decreasing the time of service and,
thus, increasing satisfaction of the customers. The self-orienting capability, real-time computing, and modularity of the
designed robot enable it to be easily integrated into various restaurant contexts and thus economically efficient. Future
upgrades would bring enhancements like SLAM for better navigation of the floor and introducing enhanced customer
interaction as other enhancements would improve the efficiency of the robot and the service it provides. These
enhancements coupled with the possibility of payment system integration distinguish the adaptability of the system as
well as the application of IoT and robotics in revitalizing the processing of meals and the food chain.
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Two-Dimensional Numerical Analysis on the Double Shear Specimens of
Timber-Concrete Composite Structures: Effects of Screw Dimensions and
Timber Density

Analisis Numérico Bidimensional de Especimenes de Doble Corte en Estructuras
Compuestas de Madera y Concreto: Efectos de las Dimensiones del Tornillo y la
Densidad de la Madera

Andlise Numérica Bidimensional em Especificagcoes de Cisalhamento Duplo de
Estruturas Compostas de Madeira e Concreto. Efeitos das Dimensoes dos
Parafusos e da Densidade da Madeira

L. Jun En'®, M. A. Mohd Snin?, S. N. Fatimah Ghazali®, N. A. Fatihah Mokhtar®, M. Ikmal Zainal’, R. Suryavarman®
Recibido: 29/10/2024 Aceptado: 28/01/2025

Summary. - This study investigates the behaviour of screw connections in timber-concrete composite (TCC) structures
using two-dimensional finite element modelling with LUSAS software. The research focuses on the shear force
capacity and stiffness of screws arranged in a parallel 90-degree formation within a double shear test configuration. A
comprehensive review of the literature provided the necessary data on embedment strengths of screws in timber and
concrete. Finite element simulations of TCC structures were conducted and validated against previous experimental
findings. The analysis examined how variations in screw diameter, depth, and timber density impact connection
performance. Results indicate that a 10 mm diameter screw with a 100 mm embedment depth and timber density of
476 kg/m?® achieves a shear force capacity of 11.80 kN, a maximum displacement of 16.48 mm, and a stiffness of 701
N/mm. Reducing the screw diameter to 8§ mm and 6 mm results in lower shear capacities of 9.45 kN and 7.07 kN, with
corresponding stiffness of 574 N/mm and 438 N/mm. Similarly, decreasing the screw depth to 80 mm and 60 mm
reduces shear capacities to 9.34 kN and 7.01 kN, with stiffness of 572 N/mm and 437 N/mm, respectively. Increasing
the timber density to 600 kg/m* improves the shear force capacity to 14.70 kN and the stiffness to 980 N/mm. The
findings demonstrate that larger screw diameters, greater embedment depths, and higher timber densities significantly
enhance the shear force capacity and stiffness of screw connections in TCC structures. The main finding of this research
is the identification of the failure mode of screw connections, which is influenced by the properties of the timber,
concrete, and screw. When the concrete strength surpasses the timber strength, failure occurs due to timber crushing,
while screw deformation and timber crushing are expected when interaction stresses exceed the yield stress in the
timber-screw interface. This study provides critical insights for optimizing screw connections in TCC designs and
contributes to the development of more effective design codes for timber-concrete composites.

Keywords: Timber structures; Timber concrete composite; Screw connections; Embedment strength
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Resumen. - Este estudio investiga el comportamiento de las conexiones por tornillos en estructuras compuestas de
madera y concreto (TCC) utilizando modelado de elementos finitos bidimensionales con el software LUSAS. La
investigacion se centra en la capacidad de fuerza de corte y rigidez de los tornillos dispuestos en una formacion
paralela de 90 grados dentro de una configuracion de prueba de corte doble. Una revision exhaustiva de la literatura
proporciono los datos necesarios sobre las resistencias de incrustacion de los tornillos en madera y concreto. Se
realizaron simulaciones de elementos finitos de estructuras TCC, las cuales fueron validadas con base en hallazgos
experimentales previos. El andlisis examino como las variaciones en el diametro del tornillo, la profundidad y la
densidad de la madera afectan el rendimiento de la conexion. Los resultados indican que un tornillo de 10 mm de
diametro con una profundidad de incrustacion de 100 mm y densidad de madera de 476 kg/m? alcanza una capacidad
de fuerza de corte de 11,80 kN, un desplazamiento mdximo de 16,48 mm y una rigidez de 701 N/mm. La reduccion del
diametro del tornillo a 8 mm y 6 mm da lugar a capacidades de corte mas bajas de 9,45 kNy 7,07 kN, con una rigidez
correspondiente de 574 N/mm y 438 N/mm. De manera similar, la reduccion de la profundidad del tornillo a 80 mm y
60 mm reduce las capacidades de corte a 9,34 kN y 7,01 kN, con rigidez de 572 N/mm y 437 N/mm, respectivamente.
El aumento de la densidad de la madera a 600 kg/m?* mejora la capacidad de fuerza de corte a 14,70 kN y la rigidez a
980 N/mm. Los hallazgos demuestran que diametros de tornillos mas grandes, mayores profundidades de incrustacion
y mayores densidades de madera mejoran significativamente la capacidad de fuerza de corte y la rigidez de las
conexiones por tornillos en estructuras TCC. El principal hallazgo de esta investigacion es la identificacion del modo
de fallo de las conexiones por tornillos, que esta influenciado por las propiedades de la madera, el concreto y el
tornillo. Cuando la resistencia del concreto supera la resistencia de la madera, la falla ocurre debido al aplastamiento
de la madera, mientras que se espera la deformacion del tornillo y el aplastamiento de la madera cuando las tensiones
de interaccion superan la tension de fluencia en la interfaz madera-tornillo. Este estudio proporciona informacion
crucial para optimizar las conexiones por tornillos en el diseiio de TCC y contribuye al desarrollo de codigos de
disefio mds efectivos para compuestos de madera y concreto.

Palabras clave: Estructuras de Madera, Compuestos de Madera y Concreto, Conexiones

Resumo. - Este estudo investiga o comportamento das conexdes por parafusos em estruturas compostas de madeira e
concreto (TCC) utilizando modelagem de elementos finitos bidimensionais com o software LUSAS. A pesquisa foca
na capacidade de for¢a de cisalhamento e rigidez dos parafusos dispostos em uma formagdo paralela de 90 graus
dentro de uma configuragdo de teste de cisalhamento duplo. Uma revisdo abrangente da literatura forneceu os dados
necessarios sobre as resisténcias de incrustagdo de parafusos em madeira e concreto. Simulagoes de elementos finitos
de estruturas TCC foram conduzidas e validadas com base em resultados experimentais anteriores. A andlise
examinou como variagoes no diametro do parafuso, profundidade e densidade da madeira impactam o desempenho
das conexoes. Os resultados indicam que um parafuso de 10 mm de diametro com 100 mm de profundidade de
incrustagdo e densidade de madeira de 476 kg/m? atinge uma capacidade de for¢a de cisalhamento de 11,80 kN, um
deslocamento mdaximo de 16,48 mm e uma rigidez de 701 N/mm. A redugdo do diametro do parafuso para 8 mm e 6
mm resulta em capacidades de cisalhamento mais baixas de 9,45 kN e 7,07 kN, com rigidez correspondente de 574
N/mm e 438 N/mm. Da mesma forma, a diminui¢do da profundidade do parafuso para 80 mm e 60 mm reduz as
capacidades de cisalhamento para 9,34 kN e 7,01 kN, com rigidez de 572 N/mm e 437 N/mm, respectivamente.
Aumento da densidade da madeira para 600 kg/m* melhora a capacidade de for¢a de cisalhamento para 14,70 kN e a
rigidez para 980 N/mm. Os resultados demonstram que diametros maiores de parafusos, maiores profundidades de
incrustagdo e maiores densidades de madeira aumentam significativamente a capacidade de for¢a de cisalhamento e
a rigidez das conexoes por parafusos em estruturas TCC. A principal conclusdo desta pesquisa é a identificagdo do
modo de falha das conexdes por parafusos, que é influenciado pelas propriedades da madeira, do concreto e do
parafuso. Quando a resisténcia do concreto supera a resisténcia da madeira, ocorre falha devido ao esmagamento da
madeira, enquanto a deformacdo do parafuso e o esmagamento da madeira sdo esperados quando as tensoes de
interagdo excedem a tensdo de escoamento na interface madeira-parafuso. Este estudo fornece informagoes criticas
para otimizar as conexées por parafusos no design de TCC e contribui para o desenvolvimento de codigos de projeto
mais eficazes para compostos de madeira e concreto.

Palavras-chave: Estruturas de madeira;, Composto de madeira e concreto; Conexdes por parafuso;, Forga de
embutimento
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1. Introduction. - Timber-Concrete Composite (TCC) structural system integrates timber and concrete elements to
enhance efficiency and durability, aiming to optimize the structural integrity and performance of composite beams.
TCC systems are versatile and adaptable, capable of supporting substantial loads and stresses. The primary goal of
TCC technology is to improve the overall strength and efficiency of structures through a robust structural connection
between timber and concrete components [3, 8, 12, 14]. Various shear connectors, such as screws, bolts, nails, mesh
plates, and steel plates, can be used to connect timber and concrete elements [4, 7, 18]. Screws are particularly prevalent
as shear connectors in these systems. Design standards for timber-to-timber structures are available in many countries,
offering guidelines for the effective use of these connectors, such as those provided by Eurocode 5 - Design of timber
structures [6]. However, while Eurocode 5 provides design standards for timber-to-timber connections, it has certain
limitations when applied to timber-concrete composite structures. Shear connections are essential for providing
ductility in TCC systems, with design parameters such as strength, stiffness, deflection, and configuration being critical
to their overall performance [1, 5, 15, 16]. Research has demonstrated that the shear force capacity Fyr and stiffness
Ks of these systems are significantly affected by the material properties of timber, concrete, and fasteners [9, 17].
According to Eurocode 5, the strength of screw connections is influenced by both embedment strength and withdrawal
strength [6, 13]. While Eurocode 5 provides guidelines for the embedment strength of vertical screw connections in
TCC, it has limitations regarding the stiffness formula, as it depends on the types of timber, screw properties, and
concrete properties used in TCC structures. In this context, the stiffness of screw connections in TCC structures is
assumed to be twice that of screw connections in TTC structures. According to Eurocode 5, the failure of these
connections is also influenced by the properties of the timber, concrete, and screw. Therefore, the failure modes of
screw connections in TCC structures must be explored to determine whether the screw connection will fail due to
screw snapping, withdrawal from the timber, or withdrawal from the concrete. To better understand how the failure of
screw connections and embedment strength affect the strength and stiffness of these connections, this study conducted
a numerical analysis of screw connections in TCC structures, utilizing a database of previous TCC structures that
employed screw connections.

2. Aims of research. -This study aims to determine how the screw, timber, and concrete properties of TCC structures
influence the shear force capacity and stiffness of the connection. It is expected that an increase in the diameter and
length of the screw will enhance the shear force capacity and stiffness of the connection in TCC structures.
Additionally, it is anticipated that higher timber density will improve the shear force capacity of the connections.
Furthermore, the failure mode of the screw connections is dependent on the properties of the screw, timber, and
concrete. Therefore, this study aims to achieve two main objectives:

e Validation of Double Shear Test Models: To validate finite element models used for double shear testing by
comparing the results with established experimental data from previous studies.

e Analysis of Local Shear Connection Behaviour: To investigate the local behaviour of shear connections within
TCC structures. This involves assessing the influence of varying timber densities and screw dimensions on
connection performance and identifying associated failure mechanisms.

To fulfil these objectives, the study employs the finite element method using LUSAS software to construct a two-
dimensional model grounded in prior experimental work as discussed in section of methodology. The model examines
different timber densities and screw sizes to evaluate their effects on connection behaviour and to elucidate potential
failure modes.

3. Methodology. - This research utilized the finite element method (FEM) with LUSAS software version 21 to model
a double shear test involving screw connections [10]. The model was developed based on existing literature and
previous research. To validate the model, the shear force capacity and stiffness obtained from the simulations were
compared with data from earlier studies to assess the adequacy of the results. Subsequently, the study explored
variations in material properties, including timber density, and screw dimensions, to examine their effects on the shear
connections. This involved modifying these parameters and investigating their impact on the local behaviour of timber-
concrete connections. Finally, the results were analysed and discussed to provide insights into the performance and
behaviour of the connections under different conditions. Figure I shows the flowchart of this research.
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Figure L.- Flow chart of the research

3.1. Double shear test specimens physical and mechanical properties for finite element modelling. - This research
utilized the data sample from the double shear test of screw connections in timber-concrete structures as reported by
Manojlovi¢ et al. [11]. Figure II illustrates the dimensions of the screw and double shear specimen (2a) and the
specimen prior to testing (2b). All material properties used in this research are detailed in Table 1. These physical and
mechanical properties serve as the baseline for modelling of double shear specimen. Material properties for timber,
concrete, and screws were defined using isotropic material models. For concrete, the material properties included a
Young's modulus E. of 30,000 N/mm?, Poisson’s ratio v, of 0.2, mass density p. of 2.4x107 t/mm? and compressive
strength f. of 55 MPa. Timber properties were set with a Young's modulus E; of 13,000 N/mm?, Poisson’s ratio v; of
0.2, mass density of 0.447x107 t/mm?, and compressive strength f; of 24 MPa. For the screws, the material was also
defined isotopically with a Young's modulus Es of 210,000 N/mm?, Poisson’s ratio vs of 0.3, mass density ps of
0.89x107® t/mm?, and tensile strength of 695 MPa. The load was applied at the top of the timber member in the double
shear test, simulating typical loading conditions for these connections.
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Figure II.- Sample used for FE Modelling (a) Details dimensions of screw connections in double shear specimen and (b) double
shear specimen before tested [11]
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Materials Properties Mean
Value
Glulam GL24 Compressive strength, f; 24 MPa
Concrete Cubic compressive strength f. 55 MPa
Screw Tensile strength f, 695 MPa

Table I.- Material properties of the specimens [11]

3.2 Tools and platform. - This study utilized the LUSAS Modeller software, available in the Computer Lab at the
Universiti Sains Malaysia (USM), Engineering Campus. The modelling process involved several critical steps.
Specifically, the double shear specimens were modelled on only one side due to symmetry considerations. For meshing,
the timber surface was represented using plane strain elements with a quadrilateral shape and quadratic interpolation,
employing a regular mesh approach to ensure accuracy. Concrete surfaces were similarly meshed with plane stress
elements and quadratic interpolation, also utilizing a regular mesh. Screws were modelled as bar elements with
quadratic interpolation and divided into four segments. Interface and delamination properties were defined by
specifying line elements with plane strain characteristics for the interface and manually assigning the interaction
between timber and concrete.

For the geometric properties, the model encompassed screw, timber, and concrete components. Screws were
represented as geometric lines with bar properties, where the cross-sectional area was calculated using A =2mr2. For
two screws, this resulted in a total cross-sectional area of 157.08 mm?. The geometric surfaces for timber and concrete
were defined with a thickness of approximately 160 mm (see Figure IIa). This setup ensured that the model accurately
represented the spatial dimensions and properties of the materials involved in the timber-concrete composite structure.

3.3 Embedment strength model as interface material. - The initial phase of this research involved a comprehensive
literature review to gather the necessary properties of timber and concrete for use in numerical analysis. Key parameters
required for modelling include embedment strength and maximum displacement. These parameters are essential for
defining the interface material between the screw and timber/concrete. According to the LUSAS software guidelines,
the interface material between two different materials can be characterized by a linear decrease in strength with
increasing applied stress in the opening or tearing directions, reflecting a weakening connection, as illustrated in Figure
[I. The maximum value of the stress in Figure IIT also known as initiation stress,t. Ben et al. [2] and Manojlovi¢ et al.
[11] report that the embedment strength of the screw fi,¢ in glulam GL24 is 36.1 MPa, with a maximum displacement
Omax of approximately 15 mm. The value of initiation stress in the modelling were used to determine the fracture energy
by calculating the area under the curve of embedment strength versus displacement, as shown in the graph provided
by Manojlovi¢ et al. [11] in Figure IV. For the screw embedded in the concrete component, the embedment strength
fic was calculated using the formula suggested by Mohd Snin and Kassem [13], as presented in Equation 1. The fracture
energy was then determined from the area under this curve, with the initiation stress set at 46.75 MPa. In the modelling
process, the interface material was assigned to line elements.

Consequently, the initiation stresses for both the timber and concrete interfaces with the screw needed to be multiplied
by a correction factor, as well as by the circumference C=27x r of the screw's circular cross-section, to accurately
represent the stress along the line as presented in Equation 2. Analysis revealed that applying a correction factor of 5
was necessary to align the results with experimental findings. This adjustment accounts for the use of line elements to
represent the screw in the two-dimensional analysis. Table 2 shows the details of the data to calculate initiation stress
and fracture energy for baseline model. Next, assign the master element for the timber and concrete where the screw
will be located as presented in Figure Va. Set the slave element assignment for the screw by configuring the selection
memory. After establishing the master and slave assignments, drag the interface element by selecting the slave
assignment. Combine the timber and concrete components by first making them unmergeable (see Figure Vb). Position
the screw within the timber and concrete. Finally, assign the material properties for the timber, concrete, and screw.

fre = 0.85f, (N/mm?) 1)

T=fpcor fre.(2mr).5 (N/'mm) 2)
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Figure IV.- Embedment strength against displacement used as the data for FE modelling from Manojlovi¢ et al. [11]

Part Embedment Initiation Fracture energy
strength stress [Eq.2] [Area under the
(N/mm?) (N/mm) graph]
(J/mm?)
Screw to timber 36.1 5667 84975
Screw to concrete 46.75 17150 17150

Table 11.- Initiation stress and fracture energy for interface material
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Figure V.- Process to assign the interface element between screw to timber/concrete. (a) Master (on timber/concrete) and slave
(on screw) assignment and (b) Completed assignment of interface element

Memoria Investigaciones en Ingenieria, num. 28 (2025). pp. 168-182
https://doi.org/10.36561/ING.28.12

ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
173


https://doi.org/10.36561/ING.28.12

L. Jun En, M. A. Mohd Snin, S. N. Fatimah Ghazali, N. A. Fatihah Mokhtar, M. Ikmal Zainal, R. Suryavarman

After modelling the double shear test for timber-concrete composite structures, the resulting graph of shear force
capacity versus displacement can be generated. Compare this graph with those from Manojlovi¢ et al. [11]. If the
results from the modelling significantly differ from those in the reviewed articles, recheck the properties and materials
entered into the LUSAS software to ensure they match those reported by Manojlovi¢ et al. [11]. Additionally, examine
the local behaviour of the screw within the timber and concrete surfaces. Displacement and deformation should be
clearly observable from the results. Next, modify the characteristics of the timber, concrete, or screw, such as timber
density or screw diameter, and observe any changes in the behaviour of deformation within the TCC structures. Finally,
analyse all the results from the modelling, and provide a discussion and recommendations based on these results.

4. Result and Discussion. -

4.1 Validation of the results. - After completing the modeling process, a graph comparing shear force capacity versus
displacement was simulated, as shown in Figure VI. This figure illustrates a comparison between the results of this
study and the previous findings of Manojlovi¢ et al. [11]. The details of the comparison between the experiment are
provided in Table III, and these results are also compared with the theoretical values from Eurocode 5. Specifically,
the shear force capacity of the TCC structure (per screw) in this study is 11.80 kN, and the stiffness is approximately
701 N/mm (calculated based on the slope of the graph). In comparison, Manojlovi¢ et al. [11] reported a shear force
capacity of 10.65 kN and a stiffness of approximately 2889 N/mm. The percentage difference in shear force capacity
is approximately 10.79%, while the percentage difference in stiffness is about -74%. The significant deviation in
stiffness between the numerical value from this study and the experimental value from Manojlovi¢ et al. [11] is
attributed to the bond strength model used in this study, which assumes linear properties, as shown in Figure III. This
model results in a linear behavior of the bond between the screw and timber/concrete in the numerical analysis.
However, validation of the failure mode of the screw connection has been conducted to support the results of this
numerical study.

Shear force capacity against displacement

Shear force capacity, F, g(kN)
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Figure VI.- Graph of shear force capacity against displacement (a) Numerical analysis in this study and (b)
Experimental and Numerical works from Manojlovic et al. [11]
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Parameter Method Mean Deviations [%]
Shear force Experiment 10,650 -
capacity (N) Theoretical 10,491 -2.44
(Eurocode 5)
Numerical from this study 11,800 10.79
Stiffness Experiment 2889 -
(N/mm) Theoretical 6975 141.43
(Eurocode 5)
Numerical from this study 750 -74

Table III.- Comparison of shear force capacity and stiffness between these numerical results to experimental work
and theoretical formula from Eurocode 5.

Moreover, the results can be further validated by comparing the screw failure observed in the modelling with failure
images from previous studies. Specifically, Figure VII illustrates screws being pushed out from the timber, which is
consistent with the failure patterns shown in Figure VIII a) from prior research. This comparison reveals similar
crushing deformation of the timber and bending deformation of the lag screw. Additionally, the push-out failure
mechanism observed in this study aligns with the mechanisms described in previous works. Hammad et al. (2024)
stated that the failure mode of the screw inside the timber involves two plastic hinges, as shown in Figure VIII b),
which appear before the screw breaks. In the current study, the model also showed the formation of double hinges on

the screw, as shown in Figure VII.
l'lll‘é/

T~

Figure VIL- The failure mode of the screw for TCC-structure from modelling

Figure VIII.- The failure mode of pushing out specimen and crushing deformation of timber
a) Minoljovic et al. [11] b)Hammad et al. [20]

4.2 Local behaviour of the screws. - Since the strength of the connection in TCC structures depends on the interaction
between the timber and the screw, as well as the concrete and the screw, the discussion focuses on these types of
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interactions. After modelling with LUSAS software, the local behaviour of the screw can be assessed from the contour
patterns of stresses on the screw and the interaction between the screw to timber and concrete. Prior to failure, a screw
progresses through several stages: elastic deformation, yielding, strain hardening, reaching ultimate strength, and
eventual failure. Initially, the screw deforms elastically under applied load, returning to its original shape once the load
is removed, as described by Hooke's Law. When the load increases and the screw reaches its yield point, plastic
deformation begins, resulting in permanent changes. Subsequently, strain hardening may occur, enhancing the
material's strength and resistance to further deformation, thus allowing it to support greater loads. The ultimate strength
represents the maximum load the structure can withstand before failure mechanisms take over and this stage often
includes necking, a localized reduction in cross-sectional area. Failure may occur in the interaction due to either a
snapped screw or the withdrawal of the screw, which can happen in the timber or the concrete. The withdrawal of the
screw is related to the stress at the interface between the screw and the timber, as well as between the screw and the
concrete. As shown in Figure IX, the interfaces between the screw and timber, and the screw and concrete, are modeled
to fail in a debonding manner. Failure occurs when the structure can no longer support the load, leading to breakage
or collapse. Ductile materials undergo significant plastic deformation before failure, while brittle materials fail abruptly
with minimal plastic deformation. This discussion refers to the initiation stress at the interfaces between the screw and
timber/concrete, which are 5667 N/mm? and 11328 N/mm?, respectively, with the screw strength being 250 N/mm?, as
presented in Figure IX.

At a load factor of 10 kN (per side), the stresses on the interface between screw and timber are approximately
2400 N/mm?, and between screw and the concrete, they are about 4800 N/mm?. No deformation or failure is observed
in the screw, concrete, or timber at this load. When the load factor increases to 18 kN (per side), stresses rise to about
8640 N/mm? between screw and timber interface, while in the concrete, they reach approximately 4320 N/mm?. These
interface stresses remain below the yield stresses, indicating that the structure can still withstand additional force. At
a load factor of 23.6 kN (per side), as presented in Figure VII, which corresponds to the shear force capacity of the
model, the stresses at the screw-timber interface are approximately 5664 N/mm?, while at the screw-concrete interface,
they are about 11328 N/mm?.The initial embedment strength of the screw in timber, considered its yield stress, is
around 5665 N/mm?. Thus, as the stresses exceed this yield stress, deformation of the screw and timber crushing are
expected. However, the initial embedment strength of the screw in concrete is about 17175 N/mm?. The stresses
between screw and concrete the interface remain below this yield stress, so no deformation occurs in the concrete. This
mechanism is similar to that observed by Mohd Snin et al. [13], where the failure of the screw involved it being
withdrawn from the timber but remaining in the concrete. Very little deformation occurred in the part of the screw
embedded in the concrete. From the model in this study, it was found that the initiation stress applied to the interface
between the concrete and screw was 2 times higher compared to the timber-to-screw interface. This makes the bond
between the concrete and the screw very strong.

Analysis: Analysis 1

Loadcase 1 Loadcase 1, 236 Increment 236 Load Factor = 23600 0
Results file. LIM___completed___3_~Analysis 1 mys

Entity: Stress - 2D Interface

Component. Feature extreme of Sy (Units: N/mm?)

11 328E3
9. 44001E3
7.55201E3

Maximum 5 664E3 at line 28
Minimum -11.328E3 at line 11

Figure IX.-Interface stresses of the screw at maximum load factor of 23.6 kN (per side)

4.3 Effects of diameter of screws on shear force capacity. - This section examines the impact of screw diameter on
the shear force capacity and stiffness of connections. A plot of shear force capacity versus displacement, categorized
by screw diameters of 6 mm, 8 mm, and 10 mm, is presented in Figure X. The data indicate that the 10 mm screw
exhibited the highest shear force capacity at 11.8 kN, followed by the 8 mm and 6 mm screws with capacities of 9.47
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kN and 7.07 kN, respectively. Table IV details the shear force capacity and stiffness for each screw diameter and their
correlation with initiation stress and fracture energy. This is supported by the research conducted by Long et al. (2022),
which found that a larger diameter size increased the embedment strength of the screw connection by 30%. The
increased shear force capacity with larger screw diameters is attributed to the greater cross-sectional area, which
enhances the screw's ability to withstand shear stresses. This improvement facilitates more effective shear load transfer
across concrete and timber layers. Larger diameter screws generally support heavier loads and exhibit increased stress
endurance, thereby enhancing the composite structure’s shear capacity. Additionally, the stiffness of the joint between
concrete and timber is improved with larger screws, resulting in reduced relative displacements and better composite
action. This improved mechanical coupling between concrete and timber leads to enhanced frictional resistance at the
interface and more even distribution of shear forces, reducing the likelihood of local failures. In summary, larger screw
diameters correlate with higher initiation stress, increased fracture energy, and improved shear force capacity. This, in
turn, results in a higher stiffness and greater rigidity of the TCC structure, strengthening the overall connection.

Shear force capacity against displacement
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Figure X.- Shear force capacity against displacement with different screw diameter (per screw)

Diameter of screw Initiation stress Fracture energy Shear force Stiffness (slope of
(mm) (N/mm) (J/mm?) capacity (kN) the graph)
(N/mm)
6 3402 51035 7.07 438
8 4536 68040 9.45 574
10 5665 84975 11.80 701

Table IV.- Summary of comparison of the results based on different screw diameter (per screw)

4.4 Effects of depth of screws in timber on shear force capacity. - This section investigates the effect of screw
length on the shear force capacity and stiffness of connections using an 8 mm diameter screw. Shear force capacity
versus displacement for screw embedded in timber lengths of 60 mm, 80 mm, and 100 mm is illustrated in Figure XI.
The data reveal that the 100 mm screw embedded in timber length achieved the highest shear force capacity at 11.8
kN, followed by the 80 mm and 60 mm screws, with capacities 0f 9.43 kN and 7.01 kN, respectively. Table 4 presents
the shear force capacity and stiffness associated with each screw embedded in timber length. This matches the study
performed by Ribeiro et al. (2018), which found that increasing the screw depth can enhance the withdrawal strength
of the screw due to the larger contact area between the timber and the screw. Similar to this study, increased embedment
depth improves the screw’s resistance to shear forces by providing a larger surface area in contact with the timber.
This deeper engagement reduces the likelihood of localized failures by distributing the load over a broader area.
Consequently, a deeper screw results in a stronger connection between concrete and timber, facilitating more efficient
shear force transfer and enhancing the composite structure’s overall shear capacity. The rigidity of the joint, measured
by the stiffness, improves with greater screw length. A longer screw, being more deeply embedded, creates a stiffer
bond, reducing relative movement (displacement) between the concrete and timber layers under load. This increased
resistance to deformation results in a lower slip and a higher stiffness, indicating a more robust connection. In summary,
increased screw length enhances shear force capacity and stiffness, leading to greater rigidity and a stronger connection
in the TCC structure. The deeper the screw is embedded in the timber, the more effective the load distribution and
connection strength, resulting in improved structural performance.
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Figure XI.- Shear force capacity against displacement with different screw depth in timber (per screw)

Depth of screw Shear force Stiffness
in timber capacity (Slope of the graph)
(mm) (kN) (N/mm)
60 7.01 437
80 9.43 572
100 11.80 701

Table IV.- Summary of comparison of the results based on different screw depth in timber (per screw)

4.5 Effects of timber density on the shear force capacity. -This section examines the influence of timber density on
the shear force capacity and stiffness of connections using an 8 mm diameter and 150 mm length screw. Figure XII
presents the relationship between shear force capacity and displacement for timber densities of 476 kg/m? (typically
softwood) and 600 kg/m? (typically hardwood). The data indicate that the timber with a density of 600 kg/m? achieved
the highest shear force capacity of 14.7 kN, compared to 11.8 kN for the 476 kg/m* density. This was also found by
Ribeiro et al. (2018), who reported that a higher density of timber increased the bond strength between the screw and
the timber. Cabrera et al. (2022) also found that the higher density of Beech species increased the embedment strength
of the screw when compared to Poplar species, which has a lower density. Higher-density timber, being more rigid and
strong, enhances the shear force capacity of the TCC structure as it better withstands the forces imparted by screws or
connectors (see Table V for details of strength and stiffness). In contrast, lower-density timber is less rigid and weaker,
reducing its capacity to resist shear stresses. Connectors such as screws or dowels perform more effectively in higher-
density timber due to the material's increased resistance to pull-out and embedment forces, thereby improving overall
shear capacity. Lower-density timber, with its tendency for easier embedment and pull-out, may not support
connections as effectively, diminishing shear force capability. Higher-density timber also leads to stronger connections
that deform less under load. This reduced deformation results in less relative movement or displacement between the
concrete and timber layers, thereby increasing the stiffness. The improved performance of connectors in higher-density
timber further enhances load transmission and composite action, resulting in an increased stiffness. In summary, higher
timber density correlates with greater shear force capacity and stiffness, leading to increased rigidity and stronger
connections in TCC structures.
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Figure XII.- Shear force capacity against displacement for two different timber density (per screw)

Memoria Investigaciones en Ingenieria, nim. 28 (2025). pp. 168-182
https://doi.org/10.36561/ING.28.12
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
178


https://doi.org/10.36561/ING.28.12

L. Jun En, M. A. Mohd Snin, S. N. Fatimah Ghazali, N. A. Fatihah Mokhtar, M. Ikmal Zainal, R. Suryavarman

Timber density Shear force Stiffness
(kg/m?®) capacity (Slope of the graph)
(kN) (N/mm)
476 11.80 701
600 14.70 980

Table V.- Summary of the comparison of the results based on different timber density (per screw)

5. Limitations and Future Work. - This research is limited to a two-dimensional analysis, with a focus on the failure
mode of the screw connection influenced by the material and geometric properties of the screw, timber, and concrete.
The discussion also emphasizes global behavior, such as shear force capacity and stiffness, which are affected by the
material properties of the screw, timber, and concrete. Future work should address local characteristics, such as the
plastic hinges that may form due to shear forces, influencing the embedment and withdrawal strength of the screw.
However, this would require experimental work to observe the actual shape of the screw after failure. By examining
the details of the plastic hinge formation on the screw, it would be possible to measure and correlate this with the shear
strength of the screw connection.

6. Conclusions.- This study successfully met its objectives of validating double shear test models and analyzing local
shear connection behaviour in timber-concrete composite (TCC) structure. The finite element models used for
simulating double shear tests demonstrated quite similar results when compared to experimental data. The simulation
results for shear force capacity was within 10% of the experimental values reported by Manojlovi¢ et al. [11]. The
study also found that increasing the screw diameter to 10 mm significantly improved shear force capacity and stiffness,
thereby enhancing the structural performance of the connections. Greater embedment depths (100 mm) resulted in
higher shear force capacity and improved stiffness, indicating better load distribution and reduced localized failures.
A higher timber density (600 kg/m?) increased both shear force capacity and stiffness compared to lower-density timber
(476 kg/m?), highlighting the benefit of using denser timber for stronger connections. The most significant finding of
this research is the identification of the failure mode of the screw connections. The study revealed that the failure of
screw connections depends on the properties of the timber, concrete, and screw. When the concrete strength exceeds
the timber strength, failure occurs due to timber crushing. In the interaction between timber and screw, when the
interaction stresses exceed the yield stress, screw deformation and timber crushing are expected. These results
underscore the critical role of screw dimensions and timber density in optimizing the performance of shear connections
in TCC structures. The insights gained offer valuable guidance for both practical engineering applications and future
research in the field. Lastly, Table VI shows the summary of the findings for this research

Parameter Key Finding
Details Shear force Stiffness
capacity

Screw diameter 6 mm low low
8 mm medium medium

10 mm high high

Screw length 60 mm low low
80 mm medium medium

100 mm high high

Timber density 476 kg/m? low low

600 kg/m? high high

Table VI.- Summary of findings according to different variable in screw and timber properties
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Eficiencia de la lombriz roja californiana en la biorremediacion de suelos
contaminados con hidrocarburos

Efficiency of the Californian red earthworm in the bioremediation of soils
contaminated with hydrocarbons

Eficiéncia da minhoca vermelha da California na biorremediac¢do de solos
contaminados com hidrocarbonetos

Samuel Baldeon Coronado'(”, Kettly Baltazar Torres’ , Jhon Patrick Rios Bartra®

Recibido: 12/11/2024 Aceptado: 26/01/2025

Resumen. - En los ultimos afios, el Pert ha enfrentado un incremento significativo de pasivos ambientales relacionados
con hidrocarburos, lo que representa un grave problema para el medio ambiente (Bazan et al., 2024). Esta investigacion
evaluo la eficiencia de la lombriz roja californiana (Eisenia fetida) en la biorremediacion de suelos contaminados,
comparando su capacidad para reducir los niveles de contaminacion con los Estandares de Calidad Ambiental (ECA)
establecidos para suelos. Se emple6 un disefio experimental factorial 3x3, con tres niveles de tratamiento y tres
repeticiones, y se aplico la prueba ANOVA para el andlisis estadistico de los resultados. Los resultados revelaron una
eficiencia en la biorremediacion de suelos contaminados por diesel. En el tratamiento con 10 lombrices, se encontraron
diferencias significativas, destacando el tratamiento A3 (3.06 ml) como el mds eficiente. En contraste, para los
tratamientos con 20 y 30 lombrices, no se observaron diferencias significativas. Los analisis graficos indican que la
cantidad de lombrices y la concentracion de diésel influyen en la eficiencia del proceso, siendo mas efectivas en
concentraciones moderadas (A2) y menos eficientes a niveles mas altos. En conclusion, la lombriz roja californiana
muestra un potencial significativo en la biorremediacion de suelos contaminados con hidrocarburos, siendo mas
eficiente en menores concentraciones (Al y A2), mientras que a concentraciones mas altas (A3) se observa una
saturacion en su capacidad de procesamiento.

Palabras clave: Eficiencia; lombriz roja californiana, biorremediacion; suelos contaminados; hidrocarburos.
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Summary. - In recent years, Peru has faced a significant increase in environmental liabilities related to hydrocarbons,
which represents a serious problem for the environment (Bazan et al., 2024). This research evaluated the efficiency of
the Californian red earthworm (Eisenia fetida) in the bioremediation of contaminated soils, comparing its ability to
reduce contamination levels with the Environmental Quality Standards (ECA) established for soils. A 3x3 factorial
experimental design was used, with three treatment levels and three repetitions, and the ANOVA test was applied for
the statistical analysis of the results. The results revealed an efficiency in the bioremediation of soils contaminated by
diesel. In the treatment with 10 worms, significant differences were found, highlighting treatment A3 (3.06 ml) as the
most efficient. In contrast, for treatments with 20 and 30 worms, no significant differences were observed. The graphical
analyzes indicate that the number of worms and the concentration of diesel influence the efficiency of the process, being
more effective at moderate concentrations (A2) and less efficient at higher levels. In conclusion, the Californian red
earthworm shows significant potential in the bioremediation of soils contaminated with hydrocarbons, being more
efficient at lower concentrations (Al and A2), while at higher concentrations (A3) a saturation is observed in its
processing capacity.

Keywords: Efficiency,; Californian red worm, bioremediation; contaminated soils, hydrocarbons.

Resumo. - Nos ultimos anos, o Peru tem enfrentado um aumento significativo nos passivos ambientais relacionados a
hidrocarbonetos, o que representa um sério problema para o meio ambiente (Bazan et al., 2024). Esta pesquisa avaliou
a eficiéncia da minhoca vermelha da Califérnia (Eisenia fetida) na biorremedia¢do de solos contaminados,
comparando sua capacidade de reduzir os niveis de contaminagdo com os Padrées de Qualidade Ambiental (ECA)
estabelecidos para solos. Foi utilizado um delineamento experimental fatorial 3x3, com trés niveis de tratamento e trés
repeti¢oes, e o teste ANOVA foi aplicado para a andlise estatistica dos resultados. Os resultados revelaram uma
eficiéncia na biorremedia¢do de solos contaminados por diesel. No tratamento com 10 minhocas, foram encontradas
diferengas significativas, destacando o tratamento A3 (3,06 ml) como o mais eficiente. Em contrapartida, para os
tratamentos com 20 e 30 minhocas, ndo foram observadas diferencas significativas. As andlises grdficas indicam que
o numero de minhocas e a concentragdo de diesel influenciam a eficiéncia do processo, sendo mais eficaz em
concentragoes moderadas (A2) e menos eficiente em niveis mais elevados. Conclui-se que a minhoca vermelha da
California apresenta potencial significativo na biorremediacdo de solos contaminados com hidrocarbonetos, sendo
mais eficiente em concentragoes mais baixas (A1 e A2), enquanto em concentragoes mais elevadas (A3) observa-se
uma saturag¢do em sua capacidade de processamento.

Palavras-chave: Eficiéncia; verme vermelho da California, biorremediacdo; solos contaminados, hidrocarbonetos.
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1. Introduccién. - En los ultimos afios, el Peri ha enfrentado un aumento significativo de pasivos ambientales
generados por la contaminacion por hidrocarburos, lo cual representa una grave amenaza para el medio ambiente [1].
De acuerdo con un informe del Organismo de Evaluacion y Fiscalizacion Ambiental (OEFA), se han identificado un
total de 3,231 pasivos ambientales en el sector hidrocarburos, de los cuales 151 son considerados de alto riesgo, 1,997
de riesgo medio y 1,083 de bajo riesgo. Asimismo, se han clasificado 61 pasivos con alto riesgo para la salud, 35 para
el medio ambiente y 123 para la seguridad [2].

Un caso alarmante se ha presentado en la Amazonia peruana, donde se han registrado cerca de 500 derrames de petréleo
en las ultimas dos décadas, principalmente debido a fallas operativas y al deterioro de la infraestructura tanto en los
yacimientos como en el oleoducto que atraviesa la selva. Estas situaciones han provocado numerosas protestas por
parte de las comunidades indigenas, que demandan compensacion y medidas de remediacion por los impactos
ambientales en los cuerpos de agua, la flora y fauna, asi como en su entorno social [3]. Un ejemplo notable es el
derrame en Loreto, donde mas de cien barriles de petrdleo, operados por Petropert, afectaron a 1,230 familias indigenas
debido a la ruptura del oleoducto, permitiendo que el crudo se desplazara desde la Amazonia hasta la costa del océano
Pacifico, alterando diversos factores ambientales [4].

La contaminacion por hidrocarburos tiene un efecto adverso en la fertilidad del suelo, provocando toxicidad directa en
los organismos, disminuyendo la retencion de humedad y nutrientes, aumentando la compactacion del suelo, y
alterando su pH y salinidad [5]. En ese sentido, la utilizaciéon de lombrices para remediar suelos contaminados por
hidrocarburos es una alternativa econémica y ecoldgica que mejora la calidad del suelo sin generar residuos peligrosos,
esta técnica sostenible es clave para innovar en la proteccion del medio ambiente [6].

Ante este panorama, es fundamental considerar alternativas de biorremediacion para restaurar las areas afectadas. Por
lo tanto, esta investigacion se centrd en el uso de lombrices de tierra como agentes de remediacion, evaluando su
efectividad en la recuperacion de suelos contaminados por hidrocarburos mediante la medicion de su impacto en la
calidad del suelo.

2. Materiales y métodos

2.1 Area de estudio. - El suelo utilizado para la experimentacion controlada con hidrocarburos fue extraido de las
areas disponibles de la Universidad Peruana Union, ubicada en el Jr. Los Martires 214, urbanizacion Santa Lucia,
distrito de Morales, provincia de San Martin, region San Martin. La Figura | muestra el mapa de ubicacion del area de
estudio.”
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Figura 1. Ubicacion del lugar de estudio
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Asimismo, el tratamiento del suelo contaminado con hidrocarburos se realizd a escala de laboratorio utilizando
lombrices rojas californianas (Eisenia foetida) bajo condiciones controladas. Este experimento se llevo a cabo en el
laboratorio de la Universidad Peruana Union, lo que permitié asegurar la precision en el manejo de las variables
ambientales y obtener resultados confiables sobre la efectividad de la biorremediacion.

2.2 Diseiio metodologico. - El disefio metodologico utilizado fue experimental, debido a la manipulacion de la variable
independiente para analizar su efecto en la variable dependiente. Asimismo, se utilizé un disefio factorial 3x3, con tres
niveles de tratamiento y tres repeticiones, lo que permitié identificar las combinaciones 6ptimas y evaluar la interaccion
entre las variables bajo el mismo control.

2.3 Disefio muestral. - Para la investigacion, se seleccion6 30 kg de suelo extraidos del territorio de la Universidad
Peruana Union como poblacion de estudio. Asimismo, se aplicé un muestreo aleatorio simple, garantizando que cada
unidad de suelo contaminado tuviera la misma posibilidad de ser asignada a los diferentes tratamientos del disefio
factorial. Este método facilitd la obtencion de una muestra representativa, permitiendo hacer conclusiones confiables
sobre los efectos de variables como la dosis de diésel, la cantidad de lombrices y el tiempo de recuperacion en la
regeneracion del suelo contaminado.

2.4 Técnicas de recoleccion de datos. - La recoleccion y andlisis de las muestras se llevaron a cabo mediante el
acondicionamiento de 27 maceteros, cada uno con un volumen de 30 kg de suelo contaminado con hidrocarburos. En
estos maceteros, se distribuyeron lombrices en tres grupos de tratamiento, con 10, 20 y 30 unidades respectivamente.
El periodo de evaluaciéon se establecio en 15 dias, tiempo suficiente para observar el impacto de las diferentes
cantidades de lombrices en la remediacion del suelo. Este disefio experimental permitié evaluar de manera precisa la
efectividad de las lombrices en la recuperacion del suelo contaminado con diesel.

2.5 Analisis estadistico. - Para ¢l analisis estadistico de los resultados obtenidos se considerd los requisitos de
normalidad y homogeneidad de varianzas, posteriormente se realizd la prueba de ANOVA para realizar las
comparaciones de los tratamientos, finalmente se realizd la prueba tukey para aquellos tratamientos que superaron el
valor de 0.05, a fin de conocer el mejor la mejor eficiencia de las cantidades representativas de las lombrices rojas
californianas.

3. Resultados. - En la Tabla I se presentan los valores obtenidos a partir del andlisis de laboratorio realizado a las
muestras de suelos contaminados con diferentes dosis de diésel y cantidades variables de lombrices rojas californianas.
Los resultados muestran la concentracion de hidrocarburos en mg/kg.

Concentracion de N° de lombrices Repeticiones
diesel (ml) rojas R1 R2 R3 X
californianas (mg/kg) (mg/kg) (mg/kg)

10 unidades 71.888 80.199 78.289 76.8

Al 1.02 20 unidades 119.739 120.722 118.82 119.8
30 unidades 182.35 180.292 115.251 159.3
10 unidades 90.765 89.566 85.199 88.5

A2 2.04 20 unidades 117.533 123.143 120.198 120.3
30 unidades 150.663 150.029 149.914 150.2
10 unidades 111.863 114.128 113.386 113.1

A3 3.06 20 unidades 120.882 118.122 115.343 118.1
30 unidades 171.723 172.135 169.183 171.0

Tabla 1. Resultados de laboratorio sobre la recuperacion de suelos contaminados con hidrocarburos utilizando
lombrices rojas californianas.

En la Tabla II se presentan los resultados del analisis de varianza (ANOVA) para el uso de 10, 20 y 30 unidades de
lombrices rojas californianas en la biorremediacion de suelos contaminados con hidrocarburos. Los resultados indican
que, con 10 unidades de lombrices, se obtuvo un P-Valor de 0.000, lo que evidencia una diferencia estadisticamente
significativa entre los tratamientos. En consecuencia, se realizo la prueba de Tukey para identificar el tratamiento que
mostré los mejores resultados, como se detalla en la Tabla III.

En contraste, para el tratamiento con 20 unidades de lombrices, se obtuvo un P-Valor de 0.531, lo que indica que no
existe una diferencia significativa entre los tratamientos, y por lo tanto, no fue necesario aplicar la prueba de Tukey.
De manera similar, el tratamiento con 30 unidades de lombrices mostr6é un P-Valor de 0.546, evidenciando nuevamente
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la ausencia de diferencias significativas, por lo cual tampoco se requirio6 la prueba de Tukey.

FV Suma de GL M.C F P-Valor
cuadrados
Entre grupos  2063.378 2 1031.689  107.230 0.000
joy  Dentrode 57.728 6 9.621
grupos
Total 2121.105 8
Entre grupos 7.720 2 3.860 0.704 0.531
poy  Dentrode 32.899 6 5.483
grupos
Total 40.619 8
Entre grupos 653.121 2 326.561 0.672 0.546
3oy  Dentrode 2917.718 6 486.286
grupos
Total 3570.840 8

Tabla II. Resultados del andlisis de varianza (ANOVA) para el uso de 10, 20 y 30 unidades de lombrices rojas
californianas en el tratamiento del suelo.

Al aplicar la prueba de Tukey para el tratamiento con 10 unidades de lombrices, se identificaron tres grupos. Los
resultados muestran que el uso de 10 unidades no logra reducir eficientemente la cantidad de diésel en proporcion al
incremento en las dosis aplicadas

Concentracion N Grupos
Diesel 1 2 3
Al (1.02 ml) 3 76.79200
A2 (2.04 ml) 3 88.51000
A3 (3.06 ml) 3 113.12567
Sig. 1.000 1.000 1.000

Tabla III. Resultados de la prueba de Tukey en la biorremediacion de suelos contaminados con hidrocarburos
utilizando 10 unidades de lombrices rojas californianas.

En los siguientes graficos se muestra la eficiencia de la lombriz roja californiana en la biorremediacion de suelos
contaminados con hidrocarburos.

En la figura II se muestra, que los valores de concentracion en el suelo siguen aumentando a mayor cantidad de diésel,
lo cual indica que las 10 u de lombrices no estan reduciendo eficazmente la cantidad de diésel proporcional al
incremento en las dosis aplicadas.

120.000 113.126 mg/Kg

100.000 88.510 mg/Kg
76.792 mg/Kg
80.000

60.000
40.000
20.000

0.000
Al A2 A3

Concentracion_Diesel

Cantidad de 10 U de lombrices

Figura II. Eficiencia del empleo de 10 u de lombriz roja californiana en la biorremediacion de suelos contaminados
con diesel

Memoria Investigaciones en Ingenieria, nim. 28 (2025). pp. 183-192
https://doi.org/10.36561/ING.28.13
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
187


https://doi.org/10.36561/ING.28.13

S. Baldeon Coronado, K. Baltazar Torres, J. P. Rios Bartra

En la Figura III se muestra un comportamiento no lineal en la concentracion de diésel tras la biorremediacion con 20
lombrices. La tendencia describe un aumento inicial en la concentracion de diésel de Al a A2, seguido por una
disminucion en A3, por lo que el empleo de 20 u de lombrices es mas eficiente en la biorremediacion en
concentraciones de 3.06 ml de diesel en un periodo de estudio de 15 dias.

120.291
120.500 119.760 mg/kg
120.000 mg/kg
119.500
119.000 118.116
118.500 o/ke
118.000
117.500
117.000

Empleo de 20 U de lomrices

Al A2 A3
Concentracion_Diesel

Figura IIl. Eficiencia del empleo de 20 u de lombriz roja californiana en la biorremediacion de suelos contaminados
con diesel

La Figura IV muestra una curva en "U", que indica un comportamiento no lineal entre la concentracion de diésel y la
eficiencia del empleo de 30 u de lombrices en la biorremediacion. La concentracion disminuye de Al a A2, pero luego
aumenta en A3. Las lombrices son mas efectivas en el tratamiento A2, donde las concentraciones de diésel estan dentro
de su rango 6ptimo de procesamiento. En A3, la eficiencia disminuye, posiblemente debido a una saturacion en su
capacidad de remediacion.

175.000 171.014 mg/kg
170.000

165.000 159,298 mg/kg
160.000
155.000
150.000
145.000
140.000
135.000

Al A2 A3
Concentracion_Diesel

Empleo de 30 U de lombrices

Figura IV. Eficiencia del empleo de 30 u de lombriz roja californiana en la biorremediacion de suelos contaminados
con diesel.

4. Discusiones. - Los resultados muestran que el empleo de 10 lombrices rojas californianas (Eisenia fetida) no esta
reduciendo eficazmente la cantidad de diésel en proporcion al incremento en las dosis aplicadas. En cuanto a la
utilizacion de 20 lombrices, el proceso de biorremediacion fue mas eficiente en concentraciones de 3.06 ml de diésel
durante un periodo de estudio de 15 dias. Para el caso de 30 lombrices, la concentracion de diésel disminuy6 del
tratamiento Al a A2, pero luego aumentd en A3. Las lombrices fueron mas efectivas en A2, donde las concentraciones
de diésel estaban dentro de su rango 6ptimo de procesamiento, aunque en A3 la eficiencia disminuyd, debido a una
saturacion en su capacidad de remediacion. En ese sentido, Acufia et al., (2021) [7] reportaron que las lombrices rojas
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californianas tienen un rendimiento decreciente en concentraciones elevadas de hidrocarburos. En su estudio las
lombrices mostraron alta eficiencia en la degradacion de hidrocarburos de fraccion C10-C28 en concentraciones bajas
y moderadas, pero en concentraciones mas altas el porcentaje de remediacion disminuyo, por lo que concuerda con los
resultados obtenidos, donde las lombrices muestran mayor eficiencia en concentraciones moderadas y una saturacion
en concentraciones altas.

Por otro lado, Flores et al. (2021) [8] observaron que la capacidad de las lombrices para la biorremediacion de suelos
contaminados con diésel es limitada en concentraciones elevadas, ya que las lombrices se ven negativamente afectadas
debido a la saturacidn, lo que reduce su eficiencia. Este hallazgo concuerda con Ortega y Quiroga (2019) [9], quienes
destacaron que los mejores resultados en la biorremediacion se obtienen en concentraciones moderadas de diésel. De
manera similar, Ojeda y Cordova (2023) [10] reportaron que la eficiencia de las lombrices disminuye
significativamente cuando las concentraciones de diésel superan ciertos limites, subrayando la importancia de
mantener cantidades moderadas de contaminante para maximizar la efectividad del proceso.

5. Conclusiones. -

- El empleo de 10 unidades de lombrices rojas californianas en la biorremediacion de suelos contaminados revela
que, a medida que se incrementa la cantidad de diésel aplicado, también aumenta su concentracion en el suelo. Esto
indica que las lombrices no estan reduciendo de manera efectiva la cantidad de diésel en proporcion al aumento de
las dosis aplicadas.

- El empleo de 20 unidades de lombrices rojas californianas en la biorremediacion de suelos contaminados revela
que, no es uniforme y podria estar influenciada por la cantidad de diésel. El incremento en A2 sefiala una saturacion
en la capacidad de las lombrices, pero la disminucién en A3 muestra que es mas eficiente en concentraciones mas
altas o con mas tiempo de exposicion.

- El empleo de 30 unidades de lombrices rojas californianas en la biorremediacion de suelos contaminados revela
que, las lombrices rojas californianas tienen un comportamiento variable en funcion de la concentracion de diésel
en el suelo. Son mas efectivas en la biorremediacion en el tratamiento A2, pero su eficiencia disminuye en
concentraciones mas altas (A3). Este comportamiento esta relacionado con la capacidad de tolerancia de las
lombrices al diésel y su habilidad para procesar el contaminante.
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Application of Six Sigma Methodology for Enhancement of Soft Plastic
Extrusion Process

Aplicacion de la metodologia Seis Sigma para la mejora del proceso de extrusion
de plasticos blandos

Aplicagdo da Metodologia Seis Sigma para Aprimoramento do Processo de
Extrusdo de Plastico Macio

Muhammad Mansoor Uz Zaman Siddiqui'”, Adeel Tabassun’
Recibido: 12/11/2024 Aceptado: 28/01/2025

Summary. - The gasket manufacturing process in “Company A” faced significant challenges and inefficiencies
because of high rejection rates and variation in extrusion machine, magnetic insertion machine and welding machine’s
performance. All three machines were consistently generating major rejections on a daily basis including a high volume
of purging rejections from the PVC soft extrusion machine, excessive trimming of oversized magnets during the
magnetic insertion process, and significant rejection due to poor joint strength in the welding process of PVC profiles.
In order to address these underlying issues, Six Sigma DMAIC (Define, Measure, Analyze, Improve, Control)
methodology was employed in order to decrease rejection/waste, increase process efficiency and decrease defects of
all three machines. The study involved process mapping, cause and effect analysis, quality function deployment (QFD)
and statistical process tools such as ANOVA, regression and Cp/Cpk analysis. Root causes were identified and targeted
improvements based on the data were introduced including optimized production planning, machine parameter
optimization and standardization, improvement of production execution planning and storage availability, temperature
controls on welding machines and encoder wheel knurling for magnetic insertion machine. The main objectives were
to deal with problems including material waste, variance in magnetic strip size, issues in welding machines and
frequent machine stoppages caused by improper production scheduling because of improper availability of storage
space for batch production independent of door pre-assembly plan. Following implementation, results show a
considerable decrease in extrusion machine rejection %age from 12% to 4.06%, a reduction in purging waste from 17
kg/day to 6.9 kg/day and an increase in machine efficiency from 50.1% to 83.3%. Furthermore, welding machine
rejection %age fell from 7% to 3.7% as a result of enhanced temperature management and equipment maintenance.
Size variation issue in magnet insertion machine was resolved by knurling of encoder wheel. Overall, these changes
resulted in an annual cost savings of roughly 1.5 million PKR for the extrusion process and 1.2 million from magnet
insertion machine. The significance of this project originates from its potential to streamline the gasket production
process by reducing waste and faults while increasing machine efficiency. The results offer a replicable framework
that can be employed across wide range of manufacturing industries for quality improvement and cost optimization.

Keywords: Gasket manufacturing, DMAIC methodology, Six sigma, Process optimization, waste reduction,
sustainable production, ANOVA, Statistical process control.

Resumen. - El proceso de fabricacion de juntas en la “Empresa A” se enfrentaba a importantes desafios e ineficiencias
debido a las altas tasas de rechazo y a la variacion en el rendimiento de las maquinas de extrusion, insercion
magnética y soldadura. Las tres mdaquinas generaban rechazos importantes a diario, incluyendo un alto volumen de
rechazos por purga de la maquina de extrusion blanda de PVC, un recorte excesivo de imanes de gran tamario durante
el proceso de insercion magnética y un rechazo significativo debido a la baja resistencia de las uniones en el proceso
de soldadura de los perfiles de PVC. Para abordar estos problemas subyacentes, se empleo la metodologia Six Sigma
DMAIC (Definir, Medir, Analizar, Mejorar, Controlar) con el fin de reducir el rechazo/desperdicio, aumentar la
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eficiencia del proceso y disminuir los defectos en las tres maquinas. El estudio incluyo el mapeo de procesos, el analisis
de causa y efecto, el despliegue de la funcion de calidad (QFD) y herramientas estadisticas de proceso como ANOVA,
regresion y analisis Cp/Cpk. Se identificaron las causas raiz y se introdujeron mejoras especificas basadas en los
datos, incluyendo la planificacion optimizada de la produccion, la optimizacion y estandarizacion de los parametros
de la maquina, la mejora de la planificacion de la ejecucion de la produccion y la disponibilidad de almacenamiento,
los controles de temperatura en las maquinas de soldar y el moleteado de la rueda del codificador para la maquina
de insercion magnética. Los principales objetivos fueron abordar problemas como el desperdicio de material, la
variacion en el tamario de la banda magnética, los problemas en las maquinas de soldar y las frecuentes paradas de
la maquina causadas por una programacion de produccion incorrecta debido a la disponibilidad inadecuada de
espacio de almacenamiento para la produccion por lotes independientemente del plan de premontaje de la puerta.
Después de la implementacion, los resultados muestran una disminucion considerable en el porcentaje de rechazo de
la maquina de extrusion del 12% al 4,06%, una reduccion en el desperdicio de purga de 17 kg/dia a 6,9 kg/dia y un
aumento en la eficiencia de la maquina del 50,1% al 83,3%. Ademdas, el porcentaje de rechazo de la maquina de soldar
disminuyo del 7% al 3,7% como resultado de una mejor gestion de la temperatura y el mantenimiento del equipo. EI
problema de variacion de tamario en la maquina de insercion de imanes se resolvio mediante el moleteado de la rueda
del codificador. En general, estos cambios resultaron en un ahorro anual de aproximadamente 1,5 millones de rupias
pakistanies (PKR) en el proceso de extrusion y 1,2 millones en la maquina de insercion de imanes. La importancia de
este proyecto radica en su potencial para optimizar el proceso de produccion de juntas, reduciendo el desperdicio y
los fallos, a la vez que aumenta la eficiencia de la maquina. Los resultados ofrecen un marco replicable que puede
emplearse en una amplia gama de industrias manufactureras para mejorar la calidad y optimizar los costes.

Palabras clave: Fabricacion de juntas, metodologia DMAIC, Six sigma, Optimizacion de procesos, reduccion de
desperdicios, produccion sustentable, ANOVA, Control estadistico de procesos.

Resumo. - O processo de fabricagdo de juntas na "Empresa A" enfrentou desafios e ineficiéncias significativos devido
as altas taxas de rejei¢do e a variagdo no desempenho da maquina de extrusdo, da maquina de inser¢do magnética e
da maquina de solda. Todas as trés maquinas geravam consistentemente grandes rejei¢ées diariamente, incluindo um
alto volume de rejeicées por purga da maquina de extrusdo de PVC macio, corte excessivo de imds
superdimensionados durante o processo de inser¢do magnética e rejeicdo significativa devido a baixa resisténcia da
Jjunta no processo de soldagem de perfis de PVC. Para abordar essas questoes subjacentes, a metodologia Six Sigma
DMAIC (Definir, Medir, Analisar, Melhorar, Controlar) foi empregada para diminuir a rejei¢do/desperdicio,
aumentar a eficiéncia do processo e diminuir os defeitos das trés mdquinas. O estudo envolveu mapeamento de
processos, andlise de causa e efeito, implanta¢do da fun¢do de qualidade (QFD) e ferramentas estatisticas de
processo, como ANOVA, regressdo e andlise Cp/Cpk. As causas-raiz foram identificadas e melhorias direcionadas
com base nos dados foram introduzidas, incluindo planejamento de produgdo otimizado, otimizagdo e padronizagdo
dos pardametros da mdquina, melhoria do planejamento da execu¢do da producdo e disponibilidade de
armazenamento, controles de temperatura em maquinas de solda e recartilhamento da roda do encoder para maquina
de inser¢do magnética. Os principais objetivos eram lidar com problemas incluindo desperdicio de material, variagdo
no tamanho da tira magnética, problemas em mdquinas de solda e paradas frequentes de maquinas causadas por
programagdo de produgdo inadequada devido a disponibilidade inadequada de espago de armazenamento para
produgdo em lote independente do plano de pré-montagem da porta. Apos a implementagdo, os resultados mostram
uma redugdo consideravel na porcentagem de rejei¢do da maquina de extrusdo de 12% para 4,06%, uma redugdo no
desperdicio de purga de 17 kg/dia para 6,9 kg/dia e um aumento na eficiéncia da maquina de 50,1% para 83,3%.
Além disso, a porcentagem de rejei¢do da maquina de solda caiu de 7% para 3,7% como resultado do gerenciamento
aprimorado de temperatura e manutengdo do equipamento. O problema de variagdo de tamanho na maquina de
inser¢do magnética foi resolvido pelo recartilhamento da roda do codificador. No geral, essas mudangas resultaram
em uma economia de custos anual de aproximadamente 1,5 milhdo de PKR para o processo de extrusdo e 1,2 milhdo
da maquina de inser¢do magnética. A importancia deste projeto se origina de seu potencial para agilizar o processo
de produgdo de juntas, reduzindo desperdicios e falhas, enquanto aumenta a eficiéncia da maquina. Os resultados
oferecem uma estrutura replicavel que pode ser empregada em uma ampla gama de industrias de manufatura para
melhoria de qualidade e otimizagdo de custos.

Palavras-chave: Fabricagdo de juntas, metodologia DMAIC, Seis sigma, otimiza¢do de processos, redu¢do de
desperdicios, produgdo sustentavel, ANOVA, controle estatistico de processos.
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1. Introduction. - The manufacturing sector constantly strives to minimize rejection and rework during production
while simultaneously enhancing production efficiency and product quality (A Paramasivam, 2022). Six sigma
methodology (Tjahjono, 2010) (Hill, 2017) (S. Reosekar) (Patel, 2021) in its essence was first introduced in 1986 by
Bill smith and Mikel harry, the two engineers from Motorola in 1986. The term "Six Sigma" originates from a statistical
concept that describes a process with no more than 3.4 defects per million opportunities (Noori, 2018). Six sigma
methodology (Macias-Aguayo, Garcia-Castro, Barcia, McFarlane, & Abad-Moran, 2022) as evident from its name is
a six step-based data driven approach which aim to reduce the defects and variability in manufacturing process by
using statistical tools and techniques (Yang C-C, 2022). It is a systematic approach and since its implementation by
companies across various manufacturing fields, has shown that it is enhances the production process efficiency by
reduction in defects and optimization of manufacturing process and as a result of this it increases customer (internal
and external) satisfaction (McDermott, et al., 2022). Companies have been able to save huge amount of money by
reduction in defects in products and increase in efficiency of production process (Alarcon, Calero, Pérez-Huertas, &
Martin-Lara, 2023) (Ndrecaj, Mohamed Hashim, Mason-Jones, Ndou, & Tlemsani, 2023). The most common six
sigma methodology that is being used in manufacturing sector is DMAIC and it stands for define, measure, analyze,
improve and control (Monika Smetkowska B. M., 2018). It is a closed loop process in which impact of improvement
measures is evaluated and improved until the desired results are obtained. After achieving the desired results final
phase is control which is of utmost importance as continuous improvement is only possible if is sustainable over longer
durations. This DMAIC approach is applicable in broad range of industries including manufacturing, software, sales,
quality, service and marketing (LM, 2022).

Gaskets that are produced through extrusion process are very critical part of refrigerator product as they provide sealing
of freezer and refrigerator compartments from the atmosphere thus keeping the cooling inside the refrigerator. The
profile is made up of polyvinyl chloride (PVC) (Lewandowski & Skorczewska, 2022) material and it contains a magnet
that is inserted into the profile before the joining process at the welding station. The magnet ensures the door remains
securely locked and airtight due to its strong attraction to the paint-coated material (PCM) side panel. If any issues
arise with the magnet, such as being too short, broken, or wavy, or if the profile welding joint opens due to
transportation or poor welding, hot air can enter the freezer or refrigerator compartment. This results in poor insulation
from the surrounding atmosphere. Quality of the gasket has direct impact on energy efficiency, compressor life,
refrigerator’s performance and preservation of food.

1.1 Problem statement. - Refrigerator gasket manufacturing process in the company A (for confidentiality reason)
has been facing lots of challenges regarding rejection and rework issues during extrusion process for gasket profile
manufacturing from PVC material, size variation issue during magnet cutting and magnet insertion station and poor
PVC weld joints issue. These issues not only increase process waste at the gasket manufacturing station, leading to
significant costs for Company A, but also negatively impact the efficiency of the gasket manufacturing process.

1.2 Objectives. - Objectives of implementation of six sigma methodology on gasket extrusion process are as under:
1- Improve efficiency and productivity of the extrusion process of gasket profile manufacturing process
2- Reduction in rejection and rework of gaskets
3- Enhance the quality and consistency of the gasket profiles
4- Cost savings by waste minimization
5- Reduction in magnet wastage because of size variation issue
6- Reduction in rejection and rework at welding machine station

2. Literature review. - In recent years, global economic landscape is going through one of the toughest times because
of rising material costs, fluctuation in demand, more competition from emerging markets (Most. Asikha Aktar, 2021).
These issues lead to increase in manufacturing cost and reduction in profit margins as product prices can only be
increased up to a certain because purchasing power of general public is also going down (Bailey, 2016). So, in order
to make the business sustainable, increase profit margins and bring the cost of manufacturing down, more and more
companies from different fields are employing six sigma methodologies in their manufacturing setup (Muraliraj). Six
sigma offers a systematic, data driven framework that helps companies identify inefficiencies, rejection and rework
reasons, things impacting the quality of the product thereby enabling the company to take corrective measures to
resolve these issues leading to increase in cost savings and profit margins even in uncertain economic environment.
The application of Six Sigma has produced notable non-financial and financial benefits/results for numerous Fortune
500 firms (Wasage, 2016). Allied Signal, General Electric, Raytheon, Bank of America, Bechtel, Caterpillar and
Motorola are a few of these businesses. By applying the six-sigma methodology, these businesses have drastically
decreased their defect rates and multiplied their profits by many folds (T. Costa F. S., 2017). Numerous studies have
demonstrated the importance of Six Sigma and Lean techniques in driving quality improvements and minimizing
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process variability. Smetkowska and Mrugalska (2018) successfully applied Six Sigma DMAIC to reduce rejection
rates in manufacturing operations (Monika Sme¢tkowska B. M., 2018). Similarly, Macias-Aguayo et al. (2022) stressed
the use of Six Sigma and Industry 4.0 principles to improve operational efficiency (Jaime Macias-Aguayo, 2022).

T. Costa et al. (2017) used Six Sigma to optimize extrusion processes in tire manufacture, resulting in considerable
defect reduction, demonstrating the applicability of this methodology to extrusion-based industries such as gasket
production (T. Costa F. S., 2017). Furthermore, Hassan Araman et al. (2023) shed light on six sigma and gasket
materials’ performance, emphasizing the need of exact dimensional control and structural integrity in preserving
refrigerator insulation and energy efficiency (Araman, 2023).

This literature clearly establishes the applicability of Six Sigma in gasket extrusion processes, specifically for
identifying root causes of quality issues, improving dimensional accuracy and ensuring overall product integrity and
process stability. Six sigma methodologies can be applied across any manufacturing industry. Building upon these
insights, the current study applies Six Sigma principles to a real-time manufacturing process of soft plastic gaskets,
aiming for practical process enhancements and measurable outcomes.

There are several other key philosophies in the manufacturing industry, such as Lean Manufacturing and Six Sigma.
Six Sigma is a data-driven methodology that utilizes statistical tools to minimize defects and reduce process variability.
Whereas Lean Manufacturing primarily focuses on eliminating waste and improving process flow. Lean practices
typically target Ohno’s seven types of waste to enhance production efficiency. Six sigma uses DMAIC methodology
in which multiple statistical tools are used during different phases in order to achieve the desired result. All those tools
will be discussed in the methodology section in detail. Six Sigma is a statistical term that represents a process in which
minimal defects occur. “Sigma" (o) stands for a process's standard deviation in Six Sigma terminology. A process that
achieves a Six Sigma level is said to produce less than 3.4 defects per million opportunities (DPMO), which is an
indication of almost perfect quality. This yield %age is equal to 99.9997% error-free output (Raman Sharma, 2018).

Sigma Level DPMO Yield

6 34 99.9997%
5.5 32 99.9987%
5 233 99.9770%
4.5 1350 99.8700%
4 6210 99.3800%
3.5 22750 97.7000%
3 66807 93.3000%
2.5 158655 84.1000%
2 308538 69.1000%
1.5 500005 50.0000%
1 691462 30.9000%
0.5 841345 15.9000%

Table 1 Sigma level and comparative values of DPMO and Yield %age

Values in Table 1 represents that as sigma level increases defects per million opportunities decreases and yield %age
(defect free units) increases. This means that if 1 million parts are produced, the DPMO (defects per million
opportunities) represents the number of defective parts out of those 1 million. The yield percentage indicates the %age
of the parts produced without any defects.

-3 StDev -2 S5tDev -1 SDev x-bar 1 StDev 2 StDev 3 StDev

Figure I. Normal distribution curve or Bell curve
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The X-bar line in Figure represents that normal data is distributed symmetrically around mean. A normal curve is
useful for determining the probability that a given data point in a population will fall within a certain range of the
distribution (Amaral, 2022).

The X-bar line in Figure represents the mean and normal data is formed symmetrically around it. A normal curve is
useful for determining the chance that a given data point in a population will fall within a certain range of the
distribution. Red arrow covers +16 from mean and (¢ = standard deviation) represents that 68.26% of all data points
falls within this range. Blue arrow covers +2¢ from mean and it represents that 95.46% of all data points falls within
this range. The purple arrow covers +3c from mean and it represents that 99.7% of data points fall in this range. In a
perfect bell curve mean median and mode of the data set are same and located at the peak of the curve. The ends of
normal distribution curve are known as tails, and these represents extreme values in a data set. In six sigma defects
normally fall in these tails. Six sigma practitioners can determine the process capability (Cp & Cpk) which shows how
well the process is performing relative to specification limits.

Gasket is an integral part of refrigerator product (Guogiang Liu, A review of refrigerator gasket: Development trend,
heat and mass transfer characteristics, structure and material optimization, 2021) which help keep the refrigerator
freezer and refrigerator compartment insulated from environment. Gasket profile is manufactured from the polyvinyl
chloride (PVC) material through the extrusion process. Extrusion process is a manufacturing technique in which a
material is heated according to the required specifications in a barrel which is then forced through a die to achieve the
required profile (Guoqgiang Liu, Research on test method of heat transfer coefficient for refrigerator gasket, 2020).
After exiting of PVC profile from die it is shifted to cooling station through conveyors where it is cooled down through
water jets. These profiles are then shifted to cutting station where they are cut to desired length as per requirement.
These profiles are then later on moved to stock area and then as per requirement to magnet insertion machine area
where magnets are inserted into the profile as per the required length. After this step all these profiles are moved from
magnet insertion machine to welding area where these profiles are inserted into the die, joined by heating them up to
required temperature and then die is closed resulting in a joint formation. All these processes are very critical with
many potential modes of failures which will be discussed in later part of the paper (Tianyang Zhao, 2024).

2.1 Research gap. - The revenue generated by refrigerator manufacturing industry worldwide is estimated to 121
billion USD. Being a billion-dollar industry, no research has been conducted on combined optimization of extrusion,
magnet insertion and welding process. In this project six sigma methodology will be systematically applied in order to
identify the key problems in the whole gasket manufacturing process. These defects/problems will then be later
addressed by using six sigma DMAIC methodology.

2.2 Significance of the study. - Implementing Six Sigma in optimizing the gasket manufacturing process is highly
significant, especially in the context of current economic challenges where high manufacturing costs and price
increases are unsustainable. This optimization will enhance process efficiency, reduce rejections & rework thus
lowering the overall manufacturing cost of the gaskets. Additionally, it will lead to a reduction in defects, both
internally and at the customer end. Furthermore, this project will set a benchmark for the refrigerator manufacturing
industry, demonstrating the value of applying Six Sigma methodology not only in gasket production but potentially
across all manufacturing processes.

3. Methodology. - In order to carry out this research work, six sigma DMAIC methodology was adopted. DMAIC is
a systematic problem-based and customer centric data/target-oriented approach consisting of five basic steps. Those
steps/phases are defined phase, measure phase, analyze phase, improve phase and control phase. Define was started
by making a project charter in which objective of the project, goals, deliverables and problem statement were defined.
Whole gasket extrusion manufacturing process was mapped by using SIPOC diagram (Supplier, Inputs, Process,
Outputs, Customer). VOC (voice of customer) vs VOB (voice of business) analysis was done in order to list down the
common requirements of customer (internal) and business. FMEA (Failure mode effect analysis) was conducted to
identify initial potential failures, evaluate and prioritize risks and suggesting potential solutions/action plan for
prevention of those failures in gasket extrusion manufacturing process. Re FMEA will be done at a later stage again in
order to evaluate the performance of the project. In second measure phase, data of extrusion machine production,
magnetic strip rejection/scrap and welding machines rejection and rework was gathered in order to measure the current
process performance and set the baseline for improvements in coming phase. In the third phase i.e., the analysis phase,
analysis of top problems was conducted and for this purpose detailed cause and effect diagram were made, and top
five problems were prioritized by performing pareto analysis. Quality function deployment (QFD) tool was used to
prioritize customer requirements and to their relationship with functional requirement for better finished product.

Memoria Investigaciones en Ingenieria, nim. 28 (2025). pp. 193-221
https://doi.org/10.36561/ING.28.14
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
197


https://doi.org/10.36561/ING.28.14

M. M. Uz Zaman Siddiqui, A. Tabassum

3.1 Define Phase. - Define phase is one of the first steps in DMAIC methodology. This phase focused on gathering
insights from various stakeholders specifically customer, process owner (production team). This helped in identifying
critical issues in the gasket manufacturing area. First step in define phase to make a project charter in which objectives,
goals, project deliverables, in-scope, out-scope and problem statement were defined.

3.2 Problem Statement. - In the Year 2023, 27,283 gaskets rejected out of 2,84,477 gaskets produced at Gasket
Manufacturing Area. Out of these 27,283 rejected gaskets, 7267 gaskets were crushed, and 20,016 gaskets were
scrapped. The rejection ratio stands at 9.57% and by 15 kg of average value of purging waste for 287 days, this costed
company 3.5 million rupees. As 1.95” magnetic strips get rejected per each profile leading to further cost of 0.96
million rupees. If these issues persist, this could result in a potential loss of 4.5 million rupees to the company in 2024.
Now in order to assist planning and keep the track of project during its various phases, a Gantt chart was setup with
deadlines of the project phase wise. Gantt chart is available in Figure .

7-May-24  27-May-24  16-un-24 6-Jul-24 26-ul-24 15-Aug-24 4-Sep-24 24Sep-24  14-0ct-24 3-Nov-24

DEFINE - sipoc / voB & voc / process map/ aFp / Fvea [N
BUSINESS GOAL / PROJECT SCOPE / PROJECT CHARTER -
MEASURE PHASE ]
ANALYZE PHASE (ANOVA ) [ ]
CONTROL [ I-MR CHART ) ]

PROCESS MONITORING & CONTROLS | ]
DOCUMENTATION [ ]

PUBLICATION WRITING B

SUBMISSION .

Figure II. Gantt chart with project milestones and deadlines.

Understanding the voice of customer and voice of business was absolutely necessary in order to identify the most
important things related to gasket manufacturing process from customer and management point of view. VOB vs VOC
was prepared, and intersection points were considered as goals of the projects. VOB vs VOC is shown in Figure .

VOICE OF BUSINESS VOICE OF CUSTOMER

Production Efficiency On time Availability

Cost saving

Cost Saving Reduction in Defects

Enhancing production and energy
efficiency

Control of wastages Reduction in Fault

Energy Efficiency Slippages

Reduction in Fault Slippages

Variation in sizes (PVC & magnetic Proper Storage and

strip) Stacking

Less variation in

Reduction in Labor Magnetic strip Size

Figure III. Voice of business (VOB) vs Voice of Customer (VOC).
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In this comparison of VOB (Voice of the Business) and VOC (Voice of the Customer), common goals were identified
that were important to both the immediate customer, the door assembly line and management. Key objectives included
cost savings, improving production efficiency, optimizing machine energy consumption, controlling waste,
minimizing defects passed to the customer and reducing variations in the sizes of PVC profiles and magnetic strips.
After that a SIPOC (supplier-input-process-output-customer) was plotted in order to identify all the suppliers (internal
and external), inputs, process mapping, outputs and customer (internal). SIPOC is used to understand the process
components and relevance as it is a simple tool. This was developed through brainstorming session with the project
team and process owner (production team). SIPOC diagram is available in Figure .

SIPOC — Gasket Extrusion Machine

SUPPLIER INPUT PROCESS ouUTPUT CUSTOMER

Pre Heating

!

Loading barrel

Raw Material Store - v
. PVC material
{Internal supplier) Heating (Feed zone,
Compression zone,
Preumatic Metering zone)
Qingdao Eagle Sinico |pressure s Complete
Imy supplier - ket with
(import suppl - gas
External) . b= magnet
Mag?enc v inserted in it Door Pre Assembly
e Cooling with water jets for Refand
ing er
Vina Compound (Import REM of Frz door
supplier - External) redipn i +
:ﬂ"ew':“ = Punching holes in gasket
Cutti val hs of :
{Tiqa] =
Riken (Grade - EDT-5384) Temperature = i:'g' Magnetic
{Import supplier - [Heaters and &= s strips}
External) Die)
Storage
Water for |
cooli ¥
JW [Local supplier - ga;lr::r Magnet insertion into

External) gasket via machine

Gasket welding machine

¥

Stock area

Figure IV. SIPOC of gasket manufacturing process.

In the SIPOC, the process was clearly outlined, with both internal and external suppliers and all process inputs
identified. The outcomes, including the finished product and scrap, were also defined, along with the customer, Door
Pre-Assembly. This tool enables a comprehensive understanding of all aspects related to the process and helps in
identifying critical elements. It provides a foundation for process improvement and acts as a starting point for more
detailed analysis in the later stages of the DMAIC methodology.

Visually representing each stage of the gasket manufacturing process, from the input of raw materials to the output of
the finished product, is known as process mapping. This involves mapping the extrusion of PVC profiles to inserting
magnetic strips in PVC profiles and then welding of these gasket profiles. This process map makes it easy to see how
steps in manufacturing link to one another. Now in order to get the clear representation of the workflow and for
identification of bottlenecks and inefficiencies, process map was developed and can be seen in Figure .
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Figure V. Process map of gasket manufacturing process.

3.3 Measure Phase. - Measuring the process's current performance is the main goal of the DMAIC Measure phase.
Data is gathered during this phase to measure important metrics about rejection, cycle time, production rates and other
important parameters, as well as to provide a baseline for the process. Data was collected from quality inspection
reports, production monitoring reports, operator check sheets and from machine logs. In order to ensure the integrity
of the analysis and remove any biases in the data, several statistical tools were employed. These tools will be discussed
in detail in later section of ANOVA. Prior to making any modifications, it is important to know how the process is
working in order to enable more accurate analysis in later phases. In the measure phase, data of gasket manufacturing
process was gathered in order to set the baseline of the gasket manufacturing process and identify all the issues and
inefficiencies by analyzing the data gathered through check sheets. Gasket manufacturing process was divided into
three processes; extrusion of soft PVC (polyvinyl chloride) material in order to make gasket profiles, magnet insertion
station and welding station of PVC profiles. For all these three processes, data on machine actual production, rejection
reasons, loss time in hours, machine efficiency and parameters monitoring were collected. Extrusion machine
efficiency monitoring report is available in Table

Total

Sr. No Date Standgrd . Standarq lzroot?iilction Aotual Efficiency
Working time Production (ke)

(kg)
1 10th July, 2024 11 495 51 10%
2 12th July, 2024 16 720 341 47%
3 13th July, 2024 19 855 348 41%
4 15th July, 2024 16 720 416 58%
5 16th July, 2024 22 990 487 49%
6 19th July, 2024 19 855 402 47%
7 20th July, 2024 19 855 477 56%
8 21st July, 2024 19 855 516 60%
9 22nd July, 2024 19 855 436 51%
10 23rd July, 2024 19 855 298 35%
11 24th July, 2024 19 855 454 53%
12 26th July, 2024 19 855 434 51%
13 27th July, 2024 22 990 471 48%
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14 28th July, 2024 16 720 350 49%
15 29th July, 2024 19 855 340 40%
16 30th July, 2024 19 855 390 46%
17 31st July, 2024 16 720 415 58%
18 Ist Aug, 2024 22 990 550 56%
19 2nd Aug, 2024 16 720 570 79%
20 3rd Aug, 2024 16 720 520 72%
21 4th Aug, 2024 16 720 400 56%
22 Sth Aug, 2024 19 855 391 46%
23 6th Aug, 2024 19 855 371 43%
24 7th Aug, 2024 19 855 250 29%
25 8th Aug, 2024 19 855 378 44%
26 9th Aug, 2024 16 720 421 58%
27 10th Aug, 2024 16 720 413 57%
28 11th Aug, 2024 16 720 401 56%
29 12th Aug, 2024 16 720 397 55%
30 13th Aug, 2024 16 720 386 54%
Table II. Extrusion machine efficiency monitoring report.
Extrusion machine rejection data is mentioned in the Table .
Standgrd Total Total Actual . Total
Sr. No Date Workmg Standar(.i Production Rejection Rejection
time Production (ke) Y%age (ke)
(hours) (kg)
1 10th July, 2024 11 495 51 88% 45
2 12th July, 2024 16 720 341 12% 40
3 13th July, 2024 19 855 348 13% 44
4 15th July, 2024 16 720 416 12% 48
5 16th July, 2024 22 990 487 12% 57
6 19th July, 2024 19 855 402 9% 37
7 20th July, 2024 19 855 477 6% 30
8 21st July, 2024 19 855 516 11% 58
9 22nd July, 2024 19 855 436 12% 52
10 23rd July, 2024 19 855 298 18% 54
11 24th July, 2024 19 855 454 12% 54
12 26th July, 2024 19 855 434 6% 27
13 27th July, 2024 22 990 471 9% 42
14 28th July, 2024 16 720 350 13% 45
15 29th July, 2024 19 855 340 12% 41
16 30th July, 2024 19 855 390 11% 43
17 31st July, 2024 16 720 415 12% 49
18 Ist Aug, 2024 22 990 550 7% 38
19 2nd Aug, 2024 16 720 570 12% 70
20 3rd Aug, 2024 16 720 520 15% 78
21 4th Aug, 2024 16 720 400 14% 54
22 5th Aug, 2024 19 855 391 9% 35
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23 6th Aug, 2024 19 855 371 12% 46
24 7th Aug, 2024 19 855 250 16% 41
25 8th Aug, 2024 19 855 378 11% 42
26 9th Aug, 2024 16 720 421 11% 45
27 10th Aug, 2024 16 720 413 8% 35
28 11th Aug, 2024 16 720 401 10% 39
29 12th Aug, 2024 16 720 397 13% 53
30 13th Aug, 2024 16 720 386 15% 56
Grand Total 12076 11.6% 1398
Table III. Extrusion machine rejection data
Welding machines efficiency monitoring report is mentioned in the Table .
Sr. Standgrd Total - No. Total  Actual Standard .
No Date Working hours  of . UPH  Production Production Efficiency
(hrs.) Machines

1 10th July, 2024 11 5 200 1255 2200 57%
2 12th July, 2024 11 5 200 970 2200 44%
3 13th July, 2024 22 10 400 1610 4400 37%
4 15th July, 2024 22 8 320 1848 3520 53%
5 16th July, 2024 8 4 160 1004 1280 78%
6 19th July, 2024 22 8 320 2053 3520 58%
7 20th July, 2024 19 9 360 2485 3360 74%
8 21st July, 2024 22 8 320 2270 3520 64%
9 22nd July, 2024 11 3 120 1046 1320 79%
10 23rd July, 2024 22 7 280 2085 3080 68%
11 24th July, 2024 22 7 280 1764 3080 57%
12 26th July, 2024 22 7 280 2078 3080 67%
13 27th July, 2024 22 7 280 1626 3080 53%
14 28th July, 2024 19 7 280 1416 2720 52%
15 29th July, 2024 22 7 280 1676 3080 54%
16 30th July, 2024 11 4 160 1004 1760 57%
17 31st July, 2024 22 7 280 2376 3080 77%
18 Ist Aug, 2024 22 6 240 1790 2640 68%
19 2nd Aug, 2024 11 4 160 1108 1760 63%
20 3rd Aug, 2024 11 4 160 986 1760 56%
21 4th Aug, 2024 11 4 160 1120 1760 64%
22 5th Aug, 2024 11 5 200 385 2200 18%
23 6th Aug, 2024 11 4 160 419 1760 24%
24 7th Aug, 2024 11 4 160 944 1760 54%
25 8th Aug, 2024 11 5 200 1222 2200 56%
26 9th Aug, 2024 11 4 160 328 1760 19%
27 10th Aug, 2024 11 4 160 525 1760 30%
28 11th Aug, 2024 11 4 160 929 1760 53%
29 12th Aug, 2024 11 4 160 885 1760 50%
30 13th Aug, 2024 11 4 160 508 1760 29%
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Table
Sr. Date \Skgirilci?;cgl hours E;) ul e Total - Actual . Standarq Efficiency
No (hrs.) Machines UPH  Production Production
1 10th July, 2024 11 5 200 1255 2200 57%
2 12th July, 2024 11 5 200 970 2200 44%
3 13th July, 2024 22 10 400 1610 4400 37%
4 15th July, 2024 22 8 320 1848 3520 53%
5 16th July, 2024 8 4 160 1004 1280 78%
6 19th July, 2024 22 8 320 2053 3520 58%
7 20th July, 2024 19 9 360 2485 3360 74%
8 21st July, 2024 22 8 320 2270 3520 64%
9 22nd July, 2024 11 3 120 1046 1320 79%
10 23rd July, 2024 22 7 280 2085 3080 68%
11 24th July, 2024 22 7 280 1764 3080 57%
12 26th July, 2024 22 7 280 2078 3080 67%
13 27th July, 2024 22 7 280 1626 3080 53%
14 28th July, 2024 19 7 280 1416 2720 52%
15 29th July, 2024 22 7 280 1676 3080 54%
16 30th July, 2024 11 4 160 1004 1760 57%
17 31st July, 2024 22 7 280 2376 3080 77%
18 Ist Aug, 2024 22 6 240 1790 2640 68%
19 2nd Aug, 2024 11 4 160 1108 1760 63%
20 3rd Aug, 2024 11 4 160 986 1760 56%
21 4th Aug, 2024 11 4 160 1120 1760 64%
22 5th Aug, 2024 11 5 200 385 2200 18%
23 6th Aug, 2024 11 4 160 419 1760 24%
24 7th Aug, 2024 11 4 160 944 1760 54%
25 8th Aug, 2024 11 5 200 1222 2200 56%
26 9th Aug, 2024 11 4 160 328 1760 19%
27 10th Aug, 2024 11 4 160 525 1760 30%
28 11th Aug, 2024 11 4 160 929 1760 53%
29 12th Aug, 2024 11 4 160 885 1760 50%
30 13th Aug, 2024 11 4 160 508 1760 29%
Table IV. Welding machine efficiency monitoring report.
Welding machines rejection data is attached in Table .

Standgrd Actual Standard L o
Sr.No Date Working Production Production Rej ection Rejection

hours (Nos) (Nos) Quantity %age

(hours)
1 10th July, 2024 11 1255 2200 90 7%
2 12th July, 2024 11 970 2200 80 8%
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3 13th July, 2024 22 1610 4400 70 4%
4 15th July, 2024 22 1848 3520 &5 5%
5 16th July, 2024 8 1004 1280 101 10%
6 19th July, 2024 22 2053 3520 109 5%
7 20th July, 2024 19 2485 3360 105 4%
8 21st July, 2024 22 2270 3520 95 4%
9 22nd July, 2024 11 1046 1320 87 8%
10 23rd July, 2024 22 2085 3080 115 6%
11 24th July, 2024 22 1764 3080 111 6%
12 26th July, 2024 22 2078 3080 102 5%
13 27th July, 2024 22 1626 3080 104 6%
14 28th July, 2024 19 1416 2720 110 8%
15 29th July, 2024 22 1676 3080 95 6%
16 30th July, 2024 11 1004 1760 90 9%
17 31st July, 2024 22 2376 3080 89 4%
18 Ist Aug, 2024 22 1790 2640 112 6%
19 2nd Aug, 2024 11 1108 1760 120 11%
20 3rd Aug, 2024 11 986 1760 131 13%
21 4th Aug, 2024 11 1120 1760 87 8%
22 Sth Aug, 2024 11 385 2200 55 14%
23 6th Aug, 2024 11 419 1760 41 10%
24 7th Aug, 2024 11 944 1760 31 3%
25 8th Aug, 2024 11 1222 2200 59 5%
26 9th Aug, 2024 11 328 1760 67 20%
27 10th Aug, 2024 11 525 1760 61 12%
28 11th Aug, 2024 11 929 1760 80 9%
29 12th Aug, 2024 11 885 1760 71 8%
30 13th Aug, 2024 11 508 1760 51 10%

Table V. Welding m/c's rejection data.

Magnet that is inserted into PVC profile before welding is one of the most critical stations as far as oversized magnet
strip rejection per profile is concerned. Its data is gathered and is present in the Table .

Total Total
Standard o o L L
. Actual Rejection  Rejection  rejection  rejection
Sr. Working .
Date Production per profile per gasket of magnet magnet
No hours
(hours) (Nos) (m) (m) per day per day
(m) (kg)
1 10th July, 2024 11 1255 0.044 0.176 221 13
2 12th July, 2024 11 970 0.044 0.176 171 10
3 13th July, 2024 22 1610 0.044 0.176 283 17
4 15th July, 2024 22 1848 0.044 0.176 325 20
5 16th July, 2024 8 1004 0.044 0.176 177 11
6 19th July, 2024 22 2053 0.044 0.176 361 22
7 20th July, 2024 19 2485 0.044 0.176 437 26
8 21st July, 2024 22 2270 0.044 0.176 400 24
9 22nd July, 2024 11 1046 0.044 0.176 184 11
10 23rd July, 2024 22 2085 0.044 0.176 367 22
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11 24th July, 2024 22 1764 0.044 0.176 310 19
12 26th July, 2024 22 2078 0.044 0.176 366 22
13 27th July, 2024 22 1626 0.044 0.176 286 17
14 28th July, 2024 19 1416 0.044 0.176 249 15
15 29th July, 2024 22 1676 0.044 0.176 295 18
16 30th July, 2024 11 1004 0.044 0.176 177 11
17 31st July, 2024 22 2376 0.044 0.176 418 25
18 Ist Aug, 2024 22 1790 0.044 0.176 315 19
19 2nd Aug, 2024 11 1108 0.044 0.176 195 12
20 3rd Aug, 2024 11 986 0.044 0.176 174 10
21 4th Aug, 2024 11 1120 0.044 0.176 197 12
22 5th Aug, 2024 11 385 0.044 0.176 68 4
23 6th Aug, 2024 11 419 0.044 0.176 74 4
24 7th Aug, 2024 11 944 0.044 0.176 166 10
25 8th Aug, 2024 11 1222 0.044 0.176 215 13
26 9th Aug, 2024 11 328 0.044 0.176 58 3
27 10th Aug, 2024 11 525 0.044 0.176 92

28 11th Aug, 2024 11 929 0.044 0.176 164 10
29 12th Aug, 2024 11 885 0.044 0.176 156

30 13th Aug, 2024 11 508 0.044 0.176 89

*Every gasket has 4 profiles
*1-meter magnet = 60 gm
Table VI. Magnet insertion machine data

3.4 Analyze Phase. - FMEA (Failure Modes and Effects Analysis) is a tool used in the Six Sigma methodology to
identify probable failure modes in the production process and evaluate their impact on product quality. FMEA helps
in the identification of potential flaws such as size variances, joining problems or material issues by examining crucial
steps including PVC extrusion, magnetic strip insertion and welding of gasket profiles. For this gasket manufacturing
process, a detailed FMEA was developed in which teams prioritized process improvements by using the risk priority
number (RPN) that was assigned on factors including severity, occurrence and detection. This is in line with Six
Sigma's objective of reducing variances and improving quality by ensuring defect reduction, process optimization and
overall product reliability. FMEA is available in Figure
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s Risk Profile Number
o Process steps Potential failure mode Potential effects Severity Failure causes Occurrence Current controls Detection Recommended actions
Moisture Issue
" Thermocouple ssue 1- Thermoregulator should be present for
arpage
1 Pre-Heating in Oven Improper heating Crack o on 5 Heater issue 3 Temperature monitoring 4 60 temperature control
i
Un even temperature distribution 2- Uniform heating should be present
Bubble formation
Material (PVC) loading in | Improper heater temp set at Feed | Accumulation of PVC materialin Premature heating in Feed zone
2 8 2 Training of machine operators 3 a8 Training of machine operators
hopper zo0ne the hopper base temperatures
1- Regular cleaning of hopper
i - Improper i - r
3 | Extrusion- Feed zone Material clogging I consistent flow of material 7 1-Improper temperature sertings 6 2- Temperature moritoring and 3 126 1- Monitoring of temperature and Gasket
Poor material melting 2 Heater malfunction 2 Regular cleaning
visual inspection of gasket
1- In correct temperature settings
o | Extrsion - compression 1- Uneven compression 1-In consistent gasket thickness 5 2- Excessive friction between screw N 1- Regular maintenance N o 1- Machine health review (screw, heaters, pressures
zone 2- Over heating 2- Burnt section of gasket and barrel 2- Temperature monitoring etc)
3- Material quality issue
1- Variations in screw v partial
) ) 1- Flow inconsistencies 1- Dimensional inaccuracy ariations inscrew speed or partial 1- Reguar maintenance 1- Reguar maintenance
5 | Extrusion - metering zone ' 7 blockage 3 4 s
2- Die Swell 2- Excessive material expansion 2 Material quality check 2- Material quality check
2 Material properties ssue
Slow cooling of gasket because of 1- Improper cooling rate Chiller water temperature
6 Cooling W cooling of g . Warpage, shrinkage 6 lprope 8 2 iller w: peratu 3 36 1- Adjust chiller temperature
higher temp of water 2 Water temperature too high monitoring
1- Improper profie of gasket 1- Chiller water temperature:
proper o y 1- Material waprapage 1- Improper cooling rate s 1- Adjust chiller temperature
7| Profile Formation at Die | 2- Bubble formation in gasket profile 7 3 monitoring 3 6
2- Bubble formation on gasket 2 Moisture issue 2- Pre-heating of material
2- Pre-heating of material
1- Blade wear Visualinspection of gasket and 1- Regular maintenance of cutting assembly (blade
8 Cutting Un even cutting Improper joints formation 8 4 P & 3 % & e W
2- Blade misalignment blades checks, alignment etc)
Manual cutting of magnet - Loss
1- Magnet cutting size variation
9 Magnet insertion - in productivity and improper 8 1- Machine settings issue 4 Visual inspection 2 & Preventive machine maintenance
2- Magnet manual cutting issue
joints during welding
1- Variation in magnet cutting
machine
10 | Manual cutting of magnet Un even cutting Improper joints formation 8 6 Visual inspection 3 144 Preventive machine maintenance
2- Manual cutting of magnet by
worker
Weak weld joints
" weld Gasket joint overiap 1- Gasket joint tear . 1- I correct weld temperatures , 1- Temperature checks B o 1- Implement precise temperature control
eling
€ Gasket joint hole 2- Imrproper fitting 2- Alignement isues during welding 2- Alignment checks 2- Alignment fixtures
Waviness issue because of improper 1- Enhanced monitoring
Gaps and waviness issue after
12 Storage storage e 10 Storage/stacking on floor 7 1- Storage on hangers 3 210 2- Training of production workers
v 3-Design new hangers for storage

Figure VI. Failure modes and effect analysis

Objective of cause-and-effect diagram was to determine the root causes of the problems as well as sources of
inefficiencies and variations in the manufacturing process. After analyzing the data collected in the measure phase and
potential causes and failure modes in FMEA, fishbone diagram of complete gasket manufacturing process was
developed. Fishbone or cause and effect diagram is mentioned in the Figure below.

Measurement

Poor welding
joints

PVC profile and
gnet strip
dimension issue

Black spots in PVC
profile

Material wastage

(PVC & Magnet)

Heater Mi

ing of foreign

i ! . . I i
alignment ::mw particles/Dust in material Un skilled Improper Screw  Pproduction
problem

speed  scheduling

worker .
issue problem

Magnet/PVC
profile length
short

Welded gasket

Bubbles/voids damage

formation in PVC profile
during extrusion

Improper storage

T
Improper Improper pre-heating of gasket
measurement of material 9 Gasket
Gasket joint
Bubbles/voids tear/Wrinkles in gasket
i profile -
formation Wrong profile Gasket joint hole
Improper pre-heating issue problem

Gasket/PVC Gasket
profile Storage transportation,

of material | |

Variation Variationin
in air extruder

pressure temp.

Welding m/c’s Dies
and heaters problem

PVC material
wastage (Purging
waste etc)

-
Size variation in
PVC profile

Size variation in
magnet cutting

Production scheduling
problem because of
excessive changeover

Problem in encoder of

Shrinkage  Improper
magnet insertion m/c

issue cutting

Method Machine

Environment

Figure VII. Cause-and-effect diagram.

Memoria Investigaciones en Ingenieria, num. 28 (2025). pp. 193-221
https://doi.org/10.36561/ING.28.14
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
206


https://doi.org/10.36561/ING.28.14

M. M. Uz Zaman Siddiqui, A. Tabassum

In the gasket manufacturing process, several key factors contributing to high rejection rates were identified. These
included improper storage and transportation systems, issues with welding dies and heaters, inaccurate cutting of the
magnetic strip, poor quality PVC material and frequent color changes during gasket profile production. Together, these
issues were leading to inefficiencies and increased rejection rates during the gasket manufacturing process.

Now cause and effect matrix was developed in order to prioritize the identified causes based on their impact on critical
customer requirements. It can be seen in Figure .

Cause and Effect Matrix

ijecl:l Gasket Manufacturing Process Correlation: 9:High 3:Medium 1:Low 0:No correlation
Importance to customer (1-10) 10 5 5 1 9 9 9
Effects Variables (Ys) Ermefon Size
Dustin  changeover  Purging Wrong  variationin  Holesin | Rejection of : Status
Causes Variables (Xs) + Material  inextrusion Waste profile mang etic | gasket joints Gasket \;-:;%I:{;njl % Rank D;:::ZT'M
Sr.No Tz Sy eliminated)
Production Scheduling 0 9 9 9 0 0 9 180 11.5% 6 Critical
Extruder Temperature ] 3 9 9 0 0 ] 69 4.4% 7 Eliminated
Air Pressure 0 1 1 9 0 0 3 46 2.9% 10 Eliminated
Screw speed 0 3 9 1] 0 1] 0 60 3.8% 9 Eliminated
PVC profile cutter 0 3 0 0 0 3 3 69 4.4% 7 Eliminated
Magnet strip cutting machine ] 0 0 0 9 9 9 243 15.6% 5 Critical
Welding m/c heaters 0 9 9 9 0 9 9 261 16.7% 4 Critical
Welding m/c dies ] 9 9 9 9 9 9 342 21.9% 1 Critical
Storage 3 9 9 9 0 9 9 291 18.6% 3 Critical
PVC material guality 9 9 9 9 0 3 9 297 100.0% 2 Critical
Weighted Score (Y) 120 275 320 63 162 378 540 1561
Comments/Conclusion: Rank 6 ‘ 4 ‘ 3 | 7 ‘ 5 | 2 | 1

Figure VIII. Cause-and-Effects Matrix

In cause-and-effect matrix, critical causes were prioritized based on their impact on critical customer requirements.
Critical causes that were identified were production scheduling issue, magnet strip cutting machine variation issue,
welding machine heaters and dies health issue, improper storage for gaskets and PVC profiles issue and PVC material
quality issue that impacts on the final product quality.

After that QFD was developed based on the cause-and-effect diagram and cause and effect matrix in order to link
customer requirements with technical requirements that need improvement. QFD is available in Figure .

Quality Function Deployment Relationships:
9 3 1 o
Project title: Gasket Ectrusion Strong Moderate Weak None

Project leader: Adee| Tabassum
Date: 06-Jul-24

Functional Requirements (How's)

1: low, 5: hi > Producti TS | e Extrusi Magnet
= c roduction . usion usion . agn
s iy ) 3 Trained health ! ; PVC Profile & Storage of
Customer Raw Material = Scheduling of Machine machine . cutting
. . 3 Labour (heaters and cutting m/c 5 pgasket Weighted
importance Customer Requirements - (What's) extrusion m/c . Health Parameters machine
A dies) score
rating
5 Timely delivery of gaskets 1 9 9 9 3 3 9 9 1
5 Reduction in defacts 1 9 3 9 9 3 9 9 9
5 Reduction in fault slippages 0 0 1 1 3 3 9 9 9
a Flexible 9 0 ] 0 0 0 0 0 0
4 No Dust 9 0 o 0 0 0 0 0 9
2 Propper Storage and stacking 1 9 E] 0 0 0 3 3 L]
5 Magnetic strip size variation 1 1 3 0 0 0 0 9 0
Technical impertance score 29 113 86 95 75 45 bL5 | 186 149 979
Importance % 9% 12% 9% 10% 8% 5% 14% 19% 15%
Priorities rank 6 L] 7 5 8 9 3 1 2

Figure IX. Quality function deployment (QFD)

After analyzing the data from the previous year (2023) using the Pareto principle, the results are illustrated in the
Figure , Figure and Table below.
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Gasket Production (2023)

38980 38482

38974

40000 717
3 6 35686
35000
30000 28192 56968
25000
19068
20000
15000
9961 10990
10000
862 063
354 514 820
5000 833 48 7
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0
P T N T TR T I
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Figure X. Gasket production and rejection data of 2023.
Pareto Chart
9000 2000 100.0%
8000 7721 90.1% 90.0%
7000 80/20Rule | 5, o,
6000 70.0%
60.0%
5000
50.0%
4000
40.0%
3000 2373 30.0%
2000 20.0%
1000 1
11.1% 10.4% 10.0%
0 0.0%
GASKET JOINTHOLE  GASKET JOINT OVER LAP BLACK SPOTS SIZE VARIATION

E===d Quanity ===l %age e=====Share

Figure XI. Pareto analysis of the data of 2023.

Problem Quantity Yage Cause of the defect
GASKET JOINT HOLE 8000 29% Welding M/C
GASKET JOINT OVER LAP 7721 28%

GASKET PROFILE WRONG 4893 18% Extrusion Machine
BLACK SPOTS 2530 9% Material

SIZE VARIATION 2373 9% Extrusion Machine

Table VII. Cause of defect identification based on 2023 data.
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Summary of the data that was gathered in measure phase is mentioned in Table , Table and Table .

PVC Extrusion M/c Data
Total Production . Rejection Qty. L
Sr. No Efficienc Rejection %age
(kg) Y (kg) ! e
1 12076 50% 1398 12%
Table VIII. Summary of PVC Extrusion machine data.
Welding M/c's Data
Sr. No Total Production Efficiency Rejection Qty. Rejection %age
1 39,715 54% 2604 7%

Table IX. Summary of welding machine's data.

Magnet insertion m/c data

Sr. No Total  Production  of Total Rejection of magnet Average Rejection per day
gaskets (kg) (kg)
1 39,715 419 14

Table X. Summary of magnet insertion m/c data.

3.5 ANOVA. - ANOVA (Analysis of Variance) is used on the data collected during the measure phase of the gasket
manufacturing process to evaluate whether there are statistically significant differences between the means of various
groups or factors that may be impacting the process. In the measure phase data was gathered in order to better
understand the variability in the gasket production process, such as differences in total rejection, purging rejection,
machine parameter settings, variation in production plan and machine efficiency. ANOVA allows manufacturers to
determine which factors have a major impact on the quality or performance of their gaskets. This analysis aids in
identifying sources of variation that must be addressed during the improve phase of the process.

The "Total Rejection" data's normality was thoroughly tested in this study using four statistical tests: the Kolmogorov-
Smirnov test, the Kolmogorov-Smirnov test with Lilliefors correction, the Shapiro-Wilk test and the Anderson-Darling
test. The Kolmogorov-Smirnov test produced a statistic of 0.09 and a p-value of 0.982, suggesting no significant
departure from a normal distribution. Similarly, the Kolmogorov-Smirnov test with Lilliefors correction, which
accounts for small sample sizes, yielded a statistic of 0.09 and a p-value of 1, providing additional support for the
normality assumption. The Shapiro-Wilk test, which is known for being effective with small to intermediate sample
sizes, yielded a statistic of 0.97 and a p-value of 0.606, supporting the conclusion of normality. Finally, the Anderson-
Darling test, which is especially sensitive to tail deviations, returned a statistic of 0.24 and a p-value of 0.779,
suggesting no significant departure from normalcy. Collectively, these tests provide strong evidence that the "Total
Rejection" data follows a normal distribution, supporting the use of parametric statistical approaches in following
investigations. Data is mentioned in Table

Normality tests Statistics p
Kolmogorov-Smirnov 0.09 0.982
Kolmogorov-Smirnov 0.09 1
(Lilliefors Corr.)

Shapiro-Wilk 0.97 0.606
Anderson-Darling 0.24 0.779

Table XI. Tests for normal distribution of Total Rejection.

The Durbin-Watson test was used to determine whether the regression model's residuals had autocorrelation. The test
produced a statistic of 2.37, which is near to the ideal value of two, indicating no significant first-order autocorrelation.
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The corresponding p-value of 0.348, which is greater than the conventional significance level of 0.05, supports this
result by indicating that the null hypothesis of no autocorrelation cannot be discarded. The autocorrelation coefficient
of -0.24 suggests a small negative connection between residuals, although it is not statistically significant. Overall, the
results indicate that the residuals are independent, and the regression model meets the requirement of no
autocorrelation. This discovery improves the trustworthiness of the regression analysis and its conclusions and is
mentioned in Table

Autocorrelation Statistics p
-0.24 2.37 0.348
Table XII. Durbin-Watson-Test

Now multicollinearity test was performed. It is used to confirm that the regression model is reliable and valid by
determining whether the predictor variables were significantly linked with one another. Multicollinearity can generate
a number of problems in regression analysis, including exaggerated standard errors of coefficient estimates, incorrect
significance tests, and difficulties evaluating each predictor's unique contributions. Multicollinearity, which happens
when predictor variables in a regression model are highly correlated, can impair model dependability by increasing the
variance of coefficient estimates and making it harder to analyze each predictor's individual effect. To diagnose
multicollinearity, two crucial metrics are commonly used: tolerance and the Variance Inflation Factor (VIF). Tolerance
levels less than 0.10 or VIF values greater than 10 are typically regarded indicators of problematic multicollinearity.
In this analysis, the Tolerance and VIF values for all predictors, such as "purging rejection" (Tolerance = 0.81, VIF =
1.23), "Gasket size variation issue" (Tolerance = 0.88, VIF = 1.14), and "machine stop for lunch break" (Tolerance =
0.63, VIF = 1.58), are well within acceptable ranges. None of the predictors have Tolerance values less than 0.10 or
VIF values greater than 10, indicating that multicollinearity is not a major concern in this model. This implies that the
predictors are sufficiently independent, and the regression analysis can proceed without concern for multicollinearity
influencing the results. Results are available in Table .

Model Tolerance VIF
Purging rejection 0.81 1.23
Gasket size variation issue 0.88 1.14
Color changeover rejection 0.68 1.47
Pre-heating 0.58 1.73
Machine parameter setting 0.7 1.44
Machine stop - No plan 0.67 1.49
Machine stop - Gasket color change 0.49 2.02
Machine stop for lunch break 0.63 1.58

Table XIII. Multicollinearity test.

Now model summary and ANOVA table were prepared from regression analysis in order to evaluate the performance
of the model. The regression analysis showed a robust association between predictors and the dependent variable (R =
0.91 and R? = 0.84), accounting for 84% of the variation. The improved R? (0.76) verified the model's robustness, and
the standard error of 5.9 indicated acceptable prediction accuracy. The ANOVA findings (F = 10.86, p <.001) showed
the model's overall significance. This investigation confirmed the model's fit and predictive capability, indicating its
suitability for evaluating variable relationships. It confirmed that the predictors together had a significant effect on the
dependent variable. Above mentioned values are available in Table 2 and Table.
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Standard error

2 : 2
R R Adjusted R of the estimate
0.91 0.84 0.76 59
Table 2 Model summary
Model df F P
Regression 8 10.86 <.001
Table XV. ANOVA.

Now Pareto diagram was prepared in order to identify and prioritize the most significant factors that results in the
instability of the process leading it to deviate from mean and perform erratically. This pareto diagram (Figure ) will
also validate the significant factors diagnosed in the previous mentioned tools like cause-and-effect diagram, cause
and effect matrix, quality function deployment and FMEA.

Paretro diagram of standardized effects

1.91

Gasket size variation issue

Pre-heating

IMachine parameter setting

g Color changeover rejection
@ )

(o Machine stop - No plan

Purging rejection

Machine stop - Gasket color change

Machine stop for lunch break

Standardised effect

Figure XII. Pareto diagram of standardized effects.

In this pareto diagram, factors such as gasket size variation issue, pre-heating, machine parameter setting, color
changeover rejection, machine stop — no plan, purging rejection were evaluated and then ranked for their impact. This
highlights the ones that require immediate attention and will yield maximum results with optimized allocation of
resources.

3.6 Improve Phase. - The goal of improve phase is to implement the solutions of the problems/causes that were
identified in the analyze phase. This involves designing and testing the suggested improvements of the problems to
enhance efficiency, reduce defects and variations in the manufacturing process. Detailed solutions to each cause
identified in analyze phase are given below in Table .
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Iir(; Problem Root cause Suggestions for improvement
1- Gasket manufacturing plan should be independent from
Purging DPA plan
Waste Excessive chaneeover 2- Gasket production planning should be done as per stock area
1 & ; & o
Wrong 1ssue 3- Stock area for PVC profiles should be designed in such a
profile issue way that extrusion machine must not be used for production
every single day. Batch production planning should be done
1-In first step, knurling of encoder wheel as grooves on the
wheel are practically eliminated
Cuttine machine sensors 2- If problem of size variation is not resolved then secondly will
Magnetic not okg remove the mechanical delay between the rocker arm and limit
2 Strip cutting switch . .
Waste 3- In case the problem is still not resolved then will replace the
existing the encoder with rotary increment encoder
Manual Cutting 4- For a temporary solution, manual cutting should be done as
we are already performing this process at later stage
Welding Dies health issue  1-Repairing of Dies
Uncontrolled heaters 2- Usage of K type thermocouples with microsensor to control
) temperatures for welding  the temperature
Welding ) o ) )
3 Joints 3- Replacing the existing filament type electric heaters with
tube type electric heaters
Storage issue for finished 4-Use trollies or hangers for transportation
gasket 5-Improve design of Hangers
Dust in Crush 1-Use less crush or no crush
4 Black spots  Foreign particles mixing

in virgin material

2- Supplier material evaluation should be done

Table XVI. Suggestions for improvements for gasket manufacturing process.

Detailed feasibility analysis of the improvements mentioned in Table was performed. Cost of these improvements is

mentioned in Table , Table and Table .

Price
Item

(PKR)
Price of Thermocouple 2500
Price of MAX6675 2350
Price of Arduino UNO 2000
Cost of single setup 6850
Total No. of welding Machines g
Total Cost 54,800

Table XVII. Welding machine heaters temperature controller.
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Item Quantity
Number of coils on each hanger 50
Cost of improvement on each hanger 50

(scrap metal will be used - Cost is of labor and

welding) >0
Total Cost 75000
Table XVIII. Redesigning of hangers for gasket storage.
Quantity with 1 m/c production
Item (PKR)
Cost of each box (PKR) 5,000
Total Cost (PKR) 90,000

Table XIX. Construction of wooden boxes for PVC profile storage.

3.7 Control phase. - After the implementation of improvement suggestions that were mentioned in improve phase,
control phase in the gasket manufacturing process focuses on sustaining the improvements made in previous stages to
guarantee consistent product quality with little variance. Control mechanisms are put in place during this phase to keep
an eye on important process variables like material wastage control by controlled production scheduling, controlling
of defects related to welding machines, controlling the defects related to storage of gaskets and PVC profiles, extrusion
machine parameters and magnetic strip insertion precision. Control charts are used to monitor these variables over 30
days of time in order to identify any deviations. Remapping of process was done in order to improve the existing setup.
Summary of extrusion machine data is available in the Table below.

PVC Extrusion M/c Data (After Improvement) Date = 20th Aug, 2024 — 10th Sep, 2024

Total Actual Production  Efficiency Total Rejection T
Sr. No (ke) Ysage (ke) Rejection %age
1 13200 83.2% 536 4.06%

PVC Extrusion M/c Data (Before Improvement)

Sr. No Total Production Efficiency Rejection Qty. Rejection %age
(kg) (kg)
1 12076 50% 1398 12%

Table XX. Summary of extrusion m/c data (Before vs After Improvement).

In this research, Cp and Cpk (Statistical Process Control metrics) were used to evaluate the process's capability before
and after making modifications to the gasket manufacturing process. These indices were used for studying how
modifications affected production efficiency, rejection %age, and purge rejection. Cp assesses the process's potential
capability by comparing its spread to the specification limitations, whereas Cpk accounts for process centering,
providing information about how well the process mean aligns with the target. Before improvement, the process had
low Cp and negative Cpk values, indicating inadequate capability and a considerable variation from the target values.
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The findings show that effectiveness of the improvement steps taken on manufacturing line in increasing production
efficiency, lowering rejection rates, and reducing purge rejection, resulted in a more capable and stable manufacturing
process that revolves around.

Cp and Cpk calculation of before and after improvements are mentioned in Table and Table.

Parameters Production Efficiency Rejection %age Purging rejection
Target 80% 4.0% 7

+ Tol 20% 0.5% 3

- Tol 5% 0.5% 3
USL 100% 4.5% 10
LSL 75% 3.5% 4
AVE 48% 13.1% 14
MAX 61% 88.4% 21
MIN 10% 4.6% 4
USL-LSL 25% 1.0% 6

s 9.7% 15.4% 4
CpU 1.785 -0.19 -0.40
CpL -0.926 0.21 0.94
Cp 0.429 0.01 0.27
Cpk -0.926 -0.19 -0.40

Table XXI. Cp & Cpk calculations of gasket manufacturing process - Before improvement.

Parameters Production Efficiency Rejection %age Purging rejection
Target 80% 4% 7.000
+ Tol 20% 0.5% 3.000
- Tol 5% 0.5% 3.000
USL 100% 4.5% 10.000
LSL 75% 3.5% 4.000
AVE 83% 4.1% 6.852
MAX 90% 4.3% 8.000
MIN 78% 3.7% 5.000
USL-LSL 25% 1.0% 6.000
s 2.8% 0.1% 0.972
CpU 1.996 1.023 1.080
CpL 0.975 1.290 0.979
Cp 1.486 1.157 1.029
Cpk 0.975 1.023 0.979

Table XX. Cp & Cpk calculations of gasket manufacturing process - After improvement.

I-MR control chart of production efficiency, rejection %age and purging rejection are given below and explained in
detail.
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I-MR Chart of Production Efficiency - After Improvement
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Figure XIII. I-MR control chart of purging rejection after improvement.

I-MR Chart of Production Efficiency - Before Improvement
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Figure XIV. I-MR control chart of purging rejection before improvement

As it can be seen in Error! Reference source not found. and Error! Reference source not found. that average
rejection reduced from 17 kg/day to 6.9 kg/day. Average rejection per day dropped from 47 kg to 24 kg just because
of improving production planning and storage area for PVC profiles. Cost of PVC material per kg is 395 PKR including
energy consumption and labor cost per day. This results in a saving of 5,135 PKR per day just from extrusion machine.
This amounts to 1.5 million PKR per year from one extrusion machine only.
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I-MR Chart of Rejection %age - After Improvement
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Figure XV. I-MR chart of date vs rejection %age after improvement.
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Figure XVI. I-MR control chart of date vs rejection %age before improvement.

The graphs in Figure and Figure show a significant reduction in the average rejection %age, dropping from 12% to
4.06%. This substantial decline in rejection %age is primarily due to increased productivity. The boost in production
and decrease in stoppage times led to a reduction in purging rejection and machine setup rejection, ultimately
contributing to the overall decrease in the rejection %age.
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I-MR Chart of Production Efficiency - After Improvement
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Figure XVII. I-MR control chart of efficiency after improvement.
I-MR Chart of Production Efficiency - Before Improvement
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Figure XVIII. I-MR control chart of production efficiency before improvement.

It can be seen from the Figure and Figure that efficiency of extrusion machine increased from 50.1% to 83.3% which
is a huge change. This was only possible by reducing the number of changeovers and stoppage times.

Rejection because of size variation in magnet cutting machine issue was resolved after the knurling of encoder wheel.
Average value of magnetic strip rejection per day was 14 kg. At a cost of 17 PKR/meter and 1 meter of magnet weighs
60 gm. This saves company almost 1.2 million PKR in 1 year (300 working days).
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I-MR control chart of welding m/c's rejection before
improvement
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Figure XIX. I-MR control chart of welding m/c's rejection before improvement.
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Figure XX. I-MR control chart of welding m/c's rejection after improvement.

It can be seen in Figure and Figure that average welding rejection was reduced from 7% to 3.7%. This happened
because of implementing temperature controller for heaters and repairing of dies. Efficiency monitoring report was not
prepared for welding m/c’s as their plan is dependent upon door pre-assembly and production on welding machines

start and stop based on the requirement of door pre-assembly.

4. Conclusion. - The six-sigma project, based on DMAIC methodology, for gasket manufacturing process has resulted
in significant improvement in gasket manufacturing process resulting in increase in efficiency, waste reduction, process

improvement thus improving the overall product quality.

4.1 PVC extrusion machine. - The overall rejection %age of the extrusion machine decreased significantly from 12%
to 4.06%. The average purging rejection per day was reduced from 17 kg to 6.9 kg and the total daily rejection dropped
from 47 kg to 24 kg. This reduction translates into a savings of 5,135 PKR per day, amounting to 1.5 million PKR
annually (based on 300 working days). Additionally, the efficiency of the extrusion machine improved from 50.1% to
83.3%, marking a substantial increase in productivity. Also, next month plan was completed in 20 days thus saving a

considerable amount of energy cost, labour cost and other costs associated with it.

4.2 Magnet insertion m/c. - There was loss of 14 kg of magnet per day and as 1-meter magnet weighs 60 gm so there
was a loss of 233.3 meters of magnet per day. This loss was reduced to zero by knurling of encoder wheel thus saving

company 1.2 million rupees in one year (300 working days) at a cost of 17 PKR/meter.

4.3 Welding m/c’s. - Since the welding machines operate based on the requirements of the door pre-assembly process,
the rejection %age of the welding machines was monitored after the improvements were implemented. The rejection
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rate dropped from 7% to 3.7%, primarily due to enhancements in the temperature control of the welding heaters and
repairs to the dies, which contributed to better overall performance and reduced defects.

In conclusion this six-sigma project not only achieved significant improvements in gasket manufacturing process by
optimizing the production process and production scheduling by developing the storage area of gasket profiles in order
to smoothen the production of extrusion machine and remove it dependency on door pre-assembly plan because of
absence of storage space. Also, a significant problem was resolved by knurling of encoder wheel at magnet insertion
station by improving the threading of encoder wheel so that it can accurately read the length of magnet during
production. Major issues of welding machines were resolved by adding a temperature controller for heater and
repairing of dies. In addition to these changes, comprehensive operator training sessions were conducted, and Standard
Operating Procedures (SOPs) were established to guide production execution and quality inspection processes. As a
result of this final product is improved significantly along with process. By continuing to monitor and control these
improvements can be sustained as there is not ample time available for preventive maintenance because of extrusion
m/c production plan completion before time with at least 10 days to spare.
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Parametric Optimization of Electric Discharge Machining for AISI 1045 Steel:
A Comprehensive Study

Optimizacion paramétrica del mecanizado por electroerosion para acero AISI
1045: un estudio exhaustivo

Otimizagdo Paramétrica da Usinagem por Eletroerosdo para A¢o AISI 1045: Um
Estudo Abrangente

Muhammad Mansoor Uz Zaman Siddiqui'™”, Syed Amir Igbal’, Ali Zulgarnain’, Adeel Tabassum?
Recibido: 20/11/2024 Aceptado: 02/03/2025

Summary. - This study investigates the optimization of Electric Discharge Machining (EDM) parameters for AISI
1045. It is a medium carbon steel which is commonly used in automotive and acrospace industries because of its
balanced strength, toughness and machinability. However, achieving optimal machining efficiency with excellent
surface finish in short time and without wasting excess material with EDM remains a challenge at large. The research
focuses on optimizing key EDM input parameters like current (LV), voltage (HV), pulse on time (Ton) and pulse off
time (Toff), to improve machining time (Tm), material removal rate (MRR), electrode wear rate (EWR), surface
roughness (Ra) and base radius (R). Full factorial design and Response Surface Methodology (RSM) were used to
conduct experiments, and ANOVA was employed to identify the most significant factors influencing the output
responses. Multi-objective optimization was performed through the desirability function and the findings were
validated by repeated experiments. The results showed that pulse on time (Ton), its interaction with pulse off time
(Toff) and the three-factor interaction between current (LV), Ton and Toff were the most significant factors affecting
machining performance. Optimizing these parameters reduced machining time (Tm) to 623.21 seconds thus
significantly improving EDM efficiency. The material removal rate (MRR) was maximized at 0.0173 g/min resulting
in considerable increase in material removal efficiency. The electrode wear rate (EWR) was minimized to 0.0088
g/min, which prolongs electrode life and reduces operational costs. Surface roughness (Ra) was improved to 0.0253
mm, ensuring a high-quality surface finish. The base radius (R) was successfully optimized to 1.5298 mm, aligning
closely with the desired target of 1.5 mm thus ensuring dimensional accuracy. This investigative study of optimization
of parameters for EDM of AISI 1045 material is extremely significant for automotive and aerospace industries that
rely on precision machining, as the optimized EDM parameters lead to improved efficiency, reduced material waste
and enhanced product quality. These findings offer valuable insights for improving EDM processes, particularly in
sectors requiring complex geometries and high precision, such as automotive and aerospace manufacturing.

Keywords: Electric Discharge Machining; AISI 1045; Parametric Optimization; Material Removal Rate; Electrode
Wear Rate; Surface Roughness; Machining Time; Response Surface Methodology; ANOVA; Base Radius

Resumen. - Este estudio investiga la optimizacion de los parametros de mecanizado por descarga eléctrica (EDM)
para AISI 1045. Es un acero de carbono medio que se utiliza comunmente en las industrias automotriz y aeroespacial
debido a su resistencia, tenacidad y maquinabilidad equilibradas. Sin embargo, lograr una eficiencia de mecanizado
optima con un excelente acabado superficial en poco tiempo y sin desperdiciar material sobrante con EDM sigue
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siendo un desafio en general. La investigacion se centra en la optimizacion de los parametros de entrada clave de
EDM como la corriente (LV), el voltaje (HV), el tiempo de activacion del pulso (Ton) y el tiempo de desactivacion del
pulso (Toff), para mejorar el tiempo de mecanizado (Tm), la tasa de remocion de material (MRR), la tasa de desgaste
del electrodo (EWR), la rugosidad superficial (Ra) y el radio base (R). Se utilizaron el diseiio factorial completo y la
Metodologia de Superficie de Respuesta (RSM) para realizar experimentos y se empleo ANOVA para identificar los
factores mas significativos que influyen en las respuestas de salida. Se realizo una optimizacion multiobjetivo a través
de la funcion de deseabilidad y los hallazgos se validaron mediante experimentos repetidos. Los resultados mostraron
que el tiempo de activacion del pulso (Ton), su interaccion con el tiempo de desactivacion del pulso (Toff) y la
interaccion de tres factores entre la corriente (LV), Ton y Toff fueron los factores mas significativos que afectaron el
rendimiento del mecanizado. La optimizacion de estos parametros redujo el tiempo de mecanizado (Tm) a 623,21
segundos, mejorando asi significativamente la eficiencia de la electroerosion. La tasa de eliminacion de material
(MRR) se maximizo a 0,0173 g/min, lo que resulto en un aumento considerable en la eficiencia de eliminacion de
material. La tasa de desgaste del electrodo (EWR) se minimizo a 0,0088 g/min, lo que prolonga la vida util del
electrodo y reduce los costos operativos. La rugosidad superficial (Ra) se mejoré a 0,0253 mm, lo que garantiza un
acabado superficial de alta calidad. El radio base (R) se optimizo con éxito a 1,5298 mm, alineandose estrechamente
con el objetivo deseado de 1,5 mm, lo que garantiza la precision dimensional. Este estudio de investigacion sobre la
optimizacion de parametros para la electroerosion de material AISI 1045 es fundamental para las industrias
automotriz y aeroespacial que dependen del mecanizado de precision, ya que la optimizacion de los parametros de la
electroerosion mejora la eficiencia, reduce el desperdicio de material y mejora la calidad del producto. Estos
hallazgos ofrecen informacion valiosa para mejorar los procesos de electroerosion, especialmente en sectores que
requieren geometrias complejas y alta precision, como la fabricacion automotriz y aeroespacial.

Palabras clave: Mecanizado por electroerosion; AISI 1045; Optimizacion paramétrica; Tasa de remocion de material;
Tasa de desgaste de electrodos; Rugosidad superficial;, Tiempo de mecanizado; Metodologia de superficie de
respuesta;, ANOVA; Radio base

Resumo. - Este estudo investiga a otimizagdo dos parametros de usinagem por descarga elétrica (EDM) para AIST
1045. E um ago de médio carbono comumente usado nas indiistrias automotiva e aeroespacial devido a sua resisténcia,
tenacidade e usinabilidade equilibradas. No entanto, atingir a eficiéncia de usinagem ideal com excelente acabamento
superficial em curto espago de tempo e sem desperdicar excesso de material com EDM continua sendo um grande
desafio. A pesquisa se concentra na otimizag¢do dos principais parametros de entrada de EDM, como corrente (LV),
tensdo (HV), tempo de pulso ligado (Ton) e tempo de pulso desligado (Toff), para melhorar o tempo de usinagem (Tm),
taxa de remocgdo de material (MRR), taxa de desgaste do eletrodo (EWR), rugosidade da superficie (Ra) e raio da
base (R). O planejamento fatorial completo e a Metodologia de Superficie de Resposta (RSM) foram usados para
conduzir experimentos e ANOVA foi empregada para identificar os fatores mais significativos que influenciam as
respostas de saida. A otimiza¢do multiobjetivo foi realizada por meio da fungdo de desejabilidade e os resultados
foram validados por experimentos repetidos. Os resultados mostraram que o tempo de pulso ligado (Ton), sua
interagdo com o tempo de pulso desligado (Toff) e a interagdo de trés fatores entre corrente (LV), Ton e Toff foram os
fatores mais significativos que afetaram o desempenho da usinagem. A otimizagdo desses parametros reduziu o tempo
de usinagem (Tm) para 623,21 segundos, melhorando significativamente a eficiéncia da EDM. A taxa de remog¢do de
material (MRR) foi maximizada em 0,0173 g/min, resultando em um aumento consideravel na eficiéncia da remog¢do
de material. A taxa de desgaste do eletrodo (EWR) foi minimizada para 0,0088 g/min, o que prolonga a vida util do
eletrodo e reduz os custos operacionais. A rugosidade da superficie (Ra) foi melhorada para 0,0253 mm, garantindo
um acabamento superficial de alta qualidade. O raio da base (R) foi otimizado com sucesso para 1,5298 mm,
alinhando-se estreitamente com o alvo desejado de 1,5 mm, garantindo assim a precisdo dimensional. Este estudo
investigativo sobre a otimizagdo de parametros para eletroerosdo do material AISI 1045 é extremamente significativo
para as industrias automotiva e aeroespacial que dependem de usinagem de precisdo, visto que os pardmetros
otimizados de eletroerosdo levam a uma maior eficiéncia, redugdo do desperdicio de material e melhoria da qualidade
do produto. Essas descobertas oferecem insights valiosos para o aprimoramento dos processos de eletroerosdo,
particularmente em setfores que exigem geometrias complexas e alta precisdo, como a industria automotiva e
aeroespacial.

Palavras-chave: Usinagem por Descarga Elétrica;, AISI 1045; Otimiza¢do Paramétrica, Taxa de Remoc¢do de
Material; Taxa de Desgaste do Eletrodo,; Rugosidade da Superficie; Tempo de Usinagem; Metodologia de Superficie
de Resposta; ANOVA; Raio da Base.
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1. Introduction. - The machining techniques that are generally used in the industry can be categorized into
conventional and non-conventional methods. The conventional machining process removes material from a workpiece
using mechanical techniques such as cutting, shearing, and abrasion. The techniques used can be milling, grinding,
drilling and turning (1). When the conventional machining techniques are applied, hard tools are used to shape the
workpiece to the required size and surface finish. Conversely, the non-conventional machining methods use alternative
techniques that are dependent on sources of high energy or other methods that can support in removal of material from
the workpiece. These methods include water jet machining (2), ultrasonic machining (3) (4), laser cutting (5) (6),
electrical discharge machining (EDM) (7) (8) and electrochemical machining (9) (10). The common applications for
the non-conventional machining processes are hard materials, complex geometries and those areas where the
conventional processes lose their effect. The parts produced are relatively accurate machined flexibly when these
techniques are utilized.

There’s always a need for usage of versatile materials that can be used for a wide range of applications in which the
material should show a balance between toughness, strength and wear resistance. Electric Discharge Machining (EDM)
is particularly well-suited for machining AISI 1045 due to its ability to handle hard materials and complex geometries
without inducing mechanical stress. AISI 1045 is a medium carbon steel with a moderate carbon content (0.43-0.5%)
and is widely used in industries requiring high strength and wear resistance, such as automotive and aerospace.
However, its hardness makes it challenging to machine using conventional methods, especially for intricate shapes and
tight tolerances. EDM is a contact less process and uses electrical impulses to erode material, making it ideal for such
applications. Additionally, EDM provides excellent surface finish quality, reducing the need for post-processing steps
like polishing or grinding. These advantages make EDM the preferred choice for machining AISI 1045 in precision-
critical applications.

Electrical Discharge Machining (EDM) is particularly well-suited for machining AISI 1045 due to the material's
properties and the unique capabilities of the EDM process. AISI 1045, a medium-carbon steel, is known for its good
tensile strength and wear resistance, making it a popular choice for components such as gears, shafts, and machinery
parts. However, its hardness and toughness can pose challenges for conventional machining methods, especially when
intricate shapes or fine surface finishes are required. EDM, being a non-contact machining process that uses electrical
discharges to remove material, is ideal for such scenarios. It can efficiently machine hard materials like AISI 1045
without inducing mechanical stress or tool wear, which are common issues in traditional machining. This makes EDM
a preferred method for achieving precise geometries and high-quality surface finishes on AISI 1045 components.

There are several industrial applications of AISI 1045 material which includes construction usage, tool and die making,
automotives industry and agriculture. In industrial applications, this material is used to make shafts, gears and
couplings, bolts and studs, crankshafts and connecting rods etc. In construction applications, its usage comes for those
structural components where a balance between strength and toughness is the task. In the dies and tools where wear
resistance and medium strength is required, this material is utilized. In automotive industry, this material is used to
manufacture axles as well as engine components (11). Similarly, it is used to produce components which are assembled
in agricultural machinery. This material has also found its way in the nuclear industry (12).

In EDM process, the manufacturing is carried out via electric discharge to obtain the desired shape. It works on the
workpiece as the material is eroded thermally. For usage of EDM on AISI 1045, it is preferable in some circumstances
which encompass a number of factors. The need for EDM on this material arises when the geometries are complex as
EDM is capable of producing intricate shapes with fine details that are not possible with conventional methods. Also,
when thin walls and sharp corners are required, EDM supports prevention of deformation in the components. AISI
1045 is good at heat treatment hardening as it becomes wear resistant at the same time it’s a challenge to machine it
uses conventional cutting processes (13). EDM is capable to machine this material with minimal tool wear. EDM on
AISI 1045 is also needed when there are tight tolerances and high precision to produce exact dimensions in critical
parts. After optimizing the input parameters and output responses, this manufacturing procedure reduces the need for
final processing steps like polishing or grinding. Since EDM is a non-contact process, deflection of tool and wearing
can be eliminated as it happens when processing hard materials conventionally. EDM also has better accessibility and
reaches internal cavities where conventional machining process doesn’t support.

The advantages of using EDM on AISI 1045 are quite impressive. There isn’t any mechanical stress as there isn’t any
type of direct contact between the electrode and workpiece as EDM is capable to machine hard materials with high
accuracy and precision with excellent surface finish due to which multiple and additional process requirements as in
non-conventional machining are eliminated (14). The application of EDM on AISI 1045 includes die and mold making
for injection molding as well as metal forming and stamping (15). Its’s application in tool and die industry for
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customized jigs and fixtures preparation is also noticeable (16). It is also used for rapid prototyping where complex
geometries are required. It can also be utilized in preparation of surgical instruments and medical implants in medical
devices (17). Most importantly, in automotive and aerospace industry, AISI 1045 is the choice for intricate parts
manufacturing for engines and also precision components (18).

EDM process has its own set of limitations which are an area of interest for researchers (19). EDM usually has a slower
rate when it comes to material removal i.e. MRR thus resulting in higher machining times (Tm). The conventional
processes are much faster in terms of material removal rate. Secondly, the initial setup cost of EDM is much higher as
compared to conventional subtractive manufacturing techniques. Material should also be electrically conductive in
order to be used for EDM. On reviewing the literature, it came to the authors’ knowledge that a very limited work has
been carried out on AISI 1045 when it comes to die sinking EDM process as most of the research work is carried out
with wire EDM (20) or conventional machining processes (21). Haron et al had performed experiment with varying
copper electrode diameter (9.5, 12 and 20 mm) and current value (3.5 and 6.5 A) to determine the optimum value of
material removal rate (MRR) and electrode wear rate (EWR) (22). Kumar and Agarwal had performed machining
parameters optimization for surface roughness in the EDM processing of AISI 1045 (23). There seemed a need to carry
out a comprehensive study to determine the effect of various input parameters including current (LV), voltage (HV),
pulse on time (Ton) and pulse off time (Toff) and monitor the various output parameters including MRR, EW,
machining time (Tm), base radius (R) and machined surface roughness (Ra) and optimize them accordingly. For large
scale manufacturers and designers, all output responses like Machining time (Tm), material removal rate (MRR),
electrode wear rate (EWR), surface roughness (Ra), base radius (R) are of extreme importance and compromise on any
of the responses means major loss in productivity or product quality. Currently there is no single study present at this
point of time where the afore mentioned parameters and their output responses have been considered in totality when
the EDM process of AISI 1045 is considered (24) (8) (25) (20) (26). This is of great importance for manufacturers in
automotive engine manufacturing, dies and mold makers, acrospace industry, bio medical machine manufacturing etc.
The current experimental research for optimizing the parameters was carried out in a meticulous setting and results of
the study were positive.

2. Materials and methods. -

2.1 Materials. - AISI-1045 is a low-cost alloy suitable for most engineering and construction applications. It is a
medium carbon steel with adequate strength and toughness characteristics and is valuable for induction or flame
hardened components and can provide a typical surface hardness of up to 58 HRC. The typical applications include
construction applications, bolts, axles, connecting rods, pins, rams, studs spindles, ratchets etc.

The authors have used copper electrode as it is a good performer in surface finishing and quality compared to graphite.
When using a graphite electrode, increased tool wear and poor surface quality are observed (27). The dielectric used
in the experiment is kerosene oil. K., Masoud Pour & S. Ehsan Layegh (2022) have conducted a study to optimize
MRR, Ra and surface topography on tool steels including AISI 1045 under the influence of ZnO nanoparticles. The
study concluded that the optimized values for input factors AISI 1045 had been achieved using 2 g of the ZnO
nanoparticles that had reduced the Ra by 16.66% (18).

In the current research, the experimentation has been carried out in a controlled environment with lower levels of input
factors, these resulted in positive output. The results will be discussed in detail in the results section.

The chemical composition of AISI-1045 is listed in Table

Element %
Carbon (C) 0.45
Manganese (Mn) 0.75
Silicon (Si) 0.25
Sulphur (S) 0.05 max.
Phosphorous (P) 0.05 max.
Iron (Fe) Balance

Table I. Chemical Composition of AISI 1045.

When transistorized, pulse-type power supplies, either electrolytic or pure were developed, the metallic electrode that
became preferable was copper as copper along with specific levels of power supply supports in low burning due to
wear. If graphite is consumed in the same setting, the tool wear is high. Moreover, for advanced power supply circuits
with polishing performed, copper is compatible. Copper produces a good surface finish due to its structural integrity
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compared to the counterpart graphite. This property further resists DC arcing where flushing is poor. On a wire EDM,
Female electrodes are commonly utilized in copper for usage in reverse burning punches and cores in the sinker EDM
(25) (26).

2.2 Methods. - In this study, the researchers had planned the experiments to optimize the output responses like
machining time (Tm), material removal rate (MRR), electrode wear rate (EWR), surface roughness (Ra) and base
radius (R) using design of experiments (DOE) and Response Surface Methodology (RSM).

2.2.1 Design of experiments (DOE). - Planning any data collection activities in the face of variability, whether or not
the experimenter has complete control, is known as design of experiments (DOE). It entails a group of tests or a
sequence of tests in which the input variables of a system or process are purposefully changed. The goal is to
methodically monitor and pinpoint the reasons for variations in the output responses (28).

2.2.2 Response Surface Methodology (RSM). - It is a statistical and mathematical method for optimizing processes
and determining the correlations between numerous input factors and one or more output replies. It is especially
effective for modeling and analyzing issues whose outcomes are influenced by multiple variables. RSM combines
experimental design, regression analysis and optimization approach to create a mathematical model (usually a second-
order polynomial) that predicts response behavior based on input elements. The method aids in determining ideal
conditions for processes and is frequently used in engineering, manufacturing and other sectors to increase efficiency,
product quality and performance.

3. Experimental Methodology. - The experimental design was based on the Design of Experiment (DOE) technique,
especially a full factorial design. This method enables a thorough examination of the essential effects and interactions
among the four selected input parameters: pulse on time (Ton), pulse off time (Toff), current (LV) and voltage (HV).
Each of these parameters was examined at two different levels, high and low, allowing for a thorough examination of
their effect on output responses. Values of the input parameters are mentioned in the Table .

Factor Levels No. of Levels
Workpiece AISI 1045 1
Pulse on time (Ton) 4 us, 6.5us 2
Pulse off time (Tofr) 5.5 us, 6.5 us 2
Current (LV) 30A,50A 2
Voltage (HV) 03V,0.7V 2

Table II. Values of input parameters along with levels.

Pulse on time (Ton) was chosen because it directly affects the energy delivered to the workpiece during each pulse.
Longer pulse durations result in higher energy input consequently resulting in increased material removal rate but this
can also lead to higher electrode wear and surface roughness. In order to optimize all the output lower Ton values (4
ps and 6.5 ps) were selected to minimize electrode wear and reduce excessive heat generation, which is crucial for
precision applications. Similarly, pulse off time (Toff) was included because it controls the cooling time between
pulses. A slightly higher Toff (5.5 us and 6.5 ps) was chosen to enhance flushing efficiency, ensuring better debris
removal and maintaining process stability. This helps prevent short circuits and improves surface finish. The study
avoided very low Toff values, as they could lead to insufficient cooling and debris removal, causing instability in the
machining process.

Current (LV) was another critical parameter selected for optimization because it influences the intensity of the electrical
discharge. The study chose current levels of 30 A and 50 A to balance power consumption and material removal
efficiency. Lower currents (30 A) are more energy-efficient and suitable for fine machining, while higher currents (50
A) increase MRR but may also increase electrode wear and surface roughness. Very high currents were avoided
because they could lead to excessive electrode wear and thermal damage, while very low currents might result in
insufficient material removal, making the process inefficient. Voltage (HV) was also included because it affects the
spark gap and the energy of each discharge. The study selected lower voltage levels (0.3 V and 0.7 V) to reduce thermal
damage and improve surface finish. Lower voltages are more suitable for precision machining, as they help achieve
finer surface finishes and tighter tolerances. Higher voltages were not considered because they could lead to larger
craters on the workpiece surface, increasing surface roughness and reducing dimensional accuracy.
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Other parameters, such as electrode material and dielectric fluid, were kept constant to isolate the effects of the primary
electrical parameters under investigation. Copper electrodes were chosen because they are known for their good surface
finish and lower wear rates compared to graphite electrodes, which tend to produce poorer surface quality and are less
suitable for precision applications. Kerosene was selected as the dielectric fluid due to its effectiveness in flushing
debris and cooling the workpiece and electrode. Other dielectric fluids, such as deionized water or oil-based fluids,
were not considered because kerosene is widely used in EDM processes and provides a good balance between cost and
performance. The duty factor, which is the ratio of Ton to the total cycle time, was indirectly controlled by the selection
of Ton and Toff. The study did not explicitly vary the duty factor as a separate parameter because it is linked to Ton
and Toff. The chosen Ton and Toff values already provided a reasonable range of duty factors (38% to 54%), which
were sufficient to study the effects on machining performance. Parameters such as flushing pressure was not varied in
this study. Flushing pressure is crucial for debris removal. It was kept constant because the focus was on optimizing
electrical parameters rather than mechanical factors. The study assumed a constant flushing pressure that was sufficient
to maintain process stability.

Based on these input parameters, basic experimental runs were performed and data of output responses against input
factors were recorded. These basic experimental runs are mentioned in Table III. Basic experimental runs for AISI-
1045 on Table .

3.1 Workpiece preparation. - The workpieces (Figure ) used in these experiments consisted of two grounded blocks,
each with dimensions of 100 x 10 x 20 mm, secured in place using dowel pins. Electrode is of copper material (Figure
). Dielectric is of kerosene + C10 material.

Figure II. Copper Electrode Tip at 17 X prior to Machining.

3.2 Equipment used:
e EDM machine = Genspark ESB1041
e  Weighing scale = AND GF-200 with least count of 0.001 g
e  Surface roughness tester = Wilson Wolpert CM T2
e  Microscope = Stereo microscope with 45X magnification with CMOS chip

EDM machine is available in Figure , weighing scale in Figure , surface roughness tester in Figure and microscope in
Figure .
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Figure Ill. Genspark E5B1041.

\ \ ‘_ >
Figure VI. Stereo microscope.

EWR was calculated using the equation mentioned below in Equation 1:

Ewr =22 —Ea
= @M

Equation 1 Equation to calculate electrode wear rate

MRR was calculated using the equation mentioned below in Equation 2:
MRR = Wb —Wa /mi
= (g/min)

Equation 2 Equation to calculate material removal rate

Memoria Investigaciones en Ingenieria, num. 28 (2025). pp. 222-268
https://doi.org/10.36561/ING.28.15
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay

228


https://doi.org/10.36561/ING.28.15

M. M. Uz Zaman Siddiqui, S. Amir Igbal, A. Zulqgarnain, A. Tabassum

3.3 Objectives. - The objectives of this experimental study are as follows:

1. To reduce the machining time (Tm) for AISI 1045 steel via the EDM technique.

2. To improve the material removal rate (MRR) during EDM machining of AISI 1045 steel.
3. To reduce the electrode wear rate (EWR) when treating AISI 1045 steel using EDM.

4. To improve surface roughness (Ra) on AISI 1045 steel with EDM.

5. Minimize variations in the base radius (R) of AISI 1045 steel machined with EDM.

3.4 Analysis of Variance (ANOVA). - The experimental data that was performed on the basis of basic experimental
runs as mentioned in Table was examined by using statistical techniques and conclusions were drawn based on the
significance of the components and their interactions. A 95% confidence interval was used and factors with the p-
values less than 0.05 were considered as significant. The normal plot of standardized effects was used to distinguish
between significant and non-significant components, whilst residual plots evaluated the model's fit. After that the
model was then refitted by removing the non-significant factors and a revised ANOVA table was created. Now this
revised ANOVA table consists of only significant factors and all non-significant factors are eliminated in order to
better understand the impact of input factors on output responses. Main effect plot and interaction plots were also
created. A high slope in the main effects plot showed significant factors, while non-parallel lines in the interaction plot
indicated significant relationships at the factor level. The Response Optimizer tool was used to perform optimization,
with targets such as response minimization, maximization or equating established. The desirability function was
studied by specifying lower, target and upper bounds, with a desirability (d) value near to 1 indicating that the response
is close to the target. The results (Table and Table ) produced optimal values for the major factors, their response
values and the desirability factor. The findings were validated by replicating the studies and the optimal solutions were
put into practice. Detailed experimental results and replicates are available in Appendix 7 and Appendix 8.

4. Results and Discussion. -

4.1 Experimental results and analysis. -

4.1.1 Optimized results for machining time (Tm). - The machining time (Tm) for AISI 1045 was optimized using
ANOVA in Minitab in which all the input factors were considered and their interaction with output responses were
calculated to determine significant causes to the variation in machining time. The purpose of this investigation was to
reduce machining time thereby increasing the efficiency of the EDM process. All detailed graphs and table are present
in Appendix 2. Machining pictures of electrode and workpiece are given in Appendix 9 and Appendix 10.

Initially all input parameters like pulse on time (Ton), pulse off time (Toff), current (LV) and voltage (HV) were
considered along with their interactions with output response of machining time. Significant factors were identified
using p-value and a 0.05 threshold for significance was considered. The p-value is used to determine the statistical
significance of each input factor and their interactions. A p-value less than 0.05 indicates that the factor or interaction
has a significant effect on the machining time (Tm). The ANOVA Table and normal probability plots (Figure and
Figure ) and residual plots (Figure and Figure ) showed that the input factor i.e. pulse on time (Ton), interaction
between pulse on time (Ton) and pulse off time (Toff) (Ton*Toff) and the three-factor interaction between LV, Ton
and Toff (LV*Ton*Toff) were statistically significant in terms of their influence on the output response which is
machining time. These significant input factors p-values are listed below (Table ):

e Ton=0.000

e Ton*Toff=0.021

e LV*Ton*Toff = 0.024

The interaction between Ton and Toff is significant because it represents the balance between energy input and cooling
time. Longer Ton increases the energy delivered per pulse, leading to higher material removal rates (MRR), but it also
generates more heat, which can increase electrode wear and surface roughness. Toff, on the other hand, provides time
for cooling and debris removal. The study found that specific combinations of Ton and Toff can optimize MRR while
minimizing electrode wear and surface roughness. For example, a longer Ton combined with a slightly longer Toff
can enhance material removal efficiency without causing excessive heat buildup or debris accumulation. This
interaction highlights the need to carefully balance energy input and cooling to achieve optimal machining
performance.

This three-factor interaction is significant because it reflects the combined effect of current, pulse duration, and cooling
time on machining performance. Higher current (LV) increases the intensity of the electrical discharge, leading to
higher MRR, but it also increases electrode wear and surface roughness. When combined with longer Ton, the energy
input is further amplified, which can lead to excessive material removal and thermal damage if not balanced with an
appropriate Toff. The study found that optimizing this three-factor interaction can significantly reduce machining time
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(Tm) while maintaining acceptable levels of electrode wear and surface finish. For instance, a higher current combined
with longer Ton and a slightly longer Toff can maximize material removal efficiency while ensuring sufficient cooling
and debris removal. This interaction underscores the importance of coordinating current, pulse duration, and cooling
time to achieve a balance between productivity and quality.

The model was then refitted by eliminating non-significant factors as mentioned in Table . The revised model in main
effect plot (Figure ) and residual plot (Figure ) showed that both the model and the major factors Ton, Ton*Toff and
LV*Ton*Toff were still significant.

For machining time optimization, the target value was set to '0', while the upper bound value was set at 343 seconds,
which reflected the shortest observed machining time during the experiment. The desirability function in Figure was
used to calculate the optimized values of the machining time. The desirability function's target was set at '0' for
machining time to minimize processing duration, as shorter machining times are desirable for industrial efficiency.
The resulting desirability value (d = 0) suggested that the response (Tm) was far from the target value, implying that
the target of '0' was unsuitable for this particular response. The response was much below the highest limit (343
seconds), resulting in a lower desirability. If the target had been set closer to 600 seconds with a larger upper bound
(e.g., 1000 seconds), the desirability would have approached one, indicating a greater alignment with the optimization
goal.

For the optimized value of output response of Tm, following values of input factors came out to be significant where
lowest machining time was achieved.

Current (LV) =30 A; Pulse on time (Ton) = 6.5 us and pulse off time (Toff) = 5.0 ps.

The minimal machining time for these optimized parameters was found to be 623.2083 seconds.

Significant input factors that were calculated for output response of machining time shows both direct and inverse
relation Tm. Pulse on time (Ton) was found to be directly proportional to Tm and this shows that as Ton will increase
machining time will also increase which is understandable as longer Ton increases the energy input each for pulse thus
increasing the machining time. On the other hand, the interaction between Ton and pulse off time (Toff) (Ton*Toff)
showed a complex relationship because certain combinations of these two parameters resulted in shorter machining
times. Furthermore, the three-factor interaction (LV*Ton*Toff) showed that when current is considered along with
pulse on and off times overall machining time will reduce because more material will be removed from workpiece
surface as current is higher along with increased pulse duration. These interactions show that the Tm is highly sensitive
to both individual factors and their interactions and this suggests that the input parameters interactions must be carefully
adjusted to get the best and optimized results.

4.1.2 Optimized results for material removal rate (MRR). - The optimization of material removal rate (MRR) for
AISI 1045 was carried out using ANOVA in Minitab. All input factors, including pulse on time (Ton), pulse off time
(Toff), current (LV) and voltage (HV) were considered with the goal of maximizing MRR. Significant factors were
identified by examining the p-values in the ANOVA table, with a significance threshold of 0.05. All tables and figures
are present in Appendix 3.

From the ANOVA Table and the normal probability plot (Figure and Figure ) and residual plot (Figure and Figure ),
Ton and the interaction between Ton and Toff (Ton*Toff) were considered to be significant factors that are affecting
MRR. The p-values of significant factors are listed below (Table ):

e Ton=0.000

e Ton*Toff =0.034
Following this, the model was refitted by excluding non-significant factors and focusing only on Ton and Ton*Toff
interaction as mentioned in Table .

Now the main effects plot in Figure and interaction plot in Figure for MRR were prepared. The main effects plot
showed a steep slope for means showing the importance of Ton and Ton*Toff. Additionally, the interaction plot
revealed non-parallel lines, highlighting the significant interaction between Ton and Toff in calculating MRR.

The desirability function is a widely used approach in multi-objective optimization to convert multiple response
variables into a single composite desirability score, ranging from 0 (least desirable) to 1 (most desirable). In the
optimization of Material Removal Rate (MRR) for EDM machining of AISI 1045, the desirability function was
employed to determine the best combination of pulse on time (Ton) and pulse off time (Toff) that maximizes MRR
while ensuring process stability and efficiency. For the optimization of MRR, the target value was set to '1', while the
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lower bound was set at 0.0304 g/min, which represented the maximum observed MRR during the experiment. The
desirability function (Figure ) was used to assess how closely the optimized values aligned with the target. A
desirability value of d = 0 indicated that the response (MRR) was far from the set target of 'l', suggesting that this
target was unrealistic for the given response. The response was much lower than the upper limit (0.0304 g/min),
resulting in a lower desirability. Had the target been set closer to 0.02 g/min with a lower upper limit (e.g., 0.001
g/min), the desirability would have approached one, indicating better alignment with the optimization objective.

The optimization process resulted in the following significant input factor values for maximizing MRR:
e Ton (Pulse on time): 6.5 ps
e  Toff (Pulse off time): 5.5 pus

On these optimized settings, the maximum MRR achieved was 0.0173 g/min, which reflects the optimized material
removal under the given experimental conditions. This optimization highlights the critical influence of both Ton and
its interaction with Toff on the material removal rate during EDM machining of AISI 1045 steel.

Ton and MRR are directly proportional to each other because higher energy cycle will lead to more material removed
from the workpiece leading to higher MRR. While on the other hand interaction between Ton and Toff is complex in
nature. As Ton increased material removal rate, optimal time is needed so that the workpiece temperature of that
particular section cools down but not completely solidified between pulses ensuring efficient material removal.

4.1.3 Optimized results for electrode wear rate (EWR). - The analysis of Electrode Wear Rate (EWR) for AISI
1045 was carried out using ANOVA in Minitab. All input factors were considered including pulse on time (Ton), pulse
off time (Toff), current (LV) and voltage (HV). The objective of this analysis was to minimize the EWR thereby
increasing electrode life and improving overall machining efficiency. Significant factors affecting EWR were
identified by evaluating the p-values from the ANOVA table, with a threshold of 0.05 indicating statistical significance.
All detailed graphs and table are present in Appendix 4.

ANOVA Table , normal probability plot (Figure ) and residual plot (Figure and Figure ) showed that Ton was the
only significant factor affecting EWR and its p-value was 0.001 (Table ). Now the model was refitted by excluding all
the non-significant factors and only Ton as the primary influencing variable. The p-values in the revised ANOVA
Table confirmed that the refitted model, as well as the factor Ton, were statistically significant in determining the
variation in EWR.

Now the main effects plot (Figure ) and interaction plot (Figure ) were prepared for EWR. The main effects plot showed
a steep slope thus confirming the significance of Ton in influencing EWR. The interaction plot further showed non-
parallel lines meaning that interactions among other factors did not contribute significantly to EWR. This established
the fact that Ton as the key variable in this analysis.

For optimization of EWR, the target value was set to '0', while the upper bound value was established at 0.00551 g/min,
which represented the minimum observed EWR in the experiments. The desirability function (Figure ) was utilized to
determine how closely the optimized values aligned with the desired target. A desirability value of d = 0 showed that
the response (EWR) was far from the set target of '0', highlighting that this target was not practically attainable for this
specific response. The actual EWR was much below the upper bound, resulting in a lower desirability score. If the
target had been set closer to 0.009 g/min and the upper bound set to a larger value (e.g., 0.01 g/min), the desirability
would have approached one, signaling better alignment with the optimization goal.

Through the optimization process, the significant input factor (Ton) was determined to have the following optimized
value for minimizing EWR:
e Pulse on time (Ton) = 4.0 ps

With this optimized Ton value, the minimum EWR was calculated to be 0.0088 g/min, reflecting the ideal electrode
wear rate achievable under these experimental conditions. This optimization highlights the critical role of Ton in
controlling electrode wear, as shorter pulse durations reduce electrode erosion, lowering the wear rate during EDM
machining of AISI 1045 steel. Optimized results for surface roughness (Ra)

The surface roughness (Ra) for AISI 1045 was analyzed using ANOVA in Minitab. The goal was to minimize the
surface roughness, thus improving the surface quality of the workpiece. All input factors, including voltage (HV),
pulse on time (Ton), pulse off time (Toff) and current (L'V) were initially considered to identify significant input factors
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that can have possible impact on the output response i.e. surface roughness. The analysis was conducted by assessing
p-values from the ANOVA table, with a significance threshold set at 0.05. All detailed graphs and table are present in
Appendix 5.

ANOVA table (Table ), normal probability plot (Figure and Figure ) and residual plot (Figure and Figure ) showed
that the three-way interaction between HV, Ton and Toff (HV*Ton*Toff) was a significant factor affecting surface
roughness (Ra) and its p-value came out to be 0.039 (Table ). Now the model was refitted (Table ) by removing non-
significant factors, retaining only this three-way interaction as a significant input factor. The p-values from the revised
ANOVA table confirmed that the refitted model and the interaction HV*Ton*Toff remained significant for surface
roughness.

The interaction between voltage, Ton, and Toff is significant because it influences the spark gap and the energy
distribution during the EDM process. Lower voltages (HV) reduce the spark gap and the energy of each discharge,
leading to finer surface finishes but potentially lower MRR. When combined with longer Ton, the energy input is
increased, which can improve MRR but may also increase surface roughness if not balanced with an appropriate Toff.
The study found that optimizing this interaction can minimize surface roughness (Ra) by controlling the energy
delivered to the workpiece. For example, a lower voltage combined with longer Ton and a slightly longer Toff can
achieve a smoother surface finish by reducing the size of the craters formed during machining. This interaction
highlights the need to carefully adjust voltage, pulse duration, and cooling time to achieve the desired surface quality.

Now the main effects plot (Figure ) and interaction plot (Figure ) were prepared. The main effects plot showed steep
slopes of the means, proving the importance of the HV*Ton*Toff interaction on surface roughness. Additionally, the
interaction plot exhibited non-parallel lines, confirming that the interaction between these three factors had a significant
impact on the output response of Ra.

For optimizing Ra, the target value was set to '0' and the upper bound value was fixed at 0.01 mm, representing the
minimum observed value of surface roughness in the experiment. The desirability function (Figure ) was applied to
check how closely the optimized values aligned with the desired target. A desirability value of d = 0 indicated that the
response (Ra) was far from the target of '0', suggesting that the target was not feasible for this response. The response
was much lower than the upper bound (0.01 mm), resulting in lower desirability. If the target had been set closer to
0.025 mm, with a larger upper bound (e.g., 0.05 mm), the desirability would have approached one, indicating a more
realistic optimization scenario.

Based on this optimization, the following input factors were identified as the optimal values for minimizing surface
roughness (Ra):

e Voltage (HV)=0.70V

e Pulse on time (Ton) = 6.50 pus

e  Pulse off time (Toff) = 6.50 us

With these optimized values, the minimum surface roughness (Ra) achieved was calculated to be 0.0253 mm. This
showed the effectiveness of optimizing these specific parameters for improving surface quality. The interaction of HV,
Ton and Toff shows that when voltage and pulse times are balanced, the energy delivered during the machining process
becomes more controlled, leading to smaller crater formation and resulting in a smoother surface finish and reduced
roughness.

4.1.4 Optimized results for base radius (R). - The base radius (R) for AISI 1045 steel was analyzed using ANOVA
in Minitab. The goal was to optimize the output response i.e. base radius. All input factors were considered initially
including pulse on time (Ton), pulse off time (Toff) and current (LV. The p-values from the ANOVA Table were
assessed, with a threshold of 0.05 for significance. All detailed graphs and table are present in Appendix 6.

Both the ANOVA table (Table ), normal probability plot (Figure and Figure ) showed that the interaction between LV
and Toff (LV*Toff), as well as the three-factor interaction LV, Ton and Toff (LV*Ton*Toff) were significant factors
effecting the base radius. The p-values of significant factors are listed below (Table ):

e LV*Toff=0.037

e LV*Ton*Toff=0.010

The interaction between current and Toff is significant because it reflects the relationship between the intensity of the
electrical discharge and the cooling time. Higher currents increase the energy of each spark, leading to higher MRR
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but also higher electrode wear and surface roughness. When combined with a longer Toff, the cooling time is increased,
which can help mitigate the thermal effects of higher currents. The study found that this interaction is particularly
important for achieving dimensional accuracy (base radius, R). For example, a higher current combined with a slightly
longer Toff can improve material removal efficiency while ensuring sufficient cooling to maintain dimensional
accuracy. This interaction emphasizes the need to balance current and cooling time to achieve both productivity and
precision.

Now the model (Table ) was refitted by eliminating the non-significant factors thus keeping only the significant
interactions. The p-values from the refitted ANOVA table confirmed that the revised model and these significant
interactions remained statistically valid for optimizing the base radius (R).

After identifying the significant factors, the main effects plot (Figure ) and interaction plot (Figure ) were generated.
The main effects plot displayed a steep slope of means, emphasizing the importance of the interactions between LV,
Ton and Toff on the base radius. Similarly, the interaction plot showed non-parallel lines, confirming that the
interactions between current, pulse on time and pulse off time had a significant impact on the output response (R).

For optimization, the target value for the base radius was set at 1.5 mm, with an upper bound of 1.55 mm and a lower
bound of 1.45 mm, reflecting the desired dimensions of the electrode. The desirability function (Figure ) was applied
to assess the closeness of the optimized values to the target. A desirability value of d = 0.40233 indicated that the
response (R) was about 40% closer to the target, showing a moderate alignment with the desired value of 1.5 mm.
Based on the optimization analysis, the following input parameters were determined to be optimal for achieving the
desired base radius:

e LV (Current): 30 A

e Ton (Pulse on time): 6.5 ps

e  Toff (Pulse off time): 5.5 pus

With these optimized input values, the base radius (R) was calculated to be 1.5298 mm, indicating a close match to the
target radius. The interactions between LV, Ton and Toff show that when the current and pulse times are balanced, the
material removal process is controlled more precisely thus enabling the electrode to achieve a base radius near the
desired dimensions. The non-parallel lines in the interaction plot further reinforce that these factors do not operate
independently, but in combination, they significantly influence the output response.

5. Conclusions. - This study aimed to optimize the electrical discharge machining (EDM) process for AISI 1045 steel.
A strict focus was on optimization of key output parameters such as machining time (Tm), material removal rate
(MRR), electrode wear rate (EWR), surface roughness (Ra) and base radius (R) by. By employing ANOVA analysis
in Minitab, significant input factors, including pulse on time (Ton), pulse off time (Toff), current (LV) and voltage
(HV), along with their interactions, were systematically analyzed to identify their impact on the five output responses
mentioned above. The results of this investigative study provide key insights into how each of these input parameters
impact on the five output responses, both individually and in combination, thereby contributing to a more efficient and
controlled manufacturing process with the final product being manufactured in less time with reduced material
wastages of both workpiece and electrodes and having excellent surface finish. Machining pictures of electrode and
workpiece are given in Appendix 9 and Appendix 10.

The optimization of machining time revealed that pulse on time (Ton), its interaction with pulse off time (Ton*Toff)
and the three-factor interaction between current, pulse on and pulse off times (LV*Ton*Toff) were the most significant
factors affecting Tm. The optimized values of Ton = 6.5 us, Toff = 5.0 us and LV = 30A resulted in a minimal
machining time of 623.2083 seconds. This showed that while Ton is directly proportional to machining time, specific
interactions with Toff and LV can lead to significant reductions in machining time by increasing material removal
efficiency.

Similarly, the optimization of the material removal rate (MRR) showed that Ton and the Ton*Toff interaction were
significant factors. The optimized parameters, Ton = 6.5 us and Toff = 5.5 ps, resulted in a maximum MRR of 0.0173
g/min. The relationship between Ton and MRR was found to be directly proportional. This means that with longer
pulse durations and higher energy input will lead to more material removal. However, the interaction with Toff required
precise timing to ensure that sufficient material was removed without cooling down or solidifying between pulses thus
showing the complexity of achieving maximum MRR.
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Electrode wear rate (EWR) optimization highlighted that pulse on time (Ton) was the sole significant factor influencing
EWR. The optimized value of Ton = 4.0 ps yielded a minimal EWR of 0.0088 g/min, showcasing that shorter pulse
durations reduce electrode erosion and prolong electrode life. This result emphasizes the importance of balancing Ton
to minimize wear while maintaining machining efficiency.

Surface roughness (Ra) analysis revealed that the interaction between voltage (HV), Ton and Toff (HV*Ton*Toff)
was critical in determining surface quality. The optimized values of HV = 0.7V0 V, Ton = 6.5 ps and Toff = 6.5 ps
achieved a minimum Ra of 0.0253 mm. This optimization demonstrated that fine control over these interactions reduces
crater formation during machining, leading to smoother surface finishes.

Lastly, the base radius (R) optimization showed that the interaction between current (LV) and pulse off time (Toff)
(LV*Toff), as well as the three-factor interaction between LV, Ton and Toff (LV*Ton*Toff), were significant in
achieving the desired base radius. The optimized values of LV = 30A A, Ton = 6.5 pus and Toff = 5.5 us resulted in a
base radius of 1.5298 mm, closely aligning with the target of 1.5 mm. These findings demonstrate that the precise
adjustment of current and pulse timing significantly enhances the dimensional accuracy of the electrode.

In conclusion, this research provides a comprehensive optimization framework for EDM machining of AISI 1045 steel,
addressing the critical parameters that influence machining efficiency, quality and precision. By understanding the
complex interactions between input parameters, this study offers valuable guidelines for achieving desired machining
outcomes while minimizing defects and inefficiencies. The application of these findings in industrial EDM processes
can lead to significant improvements in productivity, material usage and overall machining quality.

6. Limitations of the study. - The study has several limitations, including its focus on only four input parameters
(Ton, Toff, LV, HV) and AISI 1045 steel, which limits its applicability to other materials and conditions. It did not
explore factors like flushing pressure, electrode geometry, or dielectric fluid variations, nor did it consider surface
integrity aspects such as recast layer thickness or residual stresses. The experiments were conducted under controlled
laboratory conditions, potentially limiting real-world applicability, and the reliance on statistical methods like RSM
may not capture complex, non-linear interactions. Additionally, the study did not address economic or environmental
impacts, such as cost-effectiveness or the use of kerosene as a dielectric fluid, nor did it compare EDM with other
machining methods. These limitations suggest areas for future research to enhance the study's robustness and industrial
relevance.
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Appendix 1
RUN LV HV PULSE ON TIME PULSE OFF TIME
1 0.3 30 4 5.5
2 0.7 30 4 5.5
3 0.3 50 4 5.5
4 0.7 50 4 5.5
5 0.3 30 6.5 5.5
6 0.7 30 6.5 5.5
7 0.3 50 6.5 5.5
8 0.7 50 6.5 5.5
9 0.3 30 4 6.5
10 0.7 30 4 6.5
11 0.3 50 4 6.5
12 0.7 50 4 6.5
13 0.3 30 6.5 6.5
14 0.7 30 6.5 6.5
15 0.3 50 6.5 6.5
16 0.7 50 6.5 6.5

Table III. Basic experimental runs for AISI-1045
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Factorial Fit: Tm versus HV, LV, Ton, Toff

Estimated Effects and Coefficients for Tm (coded units)

Term Effect Coef SE Coef T P
Constant 845.6 24.05 35.16 0.000
HV 23.5 11.7 24.05 0.49 0.629
LV -60.8 -30.4 24.05 -1.26 0.215
Ton -261.0 -130.5 24.05 -5.43 0.000
Toff 21.0 10.5 24.05 0.44 0.666
HV*LV -7.5 -3.8 24.05 -0.16 0.876
HV*Ton -29.2 -14.6 24.05 -0.61 0.548
HV*Toff -1.0 -0.5 24.05 -0.02 0.984
LV*Ton -76.0 -38.0 24.05 -1.58 0.124

LV*Toff 85.6 42.8 24.05 1.78 0.085
Ton*Toff 1133 56.6 24.05 2.36 0.025
HV*LV*Ton -19.5 -9.8 24.05 -0.41 0.687
HV*LV*Toff 21.0 10.5 24.05 0.44 0.665
HV*Ton*Toff -40.5 -20.2 24.05 -0.84 0.407
LV*Ton*Toff -110.4 -552 24.05 -2.29 0.028
HV*LV*Ton*Toff -53.8 -26.9 24.05 -1.12 0.272

S=166.624 R-Sq=61.28% R-Sq(adj)=43.13%

Analysis of Variance for Tm (coded units)

Source DF SeqSS AdjSS AdjMS F P

Main Effects 4 873413 873413 218353 7.86 0.000
2-Way Interactions 6 322167 322167 53694 1.93 0.105
3-Way Interactions 4 175730 175730 43932 1.58 0.203
4-Way Interactions 1 34723 34723 34723 1.25 0.272
Residual Error 32 888437 888437 27764

Pure Error 32 888437 888437 27764

Total 47 2294469

Unusual Observations for Tm
Obs  StdOrder Tm Fit SE Fit Residual St Resid
9 9 495.00 821.67 96.20 -326.67 -2.40R

36 36 1231.00 907.00 96.20 324.00 2.38R

R denotes an observation with a large standardized residual.

Table IV. ANOVA Table of Tm for AISI-1045 considering all factors.
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Normal Probability Plot of the Standardized Effects
(response is Tm, Alpha = .05)
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Figure VII. Normal Probability Plot of the standardized effects of Tm for AISI-1045 considering all factors.

Residual Plots for Tm
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Figure VIII. Residual Plot of Tm for AISI-1045 considering all factors.

Factorial Fit: Tm versus LV, Ton, Toff

Estimated Effects and Coefficients for Tm (coded units)

Term Effect Coef SECoef T P

Constant 845.6 23.65 35.76 0.000
LV -60.8 -30.4 23.65 -1.29 0.206
Ton -261.0 -130.5 23.65 -5.52 0.000

Toff 21.0 10.5 23.65 0.44 0.660
Ton*Toff 1133 56.6 23.65 2.40 0.021
LV*Ton*Toff -110.4 -55.2 23.65 -2.33 0.024

S=163.841 R-Sq=50.86% R-Sq(adj)=45.01%

Analysis of Variance for Tm (coded units)
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Source DF SeqSS AdjSS MS F P

Main Effects 3 866810 866810 288937 10.76 0.000
2-Way Interactions 1 154020 154020 154020 5.74 0.021
3-Way Interactions 1 146192 146192 146192 5.45 0.024
Residual Error 42 1127448 1127448 26844

Lack of Fit 2 157216 157216 78608 3.24 0.050
Pure Error 40 970233 970233 24256

Total 47 2294469

Unusual Observations for Tm

ObsStdOrder Tm  Fit SE Fit Residual St Resid
4 4 668.00 1022.80 59.92 -354.80 -2.33R
9 9 495.00 942.40 5534 -447.40 -2.90R

R denotes an observation with a large standardized residual.

Estimated Coefficients for Tm using data in uncoded units

Term Coef
Constant 3833.95
LV 7.22155
Ton -648.183

Toff -454.867
Ton*Toff  103.663

LV*Ton*Toff -0.325750
Table V. ANOVA Table of Tm for AISI-1045 considering significant factors.

Normal Probability Plot of the Standardized Effects
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Figure IX. Normal Probability Plot of the standardized effects of Tm for AISI-1045 considering significant factors.
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Residual Plots for Tm
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Figure X. Residual Plot of Tm for AISI-1045 considering all factors.
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Figure XI. Main Effects Plot of Tm for AISI-1045 considering significant factors.
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Figure XII. Residual Plot of Tm for AISI-1045 considering Ton & LV.
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Figure XIII. Optimization Plot of Tm for AISI-1045 for significant factors
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Appendix 3

Factorial Fit: MRR versus HV, LV, Ton, Toff

Estimated Effects and Coefficients for MRR (coded units)

Term Effect Coef SECoef T P

Constant 0.012883 0.000575 22.41 0.000
HV 0.000160 0.000080 0.000575 0.14 0.890
LV 0.001598 0.000799 0.000575 1.39 0.174
Ton 0.004607 0.002304 0.000575 4.01 0.000
Toff -0.001590 -0.000795 0.000575 -1.38 0.176
HV*LV 0.000896 0.000448 0.000575 0.78 0.441
HV*Ton 0.000844 0.000422 0.000575 0.73 0.468

HV*Toff -0.000010 -0.000005 0.000575 -0.01 0.993
LV*Ton 0.001988 0.000994 0.000575 1.73 0.093
LV*Toff -0.001694 -0.000847 0.000575 -1.47 0.151
Ton*Toff -0.002541 -0.001271 0.000575 -2.21 0.034
HV*LV*Ton 0.000405 0.000202 0.000575 0.35 0.727
HV*LV*Toff  0.000083 0.000041 0.000575 0.07 0.943
HV*Ton*Toff  0.000814 0.000407 0.000575 0.71 0.484
LV*Ton*Toff  0.000966 0.000483 0.000575 0.84 0.407
HV*LV*Ton*Toff 0.000795 0.000397 0.000575 0.69 0.495

S =0.00398335 R-Sq=50.71% R-Sq(adj)=27.60%
Analysis of Variance for MRR (coded units)

Source DF SeqSS AdjSS AdjMS F P

Main Effects 4 0.00031597 0.00031597 0.00007899 4.98 0.003
2-Way Interactions 6 0.00017753 0.00017753 0.00002959 1.86 0.118
3-Way Interactions 4 0.00002120 0.00002120 0.00000530 0.33 0.853
4-Way Interactions 1 0.00000758 0.00000758 0.00000758 0.48 0.495
Residual Error 32 0.00050775 0.00050775 0.00001587

Pure Error 32 0.00050775 0.00050775 0.00001587

Total 47 0.00103002

Unusual Observations for MRR
ObsStdOrder MRR Fit SE Fit Residual  StResid
8 8 0.031840 0.019720 0.002300 0.012120 3.73R

24 24 0.012790 0.019720 0.002300 -0.006930 -2.13R

R denotes an observation with a large standardized residual.
Table VI. ANOVA Table of MRR for AISI-1045 considering all factors.
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Normal Probability Plot of the Standardized Effects
(response is MRR, Alpha = .05)
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Figure XIV. Normal Probability Plot of the standardized effects of MRR for AISI-1045 considering all factors.
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Figure XV. Residual Plot of MRR for AISI-1045 considering all factors.

Factorial Fit: MRR versus Ton, Toff

Estimated Effects and Coefficients for MRR (coded units)

Term Effect Coef SECoef T P
Constant 0.012883 0.000562 22.92 0.000
Ton 0.004607 0.002304 0.000562 4.10 0.000
Toff -0.001590 -0.000795 0.000562 -1.41 0.164
Ton*Toff -0.002541 -0.001271 0.000562 -2.26 0.029

S =0.00389492 R-Sq=35.20% R-Sq(adj)=30.78%

Analysis of Variance for MRR (coded units)

Source DF SeqSS AdjSS AdjMS F P

Main Effects 2 0.00028502 0.00028502 0.00014251 9.39 0.000
2-Way Interactions 1 0.00007750 0.00007750 0.00007750 5.11 0.029
Residual Error 44 0.00066750 0.00066750 0.00001517
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Pure Error 44 0.00066750 0.00066750 0.00001517
Total 47 0.00103002

Unusual Observations for MRR

ObsStdOrder MRR Fit SE Fit Residual StResid
8 8 0.031840 0.017252 0.001124 0.014588  3.91R
9 9 0.019150 0.011055 0.001124 0.008095 2.17R

32 32 0.022470 0.013121 0.001124 0.009349  2.51R
37 37 0.009300 0.017252 0.001124 -0.007952 -2.13R

R denotes an observation with a large standardized residual.

Estimated Coefficients for MRR using data in uncoded units

Term Coef
Constant -0.0512942

Table VII. ANOVA Table of MRR for AISI-1045 considering significant factors.

Normal Probability Plot of the Standardized Effects
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Figure XVI. Normal Probability Plot of the standardized effects of MRR for AISI-1045 considering significant

factors
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Figure XVII. Residual Plot of MRR for AISI-1045 considering all factors.
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Main Effects Plot (data means) for MRR
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Figure XVIII. Main Effects Plot of MRR for AISI-1045 considering significant factors.
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Figure XIX. Residual Plot of MRR for AISI-1045 considering Ton & LV.
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Figure XX. Optimization Plot of MRR for AISI-1045 for significant factors.
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Appendix 4

Factorial Fit: EWR versus HV, LV, Ton, Toff

Estimated Effects and Coefficients for EW (coded units)

Term Effect Coef SECoef T P
Constant 0.010172 0.000382 26.66 0.000

HV -0.000559 -0.000279 0.000382 -0.73 0.469
LV 0.001468 0.000734 0.000382 1.92 0.063
Ton 0.002742 0.001371 0.000382 3.59 0.001
Toff -0.000344 -0.000172 0.000382 -0.45 0.655
HV*LV 0.000028 0.000014 0.000382 0.04 0.971
HV*Ton 0.000919 0.000459 0.000382 1.20 0.238

HV*Toff 0.000263 0.000131 0.000382 0.34 0.733
LV*Ton 0.001214 0.000607 0.000382 1.59 0.122
LV*Toff -0.001214 -0.000607 0.000382 -1.59 0.122
Ton*Toff -0.001386 -0.000693 0.000382 -1.82 0.079
HV*LV*Ton 0.000284 0.000142 0.000382 0.37 0.713
HV*LV*Toff  0.000583 0.000291 0.000382 0.76 0.451
HV*Ton*Toff  0.000227 0.000114 0.000382 0.30 0.768
LV*Ton*Toff  0.001205 0.000603 0.000382 1.58 0.124
HV*LV*Ton*Toff -0.000048 -0.000024 0.000382 -0.06 0.950

S=0.00264388 PRESS = 0.000503286
R-Sq=48.87% R-Sq(pred) = 0.00% R-Sq(adj) = 24.90%

Analysis of Variance for EW (coded units)

Source DF SeqSS AdjSS AdMS F P

Main Effects 4 0.00012125 0.00012125 0.00003031 4.34 0.006
2-Way Interactions 6 0.00006938 0.00006938 0.00001156 1.65 0.165
3-Way Interactions 4 0.00002310 0.00002310 0.00000577 0.83 0.518
4-Way Interactions 1 0.00000003 0.00000003 0.00000003 0.00 0.950
Residual Error 32 0.00022368 0.00022368 0.00000699

Pure Error 32 0.00022368 0.00022368 0.00000699

Total 47 0.00043744

Unusual Observations for EW

ObsStdOrder EW Fit SE Fit Residual St Resid
8 8 0.019770 0.013577 0.001526 0.006193 2.87R
9 9 0.016610 0.011313 0.001526 0.005297  2.45R

R denotes an observation with a large standardized residual.
Table VIII. ANOVA Table of EWR for AISI-1045 considering all factors.
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Residual Plots for EW
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Figure XXI. Residual Plot of EW for AISI-1045 considering all factors.

Factorial Fit: EWR versus Ton

Estimated Effects and Coefficients for EW (coded units)

Term Effect Coef SECoef T P
Constant 0.010172 0.000397 25.65 0.000
Ton 0.002742 0.001371 0.000397 3.46 0.001

S=0.00274739 PRESS = 0.000378065
R-Sq=20.63% R-Sq(pred)=13.57% R-Sq(adj) = 18.90%

Analysis of Variance for EW (coded units)

Source DF SeqSS AdjSS AdjMS F P

Main Effects 1 0.00009023 0.00009023 0.00009023 11.95 0.001
Residual Error 46 0.00034722 0.00034722 0.00000755

Pure Error 46 0.00034722 0.00034722 0.00000755

Total 47 0.00043744

Unusual Observations for EW

ObsStdOrder EW  Fit SEFit Residual StResid
8 8 0.019770 0.011543 0.000561 0.008227  3.06R
9 9 0.016610 0.008801 0.000561 0.007809  2.90R
R denotes an observation with a large standardized residual.

Estimated Coefficients for EW using data in uncoded units

Term Coef
Constant 0.00441392

Ton  0.00109683
Table IX. Table of EWR for AISI-1045 considering significant factors.
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Figure XXII. Normal Probability Plot of the standardized effects ofAISI-1045 for AISI 1045 considering significant

factors.
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Figure XXIII. Residual Plot of EWR for AISI-1045 considering all factors.
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Figure XXIV. Main Effects Plot of EWR for AISI-1045 considering significant factors.
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Interaction Plot for EW
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Figure XXV. Residual Plot of EWR for AISI-1045 considering Ton & LV.
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Figure XXVI. Optimization Plot of EWR for AISI-1045 for significant factors.

Memoria Investigaciones en Ingenieria, num. 28 (2025). pp. 222-268
https://doi.org/10.36561/ING.28.15
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
249


https://doi.org/10.36561/ING.28.15

M. M. Uz Zaman Siddiqui, S. Amir Igbal, A. Zulqgarnain, A. Tabassum

Appendix 5

Factorial Fit: Ra versus HV, LV, Ton, Toff

Estimated Effects and Coefficients for Ra (coded units)

Term EffectCoef SE Coef T P
Constant 0.03696 0.004893 7.55 0.000
HV 0.00167 0.00083 0.004893 0.17 0.866
LV -0.00367 -0.00183 0.004893 -0.37 0.710
Ton -0.00175 -0.00088 0.004893 -0.18 0.859
Toff -0.00217 -0.00108 0.004893 -0.22 0.826
HV*LV 0.00675 0.00337 0.004893 0.69 0.495
HV*Ton 0.01433 0.00717 0.004893 1.46 0.153

HV*Toff 0.01158 0.00579 0.004893 1.18 0.245
LV*Ton 0.01183 0.00592 0.004893 1.21 0.235
LV*Toff 0.00358 0.00179 0.004893 0.37 0.717
Ton*Toff 0.00483 0.00242 0.004893 0.49 0.625
HV*LV*Ton  -0.00908 -0.00454 0.004893 -0.93 0.360
HV*LV*Toff -0.01467 -0.00733 0.004893 -1.50 0.144
HV*Ton*Toff -0.02108 -0.01054 0.004893 -2.15 0.039
LV*Ton*Toff -0.00858 -0.00429 0.004893 -0.88 0.387
HV*LV*Ton*Toff 0.01050 0.00525 0.004893 1.07 0.291

S=0.0339027 PRESS = 0.0827565
R-Sq =33.03% R-Sq(pred) = 0.00% R-Sq(adj) = 1.63%

Analysis of Variance for Ra (coded units)

Source DF SeqSS AdjSS AdMS F P

Main Effects 4 0.0002878 0.0002878 0.00007194 0.06 0.992
2-Way Interactions 6 0.0067369 0.0067369 0.00112282 0.98 0.457
3-Way Interactions 4 0.0097896 0.0097896 0.00244740 2.13 0.100
4-Way Interactions 1 0.0013230 0.0013230 0.00132300 1.15 0.291
Residual Error 32 0.0367807 0.0367807 0.00114940

Pure Error 32 0.0367807 0.0367807 0.00114940

Total 47 0.0549179

Unusual Observations for Ra

ObsStdOrder Ra  Fit SEFit Residual StResid

1 1 0.042000 0.098333 0.019574 -0.056333 -2.04R
17 17 0.230000 0.098333 0.019574 0.131667 4.76R
24 24 0.111000 0.055000 0.019574 0.056000 2.02R
33 33 0.023000 0.098333 0.019574 -0.075333 -2.72R

R denotes an observation with a large standardized residual.
Table X. ANOVA Table of Ra for AISI-1045 considering all factors.
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Normal Plot of the Standardized Effects
(response is Ra, Alpha = 0.05)
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Figure XXVII. Normal Probability Plot of the standardized effects of Ra for AISI-1045 considering all factors.
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Figure XXVIII. Residual Plot of Ra for AISI-1045 considering all factors.

Factorial Fit: Ra versus HV, Ton, Toff

Estimated Effects and Coefficients for Ra (coded units)

Term Effect Coef SECoef T P

Constant 0.03696 0.004895 7.55 0.000
HV 0.00167 0.00083 0.004895 0.17 0.866
Ton -0.00175 -0.00088 0.004895 -0.18 0.859

Toff -0.00217 -0.00108 0.004895 -0.22 0.826
HV*Ton*Toff -0.02108 -0.01054 0.004895 -2.15 0.037

S=0.0339142 PRESS = 0.0616278
R-Sq=9.94% R-Sq(pred) = 0.00% R-Sq(adj)=1.57%

Analysis of Variance for Ra (coded units)

Source DF SeqSS AdjSS AdMS F P

Main Effects 3 0.0001264 0.0001264 0.00004214 0.04 0.990
3-Way Interactions 1 0.0053341 0.0053341 0.00533408 4.64 0.037
Residual Error 43 0.0494574 0.0494574 0.00115017

Lack of Fit 3 0.0043558 0.0043558 0.00145192 1.29 0.292
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40 0.0451017 0.0451017 0.00112754
47 0.0549179

Pure Error
Total

Unusual Observations for Ra

ObsStdOrder Ra  Fit SEFit Residual StResid

17 17 0.230000 0.048625 0.010946 0.181375  5.65R
R denotes an observation with a large standardized residual.

* NOTE * Estimated regression coefficients in uncoded units are not available

because the model is non-hierarchical.

Table XI. ANOVA Table of Ra for AISI-1045 considering significant factors.

Normal Plot of the Standardized Effects
(response is Ra, Alpha = 0.05)
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Figure XXIX. Normal Probability Plot of the standardized effects of Ra for AISI-1045 considering significant factors.
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Figure XXX. Residual Plot of Ra for AISI-1045 considering significant factors.
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Figure XXXI. Main Effects Plot of Ra for AISI-1045 considering significant factors.
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Interaction Plot for Ra
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Figure XXXII. Residual Plot of Ra for AISI-1045 considering HV, Ton &Toff.

oF Optimizstion Pict o | =& )
VY Ton Toll |

Optimal

O 82 82 &)

0.00000 | gy 0.30° 5.50°

Composite

Desirability

0.00000

Ra
Minimum
y = 0.0253
d = 0.00000

Figure XXXIII. Optimization Plot of Ra for AISI-1045 for significant factors.
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Appendix 6

Factorial Fit: R versus HV, LV, Ton, Toff

Estimated Effects and Coefficients for R (coded units)

Term Effect Coef SECoef T P
Constant 1.55752 0.004904 317.62 0.000
HV -0.00396 -0.00198 0.004904 -0.40 0.689
LV 0.00754 0.00377 0.004904 0.77 0.448
Ton 0.00304 0.00152 0.004904 0.31 0.758
Toff 0.00246 0.00123 0.004904 0.25 0.804
HV*LV -0.00196 -0.00098 0.004904 -0.20 0.843
HV*Ton 0.00421 0.00210 0.004904 0.43 0.671

HV*Toff -0.00521 -0.00260 0.004904 -0.53 0.599
LV*Ton 0.00304 0.00152 0.004904 0.31 0.758
LV*Toff -0.02138 -0.01069 0.004904 -2.18 0.037
Ton*Toff 0.00096 0.00048 0.004904 0.10 0.923
HV*LV*Ton 0.01504 0.00752 0.004904 1.53 0.135
HV*LV*Toff  0.01046 0.00523 0.004904 1.07 0.294
HV*Ton*Toff -0.00487 -0.00244 0.004904 -0.50 0.623
LV*Ton*Toff -0.02704 -0.01352 0.004904 -2.76 0.010
HV*LV*Ton*Toff -0.00271 -0.00135 0.004904 -0.28 0.784

S=0.0339739 PRESS = 0.0831045
R-Sq = 35.60% R-Sq(pred) = 0.00% R-Sq(adj) = 5.41%

Analysis of Variance for R (coded units)

Source DF SeqSS AdjSS AdMS F P

Main Effects 4 0.0010541 0.0010541 0.00026352 0.23 0.920
2-Way Interactions 6 0.0061888 0.0061888 0.00103147 0.89 0.511
3-Way Interactions 4 0.0130878 0.0130878 0.00327194 2.83 0.040
4-Way Interactions 1 0.0000880 0.0000880 0.00008802 0.08 0.784
Residual Error 32 0.0369353 0.0369353 0.00115423

Pure Error 32 0.0369353 0.0369353 0.00115423

Total 47 0.0573540

Unusual Observations for R

ObsStdOrder R Fit SEFit Residual St Resid
21 21 1.58300 1.52533 0.01961 0.05767 2.08R
36 36 1.61200 1.53567 0.01961 0.07633  2.75R

R denotes an observation with a large standardized residual.
Table XII. ANOVA Table of R for AISI-1045 considering all factors.
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Hormal Plot of the Standardized Effects
(response is R, Alpha = 0.05)
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Figure XXXIV. Normal Probability Plot of the standardized effects of R for AISI-1045 considering all factors.
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Figure XXXV. Residual Plot of R for AISI-1045 considering all factors.

Frequency
-
Residual

N

Factorial Fit: R versus LV, Ton, Toff

Estimated Effects and Coefficients for R (coded units)

Term Effect Coef SE Coef T P

Constant 1.55752 0.004577 340.30 0.000
LV 0.00754 0.00377 0.004577 0.82 0.415
Ton 0.00304 0.00152 0.004577 0.33 0.741

Toff 0.00246 0.00123 0.004577 0.27 0.790
LV*Toff -0.02138 -0.01069 0.004577 -2.34 0.024
LV*Ton*Toff -0.02704 -0.01352 0.004577 -2.95 0.005

S=10.0317093 PRESS =0.0551578
R-Sq=26.37% R-Sq(pred) = 3.83% R-Sq(adj) = 17.60%

Analysis of Variance for R (coded units)

Source DF SeqSS AdjSS AdMS F P
Main Effects 3 0.0008661 0.0008661 0.00028869 0.29 0.834
2-Way Interactions 1 0.0054827 0.0054827 0.00548269 5.45 0.024
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3-Way Interactions 1 0.0087750 0.0087750 0.00877502 8.73 0.005
Residual Error 42 0.0422302 0.0422302 0.00100548

Lack of Fit 2 0.0001220 0.0001220 0.00006102 0.06 0.944
Pure Error 40 0.0421082 0.0421082 0.00105270

Total 47 0.0573540

Unusual Observations for R

ObsStdOrder R Fit SEFit  Residual StResid
3 3 1.62200 1.55571 0.01121 0.06629  2.23R
4 4 1.48900 1.55571 0.01121 -0.06671 -2.25R
34 34 1.61800 1.55383 0.01121 0.06417  2.16R
R denotes an observation with a large standardized residual.

* NOTE * Estimated regression coefficients in uncoded units are not available
because the model is non-hierarchical.

Table XIII. ANOVA Table of R for AISI-1045 considering significant factors.
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Figure XXXVI. Normal Probability Plot of the standardized effects of R for AISI-1045 considering significant
factors.
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Figure XXXVII. Residual Plot of R for AISI-1045 considering all factors.
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Main Effects Plot for R
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Figure XXXVIII. Main Effects Plot of R for AISI-1045 considering significant factors.
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Figure XXXIX. Residual Plot of R for AISI-1045 considering Ton, Toff& LV.
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Figure XL. Optimization Plot of R for AISI-1045 for significant factors
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Appendix 7
Work
Run HV LV Ton Tor Piece E. W, Duty
Order . Factor %
Material
AISL .
! 03 30 4 5.5 o 9.356 258952 42%
AISI- .
2 0.7 30 4 5.5 s 9216 258786 42%
AISL ,
3 0.3 50 4 5.5 s 9.705 258.62  42%
AISL ,
4 0.7 50 4 5.5 s 9.565 258468 42%
AISIL- \
5 0.3 30 6.5 5.5 s 9.833 258312 54%
AISI- \
6 0.7 30 6.5 5.5 o 9.712 258.163  54%
AISIL- \
7 0.3 50 6.5 5.5 v 9.382 257965 54%
8 0.7 50 6.5 5.5 AlSI- 9.259 257792 54%
1045
AISI- .
9 03 30 4 6.5 o 9.389 25761 38%
10 0.7 30 4 6.5 AISI- 9.252 257452 38%
1045
AISL ,
11 03 50 4 6.5 e 9.172 25728 38%
AISIL-
12 0.7 50 4 6.5 e 9.034 25712 38%
AISIL- ,
13 0.3 30 6.5 6.5 e 9.787 256953  50%
14 0.7 30 6.5 6.5 AISI- 9.652 256785 50%
1045
15 03 50 6.5 6.5 ‘ﬁ)lf;' 9.505 256.606  50%
16 0.7 50 6.5 6.5 ‘?&%‘ 9.362 256452 50%
17 0.3 30 4 5.5 AISI- 12067 261575 42%
1045
AISL- ,
18 0.7 30 4 5.5 e 11.941 261397  42%
AISIL- \
19 0.3 50 4 5.5 e 9.585 261249  42%
AISIL- \
20 0.7 50 4 5.5 e 9.439 261.076  42%
AISIL- \
21 03 30 6.5 5.5 o 9.223 26091 54%
2 0.7 30 6.5 5.5 ‘ﬁﬁé‘ 9.098 260725 54%
23 03 50 6.5 5.5 ﬁﬁg 9.622 260565  54%
24 0.7 50 6.5 5.5 ?gﬁ' 9.49 260386 54%
AISL \
25 0.3 30 4 6.5 s 9.519 260217 38%
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Table X1V. Experimental inputs for AISI-1045 material with three replicates.
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Appendix 8
Base  Radius Surface Roughness

Run Order Tm (sec) MRR (g/min) EW (g/min) (mm) (R,)

(mm)
1 1094 0.0091 0.00768 1.56 0.042
2 1149 0.00867 0.00674 1.546 0.012
3 1034 0.00882 0.00812 1.622 0.014
4 668 0.01401 0.01105 1.489 0.04
5 602 0.01485 0.01126 1.495 0.013
6 779 0.01525 0.00986 1.575 0.038
7 505 0.02055 0.01461 1.554 0.042
8 343 0.03184 0.01977 1.586 0.033
9 495 0.01915 0.01661 1.594 0.026
10 729 0.01416 0.01111 1.536 0.057
11 1021 0.0094 0.00811 1.566 0.029
12 1124 0.00891 0.00817 1.543 0.052
13 822 0.01226 0.00985 1.598 0.02
14 867 0.01239 0.00941 1.568 0.043
15 720 0.01283 0.01192 1.564 0.038
16 694 0.01418 0.01141 1.551 0.023
17 957 0.01116 0.0079 1.568 0.23
18 1055 0.00842 0.00671 1.537 0.011
19 800 0.01298 0.01095 1.548 0.056
20 822 0.01212 0.00869 1.506 0.017
21 517 0.02147 0.01451 1.583 0.018
22 506 0.01897 0.01494 1.513 0.028
23 719 0.01494 0.01102 1.576 0.031
24 793 0.01279 0.00968 1.61 0.111
25 904 0.01095 0.00956 1.558 0.024
26 745 0.01152 0.00999 1.543 0.069
27 943 0.00929 0.00929 1.55 0.027
28 1069 0.00831 0.00769 1.566 0.03
29 772 0.01298 0.00987 1.586 0.05
30 813 0.01114 0.00989 1.536 0.033
31 789 0.01262 0.01087 1.508 0.036
32 478 0.02247 0.01607 1.535 0.025
33 1173 0.00824 0.00619 1.506 0.023
34 1248 0.00822 0.00644 1.618 0.013
35 1036 0.0099 0.01338 1.551 0.019
36 1231 0.0096 0.00551 1.612 0.019
37 948 0.0093 0.00728 1.498 0.018
38 872 0.01073 0.00853 1.503 0.054
39 490 0.0218 0.01616 1.607 0.01
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40
41
42
43
44
45
46
47
48

702
1066
1007
874
1182
976
928
756
772

0.01453
0.00957
0.01013
0.01249
0.00878
0.01039
0.01099
0.01222
0.01298

M. M. Uz Zaman Siddiqui, S. Amir Igbal, A. Zulqgarnain, A. Tabassum

0.01128
0.00777
0.00739
0.00892
0.00726
0.0083

0.00873
0.01071
0.01111

1.588
1.51

1.569
1.588
1.558
1.601
1.589
1.537
1.556

0.021
0.014
0.026
0.026
0.032
0.018
0.051
0.043
0.069

Table XV. Experimental Responses for AISI-1045along with three Replicates.
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Appendix 9. - The AISI-1045 workpiece surface outline images were taken at a magnification level of 22X
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Experimental
Runs

Replicate # 1

Replicate # 2

Replicate # 3

15

£, 8] 3

pim TR

Ton=6.5us,Tot0.5 ps,D

16

i LA L

=
W

RN A A \

uty Factor = 50%, HV =0.3V, LV = 50A

B

Ton=6.5us,Tot60.5 us,Duty Factor = 50%, HV = 0.7V, LV = 50A

Table XVI. AISI 1045 Workpiece Outline 22X.
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Appendix 10. - The electrode images that machined AISI-1045 were taken at a magnification level of 20 X

Experimental

Runs Replicate # 1 Replicate # 2 Replicate # 3

Ton=4us,To5.5 pus,Duty Factor = 42%, HV = 0.3, LV =30

Ton=4ps,Tor5.5 ps,Duty Factor = 42%, HV = 0.3, LV =50

Ton—6.518,Tor3.5 ps,D

Ton=6.5us,Tot5.5 us,Duty Factor = 54%, HV = 0.7, LV =30

Ton=6.5us,Tot5.5 us,Duty Factor = 54%, HV = 0.3, LV =50

Memoria Investigaciones en Ingenieria, num. 28 (2025). pp. 222-268
https://doi.org/10.36561/ING.28.15
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
265


https://doi.org/10.36561/ING.28.15

M. M. Uz Zaman Siddiqui, S. Amir Igbal, A. Zulgarnain, A. Tabassum

Experimental
Runs

Replicate # 1 Replicate # 2

Replicate # 3

Ton=6.5us,To5.5 us,Duty Factor = 54%, HV = 0.7, LV = 50

Ton=4ps,Tor6.5 us,Duty Factor = 38%, HV =0.3, LV =30

Ton=4ps,Tor6.5 us,Duty Factor = 38%, HV =0.3, LV =50

12

Ton=4ps,Tor6.5 us,Duty Factor = 38%, HV =0.7, LV = 50

13

Ton=06.5us,Tor0.5 ps,Duty Factor = 50%, HV = 0.3, LV =30

14

Ton=6.5us,Tot0.5 ps,Duty Factor = 50%, HV = 0.7, LV =30
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Experimental
Runs

Replicate # 1 Replicate # 2 Replicate # 3

15

Ton=6.5us,Tot0.5 ps,D

16

Ton=6.5us,To6.5 us,Duty Factor = 50%, HV = 0.7, LV = 50

Table XVII. AISI 1045— Copper Electrode — 20 X.
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Direct Air Carbon Capture Using Metal-Organic Frameworks (MOFs):
Techno-Economic Performance of Temperature Vacuum Swing Adsorption
(TVSA) Systems

Captura directa de carbono en el aire mediante estructuras metalorganicas
(MOF): Rendimiento técnico-economico de los sistemas de adsorcion por
oscilacion de temperatura y vacio (TVSA)

Captura direta de carbono no ar usando estruturas metal-organicas (MOFs):
desempenho técnico-economico de sistemas de adsor¢do por oscilagdo de
temperatura e vacuo (TVSA)

Haider Ali'™, Duraid Uddin?, Asad A. Naqvi®, Umair Naeem?, Nomaan Akhtar’, Saqib Shams®, Ali Karim’

Recibido: 20/11/2024 Aceptado: 02/03/2025

Summary. - Direct Air Carbon Capture (DACC) technology is used to remove CO: directly from the atmosphere,
helping tackle climate change and excessive greenhouse gas emissions efficiently. In this study, a techno-economic
analysis of DACC has been carried out, including its working mechanisms, energy needs, and costs, as well as a

summary of the current research status. This research compares two leading metal-organic frameworks (MOFs)

MIL-101(Cr)-PEI-800 and mmen-Mg:(dobpdc) — focusing on their energy consumption, CO- adsorption, and cost.

This study investigates the performance of these MOFs in a temperature vacuum swing adsorption (TVSA) proce

ss,

which cyclically varies temperature and pressure to capture CO: and regenerate adsorbents. Among all materials,
mmen-Mgz(dobpdc) achieves the best performance with a much higher capacity and a favourable nonlinear isotherm
shape, indicating significantly improved efficiency and lower energy input. DACC systems based on advanced MOFs

hold great promise for minimizing non-point source emissions and should thus be considered essential components

of

a climate change mitigation strategy. This study contributes to direct future research and development toward more

efficient and cost-effective MOFs in DACC applications.

Keywords: Direct Air Carbon Capture, Temperature Vacuum Swing Adsorption, Metal-Organic Framework.

(*) Corresponding author.

! Researcher, Department of Mechanical Engineering, NEDUET (Pakistan), haider.ali@neduet.edu.pk
ORCID iD: https://orcid.org/0000-0001-8242-3696

2 Researcher, Department of Mechanical Engineering, NEDUET (Pakistan), duraid uddin2000@yahoo.com,
ORCID iD: https://orcid.org/0009-0009-4351-1162

3 Researcher, Department of Mechanical Engineering, NEDUET (Pakistan), asadakhter@neduet.edu.pk,
ORCID iD: https://orcid.org/0000-0001-6290-3115

4 Student, Department of Mechanical Engineering, NEDUET (Pakistan), umairnacem139@gmail.com,
ORCID iD: https://orcid.org/0009-0003-0763-4081

3 Student, Department of Mechanical Engineering, NEDUET (Pakistan), nomaan.akhtar2@gmail.com,
ORCID iD: https://orcid.org/0009-0007-2969-675X

6 Student, Department of Mechanical Engineering, NEDUET (Pakistan), saqibshams200204@gmail.com,
ORCID iD: https://orcid.org/0009-0009-3932-6095

7 Student, Department of Mechanical Engineering, NEDUET (Pakistan), alikarimptcl@gmail.com,
ORCID iD: https://orcid.org/0009-0008-0495-0237

Memoria Investigaciones en Ingenieria, num. 28 (2025). pp. 269-286
https://doi.org/10.36561/ING.28.16
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay

Este es un articulo de acceso abierto distribuido bajo los términos de una licencia de uso y distribucion CC BY-NC 4.0. Para ver

una copia de esta licencia visite http://creativecommons.org/licenses/by-nc/4.0/

269


https://doi.org/10.36561/ING.28.16
http://creativecommons.org/licenses/by-nc/4.0/
mailto:haider.ali@neduet.edu.pk
https://orcid.org/0000-0001-8242-3696
mailto:duraid_uddin2000@yahoo.com
https://orcid.org/0009-0009-4351-1162
mailto:asadakhter@neduet.edu.pk
https://orcid.org/0000-0001-6290-3115
mailto:umairnaeem139@gmail.com
https://orcid.org/0009-0003-0763-4081
mailto:nomaan.akhtar2@gmail.com
https://orcid.org/0009-0007-2969-675X
mailto:saqibshams200204@gmail.com
https://orcid.org/0009-0009-3932-6095
mailto:alikarimptcl@gmail.com
https://orcid.org/0009-0008-0495-0237

H. Ali, D. Uddin, A. A. Naqvi, U. Naeem, N. Akhtar, S. Shams, A. Karim

Resumen. - La tecnologia de Captura Directa de Carbono en el Aire (DACC) se utiliza para eliminar CO:
directamente de la atmosfera, lo que contribuye a combatir eficientemente el cambio climatico y las emisiones
excesivas de gases de efecto invernadero. En este estudio, se realizo un andalisis tecnoeconomico de la DACC,
incluyendo sus mecanismos de funcionamiento, necesidades energéticas y costes, asi como un resumen del estado
actual de la investigacion. Esta investigacion compara dos estructuras metalorganicas (MOF) lideres —MIL-101(Cr)-
PEI-800 y mmen-Mg:(dobpdc)—, centrandose en su consumo energético, adsorcion de CO: y coste. Este estudio
investiga el rendimiento de estas MOF en un proceso de adsorcion por oscilacion de temperatura y vacio (TVSA), que
varia ciclicamente la temperatura y la presion para capturar CO: y regenerar los adsorbentes. Entre todos los
materiales, mmen-Mg:(dobpdc) alcanza el mejor rendimiento, con una capacidad mucho mayor y una forma de
isoterma no lineal favorable, lo que indica una eficiencia significativamente mejorada y un menor consumo de energia.
Los sistemas DACC basados en MOF avanzados son muy prometedores para minimizar las emisiones de fuentes no
puntuales y, por lo tanto, deberian considerarse componentes esenciales de una estrategia de mitigacion del cambio
climatico. Este estudio contribuye a orientar la investigacion y el desarrollo futuros hacia MOF mas eficientes y
rentables en aplicaciones DACC.

Palabras clave: Captura directa de carbono en aire, adsorcion por oscilacion de temperatura y vacio, estructura
metalorganica.

Resumo. - A tecnologia de Captura Direta de Carbono no Ar (DACC) é usada para remover CO: diretamente da
atmosfera, ajudando a combater as mudangas climdticas e as emissoes excessivas de gases de efeito estufa de forma
eficiente. Neste estudo, foi realizada uma andlise técnico-economica do DACC, incluindo seus mecanismos de
funcionamento, necessidades energéticas e custos, bem como um resumo do status atual da pesquisa. Esta pesquisa
compara duas estruturas metal-organicas (MOFs) lideres — MIL-101(Cr)-PEI-800 e mmen-Mg:(dobpdc) — com foco
em seu consumo de energia, adsor¢do de CO: e custo. Este estudo investiga o desempenho dessas MOFs em um
processo de adsor¢do por oscilagdo de temperatura e vacuo (TVSA), que varia ciclicamente a temperatura e a pressdo
para capturar CO: e regenerar adsorventes. Entre todos os materiais, o mmen-Mg:(dobpdc) atinge o melhor
desempenho com uma capacidade muito maior e uma forma isotérmica ndo linear favoravel, indicando eficiéncia
significativamente melhorada e menor consumo de energia. Os sistemas DACC baseados em MOFs avan¢ados sdo
bastante promissores para minimizar as emissées de fontes difusas e, portanto, devem ser considerados componentes
essenciais de uma estratégia de mitigacdo das mudangas climdticas. Este estudo contribui para direcionar futuras
pesquisas e desenvolvimentos em direg¢do a MOFs mais eficientes e economicos em aplicagoes DACC.

Palavras-chave: Captura direta de carbono no ar, adsor¢do por oscilagdo de temperatura e vacuo, estrutura metal-
organica.
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1. Introduction. - In recent years, there has been a continuous debate about humanity's contribution to the rise of
atmospheric greenhouse gases and the resulting global warming. While the exact causal relationship is still under
discussion, it is now widely accepted that human activities have significantly increased these gases in the atmosphere
[1]. Human activities generate greenhouse gases (GHGs) in the atmosphere, primarily carbon dioxide (CO,), methane
(CHa,), chlorofluorocarbons (CFCs), and nitrous oxide (N,O). These gases significantly contribute to global warming,
which is one of the most pressing environmental threats facing humanity today. Among these GHGs, CO» has the
largest impact, accounting for about 55% of the observed greenhouse effect and global warming. The emissions from
thermal power plants (TPPs) are a major source of CO», as approximately 30% of the world's fossil fuel consumption
is dedicated to power generation, leading to substantial CO, emissions [2]. The ongoing rise in atmospheric GHGs
concentrations is the most significant factor driving global warming. Since the onset of industrialization, the substantial
release of CO; from human activities has played a major role in enhancing the greenhouse effect, becoming a pressing
environmental issue that requires urgent attention. Additionally, other gases, such as methane (CHj), nitrous oxide
(N20), and ozone-depleting substances (ODSs), including fluorinated gases, also contribute to climate change [3], [4].
The current level of CO; in the atmosphere is over 400 ppm and rising by about 2 ppm per year, mainly due to burning
fossil fuels [5]. The International Energy Agency reports that more than two-thirds of greenhouse gas emissions and
over 80% of carbon dioxide emissions stem from energy-related activities. The global CO, emissions grew by an
average of 2.6% annually. Many studies have documented the statistics and detrimental effects of global warming,
revealing that around 60% of the planet is now facing unprecedented high temperatures each year [6].

Currently, the most prevalent techniques for capturing CO, from gas mixtures include absorption, membrane
separation, and low-temperature CO, capture. Absorption typically involves using solvents that selectively absorb CO,
from flue gases, making it effective for large-scale industrial applications. Membrane separation utilizes selective
permeability to separate CO, from other gases, offering a more energy-efficient and compact alternative. Low-
temperature CO, capture, on the other hand, leverages cryogenic processes to condense and separate CO, from gas
streams, which can be particularly advantageous in high-purity applications. Each of these methods presents unique
advantages and challenges, making them suitable for different operational contexts and carbon capture goals [7].

Fossil fuels will continue to be a major energy source, so we need technologies to capture and store CO,, directly from
the air, which is known as Direct Air Capture (DAC). Traditional carbon capture methods target specific sources like
power plants, but DAC can capture CO; from any location, making it more versatile. There has been research into
various DAC methods, including using solutions like sodium hydroxide [8]. However, these can be expensive and
energy intensive.

More recent studies have focused on using solid materials called Metal-Organic Frameworks (MOFs), which are more
efficient in capturing CO». Metal-organic frameworks (MOFs) offer numerous significant benefits that make them
highly attractive for a range of applications, particularly in gas separation, storage, and catalysis. One of their standout
features is their exceptionally high surface area, which enhances their capacity for gas adsorption and storage, making
them efficient materials for capturing gases like CO; and hydrogen. Additionally, the tunability of MOFs allows for
easy modification of their structural and chemical properties by altering the metal ions or organic linkers used in
synthesis, enabling the design of materials tailored to specific applications, such as selective gas separation. Their
highly porous structure facilitates efficient gas diffusion and adsorption, which is crucial for processes like carbon
capture and air purification. Furthermore, their lightweight nature is advantageous in applications where weight is a
concern, such as gas storage for transportation [7], [9]. Two promising MOFs are MIL-101(Cr)-PEI-800 and mmen-
Mg2(dobpdc), which are known for their high capacity to adsorb CO> and their stability [8].

Solid adsorbents like MOFs can capture CO, through processes that use temperature and pressure changes. Studies
have shown that these materials can be effective and potentially less costly than liquid solutions [10]. The research
also explores different designs to improve efficiency, such as using monolith structures, which reduce pressure drops
and increase mass transfer rates. Steam can be used as a stripping agent to regenerate the adsorbents, and some
experiments have shown that certain adsorbents can withstand repeated cycles of adsorption and desorption using
steam [11].

This paper evaluates the economic and energy performance of DAC using MIL-101(Cr)-PEI-800 and mmen-
Mg2(dobpdc) in a temperature vacuum swing adsorption (TVSA) process. The study aims to optimize the conditions
for DAC and guide future materials development to improve performance. Numerical models are used to analyze the
effect of air and steam velocity on the system's CO, capture efficiency.
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2. Methodology. - The study focuses on Direct Air Carbon Capture (DACC) technology using solid adsorbents and
emphasizes the importance of material selection in its performance and cost-effectiveness, as illustrated in Figure 1.
Two metal-organic frameworks (MOFs), MIL-101(Cr)-PEI-800 and mmen-Mg2(dobpdc), are evaluated for their CO»
capture capabilities. These MOFs are crucial because they offer high surface areas and tunable pore structures that
enhance CO; adsorption, making them suitable for DACC applications. The study explores how these materials are
used in monolithic contactors, structures designed to maximize the contact surface between the adsorbent and air.
These contactors play a vital role in improving CO; capture efficiency by reducing pressure drops and increasing the
adsorption rate, which leads to better overall performance in capturing atmospheric CO».

. Analyzing
Idﬁ;lgr iIa(Iey —> MOF Selection —> Monolitic —> Eg:i?g;iaMngF
Contractor
|
\ 4
Techno Identify Best
Economic —> Enegﬁg gzr;and —>  performing
Analysis MOF

Figure I. Methodology of Study

The effectiveness of monolithic contactors is highlighted, as they allow for more efficient airflow and CO; adsorption,
making them a viable option for large-scale DACC operations. In terms of cost evaluation, the study examines the
energy demands and overall expenses of implementing these MOFs in a DACC system. mmen-Mg2(dobpdc) emerges
as the more effective and cost-efficient material due to its higher CO, adsorption capacity and favorable non-linear
isotherm behavior, which allows it to perform better under varying conditions. This material also requires less energy
for regeneration compared to MIL-101(Cr)-PEI-800, making it a superior option for reducing CO; emissions. Overall,
mmen-Mg,(dobpdc) demonstrates better performance and economic viability, positioning it as a promising material
for future DACC applications.

A TVSA-based DAC system is presented by Sinah [12] to compare the performance of two MOF sorbents, namely,
MIL-101-(Cr)-PEIS00 and mmen-Mg:(dobpdc). The monolith channel/ as shown in Figure II, through which the
reactant, i.e., air flow, is assumed to be cylindrical for analysis. Each of these channels is coated with an absorbent
film. The characteristics of the monolith channel are presented in Table 1.

Table 1: Parameters of Monolith Channel
Parameters of Monolith Channel [12]

Absorbent film Thickness 60 microns

Diameter of Monolith Channel 1270 microns

Cell Density 400 cpsi

Figure II. Monolith channel [12]
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The process (as illustrated in Figure 3) consists of the following five steps.

1. Air at ambient conditions (298K, 1 atm., 25% Relative Humidity) enters the channel. The CO, concentration in
the air is assumed to be 400 ppm. Adsorption of CO> by the film begins in this step.

2. The second step involves the evacuation of air from the channel. This is done mainly to prevent the amine groups
in the MOF's from being oxidized at high temperatures. The channel at the front end is closed and is evacuated by
the use of a vacuum pump. The step continues until the oxygen concentration falls below 4%.

3. The third step involves pressurizing the channel to prevent any backflow of air (oxygen) from the rear end. This
is done by closing the rear end and passing saturated steam at 1 atm through the front end.

4. Desorption occurs in step four by temperature swing. The rear end of the channel is opened, and saturated steam
at 1 atm is fed to the channel from the front end. The steam condenses on the surface of the absorbent, increasing
its temperature.

5. The last step involves cooling the system down to 348K from the desorption temperature of 373K. This is done to
prevent the oxidative degeneration of the amine groups in the MOF. The vacuum pump is used for cooling using
evaporating the water vapours out of the channel. As in the evacuation step, the front of the channel is closed, and
pressure is dropped at the rear.

TVSA Process
|

STEP1

Adsorption

Air under high pressure
enters the adsorption
channel

STEP2.

Evacuation

One end of the channel is
closed

A vacuum Pump is used to
evacuate the channel

Pressurization

One end of the channel is
closed

Steam at 1 atm pressure
enters the channe!

Desorption

Steam at | atm is once again
injected into the channel to
desorb the adsorbed CO2 on
the surfaces

STEPS

Cooling

One end of the channel is
closed

Under vacuum, cooling
occurs as the temperature

drops rapidily

Figure IIl. Process Flow of TVSA.

3. Background. -

3.1 Air Capture System. - The research by J. K. Stolaroff et al. [13] explores the feasibility of capturing carbon
dioxide (CO:) directly from ambient air using a sodium hydroxide (NaOH) spray-based system. This approach is
distinct from traditional methods that capture CO: from large, stationary sources such as power plants. The primary
advantage of capturing CO: from ambient air is the potential to address emissions from diffuse sources and even past
emissions. This can be particularly useful in achieving significant reductions in atmospheric CO: levels to mitigate
climate change effects [14].

3.1.1 Process Overview. -

System Description. - The system involves spraying a solution of NaOH into the air, where it reacts with CO: to form
sodium carbonate (Na:COs). The CO:-laden solution is then processed to regenerate NaOH and capture pure COx,
which can be sequestered or utilized in various applications.

Contractor Design. - The contactor is the component where air interacts with the NaOH solution to absorb CO..
Different designs for contactors include convection towers, open pools, and packed scrubbing towers [15]. This study
focuses on a spray-based contractor.

e Spray-Based Contactor: The system utilizes fine spray nozzles to create a mist of NaOH solution that increases
the contact surface area between the air and the absorbing liquid. A critical aspect of the design is managing drop
coalescence, which can reduce the efficiency of CO: absorption [16].

The description of Direct Air Capture using the wet scrubbing method is given in Table II.
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Aspect

Details

CO; Capture Method

Direct capture from ambient air using wet scrubbing

Absorbent Used
Recovery Process

Energy Requirement

Contactor Design

Advantages

Sodium hydroxide (NaOH)
Two-step precipitation and crystallization followed
by customization with sodium tri-titanate

Approximately 50% less high-grade heat than

conventional; lower maximum temperature required
Packed scrubbing towers or open towers with NaOH

spray

Reduces CO, systematically from dispersed

emissions, substantial cost reduction, pure CO,
stream generated

Table Il. DAC using wet scrubbing method [17]

3.1.2 Temperature Swing Adsorption. - Temperature Vacuum Swing Adsorption (TVSA) combines temperature and
vacuum swings, which significantly lowers the energy required for the desorption process compared to TSA, which
relies solely on heating. This makes TVSA more energy efficient. The comparison of different CO, capture methods

is given in Table IV.

Process . . Key
Method Description Efficiency Advantages Disadvantages References
Involves the
:?ig\l;vpetion of CO: High working
TVSA d capacity, lower Requires precise
(Temperature temp era}tures an . energy temperature
. desorption at High . [18], [19]
Vacuum Swing hicher consumption control and
Adsorption) & compared to vacuum systems.
temperatures under TSA
vacuum '
conditions.
Adsorption of CO:
TSA occurs at ambient Simple setup, Higher energy
temperature and Moderate to | effective for consumption due
(Temperature . . . [20], [21]
Swing Adsorption) desorption at High large-scale to heating
g P elevated applications. requirements.
temperatures.
;n:(iii\f;smaymg Effective for low | Chemical
Capture from hvdroxide solution CO: handling and
Ambient Air Using Y . concentrations, disposal issues,
. . to capture CO2 Variable . . [13]
Sodium Hydroxide . . can be integrated | lower efficiency
from ambient air . .. .
Spray . L with existing for high CO2
forming sodium .
systems. concentrations.
carbonate.
Produces high-
Electrochemical value chemicals dC:‘ZF;e;ZiialySt
. reduction of CO;, and fuels, . P ?
Electrochemical Moderate to ) high energy
. to valuable . potential for - [22]
Conversion . high . . . consumption,
products using integration with scalability
electrical energy renewable energy challenges
sources

Table I1I. Different CO; Capture Methods.

The addition of vacuum swing in TSA reduces the desorption time, leading to shorter cycle times and higher
throughput. This efficiency can result in lower operational costs and improved overall process economics. TVSA
systems typically produce high-purity CO: streams due to the effective desorption facilitated by vacuum. This high
purity can be advantageous for subsequent CO: utilization or sequestration. It has a lower environmental impact as it
requires less water compared to the NaOH spray method, which involves significant water use and potential chemical
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handling issues. This makes the process more sustainable and environmentally friendly. TVSA is more cost-effective,
especially for large-scale applications, due to its lower energy requirements and efficient operation. While initial capital
costs for vacuum equipment may be higher, the long-term savings in operational costs make it a better economic
choice.

Temperature Swing Adsorption (TSA) is a cyclic process used for the capture of CO» and other gases; details are given
in Table 5. It leverages temperature changes to adsorb and desorb gases from solid adsorbents.

i. Adsorption. - During the adsorption phase, a gas mixture containing CO, is passed through an adsorbent bed.
Materials like zeolites, activated carbons, and MOFs are used due to their high surface area and selective adsorption
properties. The CO, molecules adhere to the surface of the adsorbent at lower temperatures, while other gases pass
through the bed. This selective adsorption is influenced by the adsorbent's affinity for CO; and its operating temperature
[23], [24].

ii. Heating. - Once the absorbent bed is saturated with CO,, the heating phase begins. The bed is heated, typically
using steam or other heat sources, to increase the temperature. This heat causes the CO, molecules to desorb from the
adsorbent surface. The efficiency of this step depends on the thermal properties of the adsorbent and the design of the
heating system. Effective heat integration can significantly lower the energy penalty associated with this step [23],
[24].

iii. Desorption. - As the temperature rises, the CO» is released from the adsorbent. This desorption process generates
a concentrated CO; stream, which can be captured and stored. The purity and recovery rate of CO, depend on the
adsorbent material and the operational parameters of the TSA cycle. MOFs, for example, have shown promising results
due to their tunable properties and high selectivity for CO, [23], [24].

iv. Cooling. - After desorption, the adsorbent bed is cooled down to its initial temperature, readying it for the next
cycle. Cooling can be achieved through heat exchange with ambient air or other cooling media. Efficient cooling
ensures that the adsorbent retains its adsorption capacity for subsequent cycles [23], [24].

Step Description

1. Adsorption CO; laden gas is passed through the adsorbent bed, where CO; is
selectively adsorbed at a lower temperature. The bed typically contains
materials like zeolites, activated carbons, or metal-organic frameworks
(MOFs)
2. Heating The adsorbent bed is heated to desorb the captured CO,. This step
increases the temperature of the bed to release the CO,, making the
adsorbent ready for the next cycle
3. Desorption CO, is released from the adsorbent material due to the increased
temperature. This step produces a concentrated stream of CO», which can
be captured for further use or storage

Table V. TSA Process Steps [25]

3.2 Evaluating Metal-Organic Frameworks (MOFs) for CO, Capture. - Two MOFs, Zn4O(BTB)2 (MOF-177)
and Mg2(dobdc) (Mg-MOF-74), were evaluated. Mg-MOF-74 demonstrated a higher working capacity and selectivity
for CO; over Na, which is critical for efficient CO; capture [26].

The study analyzed CO, adsorption isotherms at various temperatures, revealing that Mg2(dobdc) had superior
performance, including a high working capacity of 17.6 wt% at 200°C. The presence of strong CO> adsorption sites
in Mg-MOF-74 was crucial for its effectiveness in TSA processes [26].

3.3 Electrochemical Conversion. - The electrochemical conversion of CO, involves using electrical energy to drive
chemical reactions that transform CO; into valuable products such as hydrocarbons, alcohols, and other chemicals.
This process typically takes place in an electrochemical cell consisting of a cathode, an anode, and an electrolyte [22],
[27].

i. Cathode Reactions. - At the cathode, CO, molecules are reduced to form products such as carbon monoxide
(CO), formate, methanol, methane, ethylene, and other hydrocarbons. The specific product depends on the catalyst
used and the operating conditions, such as potential and electrolyte composition.
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The reduction of CO; involves multiple electron and proton transfer steps, making it a complex process. Effective
catalysts are crucial to enhance selectivity and efficiency towards desired products [22], [27].

ii. Anode Reactions. - At the anode, water is typically oxidized to produce oxygen gas (O) and protons (H").
This oxidation reaction provides the necessary protons and electrons for the reduction reactions at the cathode.

The overall efficiency of the process depends on the ability of the anode to facilitate the oxygen evolution reaction
(OER) efficiently [22], [27].

iii. Electrolyte. - The electrolyte facilitates the movement of ions between the cathode and anode. It can be an
aqueous solution, solid oxide, or ionic liquid, depending on the specific electrochemical system.

The choice of electrolyte affects the conductivity, stability, and overall efficiency of the electrochemical cell [22],
[27].

iv. Metallic Catalysts. - Transition metals such as copper, silver, gold, and zinc are commonly used as catalysts
for CO» reduction. Copper, in particular, is known for its ability to produce a wide range of hydrocarbons and alcohols.

Alloying and modifying these metals with other elements can enhance their catalytic properties and product
selectivity [22], [27].

v. Metal-Organic Frameworks (MOFs). - MOFs are a class of porous materials that have shown promise as
catalysts for CO; electroreduction. Their high surface area and tunable chemical environment make them suitable for
optimizing catalytic activity and selectivity.

MOFs can be functionalized with various active sites to target specific reduction pathways [28].

vi. Electrocatalyst Optimization. - Research focuses on optimizing the structure, composition, and morphology
of electrocatalysts to improve their performance. This includes developing nanostructured catalysts, bimetallic
systems, and hybrid materials that combine the advantages of different components [28].

3.4 Mathematical Modelling of the TVSA system. - The following assumptions were made to develop the

mathematical model:

e Airis considered to have oxygen and nitrogen components in addition to the CO» (and 25% relative humidity),
and the saturated steam is pure.

o Ideal gas law and ideal mixtures are assumed for the non-condensable components [29].

e Temperature and concentration variations are neglected in the radial direction in the adsorbent film and monolith
wall leading to a lumped model in the radial coordinate for these model elements [30].

e Adsorbent film thickness is uniform in the axial direction [31].

e  During the desorption step, condensed water does not penetrate inside the MOF pores due to the high flow rate of
desorbed CO; from the MOF pores in the opposing direction. Thus, heat is conducted into the MOF and wall and
is not transferred by diffusion of steam within the MOF phase following steam condensation [32], [33].

e Heat loss from the channel is negligible during all steps of the cycle

The pressure drop across the channel is given by the Hagen Poiseuille equation:
8Luv
AP = —
R;

(1)

where, L = length of the channel
v = velocity of gas inside the channel
U = gaseous viscosity
R; = Channel Inner Radius

The other source of pressure drop is due to drag on the system, which is assumed to be negligible as compared to
pressure drop by Hagen- Poiseuille Equation [eqn. (1)].

The CO; absorption rate is approximated by the linear driving force model as given by:

9 e
%ctoz = k(Qgoz — Qcoz) 2)
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Where, Q.¢, = absorbed CO; concentration
Q¢d, = equilibrium concentration of CO>
k = overall mass transfer coefficient

The mass transfer coefficient is calculated by the method proposed by A Sinha [12], which gives the final equation
as:

m 2/3
CpgMeYimLery 3)
where, h; = convective heat transfer coefficient of moist air
My, o = Molar mass of water vapor
Cp.g = Specific heat of moist air
M, = Molar mass of air
Vim = Log Mean Mole Fraction
Ley, o, = Lewis number of H,O
Vim = Log mean mole fraction
— Yni — Ynb
Yim In (M) “4)
Ynb

Where, y,,; = mole fraction of the non-condensable gases at the gas film interface
Yypi = mole fraction in the bulk flow

The concentration at the interface is assumed to be in equilibrium with pure liquid water and thus estimated using the
Antoine equation [eqn. 0)]:

ay
~Du05, 5)
b
Ci__“pk_<Q+CH 6)
H20 ™ RT,

where, C ,"120 = saturation concentration of water vapor in the MOF channel interface
a, b, c = Antoinne constants
The heat of absorption of CO; is determined using the Clausius—Clapeyron equation.
1 P, AH ( 1 1) 7
"B TR\T, T, @

The heat of absorption of CO; is calculated at 25°C, 50°C and 75°C

The system design specifications and mass and heat transfer properties are tabulated in Table VI and Table VII,
respectively.

Name Symbol Value Unit

Air thermal conductivity ke 0.0257 W/m.K
Air heat capacity (O 1003 J/kg.K
Air density Pe 1.1839 kg/m3
Adsorbent Thermal Conductivity Kads 0.32 W/m.K
Adsorbent Heat Capacity Cp,ads 892.5 J/kg. K
Adsorbent Density Pads 500 kg/m3
Wall Thermal Conductivity Kywall 1.6 W/m.K
Wall Heat Capacity Cp,wall 840 ]/kg.K
Wall density Pwall 2050 kg/m3
Antoine Constants a,b,c 5.2,1733.9,-39.5 -

Table VI. Properties of the TVSA CO; Capture System [12].
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Parameter Value
Dy (m) 0.000016
h (W/m?-K) 75
Tambient 298
Ccozo (mol/m?) 0.016
Cinerto (mol/m3) 4088
AH (J/mol) 55000
AH (J/mol) 70000
A (m) 0.00063
As (m) 0.00052

Table VII. Heat and Mass Transfer Properties [12]
3.5 Estimating Energy Requirements

1) Electrical energy is required for the running of the fan. Higher air flow rates cause a larger pressure drop
across the channel.

2) Energy required by the vacuum pump to decrease the pressure inside the channel.

3) Energy is required to provide sensible heat to the adsorbent.

4) Use of vacuum pumps to lower the partial pressure of water vapour.

The efficiency of the pump is considered to be 85 % [12]. The equations for the energy requirement for the various
components are given in Table VII.

Components Energy requirement (Joules per mole of CO»)
Electrical energy for blowers g, =2Pet
N
Adsorbent sensible heat _ madscCads ctstep5 L dTads
Ey= LN ft:tstep 4 fz:o( dt dz)dt
Monolithic wall sensible heat — mads Cwall (tstep5 (L dTwall
E3 LN ft:tstep 4 fz:O( dt dZ) dt
CO; desorption heat Es= AH
Electrical energy for vacuum PV (Vl‘ Y —vh
E5 - _ 1 2 1
Energy in uncondensed steam 2l [tsteps R
Eg = N ( J- Vstepal Crzo(L)dr ) dt
m t=tstep4 roo

Table VIII. Energy Requirements [12]
3.6 Economic Modelling of the System

e  O&M cost of the device (includes energy, loading and unloading of a sorbent (Noswm))
e  Scrap value of the sorbent at the end of its lifetime (Ns)
Ns= Sorbent Price V+ Installation cost I
e  The amount spent on the hardware is taken into consideration; hence, the running expense is the capital cost of
the plant Ngp,

For NPV of a DAC system:
NPVy = Nyey — (Nogm + Ngop + Ng) 8)

The net present value of the system has to be zero or greater than zero at some point during the operation.

To find tir, the first derivative of the NPV equation concerning time must be zero:

dNPV,
@t = tlife TO = Nyey — (nO&M + NBOP) =0 (9)
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Revenue generated per unit of time can be calculated as,
PC -t

nreu (t) = 2
cycle

-t
et et (10)
where P is the market price of carbon dioxide per unit mass, Cy is the initial capacity of sorbent (the amount of CO»
captured per cycle), and teyele is the duration of one loading/unloading cycle. D is the time constant of the sorbent
capacity degradation, and M is a time constant that accounts for the time value of money. The costs of MIL-101(Cr)-
PEI-800 and mmen-Mg2 (dobpdc) are taken as $15/kg and $50/kg, respectively taken from local market survey.

In summary, achieving economic viability for a Direct Air Capture (DAC) device necessitates meeting the conditions
outlined in Equations (8), (9) and (10). While equation (9) allows for the calculation of the device's lifetime, a
positive value for tjir. does not automatically ensure a positive Net Present Value (NPV).

4. Results and Discussions. - The flow of CO2 through the material is shown in Figure 4, which shows how quickly
CO:; starts to pass through the material without being captured. For MIL-101(Cr)-PEI-800, CO; breaks through earlier,
meaning this material gets saturated faster and starts letting CO, through sooner, while for mmen-Mg2(dobpdc), CO»
breaks through later, indicating this material can capture more CO, before it gets saturated. At a time, step of
approximately 4200s, the concentration stays constant since most of the CO, is adsorbed on the surface by the
adsorbent.

CO2 Breakthrough Profile
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Figure IV. CO; breakthrough curve.

The holding time of CO, for each material is shown in Figure 5. From where one can conclude that since mmen-
Mg>(dobpdc) has a higher capacity of approximately 2.9 mmol/g, so it can hold more CO, while MIL-101(Cr)-PEI-
800 has a lower capacity of approximately 1.2 mmol/g, so it holds less CO,. In simple terms, mmen-Mg2(dobpdc) is
better at capturing and holding more CO, for a longer time compared to MIL-101(Cr)-PEI-800.

Adsorbed Average C0O2 Concentration
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Figure V. Adsorbed average CO; concentration.
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Energy requirements of the both MOFs mmen-Mg2 (dobpdc) and MIL-101 (Cr)-PEI-800 are given in Figure VI and
Figure VII, respectively. Since the thermal efficiency was taken to be 85% [12], the minimum primary combustion
energy requirements for the MIL-101(Cr)-PEI-800 and mmen-Mg2 (dobpdc) adsorbents are around 0.150 MJ/mole
and 0.125 MJ/mole.
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Figure VI. Energy requirements for mmen-Mg2 adsorbent.
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Figure VII. Energy requirements for MIL-101 (Cr)-PEI-800 adsorbent.

The cost comparison of both MOFs is shown in Figure 6. The curve shows the cost components for MIL-101(Cr)-PEI-
800 and mmen-Mg-2(dobpdc), indicating that mmen-Mg-2(dopdc) generally incurs lower costs in key areas such as
steam and blower operation. Specifically, MIL-101(Cr)-PEI-800 shows higher costs for blower Opex and steam,
suggesting it is less economical in operational expenditure. While both materials have similar costs for monoliths and
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vacuum pump Capex, mmen-Mg-2(dobpdc) offers cost savings in most categories, highlighting it as the more cost-
effective option for these processes.

$30.00
® MIL-101(Cr)-PEI-800
$25.00
B mmen-Mg-2(dopdc)
$20.00
$15.00
$10.00
N . -
Blowers Steam Vacuum  Monolith Adsorbent Blower Vacuum
Pump Opex Pump
Capex

Figure VIII. Cost comparison between both adsorbents.

The Figure 7 looks at how the cost of the Direct Air Capture (DAC) process changes with different steam velocities
for two materials MIL-101(Cr)-PEI-800 and mmen-Mg2(dobpdc). The curve shows that cost is the strong function of
steam velocity. For MIL-101(Cr)-PEI-800, the cheapest operation is found at a steam velocity of 0.04 m/s while for
mmen-Mg2(dobpdc), the lowest cost is at a steam velocity of about 0.06 m/s.

The study performed an analysis to find the best adsorption and desorption times by varying certain parameters and
keeping the air velocity constant at 3 m/s. For this analysis, the steam velocity was kept at the optimal points identified
(0.04 m/s for MIL-101(Cr)-PEI-800 and 0.06 m/s for mmen-Mg(dobpdc)). This helps to optimize the DAC process
for cost and efficiency.

Variation of DAC Cost with Steam Velocity
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Figure IX. Total DAC Cost v/s Steam velocity.

MOF-based adsorbents, such as mmen-Mgz(dobpdc), can potentially reduce energy demands and operational costs in
DACC systems. However, transitioning these materials from lab-scale success to industrial deployment requires
addressing unresolved challenges. These include energy-intensive synthesis (e.g., solvent reliance, high-temperature

Memoria Investigaciones en Ingenieria, num. 28 (2025). pp. 269-286
https://doi.org/10.36561/ING.28.16
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
281


https://doi.org/10.36561/ING.28.16

H. Ali, D. Uddin, A. A. Naqvi, U. Naeem, N. Akhtar, S. Shams, A. Karim

activation), mechanical brittleness during pelletization (critical for industrial reactor integration), and stability under
cyclic TVSA conditions, where thermal degradation or moisture sensitivity could compromise long-term performance.
It also requires advancements in scalable synthesis methods like continuous flow reactors [34]. A thorough
understanding of how MOFs integrate into different CO2 capture technologies and regeneration processes [35], and
the effective use of computational tools for material design and performance prediction under realistic operating
conditions [36]. Addressing these multifaceted challenges is crucial for transitioning the promise of MOFs into
practical, large-scale solutions for carbon capture.

5. Conclusion. - This study investigates the performance ofa TVSA (Temperature Vacuum Swing Adsorption) process
for Direct Air Capture (DAC) of CO, using two advanced materials, MIL-101(Cr)-PEI-800 and mmen-Mg2(dobpdc).
The latter material demonstrated superior CO; adsorption capacity (2.9 mmol/g compared to 1.2 mmol/g for MIL-
101(Cr)-PEI-800). Key optimizations included air and steam flow rates, with 3 m/s airflow and steam velocities of
0.04 m/s for MIL-101(Cr)-PEI-800 and 0.06 m/s for mmen-Mg2(dobpdc). Energy requirements were minimized to
below the CO, combustion energy, and costs were estimated at $77-142 per tonne for MIL-101(Cr)-PEI-800 and $64-
194 per tonne for mmen-Mg2(dobpdc). Future improvements could include using solar energy and enhancing material
stability, aiming to further optimize energy efficiency and reduce costs in scalable DAC solutions. The thickness of
the adsorbent film is crucial in determining energy costs, as a thicker film captures more CO,, thereby reducing the
energy required for the desorption step. Maintaining a normal air flow rate is essential, since higher air flow rates
would lead to CO, bypassing the adsorbent without being captured. It was observed that increasing air velocity beyond
3 m/s does not enhance adsorption. Additionally, utilizing a solar thermal cycle to produce steam can further decrease
the system's overall energy cost.

On the other hand, the economic modelling of the Direct Air Capture (DAC) system includes the operation and
maintenance (O&M) costs, which cover energy and the loading/unloading of the sorbent (Nos&m), and the scrap value
of the sorbent at the end of its lifetime (Ns). The scrap value (Ns) is calculated as the sum of the sorbent price (Vs) and
the installation cost (Is). The hardware cost is also considered, making the capital cost of the plant (Ngop) part of the
running expenses. The net present value (NPV) of the DAC system is determined by eq (8). For the system to be
economically viable, the NPV must be zero or greater at some point during operation. To find the lifetime (tif) of the
system, the first derivative of the NPV equation with respect to time is set to zero in eq (9). Key takeaways include
that the NPV starts negatively due to the initial sorbent cost, increases with revenue from captured CO», and tiig is the
point where the NPV reaches its maximum. The revenue generated per unit of time is calculated using eq (10).

The economic analysis indicates that MOFs can significantly reduce storage costs compared to traditional methods.
The study evaluated the lifecycle costs of MOF-based storage systems and found that they offer competitive advantages
in terms of both capital and operational expenses. This makes MOFs a cost-effective option for carbon capture.
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Summary. - Mexico’s manufacturing industry is vital to the global economy. This industry has recently faced
challenges due to the COVID-19 pandemic and globalized markets. Some developed countries can adopt innovative
technologies; however, Mexico focuses on improving production processes with little investment, combined with
existing resources and technology. Mexican companies use improvement techniques such as Six Sigma and Lean
Manufacturing to achieve this goal. This study reports a method called Lean-Sigma that, unlike traditional methods
that take months or even years to solve a problem, our method offers results in weeks, avoiding waste generation and
speeding up decision-making. The proposed method consists of the following phases: identifying and measuring the
problem, analyzing the root cause, developing a solution, and verifying the solution and control plan. The main
characteristic of this approach is that it acts at the speed of Lean and uses engineering tools to solve problems and to
demonstrate how the measurement system error could affect the achievement of the single-minute exchange of die
(SMED). To validate the proposed method, a case study is presented in a plastic injection molding process in a
manufacturing company located in Ciudad Juarez (Chihuahua, México), which has a late delivery rate that causes
delays in the final assembly lines. Implementing the suggested strategy increased on-time deliveries from 77% to
99.36% in six weeks.
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Resumen. - La industria manufacturera de México es vital para la economia mundial. Esta industria ha enfrentado
recientemente algunos retos debido a la pandemia COVID-19 y a la globalizacion de los mercados. Algunos paises
desarrollados pueden adoptar tecnologias innovadoras; sin embargo, en México, la atencion se centra en la mejora
de los procesos de produccion con poca inversion, combinada con los recursos y la tecnologia existentes. Las empresas
mexicanas utilizan técnicas de mejora como Seis Sigma y Manufactura Esbelta para lograr este objetivo. Este estudio
reporta un método denominado Lean-Sigma que, a diferencia de los métodos tradicionales que tardan meses o incluso
afios en resolver un problema, nuestro método ofrece resultados en semanas, evitando la generacion de desperdicios
v agilizando la toma de decisiones. El método propuesto consta de las siguientes fases: identificacion y medicion del
problema, analisis de la causa raiz, desarrollo de una solucion y verificacion de la solucion y del plan de control. La
principal caracteristica de este enfoque es que actua a la velocidad de Lean y utiliza herramientas de ingenieria para
resolver problemas, asi como para demostrar como el error del sistema de medicion podria afectar a la consecucion
del cambio de troquel en un minuto (SMED). Para validar el método propuesto, se presenta un caso de estudio en un
proceso de moldeo por inyeccion de plastico en una empresa manufacturera ubicada en Ciudad Juarez (Chihuahua
Meéxico), la cual tiene una tasa de entrega tardia que ocasiona retrasos en las lineas de ensamble final. La aplicacion
de la estrategia sugerida aumento las entregas a tiempo del 77% al 99,36% en seis semanas.

Palabras clave: Lean-Sigma, Solucion de Problemas, SMED, Entregas a Tiempo, MSA.

Resumo. - A industria transformadora do México ¢ vital para a economia global. Esta industria tem enfrentado
recentemente alguns desafios devido a pandemia da COVID-19 e aos mercados globalizados. Alguns paises
desenvolvidos podem adotar tecnologias inovadoras; no entanto, no México, a tonica é colocada na melhoria dos
processos de produgdo com pouco investimento, combinada com os recursos e a tecnologia existentes. As empresas
mexicanas utilizam técnicas de melhoria como o Six Sigma e o Lean Manufacturing para atingir este objetivo. Este
estudo relata um método chamado Lean-Sigma que, ao contrario dos métodos tradicionais que levam meses ou mesmo
anos para resolver um problema, o nosso método oferece resultados em semanas, evitando a geragdo de residuos e
acelerando a tomada de decisées. O método proposto consiste nas seguintes fases: identificagcdo e medi¢do do
problema, andlise da causa raiz, desenvolvimento de uma solugdo e verificagdo da solugdo e do plano de controlo. A
principal carateristica desta abordagem é que actua a velocidade do Lean e utiliza ferramentas de engenharia para
resolver problemas, bem como para demonstrar de que forma o erro do sistema de medicdo pode afetar a realizag¢do
da troca de moldes num minuto (SMED). Para validar o método proposto, é apresentado um estudo de caso num
processo de moldagem por inje¢do de plastico numa empresa de produgado localizada em Ciudad Juarez (Chihuahua,
Meéxico), que tem uma taxa de entrega tardia que causa atrasos nas linhas de montagem finais. A implementagdo da
estratégia sugerida aumentou a pontualidade das entregas de 77% para 99,36% em seis semanas.

Palavras-chave: Lean-Sigma, Resolugdo de problemas, SMED, Entrega atempada, MSA.
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1. Introduction. - The On-time delivery is a challenge faced by manufacturing companies today, negatively impacting
product quality, customer satisfaction, and overall organizational efficiency [1]. According to Kholil et al. [2], the
internal factors make this a difficult challenge to solve, including internal process capabilities, maintenance strategies,
and supply chain coordination. However, external factors, such as the COVID-19 pandemic, have also caused the
closure of raw material manufacturing companies worldwide, delaying supply and reducing the time required for
transformation into finished products [3][4].

Horzela & Semrau [5] stated that one of the factors that contribute negatively to on-time delivery is the machine
availability, which is a critical factor in ensuring on-time delivery in the manufacturing industry. Trakulsunti et al. [6]
stated that by maintaining high levels of machine availability, minimizing downtime, and effectively managing
production schedules, manufacturers can improve their ability to meet customer demands, fulfill delivery commitments
and remain competitive. To achieve increased machine availability, companies must work on becoming more flexible
and with little economic investment; therefore, they use continuous improvement (CI) approaches [7], [8], which play
a crucial role in organizations [9].

Furthermore, CI initiatives, such as Total Quality Management, Lean Manufacturing (LM), and Six Sigma (SS), are
critical in achieving flexibility [10]. These initiatives emphasize the importance of process improvement, employee
training, and flexible production processes as key elements [11]. The benefits of such CI programs are that they enable
organizations to adapt to changing and uncertain environments, stabilizing performance on the one hand and improving
adaptability to change on the other [12]. This adaptability is critical for organizations to remain flexible in dynamic
market conditions [13][14].

To improve flexibility and operate in a more stable state, responding to changing market demands and conditions,
companies use approaches such as Lean Six Sigma (LSS) and Lean-Sigma (LS) [15]. The LSS approach is a process
improvement methodology that combines the principles of Lean Manufacturing and Six Sigma [16]. This is because
by integrating Lean's focus on waste reduction and value creation with the data-driven analytical tools and problem-
solving methodologies of Six Sigma, organizations improve process performance, efficiency, and customer satisfaction
[17]. On the other hand, LS differs in the problem-solving-oriented approach, which provides results in a short period,
unlike LSS, which is more oriented to CI projects that can take, on average, 12 months to obtain results and determine
if decisions have been correct [18].

In Mexico, using these continuous improvement tools is of great importance as it is a country with a developed
manufacturing sector that contributes to the national economy. For example, by 2023, there were 579,828 companies
in the manufacturing sector in the country, of which 486 were in the state of Chihuahua and 330 in Ciudad Juarez,
representing 70% of the total in the entire state. These companies generate approximately 3 million jobs nationwide,
500,000 in Chihuahua state and more than 300,000 in Ciudad Juarez. This means that 60% of jobs in this sector in the
state are generated in Ciudad Juarez, representing 11% at the national level [19]. Therefore, it is important to examine
the industrial sector.

Currently, some publications demonstrate how these CI tools are used and the advantages they provide to the
organization, such as Estrada-Orantes et al. [16] show an application of the LS approach in a manufacturing company
dedicated to the production of plastic components by injection, where one of the machines that made up the process
experienced difficulties in meeting on-time deliveries with a highly demanded product Initially, 99% of the product
had burs (excess material) on one side, and an operator was removed manually, representing a rework; thus, the
process's Cpk index was -1.64, out of the specification limits. The LS approach solves the problem using process
mapping, root cause analysis, brainstorming, five whys, design of experiments (DOE), and Kaizen.

On the other hand, Gracia & Moctezuma [17] present another application of LS in a gear and chain assembly process;
the process had problems with on-time deliveries due to the addition of a new model, and a daily shipment sequence
was required, gaining greater flexibility. Initially, the process had an on-time delivery rate of 66%, and by applying
the LS, a work team was integrated to solve the problem. Using LM tools, the production line was balanced using takt
time calculation and just in time (JIT) to increase productivity from 1.8 to 2.5 pieces/min*man, which positively
impacted the manufacturing lead time from 26.07 to 17 seconds, equivalent to a 35% improvement. Consequently, the
percentage of on-time deliveries increased from 66% to 100%, and the sequence of shipments complied with. This
approach solved the problem within four weeks, and the process capability increased from 2.6 to 3.4 sigmas.

Cond¢ et al. [20] show an LSS approach through the Define, Measure, Analyze, Improve, Control (DMAIC)
methodology, employing a design of experiments to reduce defects in an automotive company. First, the main defects
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and factors that result in nonconforming parts in the casting and machining processes are identified. The design of
experiments allowed for an increase in the quality level from 3.4 to 4 sigma’s, which is an acceptable sustainable level.
This indicates that LSS increases the quality levels of the process. However, it is necessary to wait six months to see
the results, which generates the company incurring poor quality costs during that time.

Based on the previously mentioned applications, it is concluded that traditional continuous improvement approaches
such as LSS and SS provide good results to organizations with efficiency, delivery, quality, and cost problems;
however, the time required to provide acceptable results averages between six and 12 months, which has a negative
impact on the costs and performance metrics of the organization. Furthermore, while the improvements achieved are
acceptable, the original philosophy of these approaches, which is to bring processes to Six Sigma levels, has not been
achieved. This approach stands out for LS and presents a more attractive form for companies because of its reaction
time. It acts at the speed of lean, identifies the causes of problems, and resolves them in weeks, preventing companies
from continuing to generate waste.

Therefore, this study aims to present the application of Lean Sigma in a manufacturing process with a problem-solving
approach using industrial engineering principles. The novelty of this study is that results can be obtained in weeks, but
it also shows that the error percentage of the measurement system could result in a milestone in achieving SMED. By
solving the problem quickly, manufacturing companies can be flexible and cope with external factors, such as changes
in demand, by improving on-time delivery rates and increasing customer satisfaction.

This case study was conducted in a company that manufactures gasoline pumps in the automotive sector. The demand
for the plastic injection molding process fluctuated, and the number of parts delivered to the final assembly process
was insufficient. This caused line stoppages and delayed deliveries to customers. The process of interest had 20 plastic
injection molding machines, where the noncompliance rate ranged between 20% and 30%, resulting in late deliveries
and high costs owing to low machine availability.

After this introduction, section two includes the methodology for this research. Section three discusses the results,
section four reports the conclusions, and section five presents some of the limitations and future research.

2. Methodology. - The methodology used in this research is based on the DMAIC cycle and the Lean-Sigma approach,
which consists of 5 stages, as shown in Figure I, which includes the steps and engineering tools used.

2.1 Step 1: Identify and measure the problem. - This step aims to define and delimit the problem and obtain initial
data from the production process under initial conditions to determine the condition of the problem in terms of process
capability. It starts with the formation of a multidisciplinary team dedicated full-time to the problem under analysis so
that personnel from different departments can contribute ideas from different perspectives. Including the production
supervisor, process engineer, manufacturing engineer, quality engineer, planning, and, if possible, at least two
operators who perform the operation function are recommended. Once the work team is formed, it meets to identify
and delimit the problem, using elements of a Project charter and defining the fundamental aspects, which include the
Macro problem statement, project objective, project scope and limits, response variable, conditions, magnitude,
performance, period, and specifications. This allows us to have a clear vision of the problem and to obtain important
data, mainly to define the response variable that needs to be improved.

Subsequently, the work team collected initial data on the identified response variable. The data collection consists of
obtaining the reports of the last weeks, where the value or performance of the response variable can be visualized, and
tests are performed to confirm the normality of the data. If they are not normal, it is necessary to determine the type of
distribution they follow for better analysis. Next, a control chart is created for individual data using Minitab software
to analyze the trends and behavior of the response variable; however, the work team continues to monitor it to see
trends and relate the out-of-control points with special events that occur in a specific period. Subsequently, a capability
analysis is performed using the previously collected data and the specification limits to determine the parts per million
defects and observe the size of the problem.
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Identify and Assemble the team
measure the Project charter
problem Capability analysis

Root cause Brainstorming
analysis 5 Why's

Develop a

solution SMED

Confirmation run
Hypothesis testing
Capability study

Control plan
Control plan Work instructions
Kaizen event

End

Figure .- Flowchart of the proposed methodology based on the Lean-Sigma approach [16].

2.2 Step 2: Root cause analysis. - Once the problem is identified and the magnitude of the problem is determined, the
team finds the potential causes that are generating the problem. First, the team engaged in brainstorming, where each
participant brainstormed why the problem occurred, and the round continued until the ideas were exhausted. The
moderator then refined the ideas to eliminate repeated ideas. With the list of ideas reduced, the nominal group technique
was used to weigh ideas for each participant. Once the ideas have been weighed, the sum of the ideas is obtained, and
the idea with the highest score is chosen. Finally, the 5 whys technique is applied, which consists of asking five times
why the problem occurs, and the technique is stopped once a cause is found that does not point to a person or a
department but is a cause that is under the control of the team and can provide a solution.

2.3 Step 3: Develop a solution. - Once the root cause is identified, a lean manufacturing or Six Sigma tool is used to
solve the problem. In this case, the selected tool was SMED, which reduced the model to less than ten minutes. SMED
is a Lean Manufacturing tool that reduces model changeover or setup times. This tool follows a well-structured
methodology consisting of four phases, as Figure II illustrates.

Preliminar Stage

Stage One Stage Two Stage Three

e Internal activities
reduction

¢ Convertinternal into
external

® Setup process is
documented

¢ Identify internal and
external activities

Figure II.- Stages for the SMED Technique.
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The purpose of the preliminary stage is to document the activities involved in the model change, which is performed
by mapping the process. It is recommended that a video of the process be captured to perform a detailed analysis,
where the activities and times are recorded. Once the activities are identified and listed, the next step is to classify them
into two categories based on their current performance and not on how they should be or are believed to be. This
classification is based on both internal and external activities.

The external activity is performed while the equipment is still operating or has not finished producing the previous
model. In contrast, internal activity is necessary when the equipment is stopped. Subsequently, in step two, the activities
that can be eliminated because they are considered unnecessary or wasteful are identified, and the internal activities
that can be carried out externally are listed. In this step, checklists can be developed to validate that external activities
have been completed before the machine is stopped. Finally, in stage three, an action plan is made to work on process
improvements that require investment to reduce the time of internal activities, some of which can be to perform
activities simultaneously, purchase more tools, design and implement fixtures, and poka yokes, among others.

Once the SMED technique was implemented, the team monitored the duration of the model changeover time. It makes
a control chart comparing before and after to determine if there is a significant reduction.

2.4 Step 4: Verify the solution. - This step is of great importance because it validates that the tool implemented in the
previous step is practical for the response variable. After improvements were made, data were collected on the response
variable, and a 2-sample T statistical test was performed at a 95% confidence level.

2.5 Control plan. - Finally, in this step, we carry out Kaizen events to train personnel in the new tool implemented in
step three. In addition, work instructions, procedures, standards, and process control plans are modified as applicable.

3. Results and Discussion. - This section is divided into sections based on the information reported.
3.1. Identifying and measuring the problem. The following information was obtained during the team meeting,
during which important aspects of the problem were defined.

- Macro Problem Statement: The production schedule in the molding area is not followed. On average, 30% of the
time, the program is not completed on time, resulting in delayed delivery to the internal customer.

- Project Goal: To reduce schedule noncompliance from 30% to 15%.

- Project scope and limits: The project was conducted in a plastic injection molding area.

- Response variable: Y=Compliance with production schedule. A defect occurs when scheduled production is not
100%.

- Conditions: Defects occur on different days of the week and in different months.
Magnitude: The cost of non-compliance with the production program in March 2024 amounts to $31,000, and a
projection shows that the annual cost amounts to $372,000.

- Performance: The measurement scale was equivalent to the % of compliance with the program.

- Period: It was estimated that defects generally occur when downtime is triggered.

- Specifications: Compliance with the program should exceed 99.2%.

It is important to note that the company's goal of achieving an on-time delivery rate above 99.2% was unmet, and the
annual loss was $372,000.

Next, the work team collected information on the on-time delivery rate using six months of production reports. A total
of 120 data points were plotted weekly, resulting in 24 subgroups. The data was then subjected to a normality test, as
shown in Figure III. A p-value above 0.100 indicated that the data was normal.
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Figure III.- Normality test of the initial data for compliance with the production program.

Once the normality of the data was confirmed, a control chart was created to observe the behavior of compliance with
the production program to observe trends, as shown in Figure IV, where the on-time delivery rate was within statistical
control and exhibited normal behavior. It can also be seen that, on average, the compliance rate was 77.42%, with
behavior ranging from 63.89% to 90.95%. With this data, in the worst-case scenario, the molding process delivered
37% fewer parts required by the following process, affecting the final assembly lines.
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Figure 1V.- Control chart of initial data regarding compliance with the production program.

Based on the company's goal of 99.2% compliance, a capability study was conducted to determine the process's sigma
level and existing defective parts per million (DPPM). Figure V shows the analysis from which the following can be
concluded: the process's initial Cpyy is -1.61, which means that 100% of the time, the level of compliance was outside
the goal set by the company; therefore, the initial sigma level can be set equal to zero.
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Figure V.- Process capability analysis performed on the OTD under initial conditions.
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3.2. Root cause analysis. - Based on the information obtained and analyzed, basic quality tools were used to determine
the root cause of the problem. First, the production area's multidisciplinary team, consisting of the production
supervisor, group leader, maintenance technician, quality engineer, industrial engineer, tool crib technician and two
equipment technicians, met to brainstorm ideas. Approximately 30 ideas were generated, some of which are listed in

Table I.

No.
1 The machine does not achieve the production rate
2 Quality defects
3 Tool damaged
4 Training
5 Changeover time
6 Scheduling fluctuations
7 The production Schedule is not being followed
8 Missing materials
9 Failure in the dryers
10 Absenteeism

Table I.- Ideas generated by the multidisciplinary team

The team used the nominal group technique with a generated list of ideas, and each member assigned weights to the
ideas. Table II shows the scores for each of the ideas, and it was found that the time required to change the model was
the major contributor to not delivering on time.

No. Idea Score
1 The machine does not achieve the production rate 16
2 Quality defects 30
3 Tool damaged 1
4 Training 1
5 Changeover time 40
6 Scheduling fluctuations 28
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The production Schedule is not being followed 19
8 Missing materials 0
9 Failure in the dryers 0
10 Absenteeism 0

Table II.- List of ideas with weights when applying the nominal group technique.

The team decided to focus primarily on problems with high model changeover times, which scored 40; therefore, it
collected data on model changeover times in minutes in the production area. Figure VI presents the data collected for
280 events.
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Figure VI. - Model changeover times under initial conditions.

The average changeover time was 318 min (~ 5 h). This indicates that more than half of the workday shift is lost when
a model change is made, resulting in lower production and efficiency. Therefore, there is a correlation between high
model change times and on-time deliveries owing to the loss of time available on the production line.

3.3. Develop a solution. - Once the root cause of the problem has been identified, the team discussed possible lean
tools to counteract the adverse effects of model change over time. It identified the single-minute exchange of die
(SMED) tool, a lean manufacturing tool that seeks to reduce setup and model changeover times to less than 10 min.
Four phases of the SMED technique are described, and the results are shown below.

3.3.1. Identify model change activities. - The main purpose of this step is to identify the activities involved during a
changeover; to do so, different model changes were analyzed. The changeover process was mapped to one of the
machines, selecting one of the models that, according to the team's experience, generated the most problems, causing
the setup time to increase up to 8 hours in the worst-case scenario. Once the process is mapped, the activities were
identified and are listed in Table III.

No. Activity Description Time in Minutes
1 | Go to the tool room to get the mold cavity and tools 13
2 | Turn off heaters 3
3 | Waiting to release a crane 35
4 | Go to the tool room to get tools 15
5 | Place holder and attach mold to the crane 4
6 | Go to the tool room to get support to replace 17
7 | Go to the tool room to get hoses 15
8 | Disconnect hoses and clean 33
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9 | Place locks on the mold 2
10 | Take off eight supports 11
11 | Open the clamp and disassemble the arrow 16
12 | Take down the mold 3
13 | Put in place next to the mold 6
14 | Close clamps 3
15 | Place supports on the mold (2) 6
16 | Open the clamp and install the arrow 2
17 | Install six supports to the mold 27
18 | Take off holders to the crane and detach the mold. 1
19 | Upload the program 2
20 | Open the mold and adjust
21 | Install 40 hoses 30
22 | Go to the tool room to get a zip tie 16
23 | Install the zip tie 6
24 | Change the fixture to the robot
25 | Adjust the water level 5
26 | Review and fix the leakage 1
27 | Go to the tool room to get resin to purge the machine 27
28 | Preheat and purge 30
29 | Make parts for setup validation 10
Total Time in Minutes 347

Table III.- Documentation of changeover activities under initial conditions.

Some of the most relevant aspects to mention in this step are that, as shown in Table III, 29 activities can be identified
in the model-change process. Similarly, it can be observed that the model changeover time is 347 min, equivalent to
5.78 hours, considering that the shift is 9 hours. This means that approximately 64.25% of the machine time is
unavailable for production because of this increase in setup times, resulting in the company's current symptoms, that
is, noncompliance with deliveries to the assembly lines.

3.3.2. Separate internal and external activities. - Once the process has been mapped and the activities involved have
been identified, the work team classified each activity as internal or external. In this case, during the analysis, it was
identified that all activities were performed internally, that is, while the equipment was stopped.

3.3.3. Convert internal activities into external. The team analyzed each activity in detail to convert those that can be

performed externally before the equipment is stopped. Figure VII shows in the left graph that 24.1% of the activities
can be performed externally, resulting in a ~39.8% reduction of the total changeover time, as shown in the right chart.

Quantity Time Categary
[ internal
W external

39.8%

60.2%

Figure VII.- Impact of converting internal into external in the total changeover time.
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Using the fundamental principle of converting internal activities into external ones, the model changeover time for the
analyzed setup was reduced from 347 to 209 min, which represents a decrease of approximately 40%. In addition,
there were 7 external and 22 internal activities.

A setup preparation checklist was developed to list all necessary activities to achieve activity conversion. The tools
must be available before the previous model's production ends. This ensures that when the machine stops, everything
is available and within the reach of an efficient setup change. This step implemented a checklist and monitored the
setup times to ensure that external activities were prepared before executing a model change.

3.3.4. Reduce internal activities. - Because the proportion of internal activities was still considerably high (76%), the
team worked on reducing the time spent on internal activities in this phase. For this, the team proposed strategies such
as developing fixtures, executing activities in parallel, and standardizing and documenting model change activities.
Once these activities were implemented, the model change time was monitored for two weeks, collecting 25 data
points, and a before vs. after graph was made.

As shown in Figure VIII, once the SMED technique was implemented, the model changeover times were reduced by
approximately 73%, from 344.6 to 92.7 min on average.
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Figure VIIL.- Control chart of setup time before and after the SMED Implementation

Even though the model change was reduced to 92.7 min on average, this value is still well above the SMED technique.
Therefore, the team investigated why this was considerably high. After a brainstorming session, it was found that the
first part of releases consumed 40% of the model changeover time. This was because of the multiple quality rejections
of the parts.

When investigating the root cause of the high rate of rejections, it was identified that the measurements varied owing
to various factors. Therefore, the team decided to conduct a measurement system analysis (MSA) on different days
involving the personnel and instruments used in the release of the machine. The results of the MSA error and the sigma
level of the corresponding day are presented in Table IV, which was used to perform a regression analysis in Minitab.
Figure IX shows the regression analysis and the corresponding equation.

Day % Error | Sigma Level Day % Error | Sigma Level
X) X X) x)
1 31.72 1.044 11 25.98 2.363
2 3991 0.771 12 25.33 2.56
3 23.99 2.246 13 30.66 1.002
4 29.82 0.872 14 294 1.302
5 31.81 0.021 15 36.68 0.448
6 40.78 0.472 16 35.58 0.139
7 30.03 1.891 17 33.43 0.774
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23.23 1.98 18 20.68 2.017
9 20.76 2.676 19 40.12 0.683
10 23.23 1.973 20 17.38 2.702

Table IV.- Error of the measurement system and sigma level
The measurement system error had a significant variation, and it had a relationship with the quality level of the process.
Regression analysis shows an R-squared value of 71.2%, which means that the measurement system error explains

71.2% of the process's sigma level value.

Sigma Level = 4611 - 0.1088 % Error

3.07 s 0472573
R-5q 72.7%
R-Sqladj) 71.2%

2.5

2.0

Sigma Level

0.5

0.0

20 25 30 35 40
% Error

Figure IX.- Regression analysis using the Measurement error (x) vs the Sigma level (y).

3.4. Verify the solution. - Once the solution was developed and implemented, an experimental design was conducted
to verify the impact of the model change on compliance with the production schedule. For this purpose, data on
compliance with the production schedule was taken for two weeks, and then a comparison was made using a 2-sample
t-test in Minitab software. The results are presented in Table V.

Sample N | Mean | StDev | SE Mean
Before 24 | 0.7742 | 0.0495 0.010
After 22 1 0.9936 | 0.0162 0.0035
Null hypothesis Ho: pi - p2>0
Alternative hypothesis | Hi: pu - p2 <0

Table V.- 2 Sample test and hypothesis tests to validate the solution.

Based on the confirmation run and hypothesis test shown in Table V, it is concluded that the model change time is
directly correlated to the compliance with the production schedule. Once the solution was implemented, compliance
with the production schedule increased from 77% to 99.36%.

3.5. Control plan. - As the last step of the proposed methodology, a series of Kaizen-type events involving staff from
all shifts involved in the model changes were carried out. These events were theoretical-practical training given to
quality, maintenance, production, manufacturing and test engineering to notify them about the implemented
improvements and the new work method for standardization. Initially, there was no properly documented method to
perform the changeover process; after implementing the SMED technique, a work instruction was developed, including
a sequential flow with tools, materials and information needed before and after the changeover initiation. It is important
to mention that the kaizen events were carried out using the Gemba approach. To monitor and react on time, a board
was placed next to the machines to document the setup times, including the challenges and milestones found during
the process. Also, an Andon was implemented with a color code properly defined to visually identify the machine's
status and support immediately in case any showstopper appears.
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4. Discussion of results and conclusions. - The initial information showed that the analyzed plastic injection process
had a sigma level of zero, initially having a production schedule compliance rate of 77% on average, below the
company's goal. Using the proposed methodology based on Lean sigma, it is concluded that the root cause of the
problem was that model changeover times sometimes shoot up to 8 hours, affecting the availability of machinery and
flexibility and the ability of the process to adapt to fluctuations in demand. The SMED technique was used to reduce
model changeover times and achieve a 75% reduction in setup times, with the fundamental principle of converting
internal activities into external ones. In the solution verification step, it was possible to demonstrate that there was a
correlation between the reduction of model changes and compliance with the production schedule according to the 2-
sample-t test; it was demonstrated with a confidence level of 95% that compliance with the schedule was increased
from 77% to 99.36%.

This case study was carried out over eight weeks, solving the root problem with an approach where the contribution
or novelty lies in the fact that this approach is oriented to solving problems at the speed of lean, unlike traditional Six
Sigma approaches, where projects are based on annual savings and on average improvements can be seen between 6
and 12 months. It is important to mention that companies need to solve problems quickly to reduce Lead time; for
example, Kulkarni et al. [22] show an application of traditional Six Sigma, where a company is scraping 10% of the
daily production which represents a loss of $10K daily that means a total loss of $200,000 per month, using the
traditional approach which took eight months to solve the problem this represented a total loss of over a million dollars
compared to the proposed method which would have a loss of $300,000. Guleria et al. [23] applied the traditional Lean
Six Sigma approach, showing results in eight months; in this case, the company lost $800,000 versus $150,000 if the
proposed approach had been used.

Another scientific contribution proposed by this research is the correlation between the measurement system error and
the sigma level of the process, which was presented in the phase of reduction of internal activities of the SMED
technique. However, the team managed to reduce the model change time significantly. It was observed that it was still
high, so it was decided to investigate in more detail, finding that the root cause was the high rate of rejection, and it
was found that the error in the measurement system was an important contributor. It is concluded that the measurement
system explains 71.2% of the fluctuation in the sigma level of the process, which means that the measurement system
does not correctly classify good and bad parts; bad parts are accepted, and good parts can be rejected. This finding
opens a line of research focused on further studying the relationship between these two components and strategies to
counteract the error in the measurement system so that the quality of the processes is maintained at acceptable levels.
Considering this case study, the measurement system error is ~ 29%; this value means that, on average, 29% of the
time, parts are categorized incorrectly; in other words, 29% percent of the parts are rejected and scrapped when these
are acceptable. This error can represent a high contribution to the increase of the manufacturing costs of the company,
considering only one part number with a scrap cost of $10.53, considering a monthly production of 25,000, if the worst
scenario is assumed that 29% of the parts are scrapped because of the error of the measurement system this could be
an annual cost of ~$900,000.

This methodology and its approach, including the engineering tools used, can be applied to any manufacturing
company around the world. It includes fabrication, powder coating, final assembly, metals, molding, and PCBAs,
among other processes.

5. Limitations and future research. - It is important to mention that this research was carried out using a plastic
injection molding process; however, the methodology can be used in any manufacturing process. One of the limitations
is that for its implementation, the work team must be led by a person with knowledge of Lean and Six Sigma topics,
preferably a Black Belt, to be able to guide and direct the team in the right direction and with an analytical and statistical
approach. Likewise, it should be noted that a multidisciplinary work team must be dedicated and committed because
it requires time to achieve the expected results. The proposed approach initially focused on addressing the main cause
of the problem; it is recommended to continue applying the approach to address other identified causes to improve the
process continuously. In future research, it is recommended that the effect of the measurement system analysis be
investigated at the sigma level of the process to quantify and develop a solution for this cause of variation.
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Evaluacion de los factores de riesgos psicosociales y la incidencia en el
desempeiio laboral de los trabajadores de la Municipalidad Distrital de
Yuracyacu

Evaluation of psychosocial risk factors and their impact on the work performance
of the workers of the District Municipality of Yuracyacu

Avaliagado dos factores de risco psicossocial e do seu impacto no desempenho
profissional dos trabalhadores do Municipio de Yuracyacu
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Resumen. - El objetivo de esta investigacion es evaluar la incidencia de los factores de riesgo psicosociales en el
desempefio laboral de los trabajadores de la Municipalidad Distrital de Yuracyacu. Se utilizé una version corta y
adaptada del cuestionario de factores de riesgos psicosociales de la Superintendencia de Seguridad Social y el Instituto
Sindical de Trabajo, Ambiente y Salud. Este cuestionario esta integrado por 20 items y 5 dimensiones. El desempefio
laboral se evaluo bajo un cuestionario de 21 items, donde cada item tiene 5 opciones de respuesta del tipo Likert. Luego,
se empled la prueba de normalidad de Shapiro-Wilk y la prueba de correlacion de Pearson para procesar los datos
estadisticos. Los resultados muestran que las dimensiones de los factores de riesgo psicosocial son altos, debido a que,
en las dimensiones de trabajo activo y desarrollo de habilidades, apoyo social en la empresa y calidad de liderazgo y
compensaciones se reveld que el 100% de los trabajadores presentaron un nivel de exposicion psicosocial mas
desfavorable para la salud. Los niveles de desempeiio laboral mostraron que el 31% de los encuestados tiene un alto
nivel y el 24% tiene un bajo nivel. Finalmente, los resultados estadisticos arrojaron una correlacion de -0.819, el cual
indica una relacion negativa fuerte entre los factores de riesgo psicosociales y el desempefio laboral. Es decir, a mayor
presencia de factores de riesgo psicosociales, menor es el desempefio laboral.

Palabras clave: Factores de riesgo psicosocial; desempefio laboral; ISTAS21.
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A. J. Garcia Castillo, E. N. Meza Pérez, B. T. Padilla Macedo

Summary. - The objective of this research is to evaluate the impact of psychosocial risk factors on the job performance
of employees at the District Municipality of Yuracyacu. A short and adapted version of the psychosocial risk factors
questionnaire from the ‘Superintendencia de Seguridad Social’ (Social Security Superintendence) and the ‘Instituto
Sindical de Trabajo, Ambiente y Salud’ (Trade Union Institute for Work, Environment and Health) was used. This
questionnaire consists of 20 items and 5 dimensions. Job performance was assessed using a 21-item questionnaire,
where each item had 5 Likert-scale response options. Subsequently, the Shapiro-Wilk test and Pearson’s correlation
test were applied to process the statistical data.

The results show that the dimensions of psychosocial risk factors were high, as the dimensions of ‘active work and skill
development,” ‘social support in the company and leadership quality’ and ‘compensations’ revealed that 100% of
workers exhibited a psychosocial exposure level more unfavorable to health. Regarding job performance levels, 31%
of respondents had an elevated level of performance, while 24% had a low level of it. Finally, the statistical results
showed a correlation of -0.819, indicating a strong negative relationship between psychosocial risk factors and job
performance. In other words, the greater the presence of psychosocial risk factors, the lower the job performance.

Keywords: Psychosocial risk factors; occupational performance; ISTAS21.

Resumo. - O objetivo desta pesquisa é avaliar a incidéncia dos fatores de risco psicossociais no desempenho laboral
dos trabalhadores da Municipalidade Distrital de Yuracyacu. Utilizou-se uma versdo curta e adaptada do questiondrio
de fatores de risco psicossociais da Superintendéncia de Seguranga Social e do Instituto Sindical de Trabalho,
Ambiente e Saude. Este questiondrio é composto por 20 itens e 5 dimensées. O desempenho laboral foi avaliado
mediante um questiondrio de 21 itens, onde cada item possui 5 opgées de resposta do tipo Likert. Em seguida,
empregou-se o teste de normalidade de Shapiro-Wilk e o teste de correlagdo de Pearson para processar os dados
estatisticos. Os resultados mostram que as dimensées dos fatores de risco psicossocial sdo altas, pois nas dimensoes
de trabalho ativo e desenvolvimento de habilidades, apoio social na empresa e qualidade de lideranga e compensagaes,
revelou-se que 100% dos trabalhadores apresentaram um nivel de exposi¢do psicossocial mais desfavoravel para a
saude. Os niveis de desempenho laboral mostraram que 31% dos entrevistados tém um alto nivel e 24% tém um baixo
nivel. Finalmente, os resultados estatisticos apresentaram uma correlagdo de -0,819, o que indica uma forte relacdo
negativa entre os fatores de risco psicossociais e o desempenho laboral. Ou seja, quanto maior a presencga de fatores
de risco psicossociais, menor é o desempenho laboral.

Palavras-chave: Factores de risco psicossociais, desempenho profissional; ISTAS21.
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1. Introduccién. - En la actualidad, las empresas buscan obtener un alto desempefio de sus colaboradores,
representando asi un aspecto esencial para lograr la productividad idonea y alcanzar las metas trazadas. La actividad
laboral de las personas ha transformado al mundo; sin embargo, ha sido influenciada por la globalizacion y el avance
tecnologico, los cuales, a su vez, han afectado las estructuras del empleo y las condiciones del trabajo, ocasionando asi
que el entorno laboral se haya vuelto mas exigente. Estas condiciones generan factores psicosociales negativos que
amenazan a la salud, originando enfermedades y accidentes laborales. Como consecuencia se obtiene un deficiente
rendimiento laboral [1].

Asi mismo, para alcanzar el desempefio laboral adecuado es importante contar con un ambiente laboral agradable, asi
como tomar en cuenta la situacion personal del trabajador, su cultura y sus necesidades [2]. El buen desempefio de los
colaboradores es directamente proporcional con las condiciones laborales adecuadas que brinda el empleador [3].

En ese sentido, la OMS manifiesta que el trabajo es considerado como una actividad beneficiosa para la salud mental
del ser humano, pero si dentro de esta actividad se presenta un ambiente laboral negativo, podria generar problemas
de salud en los trabajadores y disminuir la productividad [4]. Asimismo, la Organizacién Internacional del Trabajo,
sostiene que el entorno laboral con atmoésfera negativa podria generar estrés, ansiedad y depresion en niveles extremos
[5]. Estos problemas de salud se pueden vincular directamente con los riesgos psicosociales afectando asi el equilibrio
y la salud mental de los colaboradores, lo cual favorece el desarrollo de enfermedades ocupacionales.

El trabajo en una entidad del Estado tiene altas exigencias laborales, tales como turnos rotativos, horas extras y el
cumplimiento de indicadores de productividad. Lo mencionado afecta el desempeiio laboral y la salud de los
trabajadores. Por ello, esta investigacion tiene como propdsito identificar los factores de riesgo psicosocial y determinar
la incidencia en el desempefio laboral de los trabajadores de la Municipalidad Distrital de Yuracyacu.

2. Metodologia. -

2.1. Diseiio Metodolégico. - Esta investigacion es de caracter aplicativo con un enfoque cuantitativo, del tipo no
experimental y descriptiva correlacional, en donde no se manipulan las variables. Dicho de otro modo, se describe la
correlacion entre variables mediante razones cruzadas de acuerdo con lo establecido en los objetivos del estudio,
teniendo como base la medicién numérica [6].

2.2. Disefio muestral. -
2.2.1. Poblacién. - La poblacion estd conformada por 31 trabajadores de la Municipalidad Distrital de Yuracyacu.

Criterios de inclusién:
e  Trabajadores que se encuentren laborando en la Municipalidad Distrital de Yuracyacu.
e  Experiencia profesional de 1 afio en adelante.

e  Trabajadores que deseen participar en el estudio sin ser obligados a hacerlo.

Criterios de exclusion:
e  Trabajadores que recién inician sus actividades en la Municipalidad Distrital de Yuracyacu.
e  Experiencia menor a 1 afio.
e  Trabajadores contratados bajo modalidad de terceros.

e  Trabajadores que no deseen participar en el estudio.

2.2.2. Muestra. - La muestra es no probabilistica de tipo causal para conocer el comportamiento de todos los
indicadores a evaluar en cada uno de los empleados. Siguiendo los criterios de exclusion, la muestra es de 29
colaboradores de la Municipalidad Distrital de Yuracyacu, siendo esta cantidad valida y suficiente para esta
investigacion porque cumple con la condicion de representatividad, homogeneidad y adecuacion al disefio estadistico.

2.2.3. Unidad de analisis. - Un trabajador de la Municipalidad Distrital de Yuracyacu que cumple con los criterios de
inclusion.

2.3. Técnicas de recoleccion de datos. - Se utiliz6 como técnica un procedimiento conocido como encuesta, en donde
la valoracion de cada item fue medida teniendo en cuenta la escala de Likert. Tiene caracteristicas de indagacion,
exploracién y recoleccion de datos, considerando items que analizan de manera directa o indirecta a los individuos que

Memoria Investigaciones en Ingenieria, nim. 28 (2025). pp. 303-310
https://doi.org/10.36561/ING.28.18
ISSN 2301-1092 « ISSN (en linea) 2301-1106 — Universidad de Montevideo, Uruguay
305


https://doi.org/10.36561/ING.28.18

A. J. Garcia Castillo, E. N. Meza Pérez, B. T. Padilla Macedo

representan la unidad de analisis. Se llevaron a cabo dos cuestionarios que miden los factores de riesgos psicosociales
y el desempeifio laboral.

El cuestionario de factores de riesgos psicosociales tiene como fuente el manual de la Superintendencia de Seguridad
Social y el Instituto Sindical de Trabajo, Ambiente y Salud, del cual se tomo la version corta, adecuada y validada [7].
Esta integrada por 20 preguntas agrupadas en 5 dimensiones con alternativas de respuesta de opcion multiple. La
categorizacion de los criterios de la variable de riesgos psicosociales se describe en la Tabla L.

Dimension Nivel de riesgo

Bajo Medio Alto
Exigencias psicologicas 0-8 9-11 12-20

Trabajo activo y desarrollo de habilidades 0-5 6-8 9-20
Apoyo social en la empresa 0-3 4-6 7-20
Compensaciones 0-2 3-5 6-12

Doble presencia 0-1 2-3 4-8
Total 0-19 24-33 38-80

Tabla I. Categorizacion de los riesgos psicosociales.

El desempeiio laboral se evaliia bajo un cuestionario que esta integrado por 21 items las cuales tienen 5 opciones en
respuesta tipo Likert cada una: nunca, casi nunca, a veces, casi siempre y siempre [7], cuya categorizacion se detalla
en la Tabla II.

Alto Medio Bajo
Desempefio laboral a nivel general 71-105 pts. 50-70 pts. 21-49 pts.

Tabla II. Desemperio laboral.

2.4. Técnicas estadisticas para el procesamiento de la informacién. — Luego de la recoleccion de datos, se realizod
la evaluacion estadistica mediante el programa SPSS (Statistical Package for Social Sciences) version 25.

En la estadistica descriptiva se emplearon tablas de doble entrada con frecuencias simples y porcentajes. Para la
estadistica diferencial se utilizo la prueba de normalidad de Shapiro-Wilk y la prueba de correlacion de Pearson el cual
permitio relacionar las dos variables.

3. Resultado y Discusion. - De acuerdo con el procesamiento de datos, se obtuvieron los siguientes resultados:
3.1 Resultado 1. - Factores de riesgo psicosociales de los trabajadores de la Municipalidad Distrital de Yuracyacu.

FACTORES DE RIESGO PSICOSOCIALES CALIFICACION
Verde 7
Exigencias psicosociales Amarillo 9
Rojo 13
Verde 0
Trabajo activo y desarrollo de habilidades Amarillo 0
Rojo 29
. . Verde 0
Apoyo social en.la empresa y calidad de Amarillo 0
liderazgo -
Rojo 29
Verde 0
Compensaciones Amarillo 0
Rojo 29
Verde 18
Doble presencia Amarillo 9
Rojo 2

Tabla I11. Factores de riesgo psicosociales de los trabajadores de la Municipalidad Distrital de Yuracyacu.
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De acuerdo con el manual ISTAS 21 (COPSOQ), los intervalos de puntuaciones de la Tabla III, se interpretan como:
verde (nivel de exposicion mas favorable para la salud), amarillo (nivel de exposicion psicosocial intermedio) y rojo
(nivel de exposicion psicosocial mas desfavorable para la salud).

En ese sentido, en la calificacion de las dimensiones de la variable “factores de riesgos psicosociales”, se observa que
la puntuacién de la dimension exigencias psicosociales mostraron que 7 trabajadores presentan un nivel favorable, 9
presentaron un nivel intermedio y 13 colaboradores presentaron un nivel desfavorable para la salud. Estos datos
evidenciaron que las actividades laborales de los trabajadores de la Municipalidad Distrital de Yuracyacu requieren
atencion permanente, toma de decisiones dificiles y desgaste emocional.

Por otro lado, las dimensiones de “trabajo activo y desarrollo de habilidades”, “apoyo social en la empresa y calidad
de liderazgo” y “compensaciones” evidenciaron que el 100% los trabajadores presentan un nivel desfavorable para la
salud. Esto es debido a la carga de trabajo asignado, falta de apoyo de su superior y el temor a que no se les renueve el
contrato, al igual que la investigacion de Soliz, donde sus hallazgos mostraron que el 90% de los colaboradores tuvieron
niveles altos de estrés, a causa de la incertidumbre de los trabajadores sobre la extension de su contrato laboral y el
trato de la jefatura [8].

Finalmente, la dimension “doble presencia” mostré que 18 trabajadores obtuvieron el nivel favorable y solo 2
presentaron un nivel desfavorable para la salud.

3.2 Resultado 2. - Nivel de desempefio laboral de los trabajadores de la Municipalidad Distrital de Yuracyacu.

Alto = Medio = Bajo

Figura I. Nivel del desemperio laboral.

La figura 1 muestra el nivel del desempefio laboral de los colaboradores de la Municipalidad Distrital de Yuracyacu,
donde se observa que el 45% de los trabajadores obtuvieron un nivel medio, el 31% nivel alto y 24% nivel bajo. En
relacion con ello, los resultados guardan similitud con el estudio de Quiroz y Mamani, donde predomina un nivel medio
del 57.3% de desempeiio laboral [9].

3.3 Resultado 3. - Identificacion de la incidencia de los factores de riesgo psicosociales en el desempefio laboral de
los trabajadores de la Municipalidad Distrital de Yuracyacu.

CORRELACION DE PEARSON
Factores de
Desempefio riesgo
laboral psicosociales

Desempefio laboral Correlacion de Pearson 1 -,819"

Sig. (bilateral) ,000

N 29 29
Factores de riesgo Correlacion de Pearson -,819™ 1
psicosociales Sig. (bilateral) ,000

N 29 29

Tabla 1V. Correlacion de Pearson de las variables.

Enla Tabla IV, se observa que el coeficiente de correlacion de Pearson es de -0.819, el cual indica una relacion negativa
fuerte entre los factores de riesgo psicosociales y el desempefio laboral. Esto significa que, a mayor presencia de
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factores de riesgo psicosociales, menor es el desempefio laboral. Ademas, el valor de significancia bilateral es nulo (p
=0.000), lo cual sugiere que esta relacion es estadisticamente significativa. Los resultados se asemejan a los obtenidos
en los estudios de Aguilar y Lora, en donde se obtuvo una correlacion de Spearman igual a -0.886, comprobando asi
que cuando aumenta el factor de riesgo psicosocial, los niveles de desempefio laboral disminuyen [7].

3. Conclusiones. - Al realizar la investigacion, se pudo comprobar que las dimensiones de los factores de riesgo
psicosocial se encuentran en un nivel alto, debido a que en tres dimensiones: trabajo activo y desarrollo de habilidades,
apoyo social en la empresa y calidad de liderazgo y compensaciones mostrd que el 100% de los trabajadores
presentaron un nivel de exposicion psicosocial desfavorable para la salud. En cuanto a la dimension de exigencias
psicosociales y doble presencia solo 7 y 18 trabajadores respectivamente, se encuentran un nivel de exposicion
psicosocial favorable para la salud.

Por otro lado, los niveles de desempeiio laboral mostraron que el 31% de los trabajadores tienen un alto nivel y el 24%
un bajo nivel. Estos resultados evidencian que solo el 31% de trabajadores realizan sus actividades de manera eficaz,
eficiente y productiva.

Finalmente, los resultados estadisticos revelaron una relacion negativa fuerte entre los factores de riesgo psicosociales
y el desempeiio laboral. Esto significa, que un aumento en los riesgos psicosociales estd asociado a una disminucion
en el desempeifio laboral. Esto destaca y subraya la importancia de gestionar estos factores con el objetivo de optimizar
el rendimiento organizacional.

4. Limitaciones y recomendaciones. - Dentro de las limitaciones se destaca el tamafio de la muestra, ya que al ser un
tamafio reducido limita la generalizacion de los resultados en comparacion a una poblacién mas amplia, no obstante,
esto no es un factor que influye en el procesamiento de datos. Por lo que se recomienda que en estudios donde se cuente
con una muestra pequefia, se asegure que se cumpla con los criterios de inclusion y representatividad.

Por otro lado, se identificd que las dimensiones empleadas no incluyen factores que pueden influir en los resultados,
por ende, se recomienda hacer una investigacion mas exhaustiva y detallada de las dimensiones, involucrando otros
factores como procedencia cultural, historial laboral o expectativas personales.
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Evolucion de la Metrologia Eléctrica en Uruguay
Parte I: Desde sus inicios hasta la primera mitad del siglo XX

Evolution of electrical metrology in Uruguay
Part I: Beginnings up to the first half of the 20th century

Evolucdo da metrologia elétrica no Uruguai
Parte I: Dos primordios a primeira metade do século XX

Daniel Slomovitz 1%
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Resumen. - Las mediciones eléctricas experimentaron un desarrollo significativo desde el inicio de las aplicaciones
eléctricas, tanto en el campo de la energia como en el de las comunicaciones. Los primeros cables telegraficos
submarinos impulsaron el desarrollo de galvandmetros y puentes de medicion de resistencia. A su vez, la expansion de
la energia eléctrica estimul6 avances en las mediciones de tension, corriente y potencia.

En Uruguay, los primeros pasos se dieron con la implementacion de cursos universitarios sobre estos temas, la creacion
de laboratorios y el inicio de la investigacion y el desarrollo. Esto fue impulsado principalmente por la Facultad de
Ingenieria de la Universidad de la Republica y la empresa eléctrica estatal UTE.

Este trabajo, dividido en dos partes, presenta en esta primera parte los desarrollos entre los comienzos hasta la década
de 1960. Fue durante este periodo que se consolido la estructura de los laboratorios nacionales y se definieron las
normas basicas para las magnitudes mas relevantes para el pais. En una segunda parte se analizara el desarrollo de las
mediciones eléctricas desde esa época hasta la actualidad.

Palabras clave: Patron, galvandmetro, voltimetro, calibracion, historia.
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Summary. - Electrical measurements have undergone significant development since the beginning of electrical
applications, both in the fields of energy and communications. The first submarine telegraph cables prompted the
development of galvanometers and resistance measurement bridges. In turn, the expansion of electrical power systems
stimulated advances in voltage, current, and power measurements.

In Uruguay, the first steps were taken with the implementation of university courses on these topics, the creation of
laboratories, and the initiation of research and development activities. This was driven primarily by the Faculty of
Engineering of the University of the Republic and the public electric utility UTE.

This work, divided into two parts, presents in this first part the developments between the beginning until the 1960s. It
was during this period that the structure of national laboratories was consolidated and basic standards for the most
relevant quantities for the country were defined. In a second part we will analyze the development of electrical
measurements from that time to the present.

Keywords: Standard, galvanometer, voltmeter, calibration, history.

Resumo. - As medigoes elétricas passaram por um desenvolvimento significativo desde o inicio das aplicagoes
elétricas, tanto na area de energia quanto na de comunicagées. Os primeiros cabos telegrdficos submarinos
impulsionaram o desenvolvimento de galvanometros e pontes de medicdo de resisténcia. Por sua vez, a expansdo da
energia elétrica impulsionou avangos nas medigoes de tensdo, corrente e poténcia.

No Uruguai, os primeiros passos foram dados com a implementagdo de cursos universitdrios sobre essas disciplinas,
a criagdo de laboratorios e o inicio da pesquisa e desenvolvimento. Isso foi impulsionado principalmente pela
Faculdade de Engenharia da Universidade da Republica e pela empresa elétrica estatal UTE.

Esta primeira parte abrange o periodo até a década de 1960. Foi durante esse periodo que a estrutura dos laboratorios
nacionais foi consolidada e os padrées basicos para as grandezas mais relevantes para o pais foram definidos. A
segunda parte analisard o desenvolvimento das medigoes elétricas desde entdo até o presente.

Palavras-chave: Padrdo, galvanometro, voltimetro, calibragdo, historico.
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1. Introduccion. - Uno de los primeros instrumentos de medicion eléctrica fue el galvanometro. Este permitio medir
corrientes y tensiones con muy alta sensibilidad. Estaba basado en los trabajos de Oersted y Ampére, que demostraron
la intima relacion entre la electricidad y el magnetismo. Su desarrollo comenzd con el descubrimiento del desvio de la
aguja de una brajula por efecto de la corriente circulante en un conductor adyacente (Figura I).
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Figura I. Relacion entre corrientes y magnetismo [1].

Un invento clave fue realizado por Johann Schweigger en 1820 [2], arrollando el alambre en una bobina que
multiplicaba la accion de un solo conductor. Nombr6 a este instrumento Galvanémetro, en honor a Galvani quien
realizé los primeros experimentos de los efectos de la electricidad. Siguientes avances fueron hechos por Johann
Christian Poggendorff en 1821, James Cumming en 1821 [3], Leopoldo Nobili en 1828 y William Sturgeon en 1836.
La figura II muestra la propuesta de Cumming. Consta de una bobina rectangular, magnificadora del efecto producido
por un solo conductor, y una brajula, como elemento sensible al campo magnético.

Figura Il. Primeros galvanometros. Propuesta de Cumming [3].

En el afio 1856, William Thomson (posteriormente Lord Kelvin) inventa el galvanometro marino [4], de muy alta
sensibilidad, con un haz de luz como indicador y un blindaje magnético que independiza su funcionamiento de
condiciones externas (figura III). Su denominacion se debié a su aplicacion, relacionada con la telegrafia
intercontinental mediante los recientes tendidos de cables submarinos. La gran longitud de los mismos y los efectos de
sus impedancias atenuaban significativamente las sefiales lo cual requeria gran sensibilidad de los detectores.

Figura Ill. Galvanometro marino de Thomson (The Science Museum Group).

Posteriores avances se debieron a Jacques-Arséne d"Arsonval y Marcel Deprez en 1882. Los galvandmetros se
siguieron usando como los instrumentos de medida de mayor sensibilidad hasta mediados del siglo XX (figura IV).
Una relevante linea de investigacion, respecto a estos instrumentos, se desarrollé en Uruguay, tal como se analiza en
proximas secciones.
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Figura IV. Galvanometros modernos (Laboratorio de UTE).

A comienzos del siglo XIX se desarrolla el primer elemento tecnoldgico eléctrico de alto impacto social: la telegrafia.
Samuel Morse, en 1836 presento el primer telégrafo con un codigo simple, digital, binario, que solo requeria de un
hilo para su trasmision, pues para el retorno se usaba la tierra. En esa época estaban disponibles los elementos basicos,
una fuente de corriente continua (pila eléctrica, Volta, 1800) y como detectores, los galvanometros. El desarrollo de
ambos dispositivos posibilitdé conectar América con Europa mediante cables submarinos (Cyrus Field, 1854).

Uno de los grandes problemas en estos cables fue las fallas producidas por deterioro de la aislacion. Las reparaciones
de cables sumergidos en el fondo marino requerian detectar el punto de falla. Para esta tarea, se designd una comision
en Gran Bretafia, que entre otros la integraba el fisico e inventor Charles Wheatstone. Su analisis derivo en el desarrollo
de puentes de medida de resistencia, con los cuales se podia determinar el largo del cable desde su inicio hasta el punto
de falla. Esto fue clave para el desarrollo de los puentes de medida, en particular el que lleva su nombre. La figura V
muestra un puente Wheatstone de 1907.

F igura V Puente Wheatstone (Leeds and Northrup).

El impacto en Uruguay de estos avances en metrologia eléctrica, asi como desarrollos locales en formacion académica,
creacion de laboratorios e investigacion, se veria recién entrado el siglo XX. Significativos esfuerzos, tanto de
instituciones académicas como de empresas industriales, condujeron a adelantos que tuvieron repercusion
internacional, lo cual se discute en las siguientes secciones.

2. Inicio de planes de formacion académica. - Los primeros registros de ensefianza relacionados con medidas
eléctricas datan de fines del siglo XVIII, en la recién creada Facultad de Matematicas de la Universidad del Uruguay,
y en la Facultad de Medicina por las aplicaciones de la electricidad en esta rama [5]. En particular se menciona la
existencia de un gabinete de fisica industrial que contaba con una mesa de medidas eléctricas, dos galvandometros, una
brujula de senos y diversas pilas, entre otros elementos. La ensefianza formal de la electrotecnia, con capitulos
especificos de metrologia eléctrica, comenzd con el plan de estudios de 1906. Un detallado analisis histérico de los
distintos planes de estudios, hasta la década de 1940, fue elaborado por Segismundo Gerszonowicz [6], quien citaremos
numerosas veces en las siguientes secciones. El plan de 1906, por primera vez incluia un curso especifico de "Nociones
de Electrotécnica", en el quinto afio. 1910 fue el primer afio en que se dict6 este curso. Este contenia un capitulo de
Unidades de Medida y otro sobre Aparatos de Medida, el que incluia patrones y los medidores basicos de corriente,
tension, potencia y resistencia, asi como contadores de energia. En 1914 se agregan al programa clases de laboratorio.
Desde la perspectiva actual, resulta raro como no se incluyeron, desde el inicio, clases practicas en una asignatura que
esta centrada en la experimentaciéon. Como elemento curioso, a visitas actuales, incluia una practica de calibracion de
amperimetros por el método electrolitico. Textualmente, “Este experimento consiste en medir una corriente eléctrica
por la cantidad de cobre depositado por ella durante un tiempo determinado.”

En 1927, ya en la existente Facultad de Ingenieria (de aqui en adelante FING), se amplia la tematica, abarcando:
patrones, galvanometros, amperimetros electrodinamicos, balanzas, amperimetros térmicos, voltimetros
electrodinamicos, voltimetros electrostaticos, medidas de resistencia, puente Wheatstone, resistencia de
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galvanometros, resistencia interna de pilas, medidas de potenciales, medidas de capacidad, medidas de energia
eléctrica, de rendimientos y medidas fotométricas.

Un programa mas completo aun se establecio en 1931, elaborado por el Ing. Clemente Vercesi. En particular, el curso
de Medidas eléctricas se amplié segun el programa siguiente (textual).

1. Aparatos de medida. Clasificacion, dispositivos de lectura, suspensiones, sensibilidad, amortiguacion,
galvanometros, aproximacion de los métodos, errores.

2. Medidas de resistencia. Distintos métodos, pequefias resistencias, grandisimas resistencias, aislacion,
resistencias liquidas.

3. Medidas de cantidad ¢ intensidad. Galvandémetro, galvanémetro balistico, voltametros, balanzas,

amperimetros, transformadores de intensidad.

Medidas de f.e.m. Electrometros, potenciémetros, volmetros, transformadores de tension.

Medidas de capacidad e inductancia. Métodos directos, por comparacion, patrones.

Medidas magnéticas. Intensidad de campos, curva de magnetizacion, pérdidas.

Medidas de potencia. Wattmetros, circuitos de corriente continua y alterna, potencia, factor de potencia.

Circuitos trifasicos. Definiciones, sistemas simétricos y disimétricos, equilibrados y desequilibrados,

componentes simétricas, métodos de los 2 wattmetros y de las 4 lecturas, magnitudes monofasicas

equivalentes.

9. Ensayos de sobrecalentamiento. Objeto y duracién, medida de las temperaturas, método de circulacion,
ensayos equivalentes.

RN

Con pequefias variaciones, este programa siguid vigente hasta la década de 1940, afios en que Segismundo
Gerszonowicz introduce complementos, y sobre todo una filosofia de ensefianza diferente. Segtin sus propias palabras
[6] “...con el fin de escapar a la rutina y poder guiar a los estudiantes mds intimamente en el estudio, pensamos
dedicar parte o la totalidad del semestre del 6° aiio (electrotécnica Ill) al estudio a fondo, con ayuda de articulos
originales, trabajos especiales de laboratorio y taller, proyectos, etc. de un solo tema, que variara por completo de un
ano a otro.” El programa propuesto (textual), en la tematica de medidas eléctricas, fue el siguiente.

1. Errores y correcciones-Unidades, medidas absolutas de resistencia e intensidad, patrones, aparatos de
medida, galvanémetros de corriente continua y alterna, aparatos de cero, oscilografos, redgrafo, aparatos
industriales, registradores.

2. Medidas de resistencias- Medida de grandes resistencias.

3. Medidas de f.e.m-Electrometros-métodos diversos de medida de la ddp-Potenciémetros de corriente continua
y alterna, aplicacion a la calibracion de aparatos de medida.

4. Medidas de capacidades-Coeficientes de induccion mutua y de self induccion, diversos métodos de medida.

con estudio particular de puentes en corriente alterna.

Medidas de frecuencia-Distintos métodos, frecuencimetro.

Medidas del factor de potencia, fasimetro.

7. Medidas de potencia-Medidas en corriente continua y alterna monofasica, diversos métodos, wattmetros,

corrientes parasitas. Analisis de forma de onda.

Medida del factor de forma.

9. Medidas de cantidad de electricidad y de energia-Corriente continua: contadores de cantidad de energia,
calibrado, ensayos diversos. Corriente alterna: contadores de energia, monofasicos y polifasicos, distintos
tipos, calibrado, otros ensayos, contadores de energia reactiva, de energia aparente. Contadores especiales,
instalaciones de alta tension.

10. Medidas magnéticas-Campos débiles, campos fuertes, histéresis, curva de imantacion. Permeametros,
pérdidas, aparato Epstein, otros métodos.

11. Medidas en alta tensidn-Materiales, estudio de los aisladores y de los cables.

SN

*

Este programa se complementaba con la realizacién de proyectos que los estudiantes realizarian parcialmente en el
Instituto y parte en sus casas, trabajando en grupos.

En cuanto a facilidades de laboratorio, estas eran muy escasas y segun relato de esa época: “Tan solo en la década de
1930 el instrumental fue incrementado con la adquisicion de algunos aparatos, calificados de interesantes como un
oscilador 10 a 17000 p/s, un oscilografo catodico incompleto, etc. pero con todo, el Laboratorio era extremadamente
pobre”. En afios siguientes, este laboratorio mejord, lo cual se discute en la siguiente seccion.

Hacia la década de 1950, el programa fue ampliado incluyendo varios items sobre determinacion de caracteristicas de
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instrumentos y calibracion de los mismos. Esto incluia: métodos de determinacion de la resistencia y sensibilidad de
galvanometros, diversos métodos de medicion de resistencias, calibracion de 6hmetros, voltimetros, vatimetros y
contadores de energia, mediciones de inductancia y capacidad con puentes de alterna, entre otros.

3. Investigacion y desarrollo. - En las décadas de 1940 y 1950, impulsado por Segismundo Gerszonowicz, se
realizaron multiples desarrollos sobre aparatos de medida en FING, publicando multiples articulos. Entre los afios 1946
y 1948 dictd conferencias en universidades norteamericanas y viajé frecuentemente a Francia. En esa época fue
nombrado "Fellow" del IEEE, el mayor grado que dicha institucion otorga. Su destacada actuacion merece la inclusion
de una breve biografia [7]. Nacio en 1909 en Polonia y se gradué de Ingeniero en 1930 en el Instituto Politécnico de
Grenoble, Francia. A partir de ese aflo trabajo en el Laboratorio de Ensayos Mecanicos y Fisicos de Materiales de ese
Instituto. En 1936 viajo a Uruguay contratado por FING para desempefarse como Director del recién creado Instituto
de Electrotecnia. Se casd, en 1938, con Delia Maggiolo, con quien tuvo un hijo, Jorge, a quien le debo gran parte de la
informacion sobre sus actuaciones. Segun su relato, “...la situacion de pre-guerra fue determinante en su decision de
dejar Europa.” El resto de su familia muri6 en la guerra. Segismundo Gerszonowicz muri6 el 10 de julio de 1953 a la
temprana edad de 44 afios. Aun asi, dio un gran impulso a la tecnologia de las mediciones eléctricas en Uruguay.

3.1 Galvanémetros. - En los laboratorios de corrientes débiles, tal como se los denominaba en las primeras épocas,
los galvanometros eran un elemento clave para multiples sistemas de medida. La figura VI muestra uno de tales
equipos. El sistema motor, integrado por un cuadro bobinado mévil y un iman fijo, estaba unido a un pequeio espejo
que reflejaba la luz de una linterna y proyectaba el haz en una escala ubicada a una distancia del orden del metro. Este
sistema amplificaba las pequefias desviaciones del espejo.

Figura VI. Sistema movil de galvanometro de alta sensibilidad (Laboratorio de UTE).

Sus principales problemas se centraban en lograr alta sensibilidad con cortos tiempos de respuesta transitoria. Al ser
un sistema oscilatorio electo-mecanico, existe una relacion entre sus parametros eléctricos y mecanicos. Aspectos
generales fueron estudiados y documentados en varios trabajos. Uno de sus parametros fundamentales era el punto de
pasaje de respuesta oscilatoria a exponencial-amortiguada, lo cual depende, entre otros parametros, de su resistencia.
En [8] se muestran métodos para la determinacion de dicha resistencia critica. Otros estudios abarcaron el retorno a
cero de la indicacion [9].

Una aplicacién diferente corresponde al galvanémetro balistico. En este caso, el instrumento cumple una funcién de
integracion, relacionada con la maxima indicacién del movimiento transitorio. Cubria campos especificos, como la
determinacion de propiedades ferromagnéticas [10-12].

En mediciones de alterna, se usaban los llamados galvanometros de resonancia y de cuerda (figura VII) [13-16]. El
sistema movil resonaba a una frecuencia similar a la de la red, igual a la frecuencia de la sefial, logrando asi una gran
sensibilidad. Mediante una perilla, se podia ajustar ligeramente la frecuencia de resonancia para ajustarla a la frecuencia
especifica de la sefial. Otros tipos de galvanometros fueron analizados en [17].
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Figura VII. Galvanometro de resonancia para corriente alterna (Laboratorio de UTE)

Como compendio de estos multiples trabajos, Segismundo Gerszonowicz publicé un tratado de unas 400 paginas sobre
galvanometros en 1943 [18], el més amplio que se haya escrito sobre el tema (figura VIII), una de las pocas referencias
latinoamericanas, y quizas la tnica en espaiol, que figuraba en esas épocas en la bibliografia de paises altamente
desarrollados. Un detalle que muestra la relevancia internacional que tuvieron sus trabajos en este tema, son las notas
de agradecimiento a Segismundo Gerszonowicz, realizadas por varios autores que citaron sus publicaciones, tales
como Forest Harris del Laboratorio Nacional de Estados Unidos (NBS) [19], y Charles Dawes [20].

Figura VIII. Tratado sobre galvanometros, escrito por Segismundo Gerszonowicz [18].

Todavia, hasta la década de 1970, existian en Uruguay galvanéometros en operacion tanto en FING como en el
Laboratorio de UTE (empresa de energia eléctrica estatal del Uruguay). Pero, su obsolescencia ya fue evidente a partir
de la aparicion de los primeros instrumentos digitales.

3.2 Laboratorios. - El primer elemento patron del que se obtuvo referencia, es un resistor de 1 Q, marca Siemens and
Halske, fechado en 1907, propiedad del laboratorio de UTE (figura IX).

Figura IX. Patron de resistencia fechado en 1907 (Laboratorio de UTE).

Esto muestra que ya existian laboratorios de calibraciones y mediciones de alta precision en esos afios, probablemente
ligados a la incipiente expansion de la energia eléctrica en el pais. En forma simultdnea, se disponia de variados
instrumentos de medida. Existen referencias de la existencia en el pais de amperimetros de esa época, pero las
referencias mas antiguas en otras magnitudes, que se han podido ubicar, datan de 1930. La figura X muestra un
miliamperimetro fechado en 1906 y un vatimetro, en 1930.
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Figura X. Izquierda: Miliamperimetro d 'Arsonval - 1906 (izquierda, coleccion personal). Vatimetro - 1930 (derecha,
Laboratorio de UTE).

Los primeros laboratorios, de los que se tiene registro, se crearon en UTE en 1938 y en FING en 1939. Las figuras XI
y XII muestran una vista parcial de los laboratorios de FING [21]. Estos inicialmente incluian un area de corrientes
continuas y otra de corrientes alternas. En la figura XI se aprecia un galvanometro de espejo y su escala remota (a la
derecha). En la foto de la figura XII se reproduce la instalacion de medidas de corriente alterna, con un oscilador a
valvulas, patrones de inductancia, y un galvandémetro de vibracion tipo Campbell.

A3l = B >
Figura XII. Laboratorio de corriente alterna de FING, incluyendo oscilador a valvulas, patrones de inductancia, y
galvanometro de vibracion (1939) [21].

Un reporte posterior muestra el desarrollo de este laboratorio en el afio 1953 [22] (Figura XIII).
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Figura X}II. Laboratorio de medidas eléctricas de FING, ario 1953 [22].

Ya contaba con amperimetros, voltimetros y vatimetros de alta precision para la época (exactitud 0.25 %) y patrones
de resistencia entre 0.1 mQ y 10 kQ, inductancia entre 1 mH y 1 H, asi como pilas patrones Weston de 1.018 V. Entre
los galvanometros se desatacaba un galvandémetro Siemens-Halske con sensibilidades de 0.25 nA y 1.6 pnV. Entre los
puentes de medicion se contaba con un puente Thompson para medidas de pequefias resistencias y un puente
Heaviside-Campbell para las medidas de inductancias. En esa época estaban en uso los oscilografos de bucle, que
registraban las ondas en papel, permitiendo el registro simultaneo de varios fenomenos. Poseia un equipo de este tipo,
marca Westinghouse de 7 bucles, dos de ellos vatimétricos. Los servicios prestados incluian la calibracion de
contadores de energia, asi como de diversos instrumentos de medida.

En la década de 1950, en FING, se desarroll6 un laboratorio de alta tension [22]. Este comprendia un equipo de impulso
Westinghouse de tipo Marx, de 1 MV, con sistema de registro formado por un divisor de tension capacitivo y un
oscilografo electronico que permitia registrar fendmenos desde tiempos de 1 ps (figura XIV), y un equipo de alterna
de la misma marca, de dos transformadores en cascada, que llegaba hasta 500 kV, con posibilidad de variar la
frecuencia entre 40 Hz y 100 Hz (figura XV). Un explosor de esferas completaba la instalacion. Este equipamiento
estuvo en funcionamiento hasta la década de 1980, cuando fue parcialmente desmantelado.

Figura XIV. Generador de impulso sistema Marx, laboratorio de alta tension de FING, ario 1953 [22].
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‘ i
Figura XV. Transformadores del equipo de 500 kV. Laboratorio de alta tension de FING, ario 1953 [22].

Por su lado, la empresa eléctrica, antes de la década de 1930 ya poseia un laboratorio. Esta empresa fue creada por ley
el 21 de octubre de 1912, denominandose entonces “Administracion General de Usinas Eléctricas del Estado” (UEE),
estableciéndose el monopolio estatal de la generacion, trasmision y distribucion de electricidad [23]. Sobre este
laboratorio la tinica referencia que se pudo rescatar es que su area era de unos 900 m?. Registros documentados
comienzan recién en 1938, cuando se inaugurd el nuevo edificio para los laboratorios, cito en la calle Paraguay 2385,
donde aun actualmente se encuentra con mas de 2000 m? [24]. La figura XVI muestra la inauguracion del mismo, con
su personal, mas aquellos relacionados con su construccion. En la figura X VII aparece una vista panoramica del mismo
desde la calle Paraguay, en el afio de su inauguracion.

Figura XVII. Edificio del Laboratorio de UTE - 1938.

Este laboratorio comprendia las areas de mecénica, quimica y eléctrica. En lo referente a metrologia eléctrica, contaba
con un area de calibracion de instrumentos, con una mesa marca AEG que incluia fuentes, patrones de resistencia y
tension, y puentes de medida (Figura X VIII).
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Figura XVIII. Mesa de calibracion de instrumentos de medida del Laboratorio de UTE, en operacion hasta la década del
1970.

Permitia la calibracion de voltimetros, amperimetros y vatimetros, hasta clase 0.2. La limitacion era que los
instrumentos debian ser aptos para alterna y continua, dado que la mesa solo admitia calibracion en corriente continua.
Este equipo estuvo en funcionamiento hasta finales de la década de 1970, cuando se desarrollaron sistemas de
calibracion especificos para corriente alterna. La sala contenia diversos galvanometros y puentes, asi como un
instrumento universal Cambridge (al fondo, a la derecha, de la foto) que podia medir tension, corriente y potencia, con
muy alta precision. El elemento mdvil estaba adosado a un espejo, y su escala luminosa media 3 metros efectivos.
Estaba construida en tres niveles. Cuando el haz luminoso llegaba a un extremo de uno de los niveles, aparecia en el
siguiente, al comienzo, debido a que tenia tres linternas desplazadas sobre su mesa. Para evitar el efecto de vibraciones
del piso, toda la estructura se apoyaba en tres grandes patas de hormigon. Su caja de control, con los ajustes de tension
y corriente, se muestra en la figura XIX.

Figura XIX. Caja de control del instrumento universal Cambridge (Laboratorio de UTE).

Otra area estaba dedicada a la calibracion de medidores de energia (figura XX). Varias mesas de instrumentos permitian
calibrar una gran cantidad de contadores simultineamente, necesario por la alta demanda de la empresa.

a ‘o
Figura XX. Sala de calibracion de medidores de energia del laboratorio de UTE.
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También contaba de una sala para la calibracion de transformadores de medida, con patrones y un puente que todavia
continua funcionando (figura XXI).

Figura XXI. Sala de calibracion de transformadores de medida del Laboratorio de UTE. Década de 1940.

En el area de la alta tension, desde su inauguracion, UTE ya poseia un pequefio laboratorio con equipamiento de alterna
hasta 100 kV (figura XXII). Practicamente se mantuvo igual hasta fines de la década de 1970, cuando fue ampliada y
equipada con nuevos aparatos.

Figura XXII. Sala de alta tension del Laboratorio de UTE. Década de 1940.

Un tercer laboratorio eléctrico se cre6 por la Ley N° 13 318 en 1964, con el nombre de Laboratorio de Analisis y
Ensayos (LAE), cambiandose a LATU (Laboratorio Tecnologico del Uruguay) en 1975. El propésito inicial fue de
control de la calidad de los productos de exportacion. Recién en 1982 se crea un area de metrologia, debido a la
aprobacion de la Ley Nacional de Metrologia (15298/82). Esta le asigné al LATU la responsabilidad del
mantenimiento, custodia y diseminacion de los patrones nacionales de medida. Es asi que el LATU, hasta hoy,
mantiene la trazabilidad a patrones primarios de medicion con niveles de incertidumbre acordes con los requerimientos
del pais. En ese entonces, el area de metrologia eléctrica contaba con patrones de resistencia, puentes de medida de
resistencia y fuentes de tension patrones basadas en pilas Weston. Mediante un convenio con UTE, en 1999 concede
a esta empresa la custodia de los Patrones Eléctricos Nacionales, convirtiéndose el laboratorio de UTE en Laboratorio
Designado Nacional.

3.3 Patrones. - Como se describié anteriormente, desde principios del siglo XX hay registro de la existencia de
patrones de unidades eléctricas en UTE. También en FING existian patrones fechados en la primera mitad del siglo
XX. En esos tiempos, las principales magnitudes necesarias para el mantenimiento de patrones fueron resistencia y
tension. A partir de ellas, se derivaban otras, como corriente y potencia.

3.3.1 Resistencia. - Los resistores patrones, basados en la resistencia de aleaciones, como la manganina, constituyeron
los patrones primarios de resistencia. Los modelos del tipo Thomas de 1 ohm (figura XXIII) son los mas estables. A
partir de ellos se establecen los valores de toda la escala de resistencia. Ya hacia la mitad del siglo XX, tanto UTE
como LATU poseian varias unidades de estos resistores, los cuales constituian el Patron Nacional de Resistencia. Aun
actualmente, siguen en operacion.
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Figura XXIII. Resistor patron tipo Thomas (Laboratorio de UTE).

3.3.2. Tension continua. - En 1893, Edward Weston present6 una patente por una pila patrén electroquimica que
generaba un voltaje muy estable de 1.0183 V a 20 °C (figura XXIV). Su disefio incluia un anodo y un catodo formado
por amalgamas de cadmio y mercurio. La estructura de la pila consistia en una ampolla de vidrio con forma de H, con

contactos eléctricos de platino ubicados en la base.

E. WESTON.
VOLTAIC CELL.

No. 404,827, Patented Apr. 4, 1893,

Figmd.
7ry

Figura XXIV. Pila patrén propuesta por Weston en 1893.

Estas pilas, si bien eran muy estables en el tiempo, tenian muy alta dependencia con la temperatura, eran muy afectadas
por golpes o sacudidas, asi como por el consumo de corriente. Aun asi, los tres laboratorios antes mencionados poseian
varios ejemplares, que estuvieron en uso hasta la década de 1980 (figura XXV).

Figura XXV. Pila patron tipo Weston (Laboratorio de UTE).

3.3.3 Otras magnitudes. - Complementaban el equipamiento de medida, patrones de capacidad e inductancia (figura
XXVI), asi como diversos puentes de medida [25].

Figura XXVI. Patron de capacidad de 1 uF (LaZ)omtorio de UTE).
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La Figura XXVII muestra un puente Schering de la marca Triib-Tauber, todavia en servicio hacia fines del siglo XX.
Fue disefiado para medidas de capacidad en alta tension, a la frecuencia de la red, con un capacitor patron, aislado en
aire, de 100 kV (foto a la derecha).

Figura XXVII. Puente Schering de la marca Triib-Tduber y capacitor patro'ﬁ de alta tension (Laboratorio de UTE).

En relacion a la magnitud tiempo-frecuencia, una detallada descripcion del desarrollo de patrones de frecuencia en
Uruguay puede verse en [26]. A modo de resumen, los principales hitos fueron los siguientes. El Laboratorio de UTE,
en la década de 1960, poseia un reloj patron de péndulo (figura XXVIII). Su estabilidad era de unos 3 segundos por
afio. Estaba encerrado en un recipiente hermético, y un ajuste muy fino de su frecuencia se realizaba variando la presion

interior del aire.

Figura XXVIII. Reloj patrén de péndulo Clemenes Riefler (Laboratorio de UTE).

En esa misma década, en FING se desarroll6 un patron de frecuencia electronico basado en un cristal de cuarzo y tubos
de vacio [27]. Su circuito principal se reproduce en la Figura XXIX.

Figura XXIX. Patron de frecuencia basado en un cristal de cuarzo y electrénica con tubos de vacio, desarrollado por FING en
1966 [27].

La estabilidad alcanzada fue del orden de 0.5 segundos por afio. Este constituy6 el inicio de desarrollos locales en esta
area. Posteriores mejoras se lograron con desarrollos basados en relojes atomicos.

4. Sistemas de unidades. - Existen registros de unidades de medida ya en el antiguo Egipto. Sin embargo, el primer
acuerdo internacional sobre este tema debio esperar hasta 1875. En ese afio se firmé en Paris, por diecisiete estados,
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la llamada Convencion del Metro, con el fin de establecer una organizacion que garantizara la compatibilidad de las
mediciones en todo el planeta. Asi mismo, se definieron los patrones de masa y longitud, prototipos de los cuales
fueron entregados a los paises firmantes. Uruguay adhiri6 al tratado en 1908. Dentro de la estructura, se creo el
Bureau Internacional de Pesas y Medidas (BIPM), con funciones de laboratorio en el cual se realizarian calibraciones,
se mantendrian los patrones y se organizarian rondas de intercomparaciones. El gobierno francés don6 el Pabellon
de Breteuil para uso de esta organizacion (figura XXX), que se encontraba en situacion ruinosa. Posteriormente fue
remodelado y ampliado y es el actual lugar de funcionamiento de esta organizacion.

¥ Lo

Figura XXX. Pabellon e Breteuil enl 875 (contribucio'h. de Luis Mussio, OIML)

Respecto a la incorporacion de otras magnitudes, los sistemas de unidades incorporaron el tiempo, con lo cual se
satisfacian los requerimientos de la mecanica. La discusion posterior se centrd en cual seria la magnitud a adicionar
para contemplar el electromagnetismo. Habia acuerdo en que alcanzaria una magnitud independiente adicional, pero
siguieron complicadas discusiones sobre cual deberia ser la cuarta unidad. Ya en 1889, Sir Arthur William Rucker
habia propuesto incorporar, en lugar de una magnitud, una constante, la permeabilidad del vacio. Puede parecer raro
que un sistema de unidades este basado en constantes universales, pero debe tenerse en cuenta que en conjunto con
ecuaciones de leyes de la fisica es posible relacionar distintas magnitudes. Esta propuesta fue refrendada el Sub-Comité
de Magnitudes y Unidades Eléctricas y Magnéticas de la Comision Electrotécnica Internacional en 1930. Esto se derivo
al Comité Consultivo de Electricidad del BIPM para que decidiera entre las unidades de coulomb, ampere, volt, ohm,
farad, henry, weber. El Comité, en cambio, preferia la constante citada, pero dado que no figuraba en la lista, voto por
el ohm.

Un detallado analisis de las distintas propuestas y resoluciones, asi como su propia opinion, fueron publicados por
Segismundo Gerszonowicz en 1939 y 1941 [28-29], dado que hasta esas fechas no se habia decidido sobre este tema.
Segun cita textual decia: “Esperamos que el Congreso Sudamericano de Ingenieria se unird a nuestro punto de vista
y pedira a los organismos internacionales habilitados que se active la discusion del asunto en vista de su resolucion
definitiva,” 1o que lamentablemente no ocurri6 hasta 1960. En este afio, la 11* Conferencia General de Pesas y Medidas
definio el sistema de unidades electromecanico formado por las magnitudes de longitud, masa, tiempo e intensidad,
equivalente a las primeras propuestas de asignar un valor a la constante de permeabilidad magnética. Quedaban asi
también definido el volt, ohm y watt, como lo muestra la figura XXXI. Las unidades de capacidad e inductancia
también quedaron definidas a partir de las cuatro basicas citadas.

S —» m kg

Js=W v L)

Figura XXXI. Sistema de unidades definido por el BIPM en 1960.

5. Conclusiones. - El desarrollo de la metrologia eléctrica en Uruguay, desde comienzos del siglo XX hasta mediados
del mismo muestra una evoluciéon que acompafié al avance mundial. Comenzaron cursos universitarios sobre
mediciones eléctricas, se crearon laboratorios, tanto en el ambito universitarios como en el industrial. La Facultad de
Ingenieria de la Universidad de la Republica desempefio un papel fundamental en la formacion académica en esta
disciplina, desde 1906. Figuras destacadas como el Ing. Segismundo Gerszonowicz lideraron investigaciones
originales, publicando textos que alcanzaron reconocimiento internacional.
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En paralelo, la empresa estatal UTE desarroll6 un laboratorio que fue pionero en la implementacion y uso de patrones
eléctricos y aparatos de medida. Con la posterior creacion del laboratorio LATU, se consolid6 la estructura metrologica
del Uruguay.

Esta primera etapa sento las bases para el desarrollo posterior de la metrologia eléctrica en Uruguay, que continuaria
su evolucidn con la aparicidon de nuevas tecnologias, instrumentos digitales y su insercion en redes internacionales
tales como el Sistema Interamericano de Metrologia (SIM) y el Bureau Internacional de Pesas y Medidas (BIPM), lo
cual sera desarrollado en una segunda parte de este trabajo.
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	2.2 Circuit Schematic. - To develop this project, an Arduino R3 board will be used, which will allow programming and controlling several electronic components, as can be seen in Figure III. Among the materials to be used are a GSM SIM900 board for mob...
	2.4 Schematic simulation methodology of the circuit compiled on an Arduino UNO R3 board. -
	4.2 Simulation results. - In scenario 1, the moment when a collision occurs is captured within the range of 1 to 100 cm, specifically at 19 cm. At that proximity, the system activates, making a call and sending an SMS to the emergency contact, notifyi...
	Figure XIV.  Scenario 1: Collision message.
	The convergence of these technologies represents a significant advance in vehicle emergency management and traffic monitoring. The integration of advanced communication systems and technology solutions not only improves the effectiveness of response t...
	5. Conclusions. - The state-of-the-art analysis showed various technologies and components, which allowed us to conclude that the integration of advanced electronic circuits and specialized sensors in this system offers a superior solution in terms of...
	To power the entire circuit through an external source, it is recommended to use a Power Bank that has a capacity of at least 10,000 mAh, with 5 V and 2 A output. This ensures an adequate and stable power supply for the correct operation of the circui...
	In addition, new algorithms can be developed that transform the way data from different sensors is analyzed. This would help reduce false alarms and improve the system's ability to respond to truly emergent situations.
	To adapt the vehicular emergency intercom system to blind people, proximity sensors could be integrated into the user's cane, in addition to an audio-guided function using voice recognition and audible notifications. These sensors would detect obstacl...
	1.1 Problem statement. - Refrigerator gasket manufacturing process in the company A (for confidentiality reason) has been facing lots of challenges regarding rejection and rework issues during extrusion process for gasket profile manufacturing from PV...
	1.2 Objectives. - Objectives of implementation of six sigma methodology on gasket extrusion process are as under:
	2. Literature review. - In recent years, global economic landscape is going through one of the toughest times because of rising material costs, fluctuation in demand, more competition from emerging markets (Most. Asikha Aktar, 2021). These issues lead...
	2.1 Research gap. - The revenue generated by refrigerator manufacturing industry worldwide is estimated to 121 billion USD. Being a billion-dollar industry, no research has been conducted on combined optimization of extrusion, magnet insertion and wel...
	2.2 Significance of the study. - Implementing Six Sigma in optimizing the gasket manufacturing process is highly significant, especially in the context of current economic challenges where high manufacturing costs and price increases are unsustainable...

	3. Methodology. - In order to carry out this research work, six sigma DMAIC methodology was adopted. DMAIC is a systematic problem-based and customer centric data/target-oriented approach consisting of five basic steps. Those steps/phases are defined ...
	3.1 Define Phase. - Define phase is one of the first steps in DMAIC methodology. This phase focused on gathering insights from various stakeholders specifically customer, process owner (production team). This helped in identifying critical issues in t...
	3.2 Problem Statement. - In the Year 2023, 27,283 gaskets rejected out of 2,84,477 gaskets produced at Gasket Manufacturing Area. Out of these 27,283 rejected gaskets, 7267 gaskets were crushed, and 20,016 gaskets were scrapped. The rejection ratio st...

	3.3 Measure Phase. - Measuring the process's current performance is the main goal of the DMAIC Measure phase. Data is gathered during this phase to measure important metrics about rejection, cycle time, production rates and other important parameters,...
	3.4 Analyze Phase. - FMEA (Failure Modes and Effects Analysis) is a tool used in the Six Sigma methodology to identify probable failure modes in the production process and evaluate their impact on product quality. FMEA helps in the identification of p...
	3.5 ANOVA. - ANOVA (Analysis of Variance) is used on the data collected during the measure phase of the gasket manufacturing process to evaluate whether there are statistically significant differences between the means of various groups or factors tha...

	3.6 Improve Phase. - The goal of improve phase is to implement the solutions of the problems/causes that were identified in the analyze phase. This involves designing and testing the suggested improvements of the problems to enhance efficiency, reduce...
	3.7 Control phase. - After the implementation of improvement suggestions that were mentioned in improve phase, control phase in the gasket manufacturing process focuses on sustaining the improvements made in previous stages to guarantee consistent pro...
	4. Conclusion. - The six-sigma project, based on DMAIC methodology, for gasket manufacturing process has resulted in significant improvement in gasket manufacturing process resulting in increase in efficiency, waste reduction, process improvement thus...
	2. Materials and methods. -
	2.1 Materials. - AISI-1045 is a low-cost alloy suitable for most engineering and construction applications. It is a medium carbon steel with adequate strength and toughness characteristics and is valuable for induction or flame hardened components and...
	2.2 Methods. - In this study, the researchers had planned the experiments to optimize the output responses like machining time (Tm), material removal rate (MRR), electrode wear rate (EWR), surface roughness (Ra) and base radius (R) using design of exp...
	2.2.1 Design of experiments (DOE). - Planning any data collection activities in the face of variability, whether or not the experimenter has complete control, is known as design of experiments (DOE). It entails a group of tests or a sequence of tests ...
	2.2.2 Response Surface Methodology (RSM). - It is a statistical and mathematical method for optimizing processes and determining the correlations between numerous input factors and one or more output replies. It is especially effective for modeling an...


	3. Experimental Methodology. - The experimental design was based on the Design of Experiment (DOE) technique, especially a full factorial design. This method enables a thorough examination of the essential effects and interactions among the four selec...
	3.1 Workpiece preparation. - The workpieces (Figure ) used in these experiments consisted of two grounded blocks, each with dimensions of 100 x 10 x 20 mm, secured in place using dowel pins. Electrode is of copper material (Figure ). Dielectric is of ...
	3.2 Equipment used:
	3.3 Objectives. - The objectives of this experimental study are as follows:
	3.4 Analysis of Variance (ANOVA). - The experimental data that was performed on the basis of basic experimental runs as mentioned in Table  was examined by using statistical techniques and conclusions were drawn based on the significance of the compon...

	4. Results and Discussion. -
	4.1 Experimental results and analysis. -
	4.1.1 Optimized results for machining time (Tm). - The machining time (Tm) for AISI 1045 was optimized using ANOVA in Minitab in which all the input factors were considered and their interaction with output responses were calculated to determine signi...
	4.1.2 Optimized results for material removal rate (MRR). - The optimization of material removal rate (MRR) for AISI 1045 was carried out using ANOVA in Minitab. All input factors, including pulse on time (Ton), pulse off time (Toff), current (LV) and ...
	4.1.3 Optimized results for electrode wear rate (EWR). - The analysis of Electrode Wear Rate (EWR) for AISI 1045 was carried out using ANOVA in Minitab. All input factors were considered including pulse on time (Ton), pulse off time (Toff), current (L...
	4.1.4 Optimized results for base radius (R). - The base radius (R) for AISI 1045 steel was analyzed using ANOVA in Minitab. The goal was to optimize the output response i.e. base radius. All input factors were considered initially including pulse on t...


	5. Conclusions. - This study aimed to optimize the electrical discharge machining (EDM) process for AISI 1045 steel. A strict focus was on optimization of key output parameters such as machining time (Tm), material removal rate (MRR), electrode wear r...
	6. Limitations of the study. - The study has several limitations, including its focus on only four input parameters (Ton, Toff, LV, HV) and AISI 1045 steel, which limits its applicability to other materials and conditions. It did not explore factors l...

	References
	[1] A Review of Recent Application of Machining Techniques, based on the Phenomena of CNC Machining Operations. I.P. Okokpujie, C.A. Bolu, O.S. Ohunakin, E.T. Akinlabi, D.S. Adelekan. s.l. : Elsevier, 2019, Procedia Manufacturing, Vol. 35, pp. 1054-10...
	Appendix 1
	Appendix 2
	Appendix 3
	Appendix 4
	Appendix 5
	Appendix 6
	Appendix 7
	Appendix 8
	Appendix 9. - The AISI-1045 workpiece surface outline images were taken at a magnification level of 22X
	Appendix 10. - The electrode images that machined AISI-1045 were taken at a magnification level of 20 X

