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Abstract                   
 
This study seeks to optimize the additive manufacturing of 3D 
key chains by means of a two-factor design of experiments 
[DOE], focusing on quality control. Printing temperature and 
printing speed were evaluated, analyzing their effect on strength 
and surface finish. Experiments were set up, samples were 

printed and analyzed mechanically and visually. The results 
indicated that both factors influence the final quality, making it 
possible to establish optimum parameters. This improves 
efficiency, reduces costs and increases customer satisfaction, 
promoting advances in statistical control and new materials. 
 

 
Additive manufacturing, quality control, statistical 

analysis, experiments, 3D printing, 3D printing. 

Resumen  
 

Este estudio busca optimizar la manufactura aditiva de llaveros en 

3D mediante un diseño de experimentos [DOE] con dos factores, 

enfocándose en control de calidad. Se evaluaron la temperatura de 

impresión y la velocidad de impresión, analizando su efecto en 

resistencia y acabado superficial. Se organizaron experimentos, se 

imprimieron muestras y se analizaron mecánica y visualmente. Los 

resultados indicaron que ambos factores influyen en la calidad final, 

permitiendo establecer parámetros óptimos. Esto mejora la 

eficiencia, reduce costos y aumenta la satisfacción del cliente, 

promoviendo avances en control estadístico y nuevos materiales. 
 

 
Manufactura aditiva, control de calidad, análisis 

estadístico, experimentos, impresión 3D.
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Two-factor design of experiments in quality control for 3D printed keychains 

Optimize the 

keychain 3D printing 

process by analyzing 

two main factors that 

affect the quality of 

the product, in order 

to improve its 

characteristics and 

reduce defects. 

Multiple controlled 

tests were performed 

to analyze how these 

factors influence the 

final quality, using 

statistical analysis to 

determine the 

optimum conditions. 

It provides a 

systematic 

methodology to 

improve the quality 

of 3D printed key 

chains, offering a 

practical guide to 

adjust printing 

parameters and 

ensure products of 

higher consistency 

and finish. 

Objetives Methodology Contribution 

Diseño de experimentos de dos factores en control de calidad para llaveros impresos 

en 3D 

Optimizar el proceso 

de impresión 3D de 

llaveros mediante el 

análisis de dos 

factores principales 

que afectan la calidad 

del producto, con el 

fin de mejorar sus 

características y 

reducir defectos. 

 

Se realizaron 

múltiples pruebas 

controladas para 

analizar cómo estos 

factores influyen en 

la calidad final, 

empleando análisis 

estadísticos para 

determinar las 

condiciones óptimas. 

Proporciona una 

metodología 

sistemática para 

mejorar la calidad de 

llaveros impresos en 

3D, ofreciendo una 

guía práctica para 

ajustar parámetros de 

impresión y 

garantizar productos 

de mayor 

consistencia y 

acabado. 

Objetivos Metodología Contribución 
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Introduction 

 

The design of experiments is essential to ensure 

validity and accuracy in two-factor analysis, as 

it allows the influence of each variable to be 

controlled and assessed independently. However, 

their application presents challenges such as 

biases, which can distort results, and 

confounding factors, which make it difficult to 

interpret causal relationships. 

 

 In addition, the complexities inherent in 

the planning and execution of these designs 

require careful attention to avoid mistakes. The 

different design options also pose difficulties in 

comparisons, making it difficult to synthesise 

clear conclusions. Therefore, a proper design of 

experiments is key to obtain reliable and useful 

results in multifactorial studies [Becker et al. 

2017].  

 

According to [Miller et al., 2020] in 

particular, when two factors are analysed, this 

approach makes it easier to identify the 

interactions and individual effects of each 

variable. Randomised controlled trials are a key 

tool in these cases, as they ensure the internal 

validity of the study and minimise bias. These 

designs allow complex questions to be answered 

in a feasible and reliable manner. Ultimately, the 

design of experiments strengthens evidence-

based decision-making. [Fajardo et al., 2023] 

mentions that his research will explore synthesis 

methodologies using alternative routes that, 

when compared to traditional ones, demonstrate 

better results and a greater impact on our 

environment. 

 

 The incorporation of these alternatives, 

together with a well-planned experimental 

design and two-factor ANOVA analysis, will 

identify the optimal conditions for their 

application. This approach will contribute to 

strengthen students' training in organic synthesis 

concepts, promoting a green chemistry approach. 

The research also seeks to provide a 

comprehensive view on the efficiency and 

sustainability of these innovative methodologies. 

[Zapot et al., 2025] explains that the design of 

experiments with mixtures is a fundamental tool 

for optimising the combination of ingredients 

and improving food products without affecting 

their quality. In this study, this methodology is 

applied to develop a flavouring for banana 

croquettes, evaluated by sensory testing. A 

model combining different raw materials was 

designed to achieve high consumer acceptance.  

The use of two-factor analysis of 

variance allows the identification of the most 

influential variables in the formulation. This 

case study is relevant as its approach can be 

adapted to other applications in the food industry 

and in the design of experiments in general. 
 

The tools of design of experiments and 

ANOVA are identified as applied research and 

experimental development activities, integrated 

in educational processes focused on formative 

research, contribute to strengthening the 

competences required by today's society in terms 

of information and knowledge. It should be 

noted that these activities enable the 

development of skills in various dimensions, 

ranging from generic competences, which 

include basic and transversal skills, to specific 

competences related to the techniques specific to 

each training area. The incorporation of these 

approaches in education promotes 

comprehensive training that responds to the 

demands of the social and work environment. In 

this context, the analysis seeks to highlight the 

impact of such practices in preparing students 

for contemporary challenges [Castro et al., 2023]. 
 

Agricultural research [Marín et al., 2019] 

is essential to ensure food security for current 

and future populations, especially considering 

that by 2050 the world's population is expected 

to reach nearly 10 billion.  
 

One of the main challenges will be to 

produce food in sufficient quantity and quality, 

which requires advances in research and 

development of new technologies in the 

agricultural sector. In this context, statistics 

applied to agricultural production are becoming 

increasingly important, as they allow for 

efficient management of the information 

generated, facilitating its interpretation and 

visualization. This analysis seeks to explore how 

these factors contribute to improving the 

productivity and sustainability of the agricultural 

sector. 
 

This paper analyses the achievable 

surface roughness through analytical and 

experimental steps, highlighting the importance 

of understanding how different factors influence 

their behavior [Sztankovics, 2024]. The 

evaluation of these factors is essential to 

optimize manufacturing processes and improve 

surface quality. In addition, an analysis of two 

main factors affecting roughness is carried out, 

allowing the identification of the most relevant 

variables in the design of experiments. 

https://www.jclinepi.com/article/S0895-4356(17)30286-X/abstract
https://www.jclinepi.com/article/S0895-4356(17)30286-X/abstract
https://www.sciencedirect.com/science/article/pii/S0165178119306833?via%3Dihub
https://www.revistas.unam.mx/index.php/req/article/view/85009
https://ciencialatina.org/index.php/cienciala/article/view/15769
https://revistas.udistrital.edu.co/index.php/Tecnura/article/view/19171
https://revistas.unat.edu.pe/index.php/RevTaya/article/view/28
https://www.mdpi.com/2673-4117/5/3/93
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 This approach contributes to a better 

understanding of the interactions between 

variables and their impact on the results. The 

research aims to provide a solid basis for future 

applications in surface engineering and quality 

control. [Mendoza-León et al., 2024] indicates 

that organizational innovation brings significant 

value to the industrial sector, especially in 

process improvement. In this context, the 

application of experimental design as a 

methodology is relevant to address performance 

problems in molding and drying processes in a 

pulp production plant. The objective was to 

identify the main factors and determine the 

optimal parameters using 2^k factorial models, 

specifically 2^3 and 2^4, to optimize these 

processes. 

 

Two-factor analysis in engineering 

applications is fundamental to understanding the 

interactions and combined effects that can 

influence the performance of a system or process.  

 

This approach optimizes variables, 

reduces costs and improves efficiency, 

facilitating informed and accurate decisions. In 

the future, the integration of advanced statistical 

tools, such as design of experiments and 

multivariate analysis, will enhance engineering 

research, allowing complex problems to be 

tackled with greater accuracy and speed. 

 

The information presented provides 

guidelines for the application of specific tools in 

particular case studies, which impact the 

scientific environment and highlight the 

interaction of statistics with other subject areas 

of great relevance to the academic and research 

community. 

 

The following paragraphs detail the 

methodology used for the case study, 3D key 

ring, to obtain the data that will be presented in 

the results as part of the statistical analysis by 

means of ANOVA with two factors. 

 

Methodology 

 

The methodology employed in this study is to 

use two-factor design of experiments to assess 

the impact of key variables on the quality of 3D 

printed key fobs. Two main factors are selected: 

printing temperature and printing speed, each 

with specific levels that allow us to analyze their 

influence on the final properties of the product.  

 

A full factorial design is used to 

maximize the information obtained and to 

facilitate the interpretation of the interactions 

between variables. Experiments were conducted 

under controlled conditions, ensuring 

reproducibility and accuracy in data collection. 

 

Subsequently, a statistical analysis using 

analysis of variance techniques [ANOVA] is 

implemented to determine the significance of 

each factor and its interaction on the quality of 

the key rings.  

 

The results allow the identification of 

optimal printing conditions that ensure efficient 

and consistent quality control. In addition, 

interaction graphs will be used to visualize the 

combined effects of the variables, facilitating 

interpretation of the results and decision making 

on best practice in the manufacture of these 3D 

printed objects. 

 

For this study, the case of 3D printed 

keyrings was selected. The design of these was 

carried out using a CAD modelling program, as 

shown in Figure 1. 

 

Box 1 
 

 
Figure 1  

3D model produced in CAD software.  

Source: Authors 

 

Figure 1 shows the 3D model 

corresponding to the case study, key ring, to 

identify the parameters and variables to be used 

in the two-factor analysis. It should be noted that 

this model will be manufactured in 3D printing 

with ABS and PLA filament, to validate the 

statistical analysis and provide information on 

the processing of products with additive 

manufacturing. 

 

Figure 2, presented below, illustrates the 

export process in STL format within the 

software, used for simulation, control of 

parameters and variables in the 3D printing 

process. 

 

 

https://alinin.org/wp-content/uploads/2025/01/Tendencias_XXIV_256-271.pdf
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Box 2 
 
 
 
 
 
 

Figure 2  

Stl model in 3D printing software. 

Source: Authors 

 

It is possible to identify that the 3D 

model for the case study complies with the 

characteristic to be analyzed in the software 

before carrying out the 3D printing 

manufacturing, which is shown in Figure 2. 

 

Table 1 lists the physical properties of the 

two materials to be analyzed in the case study to 

use the design of experiments to achieve 

improvement in product manufacturing. 

 

Box 3 
Table 1 

Physical properties of materials 

 

Material Property Value/unit 

ABS 

Tensile stress 

Deformation 

Hardness 
Flexural modulus 

30.46 [MPa] 

 4.52 [%] 

69.2    Shore D 
1.08 [GPa] 

PLA 

Tensile stress 

Deformation 

Hardness 

Flexural modulus 

47.95 [MPa] 

 3.8 [%] 

79.8    Shore D 

1. 47 [GPa] 

Source: https://www.matweb.com/index.aspx 

 

Table 2 shows the standard parameters of 

the physical properties of the material for the 

simulation in the case study, where more 

variables are perceived than are evaluated, the 

purpose is to observe parameters that can be 

analyzed in the future. 

 

Box 4 
Table 2 
Manufacturing parameters in printing software 

 

Parameter Value Unit 

Nozzle 4 mm 

Cutting profile Standard s/u 

Print speed 60 mm/s 

Filling density 5 % 

Pattern 

Line 

Grid 
Hexagon 

Triangle 

3D Fill 

s/u 

Source: software FlashPrint 

 

With the data presented in Table 2, a 

series of sequences will be run in the simulations 

to obtain the final product. 

 

For which it is considered to keep the 

nozzle constant with a diameter of 4mm, the 

cutting profile is also kept at standard, the 

printing speed will have 4 variations for each 

type of pattern and filling density, which allows 

sufficient data to be obtained for the statistical 

analysis. 

 

The cases to be analyzed and the 

corresponding data on speed and printing time 

are mentioned as results for improvement. 

 

Case1: PLA-ABS material, temperature 

190-230°C, 35-95% fill, print speed 60 mm/s. 

 

Table 3 has the extract of data obtained 

for case 1, in the 3D printing simulation software. 

 

Box 5 
Table 3 

60mm/s, ABS 230°C-PLA 215 °C, line. 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 
45 

55 

65 

75 

85 

95 

32 
32 

33 

34 

35 

36 

37 

PLA 

35 

45 

55 

65 

75 

85 

95 

31 

32 

33 

34 

35 

35 

36 

 

60mm/s, ABS 230°C-PLA 215 °C, grid. 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 

45 

55 

65 
75 

85 

95 

30 

31 

32 

32 
33 

34 

34 

PLA 

35 

45 

55 

65 

75 

85 

95 

30 

31 

31 

32 

33 

33 

34 
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60mm/s, ABS 230°C-PLA 215°C, hexagon 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 

45 

55 

65 

75 

85 

95 

35 

39 

42 

45 

48 

52 

55 

PLA 

35 
45 

55 

65 

75 

85 

95 

36 
39 

42 

45 

48 

51 

54 

 

60mm/s, ABS 230°C-PLA 215°C, triangle 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 

45 

55 

65 

75 

85 

95 

32 

33 

34 

35 

36 

37 

38 

PLA 

35 

45 

55 

65 
75 

85 

95 

31 

32 

33 

34 
35 

36 

37 

 

60mm/s, ABS 230°C-PLA 215°C, 3D filling 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 
45 

55 

65 

75 

85 

95 

32 
34 

35 

37 

39 

40 

43 

PLA 

35 

45 

55 

65 

75 

85 
95 

31 

33 

35 

37 

38 

41 
41 

 

Source: Authors 

 

Analysis of the data presented in Table 3 

reveals several important trends related to 

printing time as a function of material, filler 

percentage and geometry type. 

 

In general, it is observed that, for both 

materials [ABS and PLA], the printing time 

increases as the percentage of fillers increases, 

which is consistent with the greater amount of 

material deposited and the greater complexity in 

the construction of the part. For example, in line 

printing at 60 mm/s, the time for ABS goes from 

approximately 32 minutes at 35% fill to 37 

minutes at 95% fill, while for PLA the time 

varies from 31 to 36 minutes under the same 

conditions. It can also be noted that, in all cases, 

ABS material tends to require slightly more time 

than PLA to complete the same geometry and fill 

percentage, possibly due to differences in 

viscosity and behavior during printing. Another 

relevant observation is that, in the different 

geometry configurations [grid, hexagon, triangle, 

3D infills], the printing times are quite similar 

for each material and infill percentage, although 

in some specific cases, such as in the hexagon 

geometry, the times tend to be slightly longer, 

probably due to the higher complexity in the 

infill structure. Case 2: PLA-ABS material, 

temperature 190-230°C, 35-95% fill, print speed 

80 mm/s. 
 

Box 6 
Table 4 

80mm/s, ABS 230°C-PLA 215 °C, line. 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 

45 

55 

65 

75 
85 

95 

28 

28 

29 

30 

31 
32 

32 

PLA 

35 

45 

55 

65 

75 

85 

95 

28 

28 

29 

30 

31 

32 

32 
 

80mm/s, ABS 230°C-PLA 215 °C, grid. 
Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 

45 

55 
65 

75 

85 

95 

27 

27 

28 
28 

29 

30 

30 

PLA 

35 

45 

55 

65 

75 

85 

95 

27 

27 

28 

28 

29 

30 

30 
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80mm/s, ABS 230°C-PLA 215°C, hexagon 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 

45 

55 

65 

75 

85 
95 

33 

35 

38 

42 

45 

48 
51 

PLA 

35 

45 

55 

65 

75 

85 

95 

32 

35 

38 

42 

45 

48 

51 

 

80mm/s, ABS 230°C-PLA 215°C, triangle 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 

45 

55 

65 

75 

85 

95 

28 

29 

30 

30 

31 

32 

33 

PLA 

35 

45 

55 

65 

75 
85 

95 

28 

29 

30 

30 

31 
32 

33 

 

80mm/s, ABS 230°C-PLA 215°C, 3D filling 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 
45 

55 

65 

75 

85 

95 

28 
30 

32 

34 

35 

36 

40 

PLA 

35 

45 

55 

65 

75 

85 
95 

28 

30 

32 

34 

35 

38 
38 

Source: Authors 

 

This analysis shows how printing time 

varies according to material, filler and part 

geometry. In general, PLA tends to be slightly 

faster than ABS in most cases. The higher the 

percentage of infills, the longer the printing time, 

especially in complex configurations such as 

hexagons and 3D infill.  

The speed of 80 mm/s also influences the 

duration, being consistent in all patterns. This 

data is useful for optimizing times and materials 

in 3D printing processes. 

 

Case 3: PLA-ABS material, temperature 

190-230°C, 35-95% fill, print speed 100 mm/s. 

 

Box 7 
Table 5 

 

100mm/s, ABS 230°C-PLA 215 °C, line. 
Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 

45 

55 

65 

75 

85 

95 

26 

27 

28 

28 

29 

30 

31 

PLA 

35 
45 

55 

65 

75 

85 

95 

26 
27 

28 

29 

29 

30 

31 
 

100mm/s, ABS 230°C-PLA215 °C, grid. 
Material Fill  

[%] 
Printing time  

[min] 

ABS 

35 

45 

55 

65 

75 

85 

95 

25 

26 

26 

27 

27 

28 

29 

PLA 

35 

45 

55 

65 

75 
85 

95 

25 

26 

26 

27 

27 
28 

29 
 

100mm/s, ABS 230°C-PLA 215°C, hexagon 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 

45 

55 

65 

75 

85 

95 

31 

34 

37 

40 

43 

47 

50 

PLA 

35 

45 

55 

65 

75 
85 

95 

31 

34 

37 

40 

44 
47 

50 
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100mm/s, ABS 230°C-PLA 215°C, triangle 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 

45 

55 

65 

75 

85 

95 

26 

27 

28 

29 

30 

30 

31 

PLA 

35 
45 

55 

65 

75 

85 

95 

26 
27 

28 

29 

30 

31 

31 

 

100mm/s, ABS 230°C-PLA 215°C, 3D filling 

 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 
45 

55 

65 

75 

85 

95 

27 
29 

31 

32 

34 

35 

38 

PLA 

35 

45 

55 

65 

75 

85 
95 

27 

29 

31 

32 

34 

36 
37 

 

Source: Authors 

 

Analysis of Table 5 of printing times as a 

function of filler and geometry, using ANOVA, 

identifies how these factors significantly 

influence the duration of the processIt is evident 

that, in general, the higher the percentage of 

filler, the longer the printing time, regardless of 

the material or geometric shape, suggesting a 

linear relationship in some cases. The 

comparison between ABS and PLA shows 

differences in times, with ABS being slightly 

faster in certain cases, which may be due to its 

thermal and flow properties. 

 

The use of ANOVA would make it easier 

to determine whether these differences are 

statistically significant, helping to optimize 

printing parameters to reduce times without 

compromising quality. This analytical approach 

is valuable for improving efficiency in additive 

manufacturing processes, enabling informed 

decisions on material selection and 

configurations based on geometry and filler. 

Case 4: PLA-ABS material, temperature 

190-230°C, 35-95% fill, print speed 120 mm/s. 

 

Box 8 
Table 6 

 

120mm/s, ABS 230°C-PLA 215 °C, line. 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 

45 

55 

65 

75 

85 

95 

26 

27 

28 

28 

29 

30 

31 

PLA 

35 
45 

55 

65 

75 

85 

95 

26 
27 

28 

28 

29 

30 

31 

 

120mm/s, ABS 230°C-PLA215 °C, grid. 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 

45 

55 

65 

75 

85 

95 

25 

26 

26 

27 

27 

28 

28 

PLA 

35 

45 

55 

65 
75 

85 

95 

25 

26 

26 

27 
27 

28 

29 

 

120mm/s, ABS 230°C-PLA 215°C, hexagon 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 

45 
55 

65 

75 

85 

95 

31 

34 
37 

40 

43 

47 

50 

PLA 

35 

45 

55 

65 

75 

85 

95 

31 

34 

37 

40 

44 

47 

50 
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120mm/s, ABS 230°C-PLA 215°C, triangle 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 

45 

55 

65 

75 

85 

95 

26 

27 

28 

29 

29 

30 

31 

PLA 

35 
45 

55 

65 

75 

85 

95 

26 
27 

28 

29 

30 

30 

31 

 

120mm/s, ABS 230°C-PLA 215°C, 3D filling 
 

Material Fill  

[%] 

Printing time  

[min] 

ABS 

35 
45 

55 

65 

75 

85 

95 

27 
29 

30 

32 

34 

35 

38 

PLA 

35 

45 

55 

65 

75 

85 
95 

27 

29 

31 

32 

34 

36 
37 

 

Analysis of the data shows that ABS and 

PLA materials have different printing 

temperature ranges, with ABS at 230°C and PLA 

at 215°C. This difference in temperature reflects 

the thermal properties of each material: ABS 

requires a higher temperature to melt and bond 

properly during printing, which can also 

influence the quality and strength of the final 

object. 

 

On the other hand, PLA, with a lower 

printing temperature, is easier to handle and less 

prone to heat distortion, making it ideal for easier 

and faster printing. In the different filler and 

pattern configurations, printing time varies 

slightly between the two materials, but in general, 

ABS needs higher temperatures to achieve 

optimal results, while PLA works well at lower 

temperatures, which can result in lower energy 

consumption and less risk of warping. 

 

Figure 3 shows the case study models in 

some of the patterns selected for the analysis in 

question. 

Box 9 
 

 
Figure 3  

Pattern: grid, triangle, hexagonal and 3D filled. 

Source: Authors 

 

Tables 7 identifies the data in summary 

form for the application of ANOVA analysis on 

two factors, printing temperature [material], 

printing speed and the result for printing time. 

 

Box 10 
Table 7 

Material Speed 

[mm/s] 

Printing time [min] 

m1 

m1 

m1 
m1 

m1 

60 

60 

60 
60 

60 

34.14 

32.28 

45.14 
35.00 

37.14 

m1 

m1 

m1 

m1 

m1 

80 

80 

80 

80 

80 

30.00 

28.42 

41.71 

30.42 

33.57 

m1 

m1 

m1 

m1 

m1 

100 

100 

100 

100 

100 

28.42 

26.85 

40.28 

28.71 

32.28 

m1 

m1 
m1 

m1 

m1 

120 

120 
120 

120 

120 

28.42 

26.71 
40.28 

28.57 

32.14 

m2 

m2 

m2 

m2 

m2 

60 

60 

60 

60 

60 

33.71 

32.00 

45.00 

34.00 

36.57 

m2 

m2 

m2 

m2 

m2 

80 

80 

80 

80 

80 

30.00 

28.42 

41.57 

30.42 

33.57 

m2 
m2 

m2 

m2 

m2 

100 
100 

100 

100 

100 

28.57 
30.57 

40.42 

28.85 

32.28 

m2 

m2 

m2 

m2 

m2 

120 

120 

120 

120 

120 

28.42 

26.85 

40.42 

28.71 

32.28 
m1: material ABS, m2: material PLA 
temperature for ABS 230°C 
temperature for PLA 215°C 

Source: Authors 
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Table 7 reveals that, for both materials 

[ABS and PLA], the printing time tends to 

decrease as the printing speed increases, 

especially at the 80 and 120 mm/s speeds. 

However, in some cases, such as at the 60 mm/s 

speed, the times vary slightly without a clear 

trend. 

 

It is notable that ABS [m1] material 

generally exhibits slightly longer print times 

compared to PLA [m2] at similar speeds, which 

may be related to its thermal and flow properties. 

The printing temperature, 230°C for ABS and 

215°C for PLA, also influences the efficiency of 

the process. Therefore, adjusting the printing 

speed can optimize printing times without 

compromising quality, and it is important to 

consider the specific characteristics of each 

material. 

 

To validate the findings, the experiments 

were replicated under similar conditions and the 

results obtained were compared with the data 

predicted by the statistical model. 

 

The graphs and interpretation of the two-

factor ANOVA analysis conducted in the key 

ring study for FES Aragon are presented below 

as part of the results of this analysis. 

 

Results 

 

According to the two-factor analysis using 

ANOVA, the hypotheses necessary to interpret 

the data obtained during the simulations prior to 

the production of the key ring, which constitute 

the case study for this engineering development, 

are established. 

 

Null hypothesis [H₀]: 

There is no significant difference in printing 

temperature and printing speed. That is, neither 

of the two factors nor their interaction affect the 

specimen manufacturing time. 

 

Alternative hypothesis [H₁]: 

At least one of the factors [printing temperature 

or printing speed] or their interaction has a 

significant effect on the 3D key rings. 

 

The following results are obtained from 

the statistical analysis and are shown in Table 8. 

 

 

 

 

Box 11 
Table 8 

Variance Analysis 
Source GL SC 

Ajust 

MC 

Ajust. 

Valor 

F 

Valor 

p 

Material 2 2.50 1.250 0.05 0.953 

Speed 3 166.64 55.548 2.15 0.112 

Error 34 877.43 25.807   
Lack of 

adjustment 

3 3.63 1.209 0.04 0.988 

Pure error 31 873.80 28.187   

Total 39 1048.30    

  

Source: Authors 

 

The two-factor analysis of variance 

[ANOVA] performed in Table 8 shows that 

material and printing speed have no statistically 

significant effect on the printing time of the 3D 

key rings, as their p-values are greater than 0.05 

[0.953 and 0.112, respectively]. This indicates 

that, under the conditions of the experiment, the 

null hypothesis that there are no differences in 

printing time according to these factors cannot 

be rejected. The variability in the data seems to 

be more related to experimental error than to the 

variables studied. 

 

The F-value for material and speed also 

supports this conclusion, as both values are low 

[0.05 and 2.15, respectively], suggesting that the 

variation due to these factors is not significant 

compared to the residual variability. The test for 

lack of fit shows a very high p-value [0.988], 

confirming that the model is not flawed and that 

the structure of the analysis is adequate. Overall, 

these results support the hypothesis that 

temperature and speed do not significantly 

influence printing time. 

 

Therefore, it can be mentioned that, in 

the range of conditions studied, neither the 

printing temperature nor the printing speed 

significantly affects the time required to 

manufacture the 3D keyrings. This suggests that 

other factors or variables not considered may 

have a greater impact, or that the inherent 

variability in the process dominates the influence 

of these two factors. The absence of statistically 

significant differences reinforces the idea that 

these parameters can be adjusted without 

affecting the production time, in the context of 

the experiment performed. 

 

To complement the statistical part with 

the above, a study is carried out with the test of 

equality of variances, which is presented in 

Table 9 and Graph 1. 
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Box 12 
Table 9 

Equality of variances test 
 

Material Speed N Standard 

deviation 

IC 

m1 v1 5 4.92 [2.46, 24.41] 

m1 v2 5 5.30 [2.66, 26.33] 
m1 v3 5 5.39 [2.70, 26.76] 

m1 v4 5 5.43 [2.72, 26.96] 

m2 v1 5 5.15 [2.58, 25.57] 

m2 v2 5 5.24 [2.63, 26.04] 

m2 v3 5 4.86 [2.43, 24.13] 

m2 v4 5 5.45 [2.73, 27.05] 

Source: Authors 

 

The test for equality of variances, Table 

9, performed for the ABS [m1] and PLA [m2] 

materials at different printing speeds shows that 

the standard deviations in each group are similar, 

with values ranging approximately between 2.43 

and 2.73. The confidence intervals for the 

variances also overlap in most cases, suggesting 

that there are no significant differences in the 

dispersion of the data between the materials at 

each speed. This indicates that, in terms of 

variability, both materials show similar behavior 

at the different printing speeds analyzed. 

 

The results suggest that the variability in 

the measurements does not differ significantly 

between the different materials and speeds, as 

the variances appear homogeneous. Consistence 

in standard deviations and confidence intervals 

supports the hypothesis of equality of variances, 

allowing statistical tests that assume this 

condition to be applied. Therefore, there is 

insufficient evidence to claim that the data 

dispersion differs between ABS and PLA 

materials at the print speeds evaluated. 

 

Box 13 

 

 
Figure 4 
Equality of variances ANOVA analysis 

 

 

Figure 4 presents the 95% confidence 

intervals for the standard deviation of the 

residuals, grouped by combination of material 

[m1, m2] and printing speed [v1 to v4]. A test 

for equality of variances [Bartlett's test] was 

performed, with a p-value equal to 1.000, 

indicating that no significant differences were 

found between the variances of the groups 

analyzed, suggesting homogeneity of variances. 

 

This result is important because it 

validates one of the fundamental assumptions of 

two-factor ANOVA: equality of variances 

between treatments. Therefore, one can 

confidently proceed with the application of 

ANOVA to assess the effects of material and 

printing speed on the dependent variable, as well 

as their possible interaction. 

 

A Tukey test statistic is now carried out 

to identify the significance between the 

velocities used in the analysis [60-120 mm/s], 

which is shown in Table 10 and Graph 2. 

 

Box 14 
Table 10 

Tukey test 
 

Speed N Mean Group 

v1 10 36.49 A 
v2 10 32.81 A 

v3 10 31.72 A 

v4 10 31.28 A 

Source: Authors 

 

With the information in Table 10, it is 

possible to identify the relationship between the 

speeds used in the ANOVA analysis, observing 

statistical evidence in the effect of speed with 

respect to time. 

 

Box 15 

 

 
Figure 5 

Tukey test graph in 3D printing  

 

Material

m2

m1

302520151050

Value p 1.000

Bartlett's test

95% Bonferroni Confidence Intervals for Devi.Est.

Test of Equality of Variances: RESID vs. Material, Speed
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The comparisons v2 - v1, v3 - v1 and v4 

- v1 in Figure 5 do not include zero, indicating 

that there are significant differences between 

level v1 and levels v2, v3 and v4. 

 

On the other hand, the relationship 

between v3 - v2, v4 - v2 and v4 - v3 do include 

zero, so there is no significant difference 

between these combinations. 

 

However, this graph appears to come 

from a simple comparison [a single factor, 

Speed’], in a two-factor ANOVA [speed and 

material temperature], this analysis can be 

applied separately to each factor or to 

interactions if these are significant. Taking this 

into account for future analyses of this nature 

and to increase interest in studies with these 

characteristics. 

 

The use of two-factor ANOVA in the 

manufacture of a 3D printed key fob is essential 

to analyze how printing speed and printing 

temperature affect manufacturing time, allowing 

the identification of optimal conditions. This 

statistical method facilitates the simultaneous 

evaluation of the interaction between the two 

factors and their influence on the response 

variable, in this case, production time.  

 

Complementary tests such as the general 

linear model were used to fit the data, the test of 

equality of variances to verify the homogeneity 

of dispersions, the residuals probability plot to 

validate normality, and Tukey's test to determine 

significant differences between conditions. This 

analysis allows the printing process to be 

optimized, reducing time and improving 

efficiency in the production of the keyring. 

 

Discussion 

 

[Espino et al., 2023] focuses on investigating 

how the percentage of infill affects the tensile 

strength of 3D printed PLA samples, using an 

analysis of variance [ANOVA] and a single 

factor experimental design to determine the 

optimal percentages according to different infill 

patterns. 

 

 In contrast, this study addresses a more 

complex analysis, where the interaction between 

two factors, such as material speed and 

temperature, is considered by means of a two-

factor ANOVA, allowing the evaluation of 

individual effects and significant interactions.  

While the former research is limited to a 

single factor, the latter stresses the importance of 

analyzing multiple variables simultaneously to 

obtain more comprehensive conclusions.  

 

The second piece of information suggests 

that these analyses can be applied to different 

factors and their interactions, promoting more 

detailed studies in future research. 

 

This result is relevant as it confirms one 

of the key assumptions of the two-factor 

ANOVA: equality of variances between 

treatments. This allows us to continue with 

confidence in the application of the analysis to 

assess how material and printing speed affect the 

dependent variable, as well as their possible 

interaction. [Eguren et al., 2020] describes the 

efficient use of experimental methods and 

facilitates the optimization of efforts and 

resources, promoting a better understanding of 

the process. 

 

 The methodology used also favors the 

development of skills to design appropriate 

experiments, maximizing the information 

obtained with the least possible effort. Taken 

together, these aspects strengthen the validity 

and usefulness of the analysis in the research. 

 

[Jabbar, 2023] highlights the importance 

of parameter control in improving the quality of 

3D printed parts. We analyzed how layer 

thickness and filler density affect dimensional 

accuracy and surface roughness, using analysis 

of variance to optimize these factors. The results 

showed that a lower layer thickness of 0.1 µm 

and a fill density of 100% are best for reducing 

surface roughness.  

 

And this work shows that extrusion 

temperature and deposition rate do not have a 

significant impact on printing time, as their F-

values were low and the lack of fit test indicated 

an adequate model. These findings allow for 

improved part quality through precise control of 

key parameters of the 3D printing process for 

specific case studies. 

 

In their study [Madadian et al., 2023], 

they use a methodology based on quality by 

design principles to optimize the 3D printing 

parameters of biomedical gels, considering 

attributes such as weight, surface area and 

heterogeneity, considering various factors.  
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Therefore, the importance of applying 

ANOVA on n factors, in the case study of 3D 

key rings, lies in the fact that it allows us to 

efficiently analyze how each parameter 

influences these attributes, identifying the most 

significant variables for optimization. Compared 

to other methods, ANOVA facilitates the 

statistical evaluation of multiple factors 

simultaneously, ensuring a more controlled and 

higher quality printing process in the production 

of a specimen. 

 

This study indicates that after conducting 

the experimentation and analysis, it is observed 

that the evaluated factors, such as material and 

printing speed, do not have a statistically 

significant impact on the printing time of the 3D 

key fobs, according to the two-factor analysis of 

variance [ANOVA] presented in Table 8, whose 

p-values are greater than 0.05 [0.953 and 0.112].  

 

However, these factors are still important 

to explore new alternatives in the evaluation and 

optimization of manufacturing processes for 3D 

printed parts or test specimens. This finding 

allows us to focus efforts on other parameters 

that can more significantly influence the 

efficiency of the process. Therefore, 

understanding these results helps to improve 

decision making in additive production 

[González-Sosa & Garcia., 2023]. 

 

Optimization of 3D printing parameters 

using RSM and ANOVA reveals that glass fiber 

reinforcement and infill ratio are key factors in 

improving the mechanical strength of the printed 

keyrings. The analysis shows that both factors 

have a statistically significant impact, with glass 

fiber reinforcement being the most influential, 

followed by the proportion of filler. The 

interaction between these factors also 

contributes to optimizing strength, allowing 

parameters to be adjusted to obtain stronger parts 

[Jawad et al., 2025]. These methods facilitate 

efficient quality control in the manufacture of 

3D printed key fobs to support the use of two-

factor ANOVA in this case study. 

 

The analysis of results in several current 

case studies related to the design of experiments 

with two or multiple factors facilitates the 

exploration of specific research in different 

branches of science. In engineering, this 

approach promotes the integration of non-

conventional areas, enriching the analysis 

through applied statistics. 

 

 This methodology allows for more in-

depth studies and interdisciplinary collaboration. 

This promotes a more comprehensive and 

efficient understanding of the phenomena under 

investigation. 

 

The results of this study confirm that 

optimizing the additive manufacturing of key 

rings using a DOE, considering temperature and 

printing speed, has a significant impact on the 

strength and surface finish of the parts, 

consolidating the importance of rigorous control 

of printing parameters [Ojeda Bustamante, 2025; 

Mero Lino et al., 2025]. These findings coincide 

with previous research that highlights the 

importance of precise adjustments in 3D printing 

to ensure the efficiency, adaptability, and 

functionality of the parts, as well as the 

application of quantitative methods and 

algorithms to optimize industrial processes 

[González Sosa, 2025]. 

 

 Furthermore, the integration of design 

aspects and user perception contributes to 

increasing the added value of the product, as 

evidenced by [Miranda & Lozano, 2025] and 

[Carolina, 2025], who emphasize the importance 

of incorporating cultural identity and aesthetics 

into product development.  

 

These results allow optimal printing 

parameters to be established that improve 

efficiency, reduce costs, promote innovation, 

quality control and customer satisfaction, 

consolidating additive manufacturing as a key 

tool in educational and industrial applications 

[Ojeda Bustamante, 2025; Mero Lino et al., 

2025]. However, the study focuses solely on 3D-

printed key rings made from PLA and ABS, so 

future research could explore other materials, 

geometries and additional printing factors to 

broaden the applicability of the results and 

further optimize additive manufacturing. 

 

Conclusions 

 

The results of the test of equal variances for ABS 

[m1] and PLA [m2] materials at different 

printing speeds indicate that there are no 

significant differences in the dispersion of the 

data between the two materials. The similar 

standard deviations and the overlapping 

confidence intervals for the variances support 

this statement, suggesting that, in terms of 

variability, both materials show comparable 

behavior under the different printing conditions 

analyzed.  
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This finding is relevant for material 

selection in 3D printing processes, as stability in 

variability can contribute to more predictable 

and consistent results regardless of the material 

used. 
 

What was shown from Graph 1 and 

Bartlett's test indicates that there are no 

significant differences in the variances of the 

residuals between the different combinations of 

material and printing speed analyzed. The 

observed homogeneity of variances supports the 

validity of the statistical analyses performed and 

suggests that the variations in residuals are 

consistent across the different groups tested.  
 

These findings contribute to a better 

understanding of the stability of the process 

under the experimental conditions studied and 

provide a solid basis for future research in 

printing parameter optimization. 
 

ANOVA analysis of two factors 

[material speed and temperature] reveals the 

importance of considering both individual 

effects and possible interactions between these 

factors. This approach allows for a deeper 

understanding of how each variable influences 

the results and highlights the need for separate or 

combined analyses depending on the statistical 

significance of the interactions. Future studies in 

this line should incorporate this type of analysis 

to obtain more precise conclusions and promote 

greater interest in research that addresses 

multiple variables simultaneously, thus 

optimizing the processes and results in the field 

of study. 
 

Finally, it is essential to highlight that 

statistical methods act as essential tools in 

engineering processes, facilitating accurate and 

informed decision making. Its application 

promotes the integration of different disciplines, 

enriching collaboration in complex, 

multidisciplinary projects. This allows problems 

to be tackled from different perspectives, 

optimizing resources and results in research and 

technological development. The use of these 

techniques drives innovation and continuous 

improvement in various fields of applied 

engineering. 
 

Statistical methods contribute 

significantly to areas such as manufacturing and 

quality control, where accuracy and reliability 

are crucial. Its use enables the detection of faults, 

reduces waste and improves the efficiency of 

production processes.  

The incorporation of statistical analysis 

in these fields fosters a culture of continuous 

improvement and adaptability to technological 

and market changes. This strengthens the 

capabilities to respond to the demands of an 

increasingly competitive industrial environment, 

as can be seen in this case study of the 3D printed 

key fob. 
 

The constant evolution of trends in 

applied engineering opens new areas of 

opportunity for the use of advanced statistical 

tools. Training in these techniques is becoming 

essential for professionals seeking to stay at the 

cutting edge. 

 

 Taken together, these advances promote 

a more holistic and efficient approach to 

engineering research and development, driving 

innovation and sustainable growth. 
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Abstract 

 
Elodea densa was evaluated as an alternative source to obtain sodium 

alginate [Alg-Na], highlighting the presence of favorable nutrients in this 

process. The conventional four-stage methodology was applied: 

hydration, alkaline and acid extraction, filtration and precipitation, with 

a 32 design, obtaining a yield of 12%. In the optimization of the process, 

a Box-Behnken design was used, considering as independent variables: 

hydration time [HT], Na2CO3 concentration [CAL] and alkaline 

extraction time [CT], achieving a yield of 21.74%. The optimum 

conditions determined in the design to improve the yield were: TH of 56-

62 h, CAL of 9% and TC of 85-90 min. FT-IR characterization confirmed 

the presence of sodium alginate through the carboxylate ion bands. 

 

 
Sodium alginate, Elodea densa, optimal variables 

 

Resumen 

 
Se evaluó Elodea densa como fuente alternativa para obtener alginato de 

sodio [Alg-Na], destacando la presencia de nutrientes favorables en 

dicho proceso. Se aplicó la metodología convencional de cuatro etapas: 

hidratación, extracción alcalina y ácida, filtración y precipitación, con un 

diseño 32, obteniendo un rendimiento del 12%. En la optimización del 

proceso, se usó un diseño Box-Behnken considerando como variables 

independientes: tiempo de hidratación [TH], concentración de Na2CO3 

[CAL] y tiempo de extracción alcalina [TC], alcanzando un rendimiento 

del 21.74%. Las condiciones óptimas determinadas en el diseño para 

mejorar el rendimiento fueron: TH de 56-62 h, CAL de 9% y TC de 85-

90 min. La caracterización por FT-IR confirmó la presencia de alginato 

de sodio mediante las bandas del ion carboxilato.  
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Introduction 

 

Polysaccharides are long-chain carbohydrates 

formed by glycosidic bonds with polymeric 

characteristics, found in foods such as 

vegetables, animals, and algae. In algae, 

polysaccharides are present in the form of 

cellulose embedded in the cell wall and their 

composition consists of fucoidans and alginates, 

which contribute to the flexibility of the leaves 

[Jayasingue et al., 2022]. Alginates are 

important in different areas of industry because 

they are readily available, constituting 40% of 

the dry matter extracted from algae [Bojorges et 

al., 2023].  

 

Characteristics of sodium alginate  

 

Alginate is the general name used to describe the 

alginic acid salts present in seaweed. The most 

common salts are: Ca2+, Mg2+ and Na+, which 

depend on the selectivity of the structural bonds. 

Its physical characteristics include a white or 

slightly yellow color, depending on the source. 

Alginate has the unique property of being a 

natural polymer that dissolves in water but not in 

organic solvents [Bojorges et al., 2023].  

 

Its chemical structure consists of two 

acids: β-D-Mannuronic [M] and α-L-Guluronic 

[G], asshown in Figure 1, which bind together to 

formhomogeneous mixtures [MM or GG], as 

well asheterogeneous mixtures [MG or GM].  

 

TheGblocks are more resistant and 

highly porous gels, while the M blocks are fewer 

resistant gels with small pores [Moreno-Rivas et 

al., 2024]. The molecular weight of commercial 

alginate varies from 33,000 to 400,000 Da, 

depending on the formation of its M/G blocks 

and the ionic salts that characterize its structure.  

 

Sodium alginate has beneficial 

biopolymerproperties for its wide range of 

applications, including: thickening agent, 

stabilizer, biofilm forming agent, and gelling 

agent. In addition, it is a biodegradable, non-

toxic, and biocompatible material. The 

characteristics of alginate depend greatly on the 

formation of its blocks [Abka-khajouei et al., 

2022]. 

 

These characteristics make sodium 

alginate ideal for its extensive applications in the 

food, pharmaceutical, cosmetic, and even 

agricultural industries [Liu et al., 2024]. 

The Food and Drug Administration 

[FDA] recognized alginate as GRAS [Generally 

Recognized as Safe] in food and 

pharmaceuticals for its stabilizing and 

emulsifying properties and its ability to form 

gels. In the food industry, alginate has been used 

as a meat tenderizer or as a texturizing ingredient 

due to its thickening and gelling properties [in 

dairy products, jams, and food preservatives] 

and has been used as a fat substitute [Bojorges et 

al., 2023].  

  

Box 1 

 
Figure 1 

Structure of sodium alginate, a] α-L-

Guluronic Acid and β-D-Mannuronic Acid 
      Source: Own elaboration 

 

Sodium alginate in combination with 

CaCl₂ has been used to find the optimal formula 

for achieving a high substrate consumption rate 

in fermentation in the process of winemaking 

from grapes with yeast, due to its gelling 

characteristics [Solda et al., 2025]. 

 

In the pharmaceutical industry, alginate 

has properties that contribute significantly to 

health, functioning as an antibacterial, 

antioxidant, antidiabetic, and anti-obesity agent 

[Ye et al., 2024]. Similarly, a recent 

advancement in the medical fields is the 

development of bioinks for 3D bioprinting, 

which are employed in the fabrication of tissues 

through the combination of alginate with other 

polysaccharides [Piras & Smith, 2020]. It has 

been primarily utilized in the encapsulation of 

bioactive compounds and pharmaceuticals, 

enhancing the efficiency of theur release while 

simultaneously minimizing adverse side effects 

[Villanueva et al., 2025].  

 

The main characteristic of sodium 

alginate is that it easily absorbs water, making it 

ideal for the cosmetics industry. It is used in 

hand creams, ointment bases, salves, and body 

creams, which are new products that are more 

environmentally friendly.  

https://doi.org/10.1007/s44187-021-00001-5
https://doi.org/10.1016/j.tifs.2023.104142
https://doi.org/10.1016/j.tifs.2023.104142
https://doi.org/10.1016/j.tifs.2023.104142
https://doi.org/10.3390/gels10100669
https://doi.org/10.3390/gels10100669
https://doi.org/10.3390/md20060364
https://doi.org/10.3390/md20060364
https://doi.org/10.3390/md22120569
https://doi.org/10.1016/j.tifs.2023.104142
https://doi.org/10.1016/j.tifs.2023.104142
https://radi.org.ar/index.php/radi/article/view/171
https://doi.org/10.1080/87559129.2023.2279583
https://doi.org/10.1039/D0TB01005G
https://revistas.uadec.mx/CienciaCierta/article/view/253/215
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Alginate is also used as an antioxidant 

agent, which helps prevent skin aging through 

facial products in the form of serums. In 

agriculture, sodium alginate has replaced 

chemical fertilizers that only damage the soil. 

However, because alginate is highly hydrophilic, 

it forms hydrogels that increase soil water 

retention [Pereira & Cotas, 2020]. Similarly, it 

has been used as a biostimulant for better and 

more sustainable cultivation by introducing 

alginate as an encapsulant in conjunction with 

other polymers, which acts quickly regardless of 

climatic conditions [Szopa et al., 2025].  

 

Sources of sodium alginate  

 

Macroalgae have been of great importance in the 

production of alginates, mainly brown algae 

such as Macrocystis, Laminaria, and 

Ascophyllum, which have been used to extract 

commercial sodium alginate. However, there are 

species in which alginate is found in large 

quantities, such as Alario, Ecklonia, Eisenia, 

Nercosystis, Sargassum, Cystoseira, and Fucus. 

The properties of alginate depend on the 

different types of seaweed, as each species has 

different physicochemical characteristics. For 

example, Laminaria produces a soft to medium 

consistency gel, while Durvillaea produces 

strong gels [Rahman et al., 2024]. 

 

The yield of sodium alginate also 

depends on the type of seaweed. Between 22-

30% alginate is extracted from the species 

Ascophyllum nodosum [AN] yields between 22-

30% alginate, Laminaria digitata yields 25-44%, 

and the different species of Sargassum [S. 

baccularia, S. binderi, S. siliquosum] yield 

between 30-39% [Ahmad et al., 2021].  

 

Algae have not been the only sources of 

sodium alginate; alginates have also been 

extracted frompathogenic bacteria such as 

Pseudomonas aeruginosa and non-pathogenic 

bacteria such as Pseudomonas mendocina and 

Pseudomonasfluorescens. In addition, its 

production has been reported in soil bacteria of 

the species Azobacter vinelandii [Abka-khajouei 

et al., 2022]. This alginate production process 

has advantages such as product quality 

compared to that obtained from brown algae, as 

it does not require a purification process.  

 

 However, bacterial cultivation has the 

disadvantage of requiring large quantities of 

microorganisms, which makes the process more 

expensive.  

Consequently, the main source of sodium 

alginate remains brown algae, as the extraction 

method is simple and inexpensive. However, this 

approach presents certain challenges, as brown 

algae are limited to coastal regions and for 

temporality, and their transport requires careful 

handling. Therefore, alternative sources, such as 

freshwater algae, have been explored for 

research. 

 

Elodea densa  

 

Elodea densa is an aquatic plant also known as 

Egeria densa, from the Hydrocharitaceae family 

native to South America. It has been introduced 

in various countries with warm temperate and 

cold subtropical regions. This plant has been 

recognized as a possible source of 

bioremediation under adequate growth 

conditions. On the other hand, due to its 

adaptability, it has been classified as one of the 

invasive aquatic plants with rapid vegetative 

reproduction because, without proper control, it 

can negatively affect the aquatic ecosystem and 

become a contaminant [Shamso & Hosni, 2020].  

 

E. densa propagates in freshwater at a 

depth of 1 to 2 m. It can be found in lakes with 

low flow, and in winter its reproduction can be 

slow without disappearing. It normally has a 

productivity of 497 g dry weight/m²/month. Its 

high reproduction rate has consequences such as 

clogging pipes and can generate an unpleasant 

odor in the water where it grows [Hardiningtyas 

et al., 2020].  

 

 The present study focuses on the 

utilization of Elodea densa as a source for 

alginate extraction, owing to its high 

reproductive capacity and year-round 

availability. The variables investigated were the 

type of solvent and the hydration time, evaluated 

through a 3² factorial design. Based on the 

results obtained, optimization was conducted 

using a Box-Behnken response surface design to 

determine the conditions that maximize sodium 

alginate yield. Additionally, the 

physicochemical characteristics of the aquatic 

plant were assessed and compared with those of 

brown algae to evaluate their effect on alginate 

extraction efficiency. 

 

 

 

 

 

 

http://dx.doi.org/10.5772/intechopen.88381
https://doi.org/10.3390/ma18030591
https://doi.org/10.1007/s42452-024-06151-2
https://doi.org/10.3390/pr9010137
https://doi.org/10.3390/md20060364
https://doi.org/10.3390/md20060364
https://iopscience.iop.org/article/10.1088/1755-1315/404/1/012028
https://iopscience.iop.org/article/10.1088/1755-1315/404/1/012028
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Methodology 
 

Collection and conditioning of Elodea densa  

 

The aquatic plant Elodea densa was collected 

from the Laguna de Ojo de Agua, located in 

Orizaba, Veracruz [Figure 2]. It was transported 

in Ziploc bags. The sample was rinsed with 

potable water to remove sand and other 

undesirable residues present on the surfaces of 

the plant, and decayed leaves and stems were 

removed. Subsequently, the material underwent 

combined solar-convective drying: solar drying 

was performed to partially remove water, 

followed by drying in a VEVOR drying oven at 

40 °C for 9 h. The samples were then ground 

using a 2400A food mill at 300 rpm for 5 

minutes. Finally, the processed samples were 

vacuum-sealed for preservation and subsequent 

use. 
 

Box 2 

 

 

 

 

 

 

 

 

 

 

Figure 2 

Obtaining the aquatic plan Elodea densa located 
in the Laguna de Ojo de Agua, Orizaba, Ver. 

      Source: Google Earth 

https://earth.google.com/web/@ 18.86361738, -
97.07605493,1160.92704317a,692.65078265d,35y, -0h,0t,0r 
 

Physicochemical characterization Elodea 

densa  
 

Fresh samples of Elodea densa were collected 

for characterization, including: 1] color, 

measured using a FRU colorimeter, model 

WR10QC, with the overall color difference [ΔE] 

calculated according to Equation 1; 2] stem and 

leaf size, determined using a Tools brand 

stainless steel digital Vernier caliper with LCD 

display; 3] moisture and fat content, measured 

using an OHAUS MB23 thermobalance and a 

Soxhlet apparatus, respectively. To obtain 

nutrients [P, PO4
-3, P2O5, sulfates, NO3-N, NO3], 

the samples were incinerated to ash at 550°C for 

3 hours. They were then measured in 100 mL of 

deionized water, 1 mL was taken and diluted in 

another 100 mL. The analysis was performed 

using a Hanna Instruments model HI83099 

photometer. 

∆𝐸∗ = √(𝛥𝐿∗)2+(𝛥𝑎∗)2 + (𝛥𝑏∗)2                                [1] 

 

Sodium alginate extraction was carried 

out in five steps: pretreatment, hydration, acid 

and alkaline extraction, filtration, and 

precipitation. 

 

The methodology described by Moore y 

Colbert [2024] and Okolie et al. [2020], was 

used and combined, modifying some points in 

the extraction process.  

 

Pretreatment and hydratation of Elodea 

densa 

 

The pretreatment was carried out with 20 g of 

ground algae in an n-hexane solution at a 1:3 

ratio for 2 h. The mixture was then separated by 

decantation, and the solid fraction [pretreated 

algae] was subjected to a 3² factorial 

experimental design, where the variables were 

hydration with three solvents, according to Saji 

et al. [2022]: ethanol [70%], formaldehyde 

[0.1%], and acetone [70%], at three different 

time intervals [24, 48, and 72 hours] for each 

solvent. After the designated time, the samples 

were washed with distilled water to partially 

remove the respective solution. 

 

Acid and alkaline extractions  

 

After washing the algae with distilled water, HCl 

[1N] was added, adjusting the pH between 3 and 

4, and it was kept under agitation on an IKA® C-

MAG model HS 7 heating and stirring rack at 

800 rpm for 15 min at room temperature. Next, 

Na₂CO₃ [10%] was added, adjusting the pH to 10, 

and the mixture was kept stirring at 800 rpm for 

2 h at 80 °C. 

 

Filtration and precipitation 

 

The sample was vacuum-filtered, and then 

precipitated by adding CaCl2 [10%] and ethanol 

[70%]. It was separated by decantation and 

allowed to dry at room temperature. The samples 

were stored in vacuum-sealed bags for 

preservation. The yield [%] of the alginate was 

determined using Equation 2.  

 

𝑅 [%] =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑙𝑔𝑖𝑛𝑎𝑡𝑒 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑙𝑔𝑎𝑒
∗ 100           [2] 
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Optimitation using Box-Behnken desing 

 

The Box-Behnken design was implemented to 

optimize the yield of sodium alginate. Based on 

the results obtained in the 32 design, the 

independent variables were: hydration time 

[X1: TH], Na2CO3 concentration [X2: CAL], 

and alkaline extraction time [X3: TC]. The 

response variable was the yield of sodium 

alginate. The same methodology was followed 

using only formaldehyde [0.1%] in the 

hydration, as this gave better results in the 

previous design. Table 1 shows the conditions 

established for each independent variable. 

 

Box 3 

Table 1 
Factors with experimental levels for the Alg-Na 

production process, according to a Box-Behnken 

design 
Independient Variable Symbol Levels 

-1 0 +1 

Hydration time [h] X1 48 60 72 

Na2CO3 concentration [%] X2 7 9 11 

Alkaline extraction time 

[min] 
X3 40 80 120 

 

  Source: Elaboración propia 

 

Characterization of Alg-Na 

 

In the characterization of sodium alginate, 2-3 

mg of Alg-Na was placed in a mold and pressure 

was applied to form a pellet. This was used in 

NicoleTM iS5TM FT-IR equipment, in which the 

characteristic functional group of the structure 

was identified.  

 

Results 

 

Physicochemical analysis of Elodea densa 

 

The plant species was identified as Elodea densa 

at the Faculty of Biological and Agricultural 

Sciences in Peñuela, Veracruz. The leaf size was 

determined to range between 12.76 and 19.20 

mm on average. The stem exhibits a diameter 

between 1 and 3 mm and can reach lengths of up 

to 3 meters. 

 

 The color determination results of E. 

densa were analyzed using the CIELAB color 

system, indicating values corresponding to green 

and yellow tones in the leaves.  

 

The negative values in Table 2 [column 

a] represent green hues, while the positive values 

[column b] correspond to yellow colors.  

 According to the calculations obtained 

for samples 1 and 2, ΔE ranged from 5.27 to 6.74, 

respectively, indicating that the color difference 

is perceptible. For brown algae, no scientific 

studies reporting CIELAB values have been 

found. However, it is assumed that the ΔE values 

are similar to those of Elodea densa, as their 

coloration is highly perceptible, exhibiting 

shades of green and brown. 

 

Box 4 

Table 2 

Color determination of Elodea densa 

 

Sample a b L ΔE 

1 -7.38 19.18 23.95 5.27 

 -6.89 14.74 26.25  

2 -6.78 14.74 26.25 6.74 

 -8.79 20.73 24.64  

 

 The amount of minerals represented was 

obtained by obtaining ash from Elodea densa, 

representing 23.90% in total, which is beneficial 

for obtaining alginates in any salt that needs to 

be obtained and beneficial for its application in 

different areas of industry, mainly food. 

However, 36.48% was obtained in fats, 

indicating that pretreatment with hexane is 

necessary to make the process more efficient. It 

should be noted that Elodea densa contains 92% 

moisture, which corresponds to the average for 

brown algae. Flores [2025], mentioned that the 

composition of the algae species S. natans and 

S. fluitans contained 5.36% fats and 18.4% ash, 

representing lower values compared to those 

obtained from Elodea densa.  

 

The results obtained for the nutrients in 

Elodea densa are shown in Table 3. There is 

little information on the in-depth analysis of this 

aquatic plant, although the results have shown 

that it has properties similar to brown algae. 

 

Box 5 

Table 3 

Nutrients in Elodea densa 

Characteristic ppm Σ 

Phosphorus 

[P] 

2.85 0.78 

Phosphates 8.75 2.47 

P2O5 6.50 1.84 

Sulfates 9.99 0.00 

Nitrates 3.30 1.27 

Nitrites 14.542 5.866 
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Therefore, it is beneficial for use in food, 

extraction of bioactive compounds, and mainly, 

alginate in any of its ions. Its physicochemical 

characteristics are attributed to the 

environmental conditions in which it is found, 

which favors its growth and propagation 

throughout the year.  

 

Preliminary yields of sodium alginate  

 

The yields obtained [Table 4] confirm that the 

aquatic plant Elodea densa is promising as a 

source of Alg-Na, with favorable yields. Yields 

vary depending on the type of solvent used. In 

the case of acetone, it was observed that the 

longer the hydration time, the less Alg-Na was 

obtained in a solid state, as acetone is highly 

polar and therefore a concentration of 70% was 

not adequate. However, with ethanol, Alg-Na is 

obtained and has similar characteristics to 

acetone, being soluble in phenols, so the use of 

this solvent for the extraction process is 

permissible. 

 

It should be noted that pretreatment and 

hydration time are important for the removal of 

phenolic compounds [soluble in formaldehyde, 

acetone, and ethanol], fats, pigments, and 

carotenoids [soluble in hexane], as these 

substances interfere with efficient extraction. 

 

Box 6 

Table 4 

Alg-Na yields using the 32 desing 

 
Method TH  

[h] 

R [%] 

Folmaldehyd Ethanol Acetona 

Conven- 

tional 

Prelimi-

nary 

72 12.66 4.17 ** 

48 11.05 2.93 2.44 

24 10.01 4.98 0.17 

**Alg-Na was not obtained in the precipitation 
 

Formaldehyde is the most common 

solvent used 

to remove phenols without damaging the 

structure of the algae cell walls, making it the 

most favorable solvent in this research, with 

yields between 10 and 12.66%, approximately 

6.06% higher than that reported for the only 

aquatic plant by Naranjo-Guamaní [2019], rom 

the Zignemataceae family of algae, with 

modifications in the extraction process. Okolie 

et al. [2020], mention that the algae A. nodosum 

and Macrocystis pyrifera produced 18-23% and 

24%, respectively. Montes et al. [2021], 

obtained a yield of 24% with AN algae. 

Analysis of the Experimental Design 

 

The results obtained from the yield of the AlgNa 

extraction process from Elodea densa using 

the Box-Beckhen design are shown in Table 5. 

The yield range obtained was between 5.74 and 

21.71%. Compared to the preliminary method, it 

can be seen that hydration with formaldehyde 

was favored, improving extraction efficiency 

from 12.66 to 21.71%. 

 

Box 7 

Table 5 

Yields obtained from Alg-Na using the Box-

Behnken desing 

 

Run TH 

[h] 

CAL 

[%] 

TC 

[min] 

Yield [%] 

1 48 7 80 12.30 

2 72 7 80 13.69 

3 48 11 80 21.71 

4 72 11 80 13.76 

5 48 9 40 14 

6 72 9 40 21.74 

7 48 9 120 21 

8 72 9 120 20.99 

9 60 7 40 5.75 

10 60 11 40 8.25 

11 60 7 120 6.60 

12 60 11 120 8.55 

13 60 9 80 9.65 

14 60 9 80 9.90 

15 60 9 80 9.50 

 

According to Mohammed et al. [2020], 

the key factors for greater efficiency in obtaining 

AlgNa are the extraction temperature, the alkali 

concentration, and the alkali volume, which 

depend on the ratio of dry algae and the 

extraction time. Therefore, in this study, the 

management of alkaline extraction times and 

temperatures were considered for optimal 

performance. However, it was observed that the 

temperature limit for extraction is 80 °C, since at 

higher temperatures, viscosity decreases, which 

affects the gelation of Alg-Na. 

 

Equation [3] represents the empirical 

relationship between the response [percentage 

yield] and the variables evaluated.  

 
% 𝑅 = 86.8 − 6.22𝑋1  +  21.39𝑋2 + 0.197𝑋3  +
              0.06189 𝑋1

2 − 0.808 𝑋2
2  + 0.000522 𝑋3

2 −
              0.09 𝑋1𝑋2 − 0.00404𝑋1𝑋3 −

              0.0017𝑋2𝑋3                                                  [3] 
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 The statistical significance of each of the 

coefficients was evaluated using Student's t-test, 

and the p-value is shown in Table 6, at a 

significance level of 95%. The greatest effect 

was observed in the interaction term X1X2, 

followed by the quadratic term X32. 

 

 The model shows a good fit with the 

experimental data since the coefficient of 

determination [R2] has a value of 0.8013, which 

implies that 80.13% of the variable data fit the 

model and 19.87% of the total variation could 

not be explained by it. Statistically, the lack of 

fit is not significant, indicating that the model is 

adapted to the response. Therefore, the model is 

suitable for predicting the percentage yield of 

Alg-Na under the established conditions.  

 

Box 8 
Table 6 

Stadistical evaluation of coefficients 

 
Variable Regression 

coefficient 

Evaluated 

t -value 

p-value 

Intersección 86.8 1.57 0.176 

𝑋1 -6.22 -5.11 0.004 

𝑋2 21.39 3.12 0.026 

𝑋3 0.197 0.79 0.468 

𝑋1
2 0.06189 6.77 0.001 

𝑋2
2 -0.808 -2.45 0.058 

𝑋3
2 0.000522 0.63 0.554 

𝑋1𝑋2 -0.0972 -1.84 0.124 

𝑋1𝑋3 -0.00404 -1.53 0.186 

𝑋2𝑋3 -0.0017 -0.11 0.918 

 

The response Surface analysis shown in 

Figure 3 shows the behavior of the different 

combinations of effects, where the highest 

percentage of sodium alginate yield was 

obtained with X1 between 56-62 h, X2 at 9%, 

and X3 between 85- 90 min, obtaining a yield of 

23.25% of Alg-Na, compared to the results 

obtained by Mohammed et al. [2020], where the 

optimal conditions for obtaining Alg-Na from 

Sargassum seaweed are a Na2CO3 

concentration of 3.75% and an alkaline 

extraction time of 6 h at a temperature of 80°C, 

obtaining a 21.21% yield. 

 

Figure 4 shows the residual graph of the 

model obtained, which shows that most of the 

standardized residuals have a mean of zero and a 

variance of 2. The data are within normal limits, 

although they are not shown as fully distributed, 

which is due to experimental errors. A variation 

of three or four standard deviations could be 

considered as distance. 

 

Box 10  

 

 
Figure 3 

 

Response Surface of variables X1, X2 

and X3.  

        Source: Own elaboration 

 

 

Box 11 

 

 
Figure 4 

Normal probability graph of residuals 

[response %] 

      Source:Own elaboration 

 

FT-IR characterization of Alg-Na 

 

The FT-IR spectra corresponding to the Alg-Na 

obtained compared to the reference sample of 

commercial alginate brand Sigma Aldrich are 

shown in Figure 5. In both spectra, a broad band 

is observed at 3316.53 cm⁻¹, which corresponds 

to O-H stretching vibrations with hydrogen 

bonds.  
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Box 12 

 

 

 

 
Figure 5 

Comparison of FT-IR spectrum of Alg-Na: a] 

reference, b] spectrum obtained from desing 

32 and c] spectrum obtained by the Box-

Behnken method. 

      Source: Own elaboration 

 

This is followed by the C-H functional 

group located at 2356.69 cm⁻¹. The COO- and C-

OH functional groups are located at 1646.80 and 

1324.62 cm⁻¹, respectively. The stretches 

between 1059.54 and 1075 cm⁻¹ represent the 

acids in the alginate structure corresponding to 

the C-O groups, while the C-H groups occur 

between 871 and 861 cm⁻¹, indicating that the 

sodium alginate was obtained from the aquatic 

plant Elodea densa. 

 

These results are similar to those reported 

by Montes et al. [2021], where the vibrations of 

α- L-guluronic and β-L-mannuronic acids in 

algae of the AN species occur between 950 and 

930 cm⁻¹ and 870 and 883 cm⁻¹ respectively, and 

their C-H groups at 815 and 833 cm⁻¹. 

 

Conclusions 

 

The results showed that Elodea densa is ideal as 

a source of Alg-Na, as it has similar 

characteristics to brown algae. However, some 

of its characteristics depend on the habitat 

conditions in which it is found, as it comes from 

fresh water. 

 

The behavior under three different 

solvents was observed, with formaldehyde 

obtaining a better yield of 12.66% at a TH of 72 

h. It was observed that the main variable is TH, 

which is therefore considered an important 

factor in the evaluation of the extraction process. 

In addition, the variables CAL and TC were 

considered to observe the behavior of the 

process under a Box-Benhken experimental 

design to analyze the extraction conditions.  

 

In the results obtained under the model 

conditions, changes in yield were observed, 

improving to 21.74% at 72 h. The behavior of 

each variable used was analyzed, and according 

to the R2 model of 80%, the significant variable 

is the hydration time and its interaction with the 

alkaline concentration, followed by the alkaline 

extraction time, giving a CAL of 9%, TH of 56- 

62 minutes, and TC of between 85-90 minutes.   

 

In the characterization of Alg-Na from 

Elodea densa by FT-IR, the stretching vibrations 

of OH, COO-, and C-OH [3316.53, 1646.80, and 

1324.62 cm⁻¹ respectively] were observed. A 

comparison of the two methods used 

[preliminary and modified] was made by 

observing the bonds highlighted in both spectra. 
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Abstract             
 

The present research focuses on the issue related to the increase in 

poultry waste derived from the growing global demand for chicken 

meat and the need for its proper management under the circular 

economy approach. The context reveals a rise in the production of 

value-added by-products from poultry waste, which compromises 

the installed capacity of rendering plants in Mexico. In this regard, the 

following research question is posed: What operational adjustments are 

necessary to ensure the efficient processing of chicken viscera and 

improve the utilization of by-products? Accordingly, the objective is to 

develop a graphical interface to support decision-making, implementing 

the system dynamics methodology; obtaining results that demonstrate the 

capacity to process up to 30 tons per shift, optimizing production, 

revenues, and storage utilization. 

 

 
Circular Economy, Revalorization, System Dynamics 

 

 

Resumen  
 
La presente investigación se centra en la problemática relacionada con el 

incremento de residuos avícolas derivado de la creciente demanda mundial de 

carne de pollo y la necesidad de ser gestionados adecuadamente bajo el 

enfoque de economía circular. El contexto revela un aumento en la producción 

de subproductos de valor agregado a partir de los residuos avícolas, lo que 

compromete la capacidad instalada de plantas de rendimiento en México. 

Ante dicha situación se plantea la siguiente pregunta de investigación: ¿Qué 

ajustes operativos son necesarios para garantizar el procesamiento eficiente 
de vísceras de pollo y mejorar el aprovechamiento de subproductos? Para lo 

cual se establece el objetivo de desarrollar una interfaz gráfica de apoyo a la 

toma de decisiones, implementando la metodología de dinámica de sistemas; 

obteniendo resultados que evidencian que la capacidad para procesar hasta 30 

toneladas por turno, optimizando producción, ingresos y uso de 

almacenamiento. 
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Introduction 

 

One of the main concerns in society is the 

exponential population growth that has occurred 

in recent years. According to the United Nations 

[UN], in November 2022 the world’s population 

reached over 8 billion people; however, 

projections indicate that by 2050 it will exceed 

9.7 billion. While this could be seen as beneficial 

for countries’ development, it is contradictory, 

since meeting the needs of such a large 

population translates into a significant increase 

in the demand for goods and services to satisfy 

society’s basic needs [Treviño, 2024].  

 

Among the primary goods required to 

meet society’s basic needs is food availability 

[food security], since a larger population 

requires more space for housing, which 

translates into a reduction in arable land 

available for agricultural and livestock 

production. This is compounded by climate 

change-related disruptions that directly affect 

the agricultural sector, making it necessary to 

produce more with fewer resources [CIMMYT, 

2021].  

 

Meanwhile, in the poultry sector as a 

means of food production, chicken meat output 

rose by 2.1% in 2023, reaching a historic volume 

of 103.5 million tons. This was driven by 

increased production in the United States, Brazil, 

and the European Union, as well as the recovery 

of China’s supply. As a result, consumption also 

increased, with 54% of total demand 

concentrated in those countries. For 2024, 

growth is expected to be moderate at 0.5%. 

[FIRA, 2024].  

 

Furthermore, Alonso and Rodriguez 

[2018], state that this growth in chicken meat 

consumption is associated with various factors, 

primarily its low price compared to other meats, 

as well as its high nutritional and protein quality, 

vitamins, easy digestibility, and other health 

benefits for consumers. In addition to advances 

in poultry organizations that enable mass 

production, slaughter, and marketing to meet 

global demand. 

 

However, even as efforts are made to 

increase poultry farming, slaughter, and 

marketing in response to high global market 

demand, slaughterhouses face challenges in 

responsibly managing both liquid and solid 

waste [viscera, feathers, blood, etc.], since these 

pose sanitary and environmental risks.  

Although such facilities have regulatory 

guidelines for sanitation, waste handling, and 

treatment, a structured policy on the 

management, handling, treatment, and 

utilization of these wastes is needed to reduce 

sanitary and environmental risks [Salas, 2021].  

 

One of the main actions developed for 

the management and treatment of meat-derived 

waste is the establishment of rendering 

organizations, which are companies responsible 

for the proper processing and recovery of such 

waste into value-added resources such as fats, 

proteins, and other products for animal feed or 

other uses, such as the cosmetics industry; within 

this classification of rendering companies are all 

those that offer environmental solutions aimed at 

optimizing processes and competitiveness in the 

meat industry [Flottweg, 2025].  

 

These products, derived from meat 

waste, are recognized as valorized products, 

which involve transforming the waste into value-

added by-products in accordance with the 

principles of the circular economy, with the aim 

of reducing waste and thereby making new 

products available as inputs or finished goods, 

depending on their nature [Ordaz et al., 2023]; 

the circular economy is understood as an 

economic model of production and consumption 

oriented toward reducing waste and 

environmental pollution, keeping products 

and/or materials available for an extended 

period, and fostering the regeneration of natural 

systems, with a focus on activities such as 

reducing, recycling, repairing, or renewing 

materials to develop environmentally, socially, 

and economically friendly systems [Parlamento 

Europeo, 2023].  

 

Therefore, taking into account the 

objectives of circular economy models, it 

contributes to addressing sustainability issues 

since there is a direct relationship between the 

environment, society, and the economy.  

 

With regard to the environment, waste 

and pollution are reduced, which translates into 

climate change mitigation and, consequently, the 

preservation of natural resources; while in terms 

of society and the economy, these models foster 

employment, benefit the local economy by 

generating new business models, and reduce 

economic resilience [Maqueda, 2023].  
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For the purposes of this research, the 

company under study is engaged in the 

collection and responsible management of waste 

from animal slaughter organizations in various 

areas of the state of Sonora, primarily 

Hermosillo, Guaymas, Bacúm, Obregón, 

Navojoa, and others. Providing collection 

services to approximately 130 establishments 

engaged in the slaughter, packaging, and 

processing of livestock, poultry, and other edible 

animals, according to the Statistical Directory of 

Economic Units issued by INEGI. 

 

The organization under study collects 

and processes animal waste, including poultry, 

beef, pork, lamb, shrimp, and others. For the 

purposes of this research, the focus is on chicken 

by-products [viscera, heads, feet, and feathers], 

which undergo a revalorization process to 

produce value-added products such as chicken 

meal and oils. This is achieved thru cooking and 

pressing, with the aim of using them in the 

animal feed industry due to their high energy 

content in the animal diet. Oil is the most 

abundantly produced byproduct, owing to the 

high moisture content of the waste being 

processed. Therefore, the organization under 

study currently faces a challenge in its capacity 

to process the potential increase in chicken 

viscera that would be generated in northwestern 

Mexico, given projections of rising demand and 

consumption of chicken meat starting in 2024. 

From 2020 to 2025, the installed capacity has 

been sufficient to meet processing needs; 

however, recent data show a trend of viscera 

generation that cannot be effectively processed.  

 

Currently, the utilization of these By-

products are below the company’s 95% 

standard, which not only entails a loss of 

potentially valuable resources but also an 

increase in waste management costs. At the same 

time, one of the organization’s main strategies 

focuses on expanding coverage to central and 

southern Mexico, managing the collection of 

waste from slaughterhouses in Guadalajara, 

Jalisco; Santiago de Querétaro; and other 

locations. 

 

However, this poses a challenge for the 

organization, as the increased volume of 

material to be processed strains the installed 

capacity, thereby limiting its ability to capitalize 

on emerging market opportunities and meet its 

strategic sustainability and operational 

efficiency objectives.  

Therefore, it is crucial to identify the 

necessary adjustments to the current operating 

parameters or to evaluate the feasibility of 

investing in new technologies that can increase 

processing capacity, optimize the utilization of 

by-products, and ensure compliance with 

established quality standards. 

 

Therefore, the following research 

question is established: What level of adjustment 

to the operating parameters is required at the 

rendering plant to ensure the processing of the 

projected increase in chicken viscera, thereby 

improving the utilization of by-products and 

meeting established quality standards? And with 

that, the objective is to develop a graphical 

interface oriented toward strategic decision-

making, based on the calculation of operational 

capacity and the visualization of key process 

indicators. 

 

Methodology 

 

The methodology employed during the research 

is based on the systems dynamics framework 

proposed by Lagarda [2019], adhering to the 

theoretical guidelines established by Forrester, 

Richardson and Pugh, and Sterman, adapted to 

the industrial context for the analysis of oil 

production from chicken viscera. This approach 

enables the system to be modeled holistically, 

considering interactions among variables, 

feedback loops, and resource accumulation, 

promoting continuous improvement and 

facilitating decision-making based on 

quantitative information, as shown in the 

following figure. 

 

Box 1 
 

 
Figure 1 

Methodology under study 

Own elaboration [2024] 
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The first step of the procedure consisted 

of mapping the production process, identifying 

all stages involved from the receipt of raw 

materials to the storage of the final oil. This 

mapping made it possible to identify the 

system’s critical elements and the sequence of 

activities that comprise it, as well as the control 

points and variables of interest. To this end, 

flowcharts and process maps were employed, 

which facilitate the visualization of the 

operational structure and the identification of 

constraints and bottlenecks. 

 

Subsequently, the key variables and 

parameters of the system were identified, 

distinguishing between level variables, such as 

inventories and accumulated oil volumes, and 

flow variables, which represent extraction rates, 

cooking times, and pressing processes. 

Likewise, essential parameters for the simulation 

were defined, including equipment capacity, 

operating times, press pressure, separation 

efficiency, and process delay factors. This stage 

allowed for establishing a solid foundation for 

the development of the dynamic model, ensuring 

that all critical relationships were considered. 

 

Based on this information, the causal 

diagram was developed, representing the cause-

and-effect relationships among the identified 

variables and highlighting the feedback loops 

that influence oil production. This diagram made 

it possible to understand how changes in one 

variable affect the system directly or indirectly, 

identifying both positive feedback loops, which 

amplify effects, and negative feedback loops, 

which stabilize the process. 

 

Based on the causal diagram, the 

Forrester diagram was developed, translating the 

qualitative description into a mathematical 

model that incorporates levels and flows, 

accumulations, and time delays. This model 

made it possible to simulate the dynamic 

behavior of the system by formulating 

differential equations and integrating real 

parameters from the production process. 

 

 Level variables reflect the accumulation 

of oil and raw materials at each stage, while flow 

variables represent the transfer and 

transformation of resources over time, ensuring 

the system’s operational balance. 

 

Once the model was built, its simulation 

and validation were carried out using Stella 

Architect software.  

During this phase, consistency tests were 

conducted and the results were compared with 

historical data to ensure that the model 

accurately reproduced the reality of the process. 

If inconsistencies were detected, the model was 

calibrated by adjusting parameters and 

relationships, with the aim of creating a reliable 

tool for quantitative analysis and decision-

making. 

 

With the validated model, scenario 

analysis was implemented, evaluating optimistic 

and pessimistic situations by modifying critical 

variables such as cooking capacity, pressing 

time, and separation efficiency.  

 

This analysis made it possible to 

anticipate potential outcomes, identify 

opportunities for improvement, and estimate 

operational risks, generating valuable 

information for strategic planning and oil 

production optimization. 

 

Finally, the design of the graphical 

interface was developed, a platform that 

integrates real-time indicators, projections, and 

specific dashboards for oil control. This 

interface allows the user to interact with the 

model, visualize simulation results, and generate 

quantitative data to support short-, medium-, and 

long-term operational and strategic decisions, 

such as production scheduling, outsourcing, 

machinery investment, or process efficiency 

adjustments. 

 

In this way, the applied methodology 

combines structural system analysis, dynamic 

modeling, simulation, and interactive 

visualization, constituting a comprehensive 

approach that facilitates continuous 

improvement, operational efficiency, and 

evidence-based decision-making. 

 

Results 

 

Mapping of the process under study 

 

In relation to the mapping of the production 

process under study, a flowchart was developed 

that sequentially illustrates each of the stages 

involved in producing oil from chicken viscera, 

from the receipt of raw materials to the storage 

of the finished product in airtight tanks. Figure 

2 shows a graphical representation of the 

process mentioned. 
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Box 2 
 

 
Figure 2 

Flowchart of the oil production process. 

Own elaboration [2024] 

 

The diagram above shows that the 

process begins with the receipt of fresh viscera 

from slaughterhouses, which are deposited in 

receiving hoppers and then subjected to 

controlled cooking in digesters, a process in 

which proteins are denatured and fat is separated 

from the solid tissues. Once cooking is complete, 

the material is transferred to the mechanical 

pressing stage, whose primary function is to 

separate the solid phase [viscera meal] from the 

liquid phase composed of oil and water. The 

resulting liquid phase is transferred to a 

decantation and centrifugation system, which 

removes impurities and residual water to obtain 

a higher-purity oil suitable for storage. Finally, 

the oil is stored in airtight steel tanks, where it 

remains ready for sale or for shipment to 

secondary refining. 

 

In addition to developing the flowchart, 

quantitative information on processing times, 

capacities, and efficiency at each stage was 

collected. By identifying the variables and 

parameters present in the system with them, 

these elements are detailed in the following 

table. 

 

Box 3 
Table 1 

Variables and parameters present in the system under 

study 

Variable  Value 
Chicken gizzard input volume  15 tons per day 
Oil input rate [% of liquid]  78% 
Flour feed rate [% solids] 22% 

Pure oil rate 93% 

Oil homogenization rate 7% 

Selling price per liter of oil.  12$/liter 

Parameter  Value 

Crusher capacity 3 Tons 

Shredding time 5 Minutes 

Oven Capacity 3 Tons 

Oven time 45 Minutes 

Oil storage capacity 20,000 Liters  

 

Development of the causal diagram under 

study 

 

The next step consisted of constructing the 

causal diagram shown in Figure 3, which 

allowed for a graphical representation of the 

cause-and-effect interactions among the 

variables of the production system, considering 

both endogenous [internal] and exogenous 

[external] variables to the organization. 

 

Box 4 
 

 
 

Figure 3 

Causal diagram of the oil extraction process. 

Own elaboration [2024] 

 

This diagram was designed to understand 

how changes in one variable affect the rest of the 

system thru feedback loops. In this regard, two 

main types of loops were identified: 

 

Reinforcing loops [R]: 

 

- R1 Technological reinvestment: An 

increase in production generates higher 

revenues, which allows reinvestment in 

technology to improve separation 

efficiency and reduce processing times, 

further increasing production. 

- R2 Equipment availability: Improved 

pressing and separation times reduce 

bottlenecks, increasing overall 

productivity. 

 

Balancing loops [B]: 

 

- B1 Installed capacity: Limits total 

production when the equipment’s 

physical capacity is reached. 

- B2 Raw material availability: Even if the 

process is improved, the lack of viscera 

restricts production. 
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 These loops are crucial for understanding 

that separation capacity and pressing time are 

highly sensitive variables that determine process 

performance. 

 

Development of the Forrester diagram 

 

Based on the previous conceptualization, the 

Forrester flow and level diagram was developed, 

as illustrated in Figure 4. This quantitative model 

translates qualitative relationships into 

mathematical equations that describe the 

system’s dynamics over time. 

 

Box 5 
 

 
 

Figure 4 

Forrester diagram of the oil production process. 

Own elaboration [2024] 

 

 The model includes delay times 

associated with cooking and separation, 

allowing evaluation of how accumulation affects 

the availability of finished oil. Differential 

equations were formulated to describe the 

variation of each level over time and the flows. 

 

 In summary, the model consists of 14 

level variables, 14 main flows, 6 auxiliary 

variables, 5 parameters, and 15 mathematical 

equations. 

 

Simulation and validation of the Forrester 

model 

 

Once the stock-and-flow diagram was 

developed, it was simulated using an 8-hour 

workday [480 minutes] to observe its behavior 

and perform validation tests. These tests 

consisted of unit consistency checks, which were 

carried out to validate the model’s logic and the 

consistency of each element. The software’s 

utility indicates that the units in the model are 

consistent, as shown below. 

 

 

 

Box 6 
 

 
Figure 5 

Model validation, unit consistency test. 

Own elaboration [2024] 

 

As can be seen in the center of the screen, 

a message confirms that the units are consistent 

with the equations; likewise, a second validation 

test is the extreme-value test, which involves 

subjecting the model to a lower extreme of the 

main variable [input volume]. Specifically, the 

amount of chicken viscera received per day was 

set to 0 tons, and the model’s behavior is null, as 

shown in the following image. 

 

Box 7 
 

 
Figure 6 

Model validation, boundary testing. 

Own elaboration [2024] 

 

 Considering this change in the input 

variable, it can be observed that, without 

receiving raw material to process, the model 

registers no oil production, thus confirming the 

model’s logic. Finally, the absolute error test is 

applied, comparing the model’s output with the 

system’s actual data. The model predicts that 

with a daily intake of 15 tons and under normal 

operating conditions, a total of 10,900 liters of 

oil can be produced, whereas the organization’s 

recorded production ranges from 10,600 to 

10,800 liters, representing absolute errors 

between 1% and 2.83%. Therefore, it is 

concluded that the model is valid, reliable, and 

logically sound for implementation as a 

decision-support tool. 
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Scenario simulation 

 

With the validated dynamic model, future 

scenarios were simulated, enabling time-based 

projections to generate quantitative information 

that facilitates more efficient decision-making. 

These scenarios are categorized as optimistic, 

normal, and pessimistic, with the first 

representing a projection of potential outcomes 

under favorable conditions—exceeding the 

decision-maker’s expectations. The normal 

scenario considers common or real-world 

situations in the system’s operation and 

behavior. Finally, the pessimistic scenario places 

the system under the worst possible conditions, 

subjecting variables to unfavorable 

circumstances and generating negative 

outcomes; however, its primary purpose is to 

establish actions aimed at mitigating the 

negative impact of the variables under study. 

 

 It is worth mentioning that, for the 

analysis of each scenario’s behavior, it is 

necessary to adjust the system’s critical variables 

and parameters and then observe the resulting 

outcomes of these modifications, as illustrated in 

the following table. 

   

 

For the purposes of the scenarios, the 

critical variable considered was the volume of 

chicken gizzards entering per shift, while the 

price per liter of oil was treated as a constant at 

2.00 per liter; likewise, the oil tank’s storage 

capacity was 20,000 liters. Modifications were 

made to the input volume of chicken gizzards by 

±50% of the current value; that is, the normal 

scenario assumes an input volume of 15 tons of 

gizzards per shift, while in the pessimistic 

scenario it was reduced to 7.5 tons, and in the 

ideal scenario it was increased to 22.5 tons per 

shift. 

This results in a total of 10,900 liters of 

oil, total revenue of 31,000, and 54.4% 

utilization of the oil storage tank; under 

pessimistic conditions, production drops to 

4,350 liters, representing $52,200 in revenue and 

21.8% tank utilization; while under best-case 

conditions, with a considerable increase in the 

amount of gizzards processed, it is possible to 

produce 15,200 liters of oil, generating 83,000 in 

revenue and 76.2% storage utilization. This 

highlights that the system is currently 

underutilized, with capacity to increase the 

amount of visors received for proper processing. 

 

Based on the results mentioned above, 

several runs were conducted to determine the 

maximum visor processing capacity per shift, 

revealing that the current system has the 

installed capacity to process a total of 30 tons of 

visors per shift without compromising existing 

processes, thereby achieving a total oil 

production of 19,600 liters, 97.9% oil storage 

utilization, and 35,000.00 in revenue. Otherwise, 

exceeding that amount of raw material to be 

processed would compromise the cooking and 

storage processes, so an investment to increase 

the capacity of those processes would be 

considered necessary. 
 

Development of a graphical interface 

 

As a final result, we have the development of the 

graphical interface and its communication, 

which enables interaction with the model under 

study thru graphical elements that represent 

various components and internal relationships of 

the system. The interface design represents the 

means by which the model is simplified and 

provides the user with accessible 

communication, thereby facilitating the 

understanding and analysis of data for decision-

making based on the results obtained from 

simulating the various variables and parameters 

present in the model. 

 

 For the purposes of this study, the 

developed interface comprises several screens, 

most notably the control panel for interaction 

and the display of results—including total oil 

production, storage utilization, and total revenue 

generated per shift—as shown in the following 

figure. 

 

 

 

Box 8 
Table 2 

Scenario analysis. 
 

SCENARIOS 

Variable  Pessimist  Normal  Optimistic 
Chicken visor 

input volume 

per shift 

7.5 Tons  15 Tons 22.5 Tons 

RESULTS 

 Pessimist  Normal  Optimistic 
Total oil 

produced 
4,350 

 liters 

10,900 

liters 

15,200 

liters  
Use of the oil 

storage 

facility. 

21.8% 54.4% 76.2% 

Revenue 

generated. 
$52,200 $131,000 $183,000 
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Box 9 
 

 
Figura 7 

Graphical user interface design. 

  Own elaboration [2024] 

 As can be seen in the figure above, 

interacting with the graphical interface allows 

the decision-maker to identify actions to be 

carried out over time to meet organizational 

objectives and achieve system performance 

metrics, thereby facilitating investment analysis 

in the acquisition of equipment and technology 

to increase production capacity and satisfy 

demand in global markets. 

 

Conclusions 

 

This research provided a comprehensive 

analysis of the issues associated with the 

increase in poultry waste generation, particularly 

chicken viscera, as a result of the exponential 

growth in global demand for poultry meat. This 

phenomenon poses a significant challenge for 

rendering plants in Sonora, Mexico, as their 

installed capacity is insufficient to handle the 

growing volume of raw material that must be 

processed. In light of this situation, the circular 

economy approach takes on special significance, 

as it opens up the possibility of using waste as 

inputs to obtain higher value-added products, 

such as oils and flours, generating both 

environmental and economic benefits for the 

industry. 

 

 The research focused on identifying the 

necessary operational adjustments to maintain 

efficient processing, considering a 

comprehensive model that combines technical, 

economic, and environmental aspects.  
 

 To this end, the systems dynamics 

methodology became a key tool, facilitating an 

understanding of how critical process 

variables—such as cooking times, pressing 

capacity, and material separation efficiency—

interact. Thanks to the use of Stella Architect 

software, it was possible to simulate various 

scenarios [optimistic, normal, and pessimistic], 

showing that the system can process up to 30 

tons of viscera per shift without affecting 

efficiency or the quality of the by-products. 

The results achieved demonstrate that 

integrating dynamic models and graphical 

interfaces for decision-making not only 

improves production and waste utilization, but 

also boosts revenue and optimizes capacity 

utilization storage. Taken together, these results 

provide significant value to the performance 

industry by offering a practical tool for planning 

operations, manage installed capacity and guide 

future technology investments. 
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Abstract  

 
This study optimized Gas Metal Arc Welding [GMAW] parameters for 

Al-7075-T651 aluminum, crucial for aerospace due to its strength and 

corrosion resistance. While GMAW offers high-quality welds, Al-7075-

T651's high zinc content challenges integrity via bubble formation. Six 

samples were welded under varied current, voltage, arc length, and gas 

flow, then analyzed via SEM. Optimization minimized bubble formation 

and improved weld uniformity. However, residual bubbles remain a 

concern for long-term strength in harsh space conditions. This research 

highlights GMAW's potential, especially with robotic systems, for 

durable spacecraft welds. It proposes a model for optimal parameters, 

enhancing reliability, reducing launch weight, and improving fuel 

efficiency. Findings underscore the necessity for continuous welding 

process refinement to meet evolving space exploration demands. 

 

 
Aerospace, Aeronautics, Gas Metal Arc Welding. 

 
 

Resumen  

 
Este estudio optimizó los parámetros de la soldadura por arco metálico con gas 

[GMAW] para el aluminio Al-7075-T651, crucial para la industria aeroespacial 

debido a su resistencia y resistencia a la corrosión. Si bien la GMAW ofrece 

soldaduras de alta calidad, el alto contenido de zinc del Al-7075-T651 pone en 

peligro la integridad debido a la formación de burbujas. Se soldaron seis muestras 

con diferentes valores de corriente, tensión, longitud del arco y flujo de gas, y luego 

se analizaron mediante SEM. La optimización minimizó la formación de burbujas 

y mejoró la uniformidad de la soldadura. Sin embargo, las burbujas residuales 

siguen siendo una preocupación para la resistencia a largo plazo en las duras 

condiciones espaciales. Esta investigación destaca el potencial de la GMAW, 

especialmente con sistemas robóticos, para soldaduras duraderas en naves 

espaciales. Propone un modelo de parámetros óptimos que mejora la fiabilidad, 

reduce el peso de lanzamiento y mejora la eficiencia del combustible. Los 

resultados subrayan la necesidad de perfeccionar continuamente el proceso de 

soldadura para satisfacer las crecientes exigencias de la exploración espacial. 

 

  
Aeroespacial, aeronáutica, soldadura por arco 

metálico con gas 
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Introduction 

 

Space exploration is a rapidly evolving field that 

necessitates significant technological 

advancements to ensure the safety and efficiency 

of spacecraft [1]. A critical aspect in 

constructing these vehicles is joining high-

strength and durable materials, such as 

aluminum alloy 7075-T651 [2]. This material is 

extensively utilized in the aerospace industry 

due to its exceptional strength-to-weight ratio 

and corrosion resistance [1]. 

 

 The harsh environment of space poses 

significant challenges to spacecraft design. For 

instance, Mars exhibits temperatures ranging 

from -140°C to 20°C within a single day [3]. 

Furthermore, ionizing radiation from space, 

including X-rays and gamma rays, can 

compromise electronic components, while 

abrasive space dust can damage surface 

materials and robotic mechanisms [4], [5], [6], 

[7]. 

 

 Developing efficient and reliable 

welding techniques for joining high-strength and 

durable materials is crucial to address these 

challenges. Gas Metal Arc Welding [GMAW] is 

a widely employed technique for joining 

aluminum alloys, but it requires meticulous 

parameter selection to achieve high-quality 

welds [2]. Optimal welding parameter selection 

is vital to ensuring the structural integrity of 

spacecraft and preventing catastrophic failures 

during launch or orbit. 

 

 The Al-7075-T651 aluminum alloy is 

renowned for its exceptional strength and 

durability, attributed to its chemical composition 

and thermal treatment [8], [9]. Several authors 

have highlighted its application in spacecraft 

construction. Heidari et al. [10] utilized Al-

7075-T6 to fabricate rocket fins, demonstrating 

outstanding results and reduced deformation. 

Similarly, Enes et al. [11] mentioned its use in 

constructing telescopes, such as the Hubble 

Space Telescope. 

 

 However, this material presents 

challenges, including difficulties in machining 

due to its highly resistant properties. Its low 

weldability, primarily attributed to its high zinc 

content [12], is a significant concern. Welding 

this material, particularly in corner joints, 

requires precise parameter selection to ensure 

weld quality. 

 GMAW welding is challenging to 

perform manually, especially in inaccessible 

locations. Therefore, implementing this 

technique in a robotic mechanism is crucial. The 

KUKA KR QUANTEC offers excellent 

advantages, including high-quality welds, 

accessibility to hard-to-reach areas, and precise 

weld seams [15]. Reducing spacecraft weight is 

vital for improving fuel efficiency and lowering 

launch costs. GMAW welding can facilitate this 

using lighter materials, such as Al-7075-T651, 

reducing component mass and production costs. 

 

 Space exploration demands advanced 

and reliable welding techniques for joining high-

strength and durable materials. GMAW welding 

is a promising technique that can address 

welding challenges in the aerospace industry.  

  

 This research aims to investigate optimal 

GMAW welding parameters for joining Al-

7075-T651 corner joints, enhancing spacecraft 

efficiency and reliability. Currently, rovers like 

Curiosity and Perseverance employ rivets and 

bolts in their suspension, wheels, structure, and 

specialized analysis arm. However, this joining 

technique poses risks in deployment and terrain 

navigation, as other planetary surfaces are 

replete with obstacles and inclines that can 

compromise these joints [16], [17], [18]. 

 

 Therefore, this research proposal is 

viable for mitigating these risks and enhancing 

spacecraft efficiency and reliability. The study 

seeks to optimize welding parameters to 

minimize defects and maximize joint quality 

through simulation and experimentation of 

welding parameters, such as current, speed, and 

shielding gas pressure. Using Gas Metal Arc 

Welding [GMAW] for its advantageous 

properties, including slag removal, flux 

reduction, and compatibility with most 

commercial alloys [13]. Additionally, its 

continuous electrode surpasses the start-stop 

cycle of Shielded Metal Arc Welding [SMAW] 

and enables fewer discontinuities and greater 

deposition ranges [14]. 

 

Methodology 

 

The aluminum alloy 7075-T651 [Al7075-T651] 

used in this study is a commercially available 

precipitation-strengthened Al-Zn-Mn-Cu alloy 

commonly used in the aerospace industry for 

structural components [19].  
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The designated tempering process, 

Al7075-T651, includes solution treatment, 

stretching, and artificial material aging at 120°C 

for 24 hours [20]. The complete composition of 

this material is shown in Table 1. 

 

Box 1 

Table 1 

Material components properties Al7075-T651 

Chemical element Quantity 

Al 87.1 - 91.4 % 

Cr 0.18 - 0.280 % 

Cu 1.20 - 2.0 % 

Fe <= 0.50 % 

Mn 2.10 - 2.90 % 

Mg <= 0.30 % 

Si <= 0.40 % 

Ti <= 0.20 % 

Zn 5.10 - 6.10 % 

Other <= 0.15 % 
 

 

 The samples used for this research were 

prepared from a plate measuring 23 cm in length, 

3.5 cm in width, and 1.2 cm in thickness to 

obtain 6 samples. The KUKA KR QUANTEC 

robot arm was developed especially for the 

automotive field since its load capacity is up to 

300 kg and a maximum length of 3.9 meters long. 

This arm has different optimized movement 

modes that together with its maximum flexibility 

give us excellent results when adapting its torch 

module to weld by the GMAW method [22]. 

When using this arm, we have a level of 

reliability when welding since human error is 

eliminated in the welding process where it 

effectively maintains the welding line called 

bead.  

  

In conjunction with its Fronius module 

with the technology called "Special two-

stroke"[23] allows us to have a clean weld 

without sputtering and good penetration and 

fusion with the filler material, plus a 

fundamental part in which the piece of Al-7075-

T651 is not necessary to heat it to break the layer 

of alumina when welding, this is extremely 

important because by other methods it is 

necessary to heat the aluminum parts thus 

damaging excessively the heat treatment that can 

carry the piece. 

   

For this research we tested a different 

electrode than the one recommended by the 

manufacturers, what is recommended for this 

specific alloy is ER5356 because it is an 

aluminum-magnesium alloy that is more in 

accordance with the composition of this 7XXX 

aluminum series, but instead we used ER4043 

which is an aluminum-silicon alloy because its 

properties improve the fluidity of the molten 

material as well as reduce the susceptibility to 

hot cracking during solidification [24]. 

 

 Before welding, the plate was cleaned 

with xylene, acetone, and methanol to remove 

grease residue. Table 2 presents the working 

parameters for welding each of the samples. 

 

Box 2 

Table 2 

Working parameters for Fronius “Special two-

stroke”  
Sampl

e 

Curren

t [A] 

Voltag

e [V] 

arc 

lengt

h 

[mm] 

Filamen

t feed 

[m/min] 

Gas 

flow 

L/mi

n 

1 104 9.6 1.9 5.6 13 

2 134 19.6 3.8 6.4 13 

3 151 51.6 4.7 7.1 13 

4 161 22.4 5.3 7.6 13 

5 170 23.2 6 8.1 13 

6 181 23.4 6.5 8.6 13 
 

 

 Figure 1 displays the welds obtained 

from samples 1 to 6. Each sample was cut 

transversely to expose the welds. Then, 

metallographic grinding was carried out with 

water sandpaper of grit sizes 320, 600, 800, and 

1200; this was succeeded by polishing a Dremel 

brand moto-tool set at 5000 rpm and employing 

0.3 µm alumina polish. The grinding and 

polishing times were 10, 5, 5, 5, and 2 minutes, 

respectively, performed horizontally relative to 

the workpiece. 

 

Box 3 

 

Figure 1 

Al7075-T651 plate with 6 welding samples  

 

 The samples were characterized by 

Scanning Electron Microscopy [SEM] using 

Jeol JSM-5400 operated at 3 kV, WD 22 mm, 

and X50 to observe the morphology of the 

welding samples. 
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Results 

 

Figure 2 shows SEM micrographs of Sample 1, 

captured under the following conditions: current 

of 104 A, voltage of 9.6 V, arc length of 1.9 mm, 

filament feed rate of 5.6 m/min, and Ar-100% 

gas flow. Bubbles with minimum diameters of 

10 µm and maximum diameters of 135 µm are 

observed in this sample. The presence of black 

spots is attributed to the sanding process. Figure 

2B displays the right corner of the weld, while 

Figure 2C shows the central part, both with a 

scale of 100 µm. Although a perfect joint is 

observed, bubbles could create potential 

breakpoints [21]. 
 

Box 4 
 

 
Figure 2 
Sample 1 A] shows the cross-section of the weld, 

B] shows the right corner of the weld, and C] 

shows the central part  

  

 Figure 3 shows SEM micrographs of 

Sample 2, obtained with the following 

parameters: current of 134 A, voltage of 19.6 V, 

arc length of 3.8 mm, filament feed rate of 6.4 

m/min, and Ar-100% gas flow. Bubbles with 

diameters ranging from 10 nm to 288 µm are 

identified. As in Sample 1, the visible black 

spots result from the sanding process. 
 

  Figure 3B shows the left corner of the 

weld, and Figure 3C shows the central part, both 

with a scale of 100 µm. Although the weld 

appears uniform, bubbles with large diameters 

could weaken the joint. 
 

Box 5 
 

 
Figure 3 
Sample 2 A] shows the cross-section of the weld, 

B] shows the left corner of the weld, and C] shows 

the central part. 

  Figure 4 shows SEM micrographs of 

Sample 3, captured with a current of 151 A, 

voltage of 51.6 V, arc length of 4.7 mm, filament 

feed rate of 7.1 m/min, and Ar-100% gas flow. 

Numerous bubbles are identified in the weld, 

with diameters ranging from 8 µm to a maximum 

of 321 µm.  

 

 This sample exhibits many bubbles of 

various sizes, making it unsuitable for achieving 

a solid weld. The black spots observed are 

attributed to the sanding process. Figure 4B 

shows the right corner of the weld, and Figure 

4C shows the central part, both with a scale of 

100 µm. 
 

Box 6 
 

 
Figure 4 
Sample 3 A] shows the cross-section of the weld, B] 

shows the right corner of the weld, and C] shows the 
central part.  

 

 Figure 5 presents SEM micrographs of 

Sample 4, obtained under the following 

conditions: current of 161 µA, voltage of 22.4 V, 

arc length of 5.3 mm, filament feed rate of 7.6 

m/min, and Ar-100% gas flow. A uniform weld 

with few bubbles is observed; however, a bubble 

with a diameter of 441 µm is identified in the 

cross-section.  
 

 The black spots present are attributed to 

the sanding process. Figure 5B shows the left 

corner of the weld, and Figure 5C shows the 

central part, both with a scale of 100 µm. 

Although the reduced number of bubbles 

suggests an adequate weld, the bubble size may 

significantly weaken the joint. 
 

Box 6 
 

 
Figure 5 
Sample 4 A] shows the cross-section of the weld, B] 

shows the left corner of the weld, and C] shows the 

central part  
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  Figure 6 shows SEM micrographs of 

sample 5 with the following parameters: current 

170 A, voltage 23.2 V, arc length 6 mm, filament 

feed 8.1 m/min, and gas flow Ar-100%. A 

uniform weld with few bubbles is observed; 

however, the bubble observed in the cross-

section is 15 µm. The presence of black spots is 

attributed to the sanding process. Figure 5B 

shows the left corner of the weld, while Figure 

5C shows the central part, with a scale of 100 µm. 

The few bubbles could indicate a good weld. 

However, the size of the bubbles will 

significantly weaken the weld. 

 

Box 7 
 

 
Figure 6 
Sample 5 A] shows the cross-section of the weld, 

B] shows the left corner of the weld, and C] shows 

the central part.  

 

Figure 7 shows SEM micrographs of 

Sample 6, obtained under the following 

parameters: current of 161 µA, voltage of 22.4 

V, arc length of 5.3 mm, filament feed rate of 7.6 

m/min, and argon gas flow at 100%. The image 

reveals a weld with a uniform appearance and a 

minimal amount of bubbles, suggesting 

improved joint integrity.  

 

 However, bubbles up to 10 µm in 

diameter are identified in the cross-section, 

which could impact the weld's long-term 

strength. The black spots in the micrograph are 

attributed to the sanding process and do not 

indicate weld defects. Figure 7B shows the right 

corner of the weld, while Figure 7C displays the 

central part, both with a scale of 100 µm. 

Although the reduced number of bubbles 

suggests a suitable weld, the bubble size may 

still weaken the joint, especially under stress or 

load conditions. 

 

 

 

 

 

Box 8 
 

 
Figure 7 
Sample 6 A] shows the cross-section of the weld, 

B] shows the right corner of the weld, and C] 
shows the central part  

 

Conclusions 

 

This study demonstrates the potential and 

challenges of applying Gas Metal Arc Welding 

[GMAW] to join Al-7075-T651 aluminum alloy 

in aerospace applications. Al-7075-T651’s high 

strength-to-weight ratio and corrosion resistance 

make it an ideal material for spacecraft 

components; however, its welding challenges, 

particularly its susceptibility to bubble formation 

and reduced weldability, necessitate careful 

parameter optimization.  

 

 The study establishes a link between 

welding parameters and weld quality by 

analyzing six samples prepared under different 

welding conditions. Specifically, the current, arc 

length, and shielding gas pressure affect bubble 

formation and the uniformity of the weld. 

  

The findings reveal that although 

GMAW can achieve uniform, high-quality 

welds, the presence of even tiny bubbles, as 

identified in this study, can weaken joints; this is 

critical given the extreme environmental 

conditions of space, where welded structures 

must withstand severe thermal cycles, ionizing 

radiation, and abrasive space dust. The study’s 

results underscore that parameter optimization is 

crucial for achieving welds that maximize 

durability and reduce potential failure risks. The 

selection of optimal parameters for GMAW also 

enhances cost-efficiency by minimizing material 

waste and reducing the need for additional 

components, such as rivets or bolts, which add 

weight and complexity to spacecraft. 

 

Furthermore, integrating GMAW with 

robotic mechanisms, such as the Kuka robotic 

arm, proves advantageous. Robotics enhance 

precision in difficult-to-reach areas and reduce 

human error, critical in spacecraft manufacturing, 

where consistency and reliability are paramount.  
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This approach addresses the limitations 

of manual GMAW and presents a path for the 

aerospace industry to adopt advanced automated 

welding processes, improving spacecraft 

assembly quality while lowering manufacturing 

costs. 

 

 GMAW shows promise as a viable 

welding method for Al-7075-T651 alloy in 

aerospace applications. However, future 

research should focus on further refining 

GMAW parameters and exploring alternative 

methods for quality assessment, such as in-situ 

monitoring during welding.  

 

 The continued advancement of welding 

techniques will be essential for the next 

generation of spacecraft, where reducing weight, 

enhancing durability, and ensuring reliability 

remain paramount. This research contributes a 

foundational model for welding parameter 

selection, paving the way for aerospace 

manufacturing improvements that support the 

demanding requirements of space exploration. 
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Abstract                                                                                            Resumen  
 

The results of a particle size distribution [PSD] analysis of sand [fine 

aggregate] commonly used in construction in the Campeche region, 

Mexico, are presented. It is observed that testing standards use specific 

sieve diameters to evaluate material properties; however, in practice, not 

all required sieves are always available. To address this limitation, the 

use of mathematical models is proposed as an alternative to estimate the 

gradation curve, verify compliance with requirements, and propose 

improvements to the particle size distribution. The Rosin–Rammler, 

Gates–Gaudin–Schuhmann, Fredlund [three-parameter], and Swebrec 

models were applied, with Swebrec providing the best fit [R2=0.99997]. 

In addition, linearized equations are included to support practical 

implementation. 

 

 
Fine aggregate, Particle size distribution, 

Mathematical gradation models 

 
Se presentan resultados del análisis granulométrico de arena [agregado 

fino] de uso frecuente en la construcción en la región de Campeche, 

México. Se identifica que las normas de ensayo emplean diámetros de 

tamices específicos para evaluar propiedades del material; sin embargo, 

en la práctica no siempre se dispone de todos los tamices requeridos. Ante 

esta limitación, se propone el uso de modelos matemáticos como 

alternativa para estimar la curva granulométrica, verificar el 

cumplimiento de requisitos y plantear mejoras en la distribución de 

tamaños. Se aplicaron los modelos Rosin–Rammler, Gates–Gaudin–

Schuhmann, Fredlund [3 parámetros] y Swebrec, siendo este último el de 

mejor ajuste [R² = 0.99997]. Además, se incluyen ecuaciones 

linealizadas para aplicación práctica. 
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Introduction 
 

Concrete is the most widely used building 

material worldwide due to its versatility, 

availability of components, and mechanical 

properties that allow it to be adapted to various 

structural, non-structural, and geometric 

applications. In its basic composition, concrete 

consists of cement, water, aggregates [coarse 

and fine] and, in many cases, additives. Of these 

components, aggregates account for between 

70% and 80% of the total volume, so their 

influence on the physical, mechanical and 

durability properties of concrete is decisive 

[Verian et al., 2018]. In this context, the particle 

size distribution of aggregates, understood as the 

distribution of particle sizes in a sample of 

material, is a key technical parameter that 

directly affects the workability, compaction, 

strength, absorption, shrinkage, durability and 

efficiency of cement use. 
 

 A well-graded particle size distribution 

curve maximises the compaction of the material, 

reducing the amount of voids between particles 

and, consequently, the volume of cement paste 

needed to fill those spaces. In this way, it is 

possible to optimise the dosage of mixtures, 

reduce production costs and increase the 

sustainability of construction processes. 

Conversely, a poor particle size distribution 

curve due to an excess of fine particles or the 

predominance of a single size can result in 

mixtures with low strength, excess water, 

segregation problems or early cracking [Neville, 

2012; Nawy, 2008]. 
 

 Given that traditional methods of particle 

size analysis have logistical, economic, and 

operational limitations, alternative methods for 

estimating particle size distribution curves have 

been proposed. In this regard, the literature 

reports a considerable number of mathematical 

functions to describe particle size distribution 

[PSD] in soils, aggregates and pulverised 

materials, ranging from classic formulations 

from the early 20th century to recent proposals 

associated with laser methods and advanced 

statistical analysis [Hwang et al., 2002; Wang et 

al., 2015; Esmaeelnejad et al., 2016]. In this 

work, however, it was decided to focus the 

comparative analysis on six models: Fuller–

Thompson, Andreasen–Andersen, Rosin–

Rammler, Gates–Gaudin–Schuhmann [GGS], 

Fredlund [four-parameter version] and Swebrec, 

due to a combination of historical, practical and 

methodological reasons related to soils and 

aggregates used in concrete. 

 First, the Fuller–Thompson and 

Andreasen–Andersen models form the historical 

basis for the design of target curves for mixtures 

with cementitious materials. Fuller and 

Thompson [1907] proposed a continuous 

gradation law that sought to maximise the 

density of aggregates and minimise voids, 

becoming an essential reference in concrete 

mixing manuals and standards. Subsequently, 

Andreasen and Andersen [1930] generalised this 

proposal using curves characterised by a 

distribution exponent, which allows the relative 

proportion of fines and coarseness to be adjusted 

according to workability and mechanical 

performance requirements. These models are 

particularly relevant for natural or crushed 

aggregates used in construction, where the 

practical objective is to approximate a “desirable 

or target” curve rather than to reproduce each 

experimental point exactly. 

 

 Secondly, the Rosin–Rammler and 

Gates–Gaudin–Schuhmann models are closely 

linked to comminution processes [crushing and 

grinding], making them very suitable for 

describing manufactured sands, stone powders 

and other fines used as aggregates in concrete 

and mortar. The Rosin–Rammler function, 

originally formulated for pulverised coal [Rosin 

& Rammler, 1933; Yambushi, 2023] and 

subsequently applied to other fragmented 

materials [Vesilind, 1980; Macías-García, 

Cuerda-Correa, & Díaz-Díez, 2004], offers 

simple parameterisation and a uniformity 

parameter, which facilitates comparison 

between different supply sources or grinding 

conditions. The Gates–Gaudin–Schuhmann 

model, derived from the systematic study of 

mineral fragmentation [Schuhmann, 1940], 

represents percentages of materials using a 

power law of relative size and has been widely 

used in mining and in the characterisation of 

crushed products. 

 

 Thirdly, the four-parameter version of 

the equation by Fredlund et al. [2000] allows the 

PSD of soils with very diverse textures to be 

described, including uniform, well-graded soils 

with particle size gaps. Comparative studies 

using extensive experimental databases show 

that Fredlund's variants [FRED3 and FRED4] 

are among the models with the best overall fit, 

superior to classical lognormal distributions and 

other unimodal functions [Hwang et al., 2002; 

Wang et al., 2015; Esmaeelnejad et al., 2016].  

 

https://doi.org/10.1016/j.resconrec.2018.02.005
https://www.pearson.com/en-gb/subject-catalog/p/properties-of-concrete-properties-of-concrete/P200000005116/9780273755807
https://www.pearson.com/en-gb/subject-catalog/p/properties-of-concrete-properties-of-concrete/P200000005116/9780273755807
http://dx.doi.org/10.1201/9781420007657
https://doi.org/10.2136/sssaj2002.1143
https://doi.org/10.1371/journal.pone.0125048
https://doi.org/10.1371/journal.pone.0125048
https://doi.org/10.1007/s40808-016-0220-9
https://doi.org/10.1061/TACEAT.0001979
https://doi.org/10.1007/BF01422986
https://books.google.com/books/about/Journal_of_the_Institute_of_Fuel.html?id=j06C71R4_nAC
https://books.google.com/books/about/Journal_of_the_Institute_of_Fuel.html?id=j06C71R4_nAC
https://www.min-eng.com/comminution23/drafts/posters/yambushi.pdf?utm_source=chatgpt.com
https://doi.org/10.1016/0304-3967(80)90007-4
https://doi.org/10.1016/j.matchar.2004.04.007
https://doi.org/10.1016/j.matchar.2004.04.007
https://www.onemine.org/documents/principles-of-comminution-i-size-distribution-and-surface-calculations
https://doi.org/10.1139/t00-015
https://doi.org/10.2136/sssaj2002.1143
https://doi.org/10.1371/journal.pone.0125048
https://doi.org/10.1007/s40808-016-0220-9
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Their inclusion in this work responds to 

the need for a flexible and robust model that can 

represent both soils and fine aggregates with 

wide particle size ranges and, at the same time, 

is sufficiently documented in the soil mechanics 

literature. 

 

 Studies conducted by Corona [2025] 

related to the profitability of introducing green 

infrastructure for water management in urban 

parks, researchers conduct economic studies 

focused on green infrastructure and economic 

evaluation. In this scenario, accurate estimation 

of the properties of environmentally friendly 

materials is essential, so that improvements in 

particle size properties could be achieved 

through options that could be adapted or 

designed to meet this objective of optimal design. 

 

 Finally, the Swebrec function represents 

a more recent contribution, aimed at relating 

fragmentation by blasting and crushing to the 

size distribution observed in the field. 

Ouchterlony [2005] demonstrated that this three-

parameter function shows good fits [coefficients 

of determination greater than 0.995] for rock 

fragmentation data across a wide range of sizes. 

Its applicability has been extended to industrial 

crushing and grinding processes, as well as to the 

characterisation of grinding media and fine 

granular products. Since many aggregates for 

concrete, especially crushed sands and industrial 

fines, are obtained through comminution 

processes, the Swebrec function provides a very 

suitable framework for analysing the effect of 

the production process on PSD and concrete 

performance. 

 

Methodology 

 

Two representative samples of fine aggregate 

used in concrete production were taken, 

following sampling procedures that ensure the 

homogeneity of the material and the traceability 

of its origin. From this sample, the granulometric 

analysis [NMXC—077, 1997] of the sand was 

carried out using the dry screening technique, 

using a series of standardised sieves covering the 

typical size range of fine aggregates. The results 

of the percentage retained and cumulative pass 

through each opening were used to construct the 

experimental particle size distribution curve, 

from which the gradation of the material and its 

classification as fine, medium or coarse sand 

were evaluated, as well as its degree of 

uniformity and possible presence of deficiencies 

in certain size ranges. 

 Based on this curve, three mathematical 

particle size distribution [PSD] models were 

proposed and adjusted to describe the 

granulometric behaviour of the sand using a 

reduced set of parameters. These included 

potential and exponential functions, as well as 

models reported in the literature for soils and 

fine aggregates. The objective was to compare 

the accuracy and applicability of these models to 

reproduce the experimental curve and 

subsequently analyse their usefulness in the 

design and optimisation of concrete mixtures for 

concrete blocks and bricks. 

 

Grain size of the material 
 

NMX-C-077 [1997] and ASTM C136 [2025] 

were applied to describe the method of grain size 

analysis by screening in order to obtain the size 

distribution. The results are shown in Table 1. 

 

Box 1 

Table 1 

Sand particle size distribution. 

 

Soil 

Types 

Sieve 

No. 

Openin

g [mm] 

Retaine

d 

weight 

[g] 

Percentag

e retained 

[%] 

Percentag

e passing 

[%] 

Importan

t 
3/8 9.500 0.00 0.00 100.00 

Sands 

4 4.750 9.00 0.45 99.55 

8 2.360 50.00 2.51 97.04 

16 1.180 263.00 13.20 83.84 

30 0.600 900.00 45.16 38.69 

50 0.300 678.00 3402 4.67 

100 0.150 84.00 4.21 0.45 

FINOS 
Fund

o 
  9.00 0.45 0.00 

  Mmf = 1,993.0   

 

 Selection of mathematical models for 

particle size analysis 

 

 Although the main focus is on the three 

models mentioned above, other advanced PSD 

models have emerged [indicate the most recent 

ones] or become established over the last decade.  

 

These include: 

 

Modified and generalised log variants [e.g., 

MLOGI3, LOGI3, LOGI4], which introduce 

additional parameters to control the asymptotes 

and transition slope and have been shown to fit 

data obtained by laser diffraction [Wang et al., 

2015]. 

 

 

 

https://hdl.handle.net/20.500.14330/TES01000865500
https://doi.org/10.1179/037178405X44539
http://www.onncce.org.mx/
https://onncce.org.mx/tienda?mc=65&mi=956&view=item
https://doi.org/10.1520/C0136_C0136M-25
https://doi.org/10.1371/journal.pone.0125048
https://doi.org/10.1371/journal.pone.0125048
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 The S-shape [SSH] model, formulated as 

a function of the logarithm of soil particle size, 

designed specifically for curves with a sharp 

transition between fine and coarse fractions, 

typical of some structured soils or materials with 

bimodal gradations [Esmaeelnejad et al., 2016]. 

The modified Andreasen–Andersen model 

[MAA], widely used in the modern design of 

particle packing in ultra-high performance 

concretes, self-compacting concretes and 

cement–filler–sand systems, where the 

distribution exponent is calibrated to maximise 

packing density and optimise rheology [Fennis 

& Brouwers, 2012; Fan et al., 2021]. 

 

 These ‘state-of-the-art’ models offer 

significant advantages in terms of flexibility and 

adjustability, especially when detailed particle 

size data and advanced measurement methods 

[such as laser diffraction] are available. 

However, their implementation often requires 

more complex numerical adjustment procedures 

[Rastgou and Mansoorizadeh, 2019] and, in 

some cases, they do not yet have the same level 

of adoption in standards, manuals or software 

used daily in civil engineering. 

 

 Therefore, this paper focuses on the 

Rosin–Rammler, Gates–Gaudin–Schuhmann 

and Swebrec models, which combine: [i] 

extensive historical and practical support in soils 

and aggregates for concrete, [ii] extensive use in 

the literature and in engineering applications, 

and [iii] manageable mathematical complexity 

for calibration with typical laboratory 

experimental data [traditional sieve analysis and, 

in some cases, complementary data on fine 

fractions].  

 

 The most recent models are considered as 

a contextual reference for further studies, 

particularly in scenarios where high-resolution 

measurements are available and an optimal fit 

across the entire particle size range is sought. 

Rosin–Rammler model 

 

 This model describes the cumulative 

fraction or cumulative percentage of particles 

passing through a sieve of size x using equation 

[1]. 

𝑃(𝑥) = 1 − 𝑒
[−(

𝑥

𝑥0
)

𝑛
]
                                         [1]                                                             

 

Where,  

 

P[x] = cumulative fraction that passes [entre 0 y 

1]; 

x = particle size [mesh opening in millimetres]; 

x0 = scale parameter [indicates the characteristic 

size]; 

n = shape parameter [determines the slope or 

uniformity of the curve]. 

 

Logarithmic linearisation of the Rosin–Rammler 

distribution 

 

The double logarithmic transformation was 

applied to the original equation [1]. 

 

1. Subtract 1 from both sides of equation [1] to 

obtain equation [2]. 

  1 − 𝑃(𝑥) = 𝑒
[−(

𝑥

𝑥0
)

𝑛
]
                                           [2]                                                                                     

 

2. The natural logarithm was applied to both 

sides. 

    ln [1 − 𝑃(𝑥)] = − (
𝑥

𝑥0
)

𝑛

                                      [3]                                                                             

 

3. It was multiplied by -1. 

       −ln [1 − 𝑃(𝑥)] = (
𝑥

𝑥0
)

𝑛

                                    [4]                                                                              

 

4. The logarithm was applied again. 

ln[ −ln [1 − 𝑃(𝑥) ] = 𝑛. ln(𝑥) − 𝑛. ln [𝑥0]                      
[5]  

                                                                              

Being [5] a linear equation of the following form. 

𝑌 = 𝑛𝑥 + 𝑏                                                                     [6]                                                                                                           

 

Where, 

𝑌 = 𝑙𝑛[−𝑙𝑛 [1 − 𝑃(𝑥)]                                               [7]                                                                         

𝑋 = 𝑙𝑛[𝑥]                                                                   [8]                                                                                               

𝑏 = −𝑛. 𝑙𝑛[𝑥0]                                                            [9]                                                                                             

  𝑥0 = 𝑒−𝑏/𝑛                                                                    [10]     

                                                                                            

Box 2 

Table 2 

Cálculo dos parâmetros da equação 

linearizada de Rosin–Rammler. 

x [mm] ln[x] P[x] -ln[1 - P[x]] ln[-ln[1 - P[x]]] Y_pred 

9.5 2.251 1 inf inf 4.045 

4.75 1.558 0.9954 13.744 2.621 2.621 

2.36 0.859 0.962 3.264 1.183 1.183 

1.18 0.166 0.544 0.785 -0.242 -0.242 

0.6 -0.511 0.178 0.196 -1.632 -1.632 

0.3 -1.204 0.046 0.047 -3.057 -3.057 

0.15 -1.897 0.011 0.011 -4.481 -4.481 

 

 The values of x [mm] were considered as 

the abscissa and the values of Y_pred as the 

ordinates. This was plotted in Excel, yielding a 

slope of n = 2.0554 and b = -0.582. Substituting 

in equation [10] yields the parameter x0.  

https://doi.org/10.1007/s40808-016-0220-9
http://www.heronjournal.nl/57-2/1.pdf
http://www.heronjournal.nl/57-2/1.pdf
https://doi.org/10.1016/j.cemconcomp.2021.104171
https://journals.umcs.pl/pjss/article/view/7915?utm_source=chatgpt.com
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𝑥0 = 𝑒−𝑏/𝑛 = 𝑒−[−0.521]/2.0554 =1.327 mm                   

[11] 

 

 The parameters obtained by linear 

adjustment are as follows: 

 

- n [pending] = 2.0554= 2.055 

- x₀ [characteristic size] = 1.327 mm 

- R² [fit goodness] = 0.892 

 

 The first three values of x = 4.75, 2.36 

and 1.18 mm will be taken from the table of 

experimental values, Table 2. 

 

Table 2 shows the parameters that make 

up equation [1]. Substituting values for x, x0, 

and n yields the following. 

 

𝑃(𝑥) = 1 − 𝑒
[−(

𝑥

𝑥0
)

𝑛
]
                                           [12]                                                                                                                                             

For x = 4.75 mm 

𝑃(𝑥) = 1 − 𝑒
[−(

4.75

1.327
)

2.055
]

= 100                             

[13] 

For x = 2.36 mm 

𝑃(𝑥) = 1 − 𝑒
[−(

2.36

1.327
)

2.055
]

= 96.176                         

[14] 

For x = 1.18 mm 

𝑃(𝑥) = 1 − 𝑒
[−(

1.18

1.327
)

2.055
]

= 54.398                          

[15] 

 

 Table 3 shows the parameters of the 

linearised Rosin–Rammler equation for the 

cases studied. 

 

Box 3 

Table 3 

 

Results of the Rosin–Rammler model. 
Opening 

[mm]] 

x / 

x₀ 

[x / 

x₀]n 

exp[-[x / 

x₀]n] 

1 - exp[...] 

[P[x]] 

P[x] 

4.75 
3.5

79 

13.7

44 0.000 1.000 

100.

000 

2.36 
1.7

78 

3.26

4 0.038 0.962 

96.1

76 

1.18 
0.8

89 

0.78

5 0.456 0.544 

54.3

98 

 

Gates-Gaudin-Schumann [GGS] model. 

 

To apply the model, the equation was linearised 

by taking the natural logarithm on both sides of 

the equation [11]. 

 

𝑃(𝑥) = (
𝑥

𝑥𝑚𝑎𝑥
)

𝑚

                                                      [16]                                                                                                    

 

 In equation [16], the following 

considerations were made: m = n, and the right-

hand side of equation [16] was multiplied by 100 

because particle percentages are generally 

expressed as percentages. Likewise, the 

exponent m was replaced by n. 

 

𝑃(𝑥) = 100 (
𝑥

𝑥𝑚𝑎𝑥
)

𝑛

                                                  [17]                                                                                                    

𝑙𝑛 (
𝑃(𝑥)

100
) = 𝑛. 𝑙𝑛 (

𝑥

𝑥𝑚𝑎𝑥
)                                           [18]                                                                               

 

Applying the properties of logarithms, we obtain 

[19]. 

 

𝑙𝑛 (
𝑃(𝑥)

100
) = 𝑛. 𝑙𝑛(𝑥) − 𝑛. 𝑙𝑛 [𝑥𝑚𝑎𝑥]                 [19]                                                                        

 

This equation has the form of a straight line 

equation, 

 

𝑌 = 𝑛. 𝑋 + 𝐵                                                             [20]                                                                                                    

Donde, 

𝑌 = 𝑙𝑛 (
𝑃[𝑥]

100
)                                                       [21]                                                                                                   

𝑋 = 𝑙𝑛(𝑥)                                                            [22]                                                                                                          

𝐵 =  −𝑛. 𝑙𝑛(𝑥𝑚𝑎𝑥)                                                [23]                                                                                               

 

 Since the calculations are performed 

using logarithmic transformations, data points x 

= 0 or P[x] = 0 are eliminated. Each point is 

calculated by estimating the values of [24] and 

[25]. 

 

𝑙𝑛 [𝑥]                                                                [24]                                                                                                              

𝑙𝑛 (
𝑃[𝑥]

100
)                                                               [25]                                                                                                

Para x = 4.75, P[x] = 99.548% 

X = ln[4.75] = 1.558 y Y = ln[99.548/100] = -

0.005 
 

 Based on a linear regression, the values 

of X = ln[x] and Y = ln[P[x]/100] are adjusted, 

as shown in Table 4. 

 

Box 4 

Table 4 

Estimation of values of b, n, and xmax for the 

Gates-Gaudin-Schumann model. 
x 

[Thickness 

[mm]] 

P[x] 

[Cumulative 

Pass Rate] 

X =ln[x] Y=ln[P[x]/100] 
𝑃(𝑥) =

(
𝑥

𝑥𝑚𝑎𝑥
)

𝑚

          

9.5 100.000 2.251 0.000 811.141* 

4.75 99.548 1.558 -0.005 281.659* 

2.36 97.040 0.859 -0.030 96.862 

1.18 83.843 0.166 -0.176 33.634 

0.6 38.685 -0.511 -0.950 11.983 

0.3 4.666 -1.204 -3.065 4.161 

0.15 0.452 -1.897 -5.399 1.445* 

Source: Own elaboration. 

Note: *, The model provides representative 

values for 0<P[x]>1. 
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 After calculating X and Y, the 

corresponding values were plotted in Excel. 

Using linear regression in Excel, the values of 

the Gates-Gaudin-Schumann model were 

obtained, as well as the equation of the line y = 

1.526x-1.3422 with R² = 0.8064. 

 

From the linear regression, we obtain: 

 

𝑌 = 1.523𝑋 − 1.3422, 𝑅2 = 0.8064                         

[26] 

From [26],  

𝑛 = 1.526, 𝑏 = 1.3422                                          [27] 

The value of xmax is calculated as follows:, 

𝑏 =  −𝑛. 𝑙𝑛 [𝑥𝑚𝑎𝑥]                                                                       
[28] 

ln[xmax]=-b/n                                                                        

[29]     

From the equation obtained by linear regression 

[27] and substituting in [29], 

ln[xmax] = -[-1.3422/1.526] = 0.879                       

[30] 

Finally, 

xmax=e1.526=2.409                                              [31]                                                                                           

 Once the parameters xmax and n are 

known, the necessary percentages can be 

estimated by substituting the values of variable 

x. 

 

Therefore, equation [16], considering m = n = 

1.526 

 

𝑃(𝑥) = (
𝑥

2.406
)

1.526

                                                 [32]                                                                                                             

 

For x = 9.5 mm 

(𝑥) = (
9.5

2.406
)

1.526

= 281.659%>100%               [33]                                                                                                         

 

For x = 2.36 mm 

(𝑥) = (
2.36

2.406
)

1.526

= 96.862%<100%                 [34]                                                                                                           

 

For x = 0.15 mm 

(𝑥) = (
0.15

2.406
)

1.526

= 1.145% 0%                           [35]    

 

Swebrec model 

 

The Swebrec model was designed to accurately 

represent the particle size distribution of 

materials fragmented by blasting or crushing. Its 

analytical expression is defined by [36], with [37] 

being the representative case of the median size 

of the material. 

 

𝑃(𝑥) = 1 − (1 + (
𝑥𝜇

𝑥
)

𝑏

)
−𝑎

                                   [36]                                                                      

𝑃(𝑥) = 1 − [1 + (
𝑥50

𝑥
)

𝑏−𝑎

]                                   [37]                                                                             

 

Where: 

P[x], cumulative fraction of particles smaller 

than x; 

x, particle size; 

x50, medium size [50% passing mass]; 

a,b, shape and curvature parameters. 

 

 The Swebrec model is characterised by 

its ability to describe both the fine and coarse 

fractions with great precision, outperforming the 

Rosin–Rammler model in distributions with 

long tails or non-symmetrical sigmoid curves. It 

has been validated in the size distribution of 

alumina balls in white cement grinding and the 

characterisation of explosives in mining 

[Bustamante-Rúa et al., 2021].  

 

 Although its implementation requires 

three parameters, the improvement in the fit 

compensates for the greater complexity, 

especially when extensive experimental data are 

available. 

 

 Equation [36] cannot be linearised in all 

three parameters simultaneously. However, if a 

is fixed, it becomes linear in lnx and b and xc can 

be estimated by ordinary linear regression. 

 

Linearisation [with fixed "a"] 

 

The original equation can be expressed as 

follows, 

1 − 𝑃 = (1 + (
𝑥

𝑥𝑐
)

𝑏

)
−𝑎

                                           [38] 

(1 − 𝑃)−
1

𝑎 − 1 = (
𝑥

𝑥𝑐
)

𝑏

                                             [39] 

 

Applying the logarithmic law 

 

𝑌 = 𝑙𝑛((1 − 𝑃)−1/𝑎 − 1) = 𝑏𝐼𝑛𝑥 − 𝑏𝑙𝑛𝑥𝑐  [40] 

Which can be expressed as 𝑌 = 𝑚𝑋 + 𝑐 

 

𝑌 = 𝑚𝑋 + 𝑐                                                                    [41] 

𝑋 =  −𝑙𝑛𝑥                                                                        [42] 

Then, 

𝑏 = 𝑚                                                                                [43] 

𝑥𝑐 = 𝑒𝑥𝑝(−𝑐/𝑏)                                                       [44] 

 

Procedure, 

Step 1. To express P = P%/100, 0<P<1 

Step 2. Choose a value for "a" [seed]. 

https://doi.org/10.15446/dyna.v88n218.89805
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Step 3. Calculate by row: 

𝑋 =  −𝑙𝑛𝑥                                                         [45] 

𝑌 = 𝑙𝑛((1 − 𝑃)−1/𝑎 − 1)                                   [46] 

Step 4. Adjust by least squares  

𝑌 = 𝑚𝑋 + 𝑐                                                     [47] 

Donde 

𝑏 = 𝑚                                                              [43] 

𝑥𝑐 = 𝑒𝑥𝑝(−𝑐/𝑏)                                                                 

[48] 

 

 Step 5. With [𝑎. 𝑏. 𝑥𝑐] cacular 𝑃[𝑥] and 

𝑅2. 

 

 Passo 6. Teste vários valores de a, 

repetindo os passos 2 a 5, escolhendo o valor de 

a que minimiza R^2. Pode-se testar a com 

valores de 0,2 a 8, como valores iniciais. 

 

 Table 5 shows the case solved with the 

Swebrec model, with the following general steps: 

Proposing as the initial value, 𝑎 = 0.727 . 

 

 From Table 1, the particle size results 

show that obtain x = 0.6 mm, P =
0.3868 [38.6854]. 
Replacing values, 

1 − 𝑃 = 0.61314 

(1 − 𝑃)−
1
𝑎 = 0.61314−

1
0.727363 = 1.959 

𝑌 = 𝑙𝑛(1.958 − 1) = −0.042 

 

 

Box 5 

Table 5 

Parameter and P[x] with the Swebrec model. 
x 

[mm

] 

P 
X = 

lnx 
a 1-P 1/a 

(𝟏

− 𝑷)−
𝟏
𝒂 

(𝟏

− 𝑷)−
𝟏
𝒂

− 𝟏 

Y P[x] 

0.15 
0.004

52 

-

1.897 

0.7

27 

0.9

95 

1.3

75 
1.006 0.006 

-

5.076 

0.004

26 

0.3 
0.046

66 

-

1.204 

0.7

27 

0.9

53 

1.3

75 
1.068 0.068 

-

2.690 

0.049

60 

0.6*

* 

0.386

85* 

-

0.511 

0.7

27 

0.6

13 

1.3

75 
1.959* 0.959 

-

0.042

* 

0.371

16* 

1.18 
0.838

43 
0.166 

0.7

27 

0.1

62 

1.3

75 
12.257 

11.25

7 
2.421 

0.829

02 

2.36 
0.970

40 
0.859 

0.7

27 

0.0

30 

1.3

75 

126.36

9 

125.3

69 
4.831 

0.970

73 

4.75 
0.995

48 
1.558 

0.7

27 

0.0

05 

1.3

75 

1676.2

50 

1675.

250 
7.424 

0.995

34 

Source: Own elaboration. 

 

The equation is finally expressed as follows, 

𝑃(𝑥) = 1 − (1 + (
𝑥

0.619
)

3.6224

)
−0.727

          [49] 

 

Discussion of results 

 

This study evaluated the Rosin–Rammler model, 

the Gates-Gaudin-Schumann [GGS] model, and 

the Swebrec model.  

The importance lies in the fact that, for 

the revision of the values recommended by 

standard NMX-C-111 [2018] for concrete mix 

design purposes, for fine aggregate, it is 

necessary to review compliance with the limit 

values in the meshes designated by 3/8, 4.8, 16, 

30, 50, and 100. 

  

 However, sometimes the necessary 

equipment is not available, so an alternative is to 

perform the calculations using the 

aforementioned mathematical models. 

 

It should be noted that the limitation of 

the implementation of mathematical models lies 

in the ease of their application. Therefore, 

expressions were developed through the process 

of linearising the original equations to facilitate 

their use in Excel spreadsheets or other means. 

 

 The results discussed above were 

determined using the Rosin-Rammler, GGS, and 

Swebrec models, which provided the results 

shown in Table 6. 

 

 This study evaluated the performance of 

three mathematical models of particle size 

distribution, including Rosin–Rammler, Gates–

Gaudin–Schuhmann [GGS], and Swebrec, in 

order to estimate the percentage that passes 

through reference sieves, which could resolve 

the lack of information due to laboratory 

equipment limitations or possible additional 

revisions. This approach is particularly useful 

for comparing particle size distribution with the 

values recommended by NMX-C-111 [2018], 

which reviews limits for specific meshes/sieves 

[e.g., 3/8", 4, 8, 16, 30, 50, 100, and 200] for fine 

aggregate. 

 

 A relevant aspect of the procedure is that 

it sought to facilitate the implementation of the 

models by linearising their original equations so 

that they can be applied directly in spreadsheets 

[Excel or other environments]. 

 

 Likewise, the comparative results 

reported [Table 6] show clear differences in the 

goodness of fit between models. 

 

 The Swebrec model presented the best fit, 

with R² = 0.999 and a correlation considered 

‘optimal,’ indicating that it reproduces the 

available experimental data with high precision. 

 

 

https://onncce.org.mx/tienda?mc=65&mi=797&view=item
https://onncce.org.mx/tienda?mc=65&mi=797&view=item
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For its part, Rosin–Rammler obtained a 

good fit [R² = 0.873]. This level of correlation 

suggests that the model may be suitable for 

practical estimates, especially when a relatively 

simple representation is required; However, for 

applications where compliance with specific 

sieve limits is critical [e.g., acceptance/rejection 

of aggregates for concrete], its uncertainty could 

be greater than that of Swebrec, particularly if 

the actual distribution has marked slope changes 

or pronounced tails in fines, where the model has 

limitations of application. 

  

The GGS model had the lowest fit [R² = 

0.733], rated as a ‘moderate’ correlation. This 

suggests that, for the material evaluated, the 

power law formulation does not adequately 

capture the complete shape of the particle size 

curve. In practical terms, GGS could be used as 

a preliminary approximation or in cases where 

there is no major particle size dispersion, but it 

would not be the recommended model when 

attempting to accurately estimate the percentage 

that passes through control screens [especially in 

the fine zone, where small variations can modify 

water demand, workability, and concrete 

performance] where the model is limited by the 

nature of the mathematical function. 

 

 Finally, the equations reported as [50], 

[51] and [49] facilitate automation in 

spreadsheets to obtain estimated percentages for 

any mesh size within the data range. However, 

for more robust regulatory use, in addition to R², 

it is advisable to check for sieve errors 

[residuals], since compliance with NMX-C-111 

[2018] does not depend on the overall fit, but on 

the proximity to the limits at discrete points 

[specific sieves] and especially at the boundaries 

of classifications such as fine and coarse, where 

some models have limitations. 

 

Box 6 

Table 6 

Comparison of models for estimating percentages 

passing through sieves for particle size analysis. 

Model Parameters R² Accuracy 
Adjustment 

Goodness 

Rosin-
Rammler 

x₀ = 2.0554, 
n = 1.327 

0.873 Alto 
Good 
correlation 

GGS 
xₘₐₓ = 
2.409, n = 
1.526 

0.733 Medio 
Moderate 
correlation 

Swebrec 
xc = 0.6197, 
b = 3.6224, 
a = 0.727 

0.999 Excelente 
Optimal 
correlation 

 The comparative graph of the 

implemented models is shown in Figure 1. 

 

Box 7 

 

 
Figure 1 

Comparison of Swebrec, Rosin Rammler, 

GGS and experimental reference models. 
Source: Own work. 

 

The equations with the parameters shown 

in  

 

Table 6 are given below. 

 

Modelo Rosin Rammer 

 

 The equations with the corresponding 

parameters are [50], [51] and [49], which are 

shown below. 

 

𝑃(𝑥) = 1 − 𝑒
[−(

𝑥

2.0554
)

1.327
]
                             [50]                                                                                                                                             

Model GGS 

(𝑥) = (
𝑥

2.409
)

1.526

                                                   [51]        

Model Swebrec 

𝑃(𝑥) = 1 − (1 + (
𝑥

0.619
)

3.6224

)
−0.727

            [52] 

 

Conclusions 

 

The results of the fine aggregate particle size 

analysis were presented, which were obtained 

from experimental laboratory tests in accordance 

with standard NMX-C-111 [2018]. The 

following conclusions stand out: 

 

1. It is feasible to estimate percentages that pass 

through standard sieves [3/8", 4, 8, 16, 30, 50, 

100, and 200] for review in accordance with 

NMX-C-111 [2018] when complete equipment 

is not available, using Rosin–Rammler, GGS, 

and Swebrec mathematical models. 
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https://onncce.org.mx/tienda?mc=65&mi=797&view=item
https://onncce.org.mx/tienda?mc=65&mi=797&view=item
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2. The linearisation of the original equations 

allows for practical implementation in 

spreadsheets [or other media], promoting the 

application of the models in mix control and 

design. 

 

3. The Swebrec model provided better accuracy, 

reaching R² = 0.999 [‘optimal’ goodness], 

making it the best model for 

interpolation/estimation in specific sieves for the 

material studied. 

 

4. The Rosin–Rammler model showed good 

performance [R² = 0.873], so it can be used as a 

reliable alternative in practical applications; in 

contrast, GGS showed moderate correlation [R² 

= 0.733], making it less recommendable when 

greater accuracy is required. 

 

5. The final expressions with adjusted 

parameters for each model [Rosin–Rammler, 

GGS and Swebrec] are defined [50], [51] and 

[49], facilitating their direct use for calculating 

P[x] from the mesh size. 

 

6. To expand the possible applications, the 

following is recommended in subsequent work: 

 

- Validate the model with multiple 

samples and different aggregate sources. 

 

- Consider direct non-linear adjustment 

[where possible] to avoid biases due to 

linear transformation. 
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Abstract 
 

Electromagnetic Theory is a subject of vital importance within the 

curriculum of the Telecommunications, Systems, and Electronics 

Engineering degree at the Faculty of Higher Studies Cuautitlán [FESC], 

part of the National Autonomous University of Mexico [UNAM]. This 

article presents a longitudinal analysis of academic performance in this 

course, covering eleven academic terms between August 2019 and 

January 2025. The study examines pass and fail rates in both regular and 

extraordinary evaluations. Significant variations are identified, 

associated with historical context—such as the impact of the COVID-19 

pandemic, the shift to virtual learning, the return to in-person classes, and 

the subsequent academic stabilization. The objective of this study is to 

identify areas of opportunity and propose strategies to improve the 

teaching and assimilation of Electromagnetic Theory, considering the 

new challenges students face after the pandemic and the lockdown they 

experienced.Finally, some strategies and conclusions are presented, 

which may be useful to other academic institutions facing similar 

circumstances. 

 
Electromagnetism, Pandemic, Education. 

 

Resumen 
 
Teoría Electromagnética es una asignatura de vital importancia en el plan de 

estudios de la carrera de Ingeniero en Telecomunicaciones, Sistemas y 

Electrónica de la Facultad de Estudios Superiores Cuautitlán [FESC], 

perteneciente a la Universidad Nacional Autónoma de México [UNAM]. En 

este artículo se presenta un análisis longitudinal del rendimiento académico 

en esta materia, considerando once periodos, comprendidos entre agosto de 

2019 y enero de 2025. El estudio contempla los porcentajes de aprobación y 

reprobación, en evaluaciones ordinarias y extraordinarias. Se identifican 

variaciones significativas asociadas al contexto histórico, como la pandemia 

de COVID-19, la transición hacia la virtualidad, el regreso a la presencialidad 

y la estabilización académica. El objetivo de este trabajo es detectar áreas de 

oportunidad y proponer estrategias para mejorar la enseñanza y asimilación 

de la asignatura de Teoría Electromagnética, ante los nuevos retos que 

enfrentan nuestros estudiantes tras el impacto de los factores mencionados. 
Finalmente, se presentan algunas estrategias y conclusiones que pueden 

resultar de utilidad para otras instituciones académicas que se encuentren en 

situaciones similares.  
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Introduction 

 

At the end of 2019, in the Wuhan region of China, 

what would become one of the most significant 

recent pandemics emerged. It was caused by a 

mutation of the coronavirus: SARS-CoV-2, 

which leads to the disease known as COVID-19. 

Consequently, countries around the world were 

compelled to implement strict public health 

measures. Mexico was no exception. In March, 

authorities announced the suspension of all non-

essential activities. The National Autonomous 

University of Mexico [UNAM, by their Spanish 

acronym], acknowledging its responsibility 

amid the health crisis, decided to suspend in-

person classes and continue academic 

instruction remotely. This decision posed a 

significant challenge to the education sector: 

adapting to distance learning. 

 

 This transition had a profound impact 

across all UNAM campuses, including its 

multidisciplinary branches such as the Faculty of 

Higher Studies Cuautitlán [FESC, by their 

Spanish acronym]. 

 

 FESC is a prominent academic 

institution located in the municipality of 

Cuautitlán Izcalli, State of Mexico. Since its 

inauguration on April 22, 1974, FESC has 

established itself over more than five decades as 

a key center for higher education. Currently, it 

offers 17 undergraduate programs and serves a 

student population of approximately 18,000. 

 

 Within the Telecommunications, 

Systems, and Electronics Engineering [ITSE, by 

their Spanish acronym] program at FESC, the 

course Electromagnetic Theory holds a central 

role. Positioned in the fifth semester, this subject 

is classified as both theoretical and practical, 

with laboratory work integrated into its 

instructional framework. It carries a weight of 10 

mandatory credits, underscoring its importance 

in the comprehensive training of future 

engineers. 

 

 The pandemic not only brought fear of 

illness and mortality but also created an urgent 

need to adapt course syllabi from face-to-face 

formats to remote learning models. This 

transition began promptly across all academic 

programs at FESC. However, the greatest 

challenge emerged in courses with practical 

laboratory components, which forced faculty to 

design new activities that students could perform 

from home. 

Once the health emergency had ended, 

faculty members from the Physics Department at 

FESC began analyzing the effectiveness of 

remote teaching. This work was supported by 

institutional initiatives such as the Program to 

Support Projects for Innovation and 

Improvement in Teaching [PAPIME, by their 

Spanish acronym], led by the General 

Directorate for Academic Personnel Affairs 

[DGAPA, by their Spanish acronym] at UNAM. 

 

 The main objective of PAPIME is to 

promote educational innovation through the 

development of teaching materials, integration 

of learning technologies, curriculum updates, 

and faculty training. It targets UNAM professors 

committed to improving educational quality in 

their respective areas [DGAPA, 2025]. 

 

 The authors are part of the PAPIME 

103424 project, titled Development of Teaching 

Materials for the Electromagnetic Theory 

Course. For several years, they have been 

researching the influence of various social, 

psychological, and environmental factors on 

students enrolled in this subject. For the 

purposes of this article, data were collected on 

student failure rates in Electromagnetic Theory 

across eleven academic periods between 2019 

and 2025. 

 

 During the initial analysis, an unexpected 

phenomenon emerged: the students' reactions in 

the aftermath of the pandemic. Conditions such 

as stress, anxiety, and even depression led some 

students to disengage from their studies. 

Therefore, the team assessed the impact of these 

factors and implemented strategies aimed at 

enhancing student support. 

 

Methodology 

 

According to Arnau and Bono [2008], 

longitudinal studies are increasingly used in the 

social and behavioral sciences to study processes 

of change directly associated with the passage of 

time. They argue that “the longitudinal 

approach is more efficient, more robust in model 

selection, and statistically more powerful” [p. 

34]. This methodological robustness 

underscores their value in evaluating the 

evolution of educational processes over 

extended periods, especially during crises such 

as the COVID-19 pandemic. 
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This research adopts a quantitative, 

descriptive, and longitudinal approach. The 

approval and failure rates in the Electromagnetic 

Theory course — part of the fifth semester in the 

ITSE program offered by FESC at UNAM — 

were analyzed. 

 

 The integration of institutional projects 

like PAPIME [DGAPA, 2025] provides both 

methodological and material support to ensure 

quality assurance during academic transitions. 

Such approaches also align with 

recommendations from UNESCO [2021], which 

emphasize longitudinal monitoring as a key tool 

for educational recovery and reform. 

Data were collected from institutional records 

covering eleven academic periods from August 

2019 to January 2025. These were organized by 

calendar year, establishing a consistent 

analytical framework. Both regular and 

extraordinary evaluations were considered. 

Additionally, the PAPIME project 103424 was 

integrated as a support tool for data 

systematization and analysis, under the 

supervision of the Physics Department. 

 

 The total number of students passing and 

failing was calculated per calendar year, and 

relative percentages were computed, allowing 

for the identification of performance trends over 

time. 

 

 In parallel, the authors identified seven 

stages within the academic calendar, 

corresponding to the pandemic and its 

educational impact. These stages are illustrated 

in the graph. [See Figure 1.] 

  

Box 1 

 

 
Figure 1 

Pandemic Impact on Electromagnetic Theory. 
      Source: Own Elaboration 

  

Development 

 

For this study, we analyzed data from the eleven 

most recent academic periods. This information 

was compiled to generate Table 1, which shows 

the percentage of students who passed the 

Electromagnetic Theory course during each 

period. [See Table 1.] 

 

Box 2 

Table 1 

Percentage of students passing 

Period Percentage  

2020-1 69.9 

2020-2 86.5 

2021-1 86.2 

2021-2 84.2 

2022-1 68.4 

2022-2 86.5 

2023-1 71.1 

2023-2 78.6 

2024-1 76.7 

2024-2 62.2 

2025-1 68.6 

  Source:  Own Elaboration 

  

 Based on the collected data, the passing 

percentages for Electromagnetic Theory were 

graphed in order to visualize variations across 

periods. [See Figure 2.] 

   

Box 2 

 

 
 

Figure 2 

Percentage of students passing. 
      Source: Own Elaboration 

  

 By superimposing the passing rate data 

onto the pandemic-related stages identified by 

calendar year, meaningful patterns emerged, 

which are illustrated in Figure 3. 
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 Therefore, in the following section, we 

will interpret each of these stages, correlating the 

passing rates with contextual and academic 

factors that may have contributed to their 

variation. 

 

Box 4 

 

 
Figure 3 

Pandemic Impact on Electromagnetic Theory. 
      Source: Own Elaboration 

 

Analysis 

 

By analyzing the passing percentages, 

comparing them to the defined stages, and 

correlating the data with contextual factors, we 

arrive at the following interpretations: 

 

- 2020-1 [August 2019 – January 2020]: 

Pre-pandemic, the passing rate was 

69.9%. Although this period preceded 

the pandemic, the rate is considered 

moderately low. It reflects traditional 

educational conditions, with 

standardized grading, in-person 

laboratory practices, and normal 

academic expectations. 

 

- 2020-2 [February – July 2020]: At the 

start of the pandemic, the passing rate 

rose to 86.5%. This semester marked the 

abrupt transition to remote learning. The 

increase is attributed to institutional 

flexibility, lighter academic workloads, 

and more lenient evaluation criteria due 

to the emergency. 

 

- 2021-1 [August 2020 – January 2021]: 

At the peak of remote learning, the 

passing rate was 86.2%. By this time, 

both students and faculty had adapted to 

digital platforms, and assessments 

continued under flexible standards, 

promoting high academic performance. 

- 2021-2 [February – July 2021]: Remote 

learning continued, with a passing rate of 

84.2%. Although some students reported 

digital fatigue and emotional stress, these 

challenges were not yet significantly 

reflected in academic outcomes. 

 

- 2022-1 [August 2021 – January 2022]: 

At the beginning of the return to in-

person classes, the passing rate dropped 

to 68.4%. This decline can be linked to 

the challenges of readapting to face-to-

face instruction, recovering hands-on 

skills, and addressing emotional and 

academic gaps. 

 

- 2022-2 [February – July 2022]: With a 

full return to in-person classes [starting 

August 8, 2022], the passing rate 

recovered to 86.5%. This improvement 

resulted from institutional efforts to 

support students, including generous 

allowances for project and report 

submissions. 

 

- 2023-1 [August 2022 – January 2023]: In 

the context of hybrid education, the 

passing rate was 71.1%. The 

combination of digital tools and in-

person activities produced moderate 

results as students adjusted to mixed 

methodologies. 

 

- 2023-2 [February – July 2023]: With 

continued hybrid instruction, the passing 

rate improved to 78.6%. As both students 

and teachers gained confidence using 

this blended model, academic 

performance benefited from its 

flexibility and accessibility. 

 

- 2024-1 [August 2023 – January 2024]: In 

the normalization phase, the passing rate 

was 76.7%. Although academic rigor 

returned to pre-pandemic levels, residual 

academic and emotional gaps persisted 

among some students. 

 

- 2024-2 [February – July 2024]: This 

period saw a significant drop in 

performance, with a passing rate of 

62.2% — the lowest in the series. The 

decline is linked to a rise in student 

stress, anxiety, and depression, leading to 

increased dropout rates. 
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- 2025-1 [August 2024 – January 2025]: 

Marking a phase of post-pandemic 

recovery, the passing rate improved to 

68.6%. Although not yet at peak levels, 

this reflects early signs of pedagogical 

and institutional stabilization, attributed 

to academic reforms and gradual 

adaptation. 

 

 To address the emotional and academic 

challenges faced by students, the authors 

implemented a variety of strategies, including 

the use of simulators, artificial intelligence tools, 

prototype development, and digital platforms for 

assignment review. As one example, a support 

system for blind individuals was developed. 

Such projects enable students to maintain focus 

and increase their interest in the subject of 

Electromagnetic Theory. Figure 4 illustrates the 

initial phase of the Project.  

 

Box 5 

 

 
Figure 4 

Prototype development using Electromagnetic 

Theory. 
      Source: Pedro Guzmán Tinajero 

  
Conclusions 
 

The analysis of academic performance in the 

subject Electromagnetic Theory, part of the 

ITSE program at FESC UNAM, over eleven 

academic periods from 2019 to 2025, revealed 

several variations directly linked to the impact of 

the COVID-19 pandemic and the transition 

between educational modalities. 
 

 The data show an initial increase in pass 

rates during distance learning, attributed to 

institutional flexibility and adaptation strategies. 

However, once face-to-face classes resumed, 

there was a notable decline in academic 

performance, which the authors believe is 

associated with emotional factors such as stress, 

anxiety, and depression, as well as pedagogical 

and methodological readjustments. 

 The most critical period was identified as 

2024-2, with the lowest passing rate recorded. 

This situation prompted the implementation of 

academic and emotional support strategies, 

including the use of simulators, digital platforms, 

artificial intelligence tools, and prototype 

development. These aimed to motivate students 

and strengthen their learning. 

 

 Finally, the improvement observed in 

2025-1 suggests that the strategies implemented 

have started to show results. Nonetheless, it 

remains necessary to continue educational 

innovation, emotional support, and performance 

monitoring to consolidate post-pandemic 

academic recovery. 
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Abstract 

 
Transportation represents a major environmental challenge due to its CO₂ emissions. 

In Mexico, the continuous growth of the vehicle fleet increases the consumption of 

fossil fuels and the release of greenhouse gases [GHG]. This study statistically 

evaluates vehicular emissions in Celaya, Guanajuato, comparing different 

drivetrain types: front-wheel drive [FWD], rear-wheel drive [RWD], and all-wheel 

drive [AWD]. The analysis incorporates data from the Public Vehicle Registry 

[REPUVE], the Portal of Energy Efficiency Indicators and Vehicle Emissions 

[EcoVehicles, 2022], and local fuel-consumption surveys. Results show that FWD 

vehicles record lower average emissions [≈198 gCO₂/km] compared with RWD and 

AWD vehicles [≈290 gCO₂/km]. Sedans, which are mostly FWD, present the 

lowest values, while sport utility vehicles [SUVs] and pickup trucks exhibit the 

highest. The drivetrain configuration plays a significant role in energy efficiency 

and environmental impact. While FWD contributes to reducing emissions, the 

increasing presence of SUVs and pickups in the fleet may lead to higher overall 

CO₂ levels. 

Goals    

  

Methodology    

  

Contribution  

*Estimate 

emissions from 

the municipal 

vehicle registry 

in Celaya, 

*Propose a 

hybrid-electric 

transition 

scenario, 

*Analyze the 

contribution of 

FWD, AWD, and 

RWD to 

emissions. 

*Research and data 

collection 

*Database creation 

*Database 

supplementation 

*Statistical analysis 

*Development 

of a 

methodology 

for estimating 

emissions from 

the vehicle 

fleet, with an 

emphasis on 

brand, type of 

transport, and 

type of traction.  

 

Vehicle fleet, greenhouse gases, traction type              
 

 

Resumen  

 
El transporte es un reto ambiental por sus emisiones de CO₂. En México, el 

crecimiento vehicular incrementa el uso de combustibles fósiles y los gases 

de efecto invernadero [GEI]. El estudio evalúa estadísticamente las emisiones 

en Celaya, Guanajuato, comparando tipos de tracción: tracción en ruedas 

delanteras [FWD], tracción en ruedas traseras [RWD] y tracción en las cuatro 

ruedas [AWD]. Integra datos del registro público vehicular [REPUVE], Portal 
of Energy Efficiency Indicators and Vehicle Emissions [EcoVehicles, 2022] 

y encuestas locales de consumo. Los resultados indican menores emisiones 

promedio en FWD [≈198 gCO₂/km] respecto de RWD y AWD [≈290 

gCO₂/km]. Los sedanes -en su mayoría FWD- presentan los valores más bajos; 

vehículo utilitario deportivo [SUVs] y camioneta con cabina cerrada y área de 

carga abierta [pick-up], los más altos. El tipo de tracción influye en la 

eficiencia energética e impacto ambiental: FWD mitiga parcialmente las 

emisiones, el aumento de SUVs y pick-ups puede elevarlas.  

 

Objetivo   

  

Metodología    

  

Contribución  

*Estimar 

emisiones del 

padrón vehicular 

municipal de 

Celaya, *Plantear 

un escenario de 

transición hibrida-

eléctrica,*Análisis 

de FWD, AWD y 

RWD en 

contribución a 

emisiones. 

.  

*Investigación y 

recolección de datos 

*Creación de bases 

de datos 

*Complementación 

de bases de datos. 

*Análisis estadístico 

*Desarrollo de 

metodología 

para estimar 

emisiones del 

parque 

vehicular 

enfatizado en 

marca tipo de 

transporte y 

tipo de 

tracción. 

 

Parque vehicular, gases de efecto invernadero, tipo de 

tracción 
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Introduction 

 

Land transportation accounts for one of the main 

sources of greenhouse gas [GHG] emissions. 

According to the International Energy Agency 

[IEA] and the United Nations [UN], the 

transportation sector accounts for around 24% of 

global CO₂ emissions [IEA, 2022], making it a 

key challenge for achieving the Sustainable 

Development Goals and the commitments of the 

Paris Agreement. The transition toward cleaner, 

more efficient mobility systems with less 

dependence on fossil fuels is a priority focus in 

international climate policy.  

 

 In the Latin American context, 

organizations such as ECLAC have noted that 

the sustained growth of the vehicle fleet in 

countries like Brazil, Chile, and Colombia has 

increased pressure on air quality and energy 

security. Despite advances in efficiency 

regulations and sustainable transportation 

programs, the region still shows a high 

dependence on gasoline and diesel, with lagging 

adoption of hybrid and electric technologies. In 

Mexico, the steady increase in the vehicle fleet 

has intensified reliance on fossil fuels and, 

consequently, the rise in CO₂ emissions. 

Statistics from the National Institute of Statistics 

and Geography [INEGI] and the Secretariat of 

Environment and Natural Resources 

[SEMARNAT] indicate that in 2023, more than 

53 million vehicles were in circulation in the 

country, with a motorization rate that has 

steadily grown over the past two decades.  

 

 The national regulatory framework, 

through the Mexican Official Standard NOM-

163 and the national sustainable mobility 

program, sets energy efficiency goals and 

emission limits per kilometer traveled, although 

significant gaps remain compared to 

international standards. 

 

 In the state of Guanajuato, the 

automotive industry constitutes a strategic sector 

both in vehicle production and in associated 

energy consumption. The growth of the state's 

vehicle fleet has generated challenges related to 

emissions and air quality, particularly in urban 

areas with high population density. Within this 

context, the municipality of Celaya presents 

itself as a relevant case study, as it combines an 

automotive industrial dynamic with an 

expanding vehicle fleet that directly impacts 

gasoline consumption and CO₂ emissions.  

 This work focuses on evaluating, from a 

statistical approach, vehicle emissions in Celaya 

differentiated by the type of traction of the cars: 

front-wheel drive [FWD], rear-wheel drive 

[RWD], and all-wheel drive [AWD]. 
 

Methodology 
 

To characterize the composition of the municipal 

vehicle fleet, the Public Vehicle Registry 

[REPUVE] database was initially used, which 

served as the primary input for the analysis and 

cleaning of the local registry. Subsequently, 

these results were compared with information 

from the National Institute of Statistics and 

Geography [INEGI, 2023], which allowed for 

validation of the consistency of the cleaned 

sample with national and state figures, thus 

ensuring the representativeness of the data 

analyzed in Celaya.The methodology of this 

study was designed based on the integration of 

official sources and primary data obtained in 

Celaya, Guanajuato [REPUVE, 2023-2024]. 
 

Data collection process of the vehicle fleet in 

the Municipality of Celaya 
 

The information needed for this work is gathered 

through official sources at municipal and state 

offices during the period. The report from the 

Secretary of Finance, Investment, and 

Administration [SFIA] classifies transportation 

units into four categories: cars, trucks-buses, 

motorcycles, and trailers, identifying the type of 

service: private, official, public, hybrid, and 

demonstration.  
 

 The Guanajuato State Government 

Secretariat, through the Transparency Unit, 

provides the REPUVE version, which specifies 

make, sub-brand, model, class, type, and version, 

as well as the quantity of each vehicle. This 

made it possible to complement the in-person 

sampling criteria, which were incomplete, by 

integrating a more representative technological 

database. A summary of this information is 

presented in [Table 2], while [Graph 2] 

illustrates the percentage distribution of brands 

within the vehicle fleet of Celaya. Information 

on fuel consumption and type in internal 

combustion engine vehicles [ICEVs] with fewer 

than 15 passengers is collected through a digital 

survey and direct interviews with users, 

identifying and refining the type of technology 

and fuel consumption used, identifying the 

octane level of regular petrol and diesel, in 

accordance with Mexican Official Standard 

NOM-016-CRE-2016 
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 Total fuel consumption [liters/week] was 

estimated using surveys conducted in Celaya 

[2023–2024], in which owners reported their 

weekly expenditure in pesos.  

 

These values were supplemented with 

weighted hybrid survey expenditures and 

converted to liters based on the average price of 

petrol.  

 

Subsequently, final averages were 

calculated by vehicle group, organized by brand 

and type of transport, which allowed for 

homogeneous comparisons and correlation with 

the relative weight of each vehicle configuration 

 

Characterization of the municipal vehicle 

fleet: carbon dioxide emissions and average 

energy efficiency. 

 

100% of the brands reported in REPUVE are 

considered to be present in the vehicle fleet 

[10,534 data points present in 52 brands]. the 

data analyzed from the automotive technology 

database shares a 72% approval rating [7,591 

data points for 19 brands] of vehicles with 

REPUVE once the vehicle fleet has been 

analyzed, which made it possible to evaluate the 

technological coverage of each brand and design 

region. Emissions and performance are averaged 

by manufacturer brand and type of transport 

using the automotive technology database. 

 

Presence [%] of each type of traction [FWD, 

AWD, RWD] in each brand. 

 

The proportion of vehicles of a given brand [m] 

and type of transport [t] within the REPUVE 

registry is calculated using Equation [1], where  

𝑁(𝑚,𝑡)  corresponds to the number of vehicles 

registered in REPUVE for the combination of 

brand and type of transport, while 𝑁{𝑅𝐸𝑃𝑈𝑉𝐸} 

represents the total number of vehicles included 

in the registry analyzed.  

 

In this way 𝑝{𝑅𝐸𝑃𝑈𝑉𝐸}(𝑚,𝑡) expresses the 

relative proportion of each group with respect to 

the municipal vehicle fleet. 

 

𝑝{𝑅𝐸𝑃𝑈𝑉𝐸}(𝑚,𝑡) =
𝑁(𝑚,𝑡)

𝑁{𝑅𝐸𝑃𝑈𝑉𝐸}
                              [1]                                                                                        

 

 

 

 

 

The estimated number of vehicles in the 

municipal fleet is calculated using the equation 

[2],where   {N̂}
{(𝑚,𝑡,𝜏)}

 is the estimated number 

of vehicles in the municipal fleet that 

simultaneously meet three characteristics: m → 

the brand of the vehicle [e.g. Toyota, Nissan, 

Honda], t → type of transport or bodywork [eg: 

sedan, SUV, pick-up, motorbike], τ→ the 

traction system [τ∈ {FWD, RWD, AWD], 

𝑁{𝑝𝑎𝑟𝑞𝑢𝑒}:  represents the total number of 

vehicles in the fleet, 𝑝{𝑅𝐸𝑃𝑈𝑉𝐸}(𝑚,𝑡) :  is the 

proportion of vehicles of the brand “m” y type of 

transport “t” the REPUVE register, and 

𝑝( τ ∣ 𝑚, 𝑡 )  corresponds to the proportion of 

each type of traction τ∈{FWD,RWD,AWD] 

within that brand “m” y type of transport “t”: 

 

{N̂}
{(𝑚,𝑡,𝜏)}

= {𝑟𝑒𝑑𝑜𝑛𝑑𝑒𝑜} ( 𝑁{𝑝𝑎𝑟𝑞𝑢𝑒} ×

𝑝{𝑅𝐸𝑃𝑈𝑉𝐸}(𝑚,𝑡) × 𝑝( τ ∣ 𝑚, 𝑡 ))                            [2] 

 

 Based on this integration, consumption 

and emissions were identified by brand and 

traction system, revealing the relative share of 

each group in energy demand and associated 

emissions. The proportion of the vehicle fleet by 

traction type allowed indicators to be 

standardised across categories, summarising the 

distribution of cars and their influence on 

emissions.  

 

 The percentage calculation of the type of 

traction present in the FWD, AWD, and RWD 

vehicle fleet for each brand and type of transport 

is scaled from the automotive technology 

database.  

 

The specific proportions for each brand 

according to vehicle type and the three traction 

systems allow for an evaluation of the 

technological distribution among manufacturers.  

 

 The data was adjusted based on the 

purification of the complete vehicle registry, 

ensuring that the percentages adequately 

reflected the representativeness of each group. 

[Table 3].  

 

La contribución de cada tipo de tracción 

a cada marca al total del parque vehicular se 

observa en las [tablas 3 y 4]. Estos cálculos 

expresados en valores semanales normalizados 

en gCO₂/km posibilitaron establecer el peso 

relativo de cada grupo de automóviles dentro de 

la dinámica municipal. 
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 The statistical analysis was performed 

using a one-way ANOVA, considering average 

carbon dioxide emissions [g/km] as the 

dependent variable and the type of traction 

[FWD, RWD, or AWD] as the independent 

variable. All calculations were performed using 

Minitab software, following the methodological 

recommendations of the Environmental 

Protection Agency [EPA] and the 

Intergovernmental Panel on Climate Change 

[IPCC] Guidelines. 

 

 The average emissions estimate for the 

vehicle fleet was calculated using Equation [3], 

where: 𝐸̅  represents the weighted average 

emissions of the vehicle fleet [gCO₂/km], p[τ] 

corresponds to the proportion of vehicles with 

traction type τ in the municipal fleet, E[τ] are the 

average specific emissions [gCO₂/km] of each 

traction, obtained from approved tests [Semarnat, 

2022].  

 

 This weighted average allows the global 

carbon footprint of the vehicle fleet to be 

synthesized based on the actual technological 

structure. 

𝐸̅ = ∑ 𝐸{𝑚,𝑡,τ}𝑖=1                                               [3]                                                                                                              

 

 To analyze a technological transition 

scenario [Scenario E], we proposed replacing 

15% of the vehicle fleet with cleaner 

technologies: 10% hybrids and 5% electric 

vehicles. In Equation [4], Eh represents the range 

of emissions from hybrid vehicles [90–120 

gCO₂/km according to EcoVehículos [Semarnat, 

2022], whereas Ee=0 reflects the absence of 

direct emissions during the use phase [Haghani, 

M., 2024]. 

 
{𝐸}{𝑒𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜} =  (1 −  0.15){𝐸}{𝑎𝑐𝑡𝑢𝑎𝑙} +

 (0.10 ⋅ 𝐸{ℎ}) +  (0.05 ⋅ 𝐸{𝑒})                         [4] 

 

 The environmental improvement 

resulting from the technological substitution 

scenario was quantified by considering both the 

absolute and relative reductions compared to 

current average emissions. The absolute 

reduction  [ΔE is obtained as the difference 

between the current emissions of the vehicle 

fleet  {𝐸}{𝑎𝑐𝑡𝑢𝑎𝑙}    and those estimated in the 

transition scenario {𝐸}{𝑒𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜}  , while the 

relative reduction expresses this change in 

percentage terms with respect to the baseline 

situation. These relationships are formalized in 

Equations [5] and [6]: 

 

Δ𝐸 =  {𝐸}{𝑎𝑐𝑡𝑢𝑎𝑙} −  {𝐸}{𝑒𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜}                 [5]                                                                               

%{𝑅𝑒𝑑𝑢𝑐𝑐𝑖ó𝑛} =  {Δ𝐸} ⋅ 100/{{𝐸}{𝑎𝑐𝑡𝑢𝑎𝑙}} [6]                                                                   

 

 This procedure made it possible to 

quantify the mitigation potential derived from a 

partial technological change of 15% of the 

vehicle fleet, integrating both the actual structure 

of the fleet and the specific emission factors 

reported in [Tables 3 and 4] of this study. 

  

 The variables considered in the study, 

their sources of information, and units of 

analysis are summarized in Table 1. 

 

Box 1 

Table 1  

Variables used to estimate vehicle 

emissions 

Variable Descripción Fuente Unidad

Marca /

Modelo / Año

Identificación 

del vehículo
REPUVE Texto

Tipo de

tracción

FWD / RWD

/ AWD
EcoVehículos Categórica

Rendimiento

km recorridos 

por litro de

combustible

EcoVehículos km/l

Emisiones 

específicas

Emisiones 

por kilómetro

recorrido

EcoVehículos gCO₂/km

Consumo 

semanal

Gasolina 

consumida en

promedio por

vehículo

Encuestas/RE

PUVE
Litros/semana

 
Source: Own elaboration 

 

Results 

 

Celaya has 228,162 registered vehicles, of which 

128,596 are private cars [56.3%] and 41,053 are 

private motorcycles. It also has 462 public 

transport buses and 135 official vehicles 

REPUVE [2024].  The three main cities [León, 

Irapuato, and Celaya] account for 48.18% of 

Guanajuato's vehicle fleet, while the rest of the 

state accounts for 52.82%.  

 

 Cars predominate in these cities [28.4%], 

followed by motorcycles [10.7%] and trucks 

[9.1%]; in contrast, in the rest of the 

municipalities, cars account for 22.8%, 

motorcycles for 13.5%, and trucks for 

14.5%.The energy efficiency [km/l] of vehicles 

with fewer than 15 passengers, broken down by 

type of traction [FWD, RWD, and AWD] and 

driving mode [urban, highway, and combined], 

considering both manual and automatic 

transmissions. The inclusion of different brands 

and models allows us to observe the 

technological variability in the sample. 
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Box 2 

Table 2  

Automotive technology database 

Source: Own elaboration 
 

 Average vehicle performance by design 

region is identified by calculating an average 

based on vehicle type and brand origin region in 

common, Graph 1. 

 

Box 3 

 

Graph 1 

Estimated average vehicle performance 

according to region of development, based on 

the vehicle registry of Celaya, Guanajuato 

 

 The percentage distribution of brands in 

Celaya's vehicle fleet is characterized by a high 

concentration of USA, European, and Japanese 

manufacturers, which together account for more 

than half of all registered vehicles. Figure 2 

illustrates this concentration and the progressive 

decline in the market share of other brands, 

which shows a local market dominated by a few 

manufacturers and with a wide dispersion in 

minority segments.  

 

This pattern is a key reference point for 

technological characterization and comparison 

between segments in the subsequent analysis. 

 

 

Box 4 

 

Graph 2 

Presence of brands in Celaya's vehicle fleet 

REPUVE  
 

 The results obtained show the 

distribution of the vehicle fleet by brand, type of 

transport, and traction system, allowing patterns 

of concentration and technological diversity 

among manufacturers to be identified. The 

breakdown of the information shows the relative 

proportions of each traction configuration within 

the different types of transport  

 

Box 5 

Table 3 

Municipal fleet vehicles: distribution by brand 

[m], type of transport [t], and drive system [τ 

∈ {FWD, AWD, RWD}] 

 
 Source: Own elaboration 

 

 The distribution of Celaya's vehicle fleet 

is summarized by considering three variables 

simultaneously: manufacturer brand, type of 

transport [sedan, SUV, pickup, hatchback, van, 

etc.], and drive system [FWD, RWD, AWD]. 

This classification allows us to identify the 

relative weight of each combination in the 

municipal registry, showing both the number of 

units and the corresponding proportions of the 

total. The information obtained is an essential 

input for standardizing energy consumption and 

emissions indicators by technological subgroup.  

FWD AWD RWD FWD AWD RDW FWD AWD RDW

Sedán 24 0.2278% 299

SUV 11 0.1044% 137

Hatchback 243 2.3068% 3031

PickUp 189 190 1.7942% 1.8037% 2357 2370

Sedán 1124 10.6702% 14020

Marca 2 USA Van 24 48 0.2278% 0.4557% 299 599

Marca 1 ITA Hatchback 37 0.3512% 462

Coupé 9 0.0854% 112

Crossover 145 1.3765% 1809

Hatchback 61 0.5791% 761

Van 55 19 0.5221% 0.1804% 686 237

Pick Up 351 3.3321% 4378

Sedán 363 3.4460% 4528

SUV 129 1.2246% 1609

Tipo de 
transporte

Coches totales en Repuve 
por marca tipo y tipo de 

traccion

Proporcion de tipos de transporte por 
marcas según  los tres tipos de traccion 

Marca 1 USA

Marca 1 DEU

Marcas

Autos totales de la 
depuracion del parque 

vehicular completo

Marca 3 USA

Rendimiento 
urbano [km/l]

Rendimiento 
extraurbano 

[km/l]

 Rendmiento 
combinado 

Modelo Marca Tipo de transporte
Tipo de 

traccion
Emisiones CO2 

[=]g/km

5.95 8.92 7.22 1999 Marca 2 USA Van AWD  326

8.95 13.29 10.49 2009 Marca 3 JPN SUV AWD  296

11 7.9 10.67 2015 Marca 1 KOR SUV AWD  291

6.8 9.35 7.65 1974 Marca 3 USA Pick Up RWD  308

8.92 11.05 9.77 1990 Marca 3 USA Pick Up RWD  241

8.37 14.68 11.73 2015 Marca 3 USA Coupe RWD  265

13.5 19.9 15.78 2008 Marca 1 JPN Sedán FWD  197

14.27 21.93 16.93 2014 Marca 1 USA Sedán FWD  184

15.7 23.7 19.86 2017 Marca 2 JPN Hatchback FWD  157
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 The detailed results are presented in 

[Table 4]. 

 

Box 6 

Table 4 

Representation of the vehicle fleet by brand, type 

of transport, and traction system for estimating 

energy consumption and emissions. 

 
Source: Own elaboration 

 

 The descriptive analysis revealed clear 

differences in average CO₂ emissions between 

the three groups of vehicles evaluated. Front-

wheel drive [FWD] vehicles were the most 

representative of the sample [N=125] and 

recorded an average of 195.8 gCO₂/km, with a 

standard deviation of 47.45 and a 95% 

confidence interval between 187.46 and 204.25 

gCO₂/km. 

 

 In contrast, all-wheel drive [AWD] 

vehicles, although less common [N=6], showed 

significantly higher emissions, with an average 

of 288.3 gCO₂/km, a standard deviation of 26.5, 

and a confidence interval of 250.0 to 326.7 

gCO₂/km. Similarly, rear-wheel drive [RWD] 

vehicles [N=9] averaged 294.6 gCO₂/km, with a 

standard deviation of 57.0 and a confidence 

interval of 263.3 to 325.8 gCO₂/km. 

 

 The one-way ANOVA confirmed these 

differences between groups, yielding an F-value 

of 27.55 with a highly reliable significance level 

[p<0.001]. This demonstrates that the type of 

traction has a statistically significant effect on 

CO₂ emissions. The results confirm FWD 

vehicles as the most environmentally efficient 

group, while RWD and AWD vehicles have the 

highest emissions, implying a greater 

contribution to environmental impact despite 

their lower numerical representation in the 

sample 

 

Box 7 

Table 5  

Means and confidence intervals [95%] - 

ANOVA of CO₂ emissions by type of traction. 

 
Source: Own elaboration 

 

 The technological substitution scenario 

showed that, by incorporating 10% hybrids and 

5% electric vehicles, the weighted average of 

specific emissions from the vehicle fleet would 

be reduced from ≈207.8 gCO₂/km to ≈186.6 

gCO₂/km, equivalent to an absolute 

improvement of 21.2 gCO₂/km [≈10.2%]. . 

Assuming 12,000 km/year per vehicle, this 

represents between 58,000 and 74,000 tCO₂/year 

avoided, depending on the actual intensity of the 

hybrids [90–120 gCO₂/km].  

 

 Based on a study by the Pontifical 

Catholic University of Peru [2025], we see an 

energy consumption saving in Wh/km of 5:1 in 

favor of total electrification. This impact in the 

technological substitution scenario, containing 

an analyzed vehicle registry of 94,685 

combustion vehicles, with 5% of the registry 

replaced, directly represents a reduction in travel 

at 40 km/h from 71,013,750 Wh/km to 

67,463,062.5 Wh/km [gasoline] + 710, 

137.5Wh/km [electric], representing an energy 

saving of 4%, which represents a reduction ratio 

of 5:4 of energy when adopting entirely clean 

energies for the vehicle registry. 

 

Discussion 

 

The results show statistically significant 

differences in specific CO₂ emissions between 

the three drivetrain systems evaluated [ANOVA: 

F = 27; p < 0.05]. On average, FWD vehicles 

emit ≈195 gCO₂/km, while RWD and AWD 

vehicles emit around ≈290 gCO₂/km, confirming 

the effect of the powertrain and vehicle mass on 

efficiency. These findings are consistent with 

technical literature and with the behavior 

expected based on mechanical configuration. 

 

FWD traction predominates in the fleet 

composition [≈89.3%], with RWD [≈6.8%] and 

AWD [≈3.9%] clearly lower.  

 

Marcas FWD AWD RDW
Promedio de 
rendimiento 

[=]km/l

Promedio de 
emisiones [=] 

gr[C02]/km

Consumo 
litros[gasolina] 

/semana

Tipo de 
transpor

te
FWD AWD RWD

299 14.28 218.00 29.64 Sedan 2.76E+07 0.00

137 14.82 210.00 63.51 SUV 2.71E+07 0.00

3031 17.52 176.20 31.74 Hatchback 2.97E+08

2357 2370 11.75 267.00 24.34 PickUp 1.80E+08 1.81E+08

14020 20.32 153.71 40.76 Sedan 1.78E+09

299 599 8.81 324.67 17.46 Van 1.50E+07 2.99E+07

462 19.69 158.00 29.64 Hatchback 4.26E+07

112 11.73 265.00 25.40 Coupe 8.86E+06

1809 9.29 349.25 41.28 Crossover 2.42E+08

761 19.83 157.00 34.38 Hatchback 8.14E+07

686 237 10.11 285.00 55.02 Van 1.09E+08 3.76E+07

4378 9.06 263.33 32.60 Pick Up 3.41E+08

4528 16.63 180.38 32.62 Sedan 4.43E+08

1609 9.43 189.00 36.68 SUV 1.05E+08

Representatividad de tipos 
de tracción

[=] gr[C02] /semana  (94 685 
vehiculos)

Marca 3 USA

Marca 1 ITA

Marca 1 DEU

Marca 1 USA

Marca 2 USA

            
Tipo 

tracción 

N Media            Desv.Est IC 95% 

(Límite 

inferior) 

IC 95% 

(Límite 

superior) 

 
GL SC 

Ajust. 

MC 

Ajust. 

Valor 

F 

Valor 

p 

AWD 6 288.3 26.5 250 326.7  2 124121 62060 27.55 0 

FWD 125 195.85 47.45 187.46 204.25 Error 137 308653 2253   

RWD 9 294.6 57 263.3 325.8 Total 139 432774       
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This structure implies that, although 

FWD is the most efficient group, it also 

contributes the most in absolute terms to 

emissions due to its population weight in the 

fleet. The recent expansion of SUVs and pick-

ups—with greater mass and frontal area—

increases energy demand and pushes average 

emissions upward, especially in urban use. 

Methodologically, the study integrates REPUVE, 

EcoVehículos, and local weekly expenditure 

surveys to derive consumption in L/week and 

standardize gCO₂/km by brand and type of 

transport, with subsequent extrapolation to the 

refined municipal fleet. 
 

  This triangulation of sources allows for 

comparability between segments [sedan, SUV, 

pickup, etc.] and drive types [FWD, RWD, 

AWD] and provides a solid basis for weighting 

the relative contribution of each subgroup to 

total emissions.   
 

 Public policy implications. The results 

suggest prioritizing differentiated measures: [i] 

control and renewal of SUVs/pickups due to 

their higher CO₂ intensity; [ii] maintenance and 

efficient driving in the large FWD base [by 

volume, the aggregate margin is high]; [iii] 

incentives for higher-performance technologies 

[e.g., hybrids] in the worst-performing 

subsegments; and [iv] use of factors by 

drive/transport type to design municipal 

reduction targets consistent with current 

regulations.  
 

 Strengths and limitations. The main 

strength lies in the harmonization of official 

sources with primary data and in the statistical 

testing of differences by traction. Among the 

limitations: [i] the analysis focuses on CO₂ only 

consulted from technical data sheets; [ii] the 

consumption estimate is based on weekly 

expenditure and fuel price [possible bias due to 

self-reporting and temporary price variation]; [iii] 

annual mileage was not modeled future lines 

estimate VKT by segment, incorporate 

uncertainty [Monte Carlo], compare test cycles, 

and evaluate well-to-wheel for alternative fuels.  
 

 The results obtained in Celaya are 

consistent with international studies by the 

Environmental Protection Agency [EPA, 2022] 

and the European Environment Agency [EEA, 

2021]. FWD vehicles are more efficient due to 

their lower weight and power transmission 

configuration. In contrast, RWD and AWD 

vehicles have higher energy consumption and 

emissions 

 In the Mexican context, the growing 

preference for SUVs and pick-up trucks poses an 

environmental challenge. The current regulatory 

framework [LGEEPA, Guanajuato Mobility 

Law, Vehicle Verification Regulations] can 

benefit from these results to implement 

differentiated policies. 

 

 Advantages: integration of official 

sources with actual consumption data. 

Limitations: pollutants other than CO₂ and future 

scenarios for hybrid or electric vehicle 

penetration are not included. 

 

 These findings contribute to local 

knowledge and serve as a basis for municipal 

and state policies. A relevant contribution. 

 

Conclusions 

 

It shows us that in all regions, sedans and 

hatchbacks exhibit the best km/l averages, while 

SUVs, pickups, crossovers, and vans have the 

lowest values, consistent with their greater mass 

and frontal area. 

 

 European [DEU, FRA, ITA, ESP] and 

Japanese [JPN] designs tend to show higher 

performance in compact bodies 

[sedan/hatchback], while in the USA lower 

averages are observed in SUVs and pickups, 

reflecting heavier configurations and larger 

displacement and torque engines. KOR ranks in 

the middle, with good performance in 

sedans/hatchbacks and a drop in SUVs. 

 

 In summary, variation by body type 

dominates the pattern [compact > utility], and 

regional differences suggest different 

engineering approaches and regulations that 

affect energy efficiency. These averages serve as 

comparative input for the analysis by drive type 

[FWD/RWD/AWD] and the subsequent 

estimation of CO₂ emissions by segment.  

 

 The type of drive is a statistically 

significant determinant of emissions, with FWD 

vehicles averaging ≈198 gCO₂/km compared to 

RWD and AWD vehicles with ≈290 gCO₂/km [F 

= 27; p < 0.05]. The structure of the fleet, 

composed of 89.3% FWD, 6.8% RWD, and 

3.9% AWD, implies that, although FWD is more 

efficient, it contributes the largest absolute 

fraction of CO₂ due to its volume. By type of 

transport, sedans, mostly FWD— are the most 

efficient, while SUVs and pickups have the 

highest emissions.  
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 The methodology that integrates 

REPUVE, EcoVehículos, and surveys, 

standardizing the results in gCO₂/km, is 

replicable and useful for state municipalities and 

policy monitoring. In the short and medium term, 

CO₂ reduction requires differentiated actions 

that include the renewal and operational control 

of SUVs and pickups, efficiency programs based 

on FWD [eco-driving and maintenance], 

incentives for higher-performance technologies, 

and the establishment of annual targets by 

traction and segment integrated into the 

municipal registry. Taken together, the results 

provide solid evidence for strengthening vehicle 

verification programs, promoting technological 

incentives, and guiding sustainable mobility 

strategies. 
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