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Abstract. – In the automotive industry, arranging wire harnesses in assembly plants requires manual work. The stiffness of the high-voltage cable 

implies that personnel applies sufficient force on the cable to achieve a proper installation. Sometimes, the applied force is not strong enough; thus, 

the cable is not properly installed, or the personnel gets injured, raising ergonomic concerns that need attention. The challenges arise from the 

intrinsic cable characteristics such as diameter, copper type, cable strand quantity, first-layer insulator, cable insulator glue, and protective covering. 

The primary objective of this research is to examine how various factors, such as cable length and protective covering, impact the mechanical 

properties that influence the assembly of high-voltage cables. The methodology proposed consisted of characterizing the mechanical properties of 

the high-voltage cables in a cantilever beam test to measure deflection in response to an applied force. The measured properties were contrasted 

through a Finite Element Analysis of the high-voltage cable. The results validated the initial hypothesis, revealing two key findings. Firstly, the 

stiffness of cables varies with increasing length. Secondly, cables with tape exhibit greater stiffness than those with conduit and cables without 

covering, as detailed in the results section. In conclusion, extending cables without attachment points is recommended until the interfaces and 

environment permit. Furthermore, minimizing tape for cable protection while exploring alternative safeguards can enhance stiffness and facilitate 

an ergonomic installation assembly under favorable conditions. This study contributes valuable insights for optimizing high-voltage cable installation 

processes in assembly plants, addressing stiffness concerns through informed choices and design considerations. 

Keywords: Materials characterization; Wire harnesses; High-voltage cables mechanical properties; Automotive industry; CAE Analysis; Coverings. 

Resumen. – En la industria automovilística, la instalación de arneses y cables automotrices en las plantas de ensamble requiere mucho trabajo 

manual. La rigidez del cable de alto voltaje implica que el personal aplique fuerza suficiente sobre el cable para lograr una instalación adecuada. 

En ocasiones, la fuerza aplicada no es lo suficientemente fuerte; por lo tanto, el cable no está instalado correctamente o el personal resulta lesionado, 

lo que genera preocupaciones ergonómicas que requieren atención. Los desafíos surgen de las características intrínsecas del cable, como el 

diámetro, el tipo de cobre, la cantidad de hilos del cable, el aislante de la primera capa, el pegamento del aislante del cable y el revestimiento 

protector. El objetivo principal de esta investigación es examinar cómo diversos factores, como la longitud del cable y el revestimiento protector, 

impactan las propiedades mecánicas que influyen en el ensamblaje de cables de alto voltaje. La metodología propuesta consistió en caracterizar las 

propiedades mecánicas de los cables de alta tensión en un ensayo de viga en voladizo para medir la deflexión en respuesta a una fuerza aplicada. 

Las propiedades medidas se contrastaron mediante un análisis de elementos finitos del cable de alta tensión. Los resultados validaron la hipótesis 

inicial y revelaron dos hallazgos clave. En primer lugar, la rigidez de los cables varía según aumenta su longitud. En segundo lugar, los cables con 

cinta exhiben una mayor rigidez que aquellos con conductos y cables sin revestimiento, como se detalla en la sección de resultados. En conclusión, 

se recomienda extender los cables sin puntos de conexión hasta que las interfaces y el entorno lo permitan. Además, minimizar la cinta para 

protección de cables mientras se exploran salvaguardas alternativas puede mejorar la rigidez y facilitar un conjunto de instalación ergonómico en 

condiciones favorables. Este estudio aporta información valiosa para optimizar los procesos de instalación de cables de alta tensión en plantas de 

ensamblaje, abordando los problemas de rigidez a través de elecciones informadas y consideraciones de diseño. 

Palabras clave: Caracterización de materiales; Arneses de cables; Propiedades mecánicas de cables de alta tensión; Industria automotriz; Análisis 

CAE; Recubrimientos. 

https://doi.org/10.37636/recit.v7n1e335
https://recit.uabc.mx/index.php/revista/article/view/335
mailto:isaias.garduno@ciateq.mx
https://orcid.org/0000-0002-8944-7954
https://orcid.org/0009-0006-2242-0024
https://orcid.org/0000-0003-0714-6224
https://orcid.org/0000-0002-9040-4484
https://orcid.org/0000-0002-4267-4850
https://orcid.org/0000-0002-8944-7954


 

2 
ISSN: 2594-1925 

Revista de Ciencias Tecnológicas (RECIT). Volume 5 (3): e335. 
 

1. Introduction 

 

Currently, most of the main global automotive 

enterprises tend to virtualize all the components 

and systems of the vehicle in each vehicle 

platform to evaluate them before each assembly 

is built. This is a cost avoidance that all the 

automotive brands want. It is important to 

mention that not all automotive systems are well 

represented in the virtual world due to the 

complexity and the variety of all the components' 

spectrum; for example, the automotive wiring 

and cable coverings, usually the mechanical 

information about those coverings are used 

applying an average to get a rough 

approximation. However, the mechanical 

behavior of the wire harness is complicated by its 

complex geometry and the number of materials 

involved. As these are prestressed and loaded in 

service, a complicated stress state condition 

arises that combines the effects of tension, 

torsion, bending, and shear along with multiple 

non-linear phenomena such as cable-to-cable or 

cable polymer motion (the relative motion 

between cables), contact, friction, plasticity, and 

large deformation.  

 

One of the most failed assessments in the 

assembly plant is the installation of high-voltage 

cables. These cables face ergonomic problems 

due to difficulties in the assembly vehicle line 

cyclic processes, where mechanical stress is 

being carried out above the established values [1-

3], affecting pre-productive and productive build 

stages to the overall assembly plants [4]. Some 

solutions to wiring and cables are being studied 

to help with creative ideas to solve the main 

difficulties presented in the assembly process. 

One of them is manual installation, e.g., a 

solution is the use of automation to achieve 

hybridization of human-robot collaboration 

(HCR), and this hybridization helps to alleviate 

the installation effort [5, 6]. Furthermore, 

implementing new technologies can significantly 

increase the automation degree and product 

quality by using intelligent manufacturing 

technologies to overcome the challenges and 

drawbacks of optimization solutions and the 

current state of production [7]. The main factors 

that generate harness installation difficulties are 

listed below: 

 

1. The human-manual process of 

constructing an automotive harness, for example, 

the distance between turns of tape, number of 

turns, and tape speed [8-11]. 

2. The environment in the place where the 

harness is installed on the vehicle, for example, 

areas with low temperatures where greater 

installation problems have been demonstrated, 

causes damage to operators, their perception of 

rigidity increases, and it is sometimes necessary 

to install cable heaters to facilitate assembly [12]. 

3. Violation of double radii in the harness 

design causes excessive effort in handling very 

tight curves [13, 14]. 

4. Material and number of wires in the 

wiring where the lower the number of wires, the 

greater the resistance to being bent has been 

tested [15]. 

5. Type of insulating material (first 

coating). This refers to material selection due to 

flexibility and temperature resistance [16]. 

6. Types of tapes for the protection of high 

voltage cables made with materials that are more 

rigid than others [17-20]. 

 

All the mentioned factors are agents that cause 

overexertion in installing high-voltage cables, all 

listed arbitrarily, without implying their level of 

importance by their position. It can be said, 

therefore, that the case of greatest ergonomic 

criticality would be that high voltage cable that 

combines all the above characteristics. This 

research will focus on the selection of coverings 

and the relationship between length and the 

ergonomic performance of a high-voltage cable. 
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After considering the information provided, it is 

important to ask the following questions: 

 

1. Could the selection with ergonomic 

criteria of coverings for an automotive high-

voltage cable directly relate to deformation 

resistance that could impact the performance in 

the assembly plant installation? 

2. Could the length of an automotive high-

voltage cable directly relate to the deformation 

resistance that could impact the performance in 

the assembly plant installation? 

 

The research will focus on the selection of 

coverings and their relation to the length of high-

voltage cables or any electrical harness. This 

focus is motivated by the thorough examination 

of other factors listed in installation issues in 

previous studies [21-24]. The innovative aspect 

of this research lies in addressing an area that has 

not been extensively evaluated in the early design 

stages of an engineering process: the selection of 

coverings [25]. This gap exists due to insufficient 

information on the mechanical characteristics of 

automotive tapes. By conducting this evaluation, 

the research aims to prevent the creation of 

branches and covered wiring that, despite being 

feasible in Computer-Aided Design (CAD) 

software, are difficult to handle during 

installation in assembly plants. Such difficulties 

can lead to serious production problems, 

including ergonomic issues for operators [27], 

work accidents [28], and compromised product 

quality, prompting companies to invest 

significant resources in redesign efforts. 

 

Some authors [29] did extensive research on the 

dynamic stress and post-breakage behavior of a 

prestressing strand and proposed a finite element 

model that is generally useful to study the global 

response of the strand, along with many localized 

phenomena that have a strong influence on their 

performance, but which are difficult to capture 

either experimentally or through closed-form 

analytical models [30, 31]. However, 

investigations into certain behaviors, such as 

cable breakage, require a relatively large or full-

scale model to adequately develop contact and 

friction conditions [32]. Through a study of this 

state-of-the-art, others describe the 

manufacturing processes and analyze where the 

manufacturing complexity of the component 

originates. Another work that provides a process 

to characterize the behavior of the wiring 

harnesses was developed by Ehsan Taghipour et 

al. [33-35], who explained the analysis and 

computational modeling to evaluate electrical 

wires, especially dynamic mechanical analyses 

to investigate the viscoelastic properties of self-

adhering synthetic rubber, and to identify the 

parameters of a viscoelastic model that be 

accurate and represent the frequency dependent 

on dynamic mechanics [36-38]. Therefore, the 

intention and improvement of this research are to 

provide predictions according to some scenarios 

studied without being in a current application. 

Consequently, this research aims to feed the 

SIMSOLID finite element software database to 

improve the accuracy of the mechanical analyses 

and to predict the behavior of the cables in a 

shorter time before the vehicle assembly process, 

correcting and improving the components so that 

they can be installed ergonomically, saving time 

and without the associated cost. 

 

This manuscript is organized as follows: Section 

2 details the equations employed to calculate the 

parameters to characterize the mechanical 

properties of the high-voltage cables. Section 3 

details the methodology and design of 

experiments, including the geometry of the high-

voltage cable and the boundary conditions used. 

Section 4 presents the characterization of the 

properties of the high-voltage cables. 

Additionally, it presents the results of the finite 

element method of the high-voltage cable and 

compares them to the experimental results. 
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Finally, in Section 6, conclusions are 

summarized. 

 

2. Methods 

 

The material under study does not exhibit a linear 

response, implying that its behavior is best 

described by a non-linear elastoplastic model, 

which considers the material's ability to deform 

under stress and its tendency to retain some 

plastic deformation after removing it. Regarding 

the material properties characterization of the 

cable and its protective covering, it is necessary 

to analyze the force-deflection data and convert 

it into stress-strain data. This will allow for 

calculating important parameters such as the 

Elasticity Module, Poisson Ratio, and Yield 

Stress for the linear region of the cable's 

behavior. Calculating the non-linear region's 

strength coefficient and strain hardening 

exponent is also important to completely 

understand the cable's mechanical properties. 

The deflection cantilever beam equations show 

the relationship between the force-deflection and 

stress-strain curves [33]. 

 

The elasticity module E, which was only used for 

the linear region, was calculated as follows: 

 

𝐸 =
𝐹𝐿3

3𝛿𝐼
                                                                    (1) 

 

Where: 

 

     𝐼 =
𝜋𝑑4

64
                                                     (2) 

 

Substituting I in equation 1: 

 

𝐸 =
64𝐹𝐿2

3𝜋𝑑0
4                                                    (3) 

 

Recognizing the non-linear behavior of an 

elastoplastic material is crucial to 

comprehending the two primary equations that 

describe the strain-stress curve. The first region 

is divided into the elastic and non-linear regions, 

separated by the yield strength. By grasping the 

concept of these regions, one can gain an in-

depth understanding of the behavior of an 

elastoplastic material under various conditions. 

 

According to the behavior of the cables and 

coverings, Hollomon's proper equation used in 

this manuscript to get the stress-strain charter 

was defined by Power Law given by Ehsan 

Taghipour et al. [33]. 

 
𝜎 = 𝜎𝛾 + Κ(휀𝜌)𝑛  𝑓 𝜎 > 𝜎𝛾                                         (4) 

 

Total stress is defined by the stress at yield plus 

the strain hardening behavior in the function of 

strain, strength coefficient, and strain hardening 

exponent values. Thus, starting with the elastic 

region, the stress could be calculated with 

equation (5), defining the lineal region in the 

force-deflection plot. 

 

𝜎 =
32𝐹𝐿

𝜋𝑑3                                                          (5) 
 

Once it was calculated the stress and the elasticity 

module for each point over the linear region, it is 

also possible to calculate the strain in the elastic 

region with equation (6): 

 

휀 =
𝜎

E
                                                             (6) 

 

At this point, the elastic region was determined, 

so now it is possible to proceed with the non-

linear region, calculating the exponent strength 

coefficient and strain hardening to get the non-

linear behavior. The first point to calculate n and 

K that will be used in the elasticity module in the 

non-linear region is to follow the procedure 

extracted from Ehsan Taghipour et al [33]. 

 

𝜂0 =
𝐸𝑡

𝐸
                                               (7) 
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Where 𝐸𝑡 is the tangent elastic module at yield, 

defined by the numeric derived from the last two 

points of the elastic region, and the linear 

estimation of all points of the elastic region 

defines E. 

 

𝐸𝑡 =
𝑑𝜎

𝑑휀
                                                     (8) 

 
𝜎 =  m휀 +  b                                           (9) 

 

Once the previous values were obtained, it is 

necessary to calculate a first estimation of K. 

 

𝛫0 =
𝐸𝑡

𝑛

𝜎𝛾
𝑛−1                                       (10) 

 

The correct value of the exponent strength 

coefficient and strain hardening is not yet found; 

the initial. 𝐸𝑡 It is a small portion of the linear 

ending and non-linear starting of the curve, and 

it will probably not be the correct one. It is 

needed to find the correct direction of the curve 

where the unique value known is the final 

maximum deflection.  

 

Hence, it is indispensable to use the initial values 

exponent strength coefficient and strain 

hardening to find the correction of 𝐸𝑡 but now, in 

the non-linear region 𝐸𝑛. 

 

𝐸𝑛 = 𝑛(
𝜎

𝜎𝛾
)(1−

1
𝑛

)                               (11) 

 

Where 𝐸𝑛 is the estimation of the elasticity 

module at the non-linear region, 𝜎 is the stress in 

the small portion of the 𝐸𝑛, and 𝜎𝛾 is the stress at 

the yield point. 

 

Finally, it is necessary to iterate the values 

obtained from the previous calculations into the 

Finite Element Method (FEM) to get an answer 

and get the maximum virtual deflection. Thus, if 

the result with the previous values is accepted 

with an error of 0.005 between the virtual 

deflection and the real deflection, it can be 

considered the characterization finished for that 

sample. The error is calculated with the 

following equation.  

 
𝛦𝑟𝑟𝑜𝑟 = |[𝐹𝑒𝑥𝑝(𝛿) − 𝐹𝐹𝐸(𝛿)]/ 𝐹𝑚𝑎𝑥(𝛿)|               (12) 

 

3. Methodology 

 

The methodology implemented in this research 

is explained as follows: 

 

1. Define the experimental conditions to bend 

the cables and obtain values of force vs. 

deflection using the cantilever beam test. 

2. Perform force/deflection experiments for 

each combination of lengths and protection 

covering of the high-voltage cables. 

3. Characterize the values from the force-

deflection test to incorporate them into the 

equations, resulting in the stress-strain 

evaluation. The latest brings experimental 

support to understanding the behavior of the 

cables in terms of the elasticity module, Poisson 

ratio, strength, coefficient, and hardening 

component. 

4. Input the obtained values into the CAE 

software (E, υ, n, and K) for the mechanical 

analysis. 

5. Iterate the values obtained from the CAE 

analysis to achieve a maximum deflection 

consistent with the physical model. 

 

The methodological steps are summarized in 

Figure 1. 
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Figure 1. Summary of the methodology proposed. 

 

3.1 Deflection test 

 

When describing the deflection of a cantilever 

beam, it refers to the bending or displacement 

resulting from an external load applied to the 

beam's free end. A cantilever beam is a structural 

element fixed at one end but extending freely into 

space, capable of carrying loads at its 

unsupported end. The cantilever beam fixation 

technique was necessary to accurately measure 

the deflection force and generate a precise 

bending curve that could approximate the 

behavior of the cables in real-life installation 

scenarios. The tensile test was performed using 

the Instron tensile machine model 3400 Series of 

1 kN, as highlighted in Figure 2. The procedure 

carried out within the laboratory took place under 

controlled conditions with a pressure of 1 

atmosphere and a temperature of 23 °C. Two 

samples were prepared with 100 mm, 200 mm, 

and 300 mm dimensions. 

 

 
Figure 2. High-voltage cable with tape covering deflection test at INSTRON Machine. 
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During the cantilever beam deflection 

experiment (see Figure 3), a high-voltage cable 

was subjected to a rigorous test to determine its 

strength and durability. The process involved 

securing the cable with a tensile grip, leaving a 

50 mm distance between the grip and the cable. 

A steel cable with a mobile grip on one end 

applied tension in a diagonal direction, causing 

the high-voltage cable to deflect. The mobile grip 

was centered directly over the fixed point, and it 

contained a load cell model 2519-105 that was set 

to move at a speed of 300 mm/min. 

 

 
Figure 3. Diagram of the cantilever beam deflection experiment. 

 

A high-voltage cable comprises a central core of 

conducting material surrounded by an insulating 

layer that protects the conductor from external 

influences. The cable characteristics are 

presented in Table 1. The insulating layer is 

further enclosed by a shielding layer that 

provides additional protection and prevents 

electrical interference (see Figure 4). Together, 

these three components make up the structure of 

a high-voltage cable, which is essential for the 

efficient and safe transmission of electrical 

power over long distances.  

 

 
Figure 4. High-voltage cable (a) front view and (b) right-side view. 
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Table 1. High-voltage cable technical characteristics.  

Conductor Core Screen Cable 

Constructio

n 

Diameter Wall 

thickness 

Diameter Constructio

n 

Wall 

thickness 

Diameter 

N x Ømax. 

[mm] 

[mm] [mm] [mm] N x N x 

Ømax. 

[mm] [mm] 

1600 x 0.21 10.5 0.71 12.2 24 x 9 x 

0.21 

0.88 15.2 

 

The tape used to cover the cables is Coroplast 

8375-X (see Figure 5b); these polyester cloth 

tapes are designed for wire harness applications. 

The heat-resistant PET-cloth tape is designed for 

a solid and spiral taping of cable sets and wire 

harnesses with abrasion-resistant and high tensile 

strength properties. For the experiments, the tape 

was manually added in a spiral conformation 

with an overlap of approximately 50%. The 

properties of the tape are presented in Table 2. 

 

 
Figure 5. High-voltage cable and high-voltage cable with cover samples. (a) Cable, (b) Cable with conduit, and (c) Cable with 

tape Coroplast 8375-X 

 
Table 2. Dimensions and mechanical properties of tape Coroplast 8375-X for high voltage cables. 

Carrier 
Thickness Widths Length Tensile Strength Elongation at break 

[mm] [mm] [m] [N/cm] % 

PET-cloth 0.27 9, 15, 19 and 25 25 240 27 

 

On the other hand, the Conduit is a protective 

enclosure for high-voltage cables, providing 

insulation and safeguarding the cables from 

external environmental factors, mechanical 

damage, and potential heat sources, as presented 

in Figure 5c. In this case, the Conduit employed 

is made of a high-heat impact modified 

Polypropylene (MPP). For high-voltage cable 

conduits that require resistance to high heat and 

impact, Modified Polypropylene (MPP) is 

commonly used. Modified Polypropylene is a 

type of Polypropylene that has been enhanced 

with additives or modifiers to improve its 

performance characteristics. These modifications 

may include reinforcements, flame retardants, 

and impact modifiers, making it well-suited for 
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applications where both high heat resistance and 

impact strength are crucial. Some important 

parameters are tensile strength greater than 27.5 

MPa, elongation at break >50%, and 1.15 g/cm3 

density.  

 

The proposed experiment was developed using 

high-voltage cables and mechanical protection 

(Tape and Conduit). The experiments utilized 

various combinations of cable length and 

covering, listed in detail in Table 3 for easy 

reference. 

 
Table 3. High-voltage cable lengths and cable coverings tested. 

Type 
Length 

[mm] 

Cable without any 

protection 

100 mm of length, 

75mm efficient length 

200 mm of length, 

140mm efficient 

length 

300 mm of length, 

245mm efficient 

length 
Cable with Tape 

Cable with Conduit 

4. Results and discussions 

 

4.1 Characterization of the properties of the 

high-voltage cables: force/deflection 

experiments 

 

The experimentation process described 

previously involved utilizing the prepared cables 

and setup. The experiments was based on this 

plan, aiming to study the force/deflection 

behavior. The following section will provide a 

detailed discussion of the results and outcomes of 

the experimentation process. The behavior of 

forces and deflection for covered and uncovered 

100 mm cables is illustrated in Figure 6. The 

deflection range for all tests is between 0 and 1. 

The graph depicts the initial linear behavior, 

followed by the non-linear start point at 

approximately 0.1 mm, and ultimately, the non-

linear behavior until 1.0.

 Figure 6. Experimental Force/Deflection responses for a 

high-voltage cable length of 100 mm and various covers. 



 

10 
ISSN: 2594-1925 

Revista de Ciencias Tecnológicas (RECIT). Volume 5 (3): e335. 
 

The data plotted in Figure 7 illustrates the 

relationship between the forces applied and the 

deflection of two 200 mm cables, one with and 

one without coverings. The deflection is the total 

amount experienced during all tests, expressed 

from 0 to 1 mm. The data distribution 

demonstrates that the cables exhibit initial linear 

behavior, followed by non-linear behavior 

starting at approximately a deflection of 0.1 mm. 

The non-linear behavior persists until the cable 

reaches a deflection value of 0.8 mm. This 

indicates that the cable has a soft behavior, 

meaning that the force required to bend the cable 

is not completely linear. 

 

 
Figure 7. Experimental Force/Deflection responses for a high-voltage cable length of 200mm and various covers. 

 

The results presented in Figure 8 depict the 

relationship between the forces applied to 300 

mm cables and their corresponding deflection 

values, both with and without coverings. The 

deflection values range from 0 to 1 mm and are 

cumulative for all the tests performed. The graph 

shows the cable's initial linear behavior and a 

non-linear start-point at approximately 0.05 mm 

deflection. Subsequently, the cable's behavior 

becomes increasingly non-linear until it reaches 

deflection values ranging from 0.1 mm to 0.9 

mm, indicating softer behavior. The force 

response required to bend the cable becomes 

linear during this stage. The difference between 

the cable curve before this stage and the 

subsequent one is significant, emphasizing the 

cable's changing behavior. 
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Figure 8. Experimental Force/Deflection responses for a high-voltage cable length of 300 mm and various covers. 

 

4.2 Computation of effective properties 

through force-deflection values 

 

The equations presented were utilized to analyze 

the mechanical behavior of 100 mm cables. The 

values of ε and σ were charted, and the acquired 

data was used to provide the necessary curve 

information to create a 3D model and fully 

characterize the behavior of the cable. Figure 9 

displays this behavior and serves as a visual aid 

to better understand the cable's mechanical 

properties. In this case, the comparison of cable, 

tape, and Conduit as it is shown that the cable 

with Conduit is deformed with less stress, the 

cable without protection in second place, and 

finally, the cable with tape has the stiffness 

behavior; the deformation increases as the 

reaction of the force applied to bend it. 
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Figure 9. Stress-strain curves for high-voltage cables 100 mm in length. 

 

Figure 10 depicts the behavior of the 200 mm 

cables based on the equations presented earlier in 

Section 2. The corresponding mechanical 

behavior is obtained through the values of ε and 

σ and presents the curve information to 

characterize the cable. When it comes to these 

200 mm cables, the behavior of the cable without 

protection and the cable with tape had more 

similarities when compared to the cable with 

Conduit. This similarity is related to the relation 

between the length and covering stiffness of the 

cables. The comparison between cable, tape, and 

Conduit results indicates that cable with Conduit 

experiences less deformation under stress, 

followed by cable without protection. The 

stiffness behavior of the cable with tape is similar 

to that of the unprotected cable. It was observed 

that the degree of deformation increases with the 

magnitude of the applied force used to bend the 

cable. 
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Figure 10. Stress-strain curves for high-voltage cables 200 mm in length. 

 

Now, the attention goes to analyzing the behavior 

of 300 mm cables. Thus, Figure 11 displays the 

data generated by those equations, showing the 

mechanical behavior of the cables. The data 

collected from these cables could be used to 

characterize them. Interestingly, the behavior of 

the cables without protection, with tape, and in 

Conduit showed similar patterns. The length of 

the cables and the stiffness of their coverings may 

be closely related, which could explain these 

similarities. In this case, the comparison of cable, 

tape, and Conduit as it is shown that the cable 

with Conduit is deformed with much less stress, 

followed by the cable without protection, and in 

this experiment, cable sample (2) and tape 

experiment (1) have almost the same behavior, it 

is shown that the deformation against the force is 

not the most important factor, in this case, the 

length support to reduce the stiffness of the cable. 

 

 
Figure 11. Stress-strain curves for high-voltage cables 300 mm in length. 
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4.2 Numerical simulation for high-voltage 

cables 

 

The numerical simulation is required to complete 

the characterization, thus involving the values 

obtained from the equations and calculations 

previously presented. The next step is to assess 

whether the stress-strain curve calculated yields 

a deflection greater or shorter than the 

experimental deflection. This assessment is 

necessary to determine whether adjustments need 

to be made to the values of 𝐸𝑛, n, and K. The 

decision-making process is based on a decision 

tree (see Figure 12) and considers various criteria 

to determine the most accurate and reliable 

values for these parameters. 

 

 
Figure 12. Iteration decision tree for the numerical experiments 

 

The proposed methodology for this research 

involves obtaining the accurate stress-strain 

curve for each high-voltage cable through an 

iterative process, and these values are 

summarized in Table 4. Once the values are 

obtained, they are subjected to a Finite Element 

Method (FEM) analysis. SIMSOLID ver. 2022.2 

- a simulation software application that performs 

structural system statics, dynamics, and thermal 

analyses - was employed. SIMSOLID employs 

fully featured solid geometry models in its 

analysis and does not use a mesh, relying instead 
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on breakthrough extensions to the theory of 

external approximation for its computational 

engine. One of the unique features of SIMSOLID 

is its multi-pass adaptive analysis, which allows 

for the control of solution accuracy on a global or 

part-local basis. Another core feature of 

SIMSOLID is its use of decoupling geometry 

functions, which enables the software to perform 

complex simulations with high accuracy. 

 
Table 4. Mechanical properties for the high-voltage cable and the coverings under test 

Cable 100 mm Tape 100 mm Conduit 100 mm 

n k σy n k σy n k σy 

0.9572 34.2801 0.8535 0.9257 59.6312 2.0627 0.8762 9.2510 0.5174 

E 

[MPa] 

Et 

[MPa] 

En 

[MPa] 

E 

[MPa] 

Et 

[MPa] 

En 

[MPa] 

E 

[MPa] 

Et 

[MPa] 

En 

[MPa] 

40.7318 33.8710 37.1987 84.3637 52.0234 72.0562 15.8626 9.9846 12.1132 

 

Cable 200 mm Tape 200 mm Conduit 200 mm 

n k σy n k σy n k σy 

0.85691 33.9808 0.4993 0.7493 30.9930 0.8018 0.7756 5.3521 0.1450 

E 

[MPa] 

Et 

[MPa] 

En 

[MPa] 

E 

[MPa] 

Et 

[MPa] 

En 

[MPa] 

E 

[MPa] 

Et 

[MPa] 

En 

[MPa] 

80.2298 51.4362 58.5717 140.379 81.5562 77.9849 19.5968 10.6925 11.6695 

 

Cable 300 mm Tape 300 mm Conduit 300 mm 

n k σy n k σy n k σy 

0.9463 75.0241 0.2000 0.8576 65.3165 0.3308 0.9997 26.9826 0.0699 

E 

[MPa] 

Et 

[MPa] 

En 

[MPa] 

E 

[MPa] 

Et 

[MPa] 

En 

[MPa] 

E 

[MPa] 

Et 

[MPa] 

En 

[MPa] 

110.9552 53.8720 99.1912 183.056 126.3494 133.6890 27.0262 19.7772 27.0135 

 

The experiment was designed meticulously with 

specific characteristics to ensure accuracy and 

reliability. The International Metric System was 

used throughout, with a non-linear material and a 

geometry model in the form of a cylinder created 

to simulate a solid cable. The connections were 

set up automatically, and the modal analysis was 

conducted using 11 modes. The cable was fixed 

at the left-hand face, and the transient dynamics 

analysis was set with an increase-decrease time 

function, where a force was applied on the right 

side of the cable in the Y-axis direction. It is 

crucial to note that certain factors cannot be fully 

accounted for when running a numerical 

simulation of a physical model. For instance, 

numerical simulation fails to consider the glue's 

resistance, air friction, gravity, and the space 

between the coverings and the cable. In this 

experiment, the cables are examined as a bundle, 

and the behavior of the internal elements is 

evaluated. These simplifications are necessary to 

streamline the model and make it easier to 

understand. 

 

Now, the attention goes to illustrating the cable 

experimental sample and a numerical experiment 
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conducted in SIMSOLID. The cable 

experimental sample serves as a tangible model 

for testing and analysis. At the same time, the 

numerical experiment carried out in SIMSOLID 

enables the simulation of various conditions and 

scenarios that may not be possible or safe to 

replicate in real-life testing. It is important to note 

that the numerical experiments have experienced 

a deformation on a 0.4:1 scale. This is due to the 

current limitations of computer resources, which 

aim to minimize the chances of any 

deformations. However, the results of each cable 

length and cable covering are presented in detail 

as follows. The analysis of high-voltage cables 

requires accurate characterization to ensure the 

safety and reliability of the cables. In this regard, 

the results obtained from two samples of each 

cable covering 100 mm, 200 mm, and 300 mm 

lengths show that the difference between the 

experimental and CAE values is less than 0.005, 

confirming the characterization's reliability. The 

iterative approach to obtain the characterization 

is the key factor in validating the experimental 

values. The 3D virtual analysis also supports the 

data and the initial statement about the 

mechanical behavior of the high-voltage cable. 

 

Regarding the covering force and displacement, 

the experiment design applied force to individual 

cables to determine their final deflection. The 

results of the experiment showed that a cable 

length of 100 mm had a deflection of 36 mm 

(Figure 13a), while a cable length of 200 mm had 

a deflection of 94 mm (Figure 13b). The final test 

was conducted on a cable length of 300 mm, 

which had a deflection of 172 mm (Figure 13c). 

These findings provide insight into the 

relationship between covering force and 

displacement and can be used to inform future 

experiments in this field. 

 

 
Figure 13. Numerical simulation of the beam deflection at SIMSOLID software. It presents the maximum displacement 

magnitude for the diverse cable lengths (a) 100 mm, (b) 200 mm, and (c) 300 mm.
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The results obtained from the latest iteration 

indicate that the error rate is less than 0.5% across 

all cases. This implies that the initial statement 

has been successfully met, and the high-voltage 

cables' curve has been determined. This finding 

is crucial as it allows for predicting the 

mechanical behavior of the cables during 

vehicular ergonomic CAE analysis. It is 

important to note that this study stands out from 

Ehsan Taghipour et al. work [33] due to the 

unique approach and methods employed. 

 

Figure 14 presents the relation between the force 

and the length and covering; for example, the 

Tape 100 mm needs more than ~47 N to bend; 

this commonly in the automotive industry is a 

non-ergonomic value [9], and this is the objective 

of this research, to get data to evaluate different 

kind of environments to it could be possible to 

select the best configuration of length/covering 

of each portion of the routing before to 

manufacture the high-voltage cable and assemble 

on the vehicle avoiding waste of time and money. 

 

 
Figure 14. Covering Force/Displacement chart for all lengths. 

 

5. Conclusions 

 

This manuscript presented an innovative and 

highly specialized process for carrying out 

materials characterization and mechanical 

assessments of a wide range of cables with 

different types of coverings. The primary 

purpose of these coverings is to provide high-

voltage cables with protection against harsh or 

abrasive surfaces. By using this method, it is 

possible to determine the efficacy of these 

coverings in safeguarding the cables against 

damage and degradation and assess the overall 

mechanical properties of the cables themselves. 

Due to practical and economic limitations, it is 

impossible to experimentally measure the 

stiffness for the wide range of cross-sections in 

real wire harnesses. Therefore, simulating the 

critical cross-sections of the wire harnesses using 

Finite Element (FE) is a more practical and cost-

effective approach. Hence, the cost and time 

needed for the mechanical characterization of 
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wire harnesses are significantly reduced by 

employing the appropriate numerical simulation 

technique.  

 

Regarding the numerical simulations, it 

concludes when the discrepancy between the 

experimental deflection and the FEM deflection 

is less than 0.5% of the result difference. This 

criterion aims to achieve a highly accurate 

approximation. This percentage denotes the point 

at which the stress-strain curve, predicting the 

mechanical behavior of the high-voltage cable, is 

determined. Following the characterization 

process, these results serve as a foundation to 

assess whether the chosen length and cover meet 

the criteria for ergonomic evaluation, which may 

vary based on individual company best practices. 

 

This distinctive approach sets the main 

contribution of this research, offering results that 

prove instrumental in gauging the current 

condition of a high-voltage cable. Knowing that 

a comprehensive and robust ergonomic analysis 

precedes any physical evaluation enhances 

confidence in the construction process. This 

methodology ensures that each cable is subjected 

to a meticulous evaluation tailored to individual 

company standards, thereby enhancing the 

reliability of the subsequent physical analyses. 

 

This manuscript emphasizes several crucial 

aspects, among which are the following key 

findings: 

 

1. Deformation Resistance with Taping 

Protection: Cables with taping protection exhibit 

significantly greater deformation resistance than 

their unprotected counterparts. Specifically, 

there is a 121% increase in resistance for 100mm 

cables, a 62% increase for 200mm cables, and a 

48% increase for 300mm cables. 

2. Impact of Taping Protection on Resistance: 

Cables featuring taping protection demonstrate a 

47% increase in resistance for 100mm cables, a 

22% reduction for 200mm cables, and an 8% 

reduction for 300mm cables compared to cables 

without any protection. 

3. Correlation Between Ergonomic Criteria 

and Resistance: The choice of ergonomic criteria 

for protective tapes applied to automotive high-

voltage cables directly correlates with their 

resistance to deformation, influencing 

performance during assembly plant installation. 

As outlined in this article, the recommended 

sequence for 300mm cables is tape, Conduit, and 

unprotected cable; for 200mm cables, it is tape, 

unprotected cable, and Conduit; and for 100mm 

cables, the suggested order is tape, Conduit, and 

unprotected cable. Notably, the analysis reveals 

a progressive decrease in deformation resistance 

from more to less across these cable lengths. 

4. Influence of Cable Length on 

Deformation Resistance: The length of 

automotive high-voltage cables determines their 

deformation resistance, affecting performance 

during assembly plant installation. The study 

presented herein indicates that shorter cable 

lengths exhibit lower resistance to deformation, 

providing valuable insights into the relationship 

between cable length and deformation resistance. 

 

6. Acknowledgment 

 

José Antonio Martínez–González gratefully 

acknowledges support from Posgrado de 

CIATEQ. Isaias E. Garduño and Hugo Arcos–

Gutiérrez gratefully acknowledge support from 

the Investigadores por México - CONAHCYT 

program through project No. 674. Victor Hugo 

Mercado-Lemus gratefully acknowledges 

support from the Investigadores por México - 

CONAHCYT program through project No. 850. 

 

7.  Authorship acknowledgment 

 

José Antonio Martínez–González: 

Conceptualization; methodology; validation; 

writing; revision; project administration; 



 

19 
ISSN: 2594-1925 

Revista de Ciencias Tecnológicas (RECIT). Volume 5 (3): e335. 
 

software; investigation; display; draft writing; 

reviewing and editing. Víctor Hugo Mercado–

Lemus: Conceptualization; methodology; 

validation; writing; revision; software; reviewing 

and editing. Iván Juárez–Sosa: 

Conceptualization; methodology; validation; 

writing; revision; software; reviewing and 

editing. Hugo Arcos–Gutiérrez: 

Conceptualization; methodology; validation; 

writing; revision; software; reviewing and 

editing. Isaías E. Garduño: Conceptualization; 

supervision; methodology; validation; writing; 

revision; project management; formal analysis, 

draft writing, writing, reviewing, and editing. 

 

References 

 
[1] V. R. Ibáñez, F. A. Pujol, S. G. Ortega, and 

J. S. Perpiñán, “Collaborative robotics in wire 

harnesses spot taping process,” Computers in 

Industry, vol. 125, 2021. DOI: 

https://doi.org/10.1016/j.compind.2020.103370 

[2] A. J. Pearmain and A. G. Clegg, 

“Insulators,” in Electrical Engineer’s Reference 

Book, Elsevier, 1993, p. 13/1-13/33. DOI: 

https://doi.org/10.1016/B978-0-7506-1202-

9.50017-1 

[3] Z. Czech, K. Wilpiszewska, B. Tyliszczak, 

X. Jiang, Y. Bai, and L. Shao, “Biodegradable self-

adhesive tapes with starch carrier,” Int. J. Adhes. 

Adhes., vol. 44, pp. 195–199, 2013. DOI: 

https://doi.org/10.1016/j.ijadhadh.2013.03.002 

[4] H. Hosono et al., “Exploration of new 

superconductors and functional materials, and 

fabrication of superconducting tapes and wires of 

iron pnictides,” Sci. Technol. Adv. Mater., vol. 16, 

no. 3, p. 033503, 2015. DOI: 

https://doi.org/10.1088/1468-6996/16/3/033503 

[5] X. Yang, J. Liu, N. Lv, and H. Xia, “A 

review of cable layout design and assembly 

simulation in virtual environments,” Virtual 

Reality & Intelligent Hardware, vol. 1, no. 6, pp. 

543–557, 2019. DOI: 

https://doi.org/10.1016/j.vrih.2019.11.001 

[6] H. G. Nguyen, M. Kuhn, and J. Franke, 

“Manufacturing automation for automotive wiring 

harnesses,” Procedia CIRP, vol. 97, pp. 379–384, 

2021. DOI: 

https://doi.org/10.1016/j.procir.2020.05.254 

[7] S. S. Vemula, M. Ji, L. M. Headings, K. 

Gargesh, S. Soghrati, and M. J. Dapino, 

“Analytical model for large deflection bending of 

helically stranded electrical wires,” Int. J. Mech. 

Sci., vol. 170, no. 105355, p. 105355, 2020. DOI: 

https://doi.org/10.1016/j.ijmecsci.2019.105355 

[8] A. Chapanis, Human Factors in Systems 

Engineering. New York: Wiley & Sons, 1996. 

[9] P. J. Sauve, “Case study of manufacturing 

and installation problems and resolutions - 1993 

LH headliner module,” in SAE Technical Paper 

Series, 1998. DOI: https://doi.org/10.4271/980944 

[10] Electrical Distribution Steering 

Committee, “High voltage automotive wiring 

assembly design,” SAE International, 400 

Commonwealth Drive, Warrendale, PA, United 

States, 2017. DOI: 

https://doi.org/10.4271/J1673_201203 

[11] D. L. Abbuhl, “Improved electrical harness 

performance for commercial and off-road 

vehicles,” in SAE Technical Paper Series, 2007. 

DOI: https://doi.org/10.4271/2007-01-4158 

[12] P. Mårdberg, J. S. Carlson, R. Bohlin, N. 

Delfs, S. Gustafsson, and L. Hanson, “Using a 

formal High-level language to instruct manikins to 

assemble cables,” Procedia CIRP, vol. 23, pp. 29–

34, 2014. DOI: 

https://doi.org/10.1016/j.procir.2014.10.074 

[13] “Self-Adhesive Tapes-Measurement of 

Breaking Strength and Elongation at Break”, 

Standard BS EN ISO, vol. 29864, 2019. 

https://www.iso.org/standard/70313.html  

[14] Cable Standards Committee, “Low voltage 

battery cable,” SAE International, 400 

Commonwealth Drive, Warrendale, PA, United 

States, 2020. DOI: 

https://doi.org/10.4271/J1127_202012 

[15] N. Delfs, R. Bohlin, S. Gustafsson, P. 

Mårdberg, and J. S. Carlson, “Automatic creation 

of manikin motions affected by cable forces,” 

https://www.iso.org/standard/70313.html


 

20 
ISSN: 2594-1925 

Revista de Ciencias Tecnológicas (RECIT). Volume 5 (3): e335. 
 

Procedia CIRP, vol. 23, pp. 35–40, 2014. DOI: 

https://doi.org/10.1016/j.procir.2014.10.071 

[16] P. Heisler, D. Utsch, M. Kuhn, and J. 

Franke, “Optimization of wire harness assembly 

using human–robot-collaboration,” Procedia CIRP, 

vol. 97, pp. 260–265, 2021. DOI: 

https://doi.org/10.1016/j.procir.2020.05.235 

[17] Harness Covering Standards Committee, 

“Recommended testing methods for physical 

protection of wiring harnesses,” SAE International, 

400 Commonwealth Drive, Warrendale, PA, 

United States, 2021. DOI: 

https://doi.org/10.4271/J2192_202106 

[18] S.-C. Wong and S. Bandaru, “Mechanical 

properties and strain fatigue lives of insulation 

polymers,” J. Mater. Sci., vol. 44, no. 2, pp. 365–

373, 2009. DOI: https://doi.org/10.1007/s10853-

008-3152-6 

[19] G. M. Stave and P. H. Wald, Physical and 

Biological Hazards of the Workplace. Hoboken, 

NJ: Wiley, 2017. 

[20] D. Xing, L. Lu, Y. Xie, Y. Tang, and K. S. 

Teh, “Highly flexible and ultra-thin carbon-

fabric/Ag/waterborne polyurethane film for ultra-

efficient EMI shielding,” Mater. Des., vol. 185, no. 

108227, p. 108227, 2020. DOI: 

https://doi.org/10.1016/j.matdes.2019.108227 

[21] A. Kutter, L. Guldbrandsen, L. Macketanz, 

and P. Kerep, Adhesive tape for wrapping elongate 

material such as especially cable harnesses and 

method for wrapping. (U.S. Patent No. 

US11292941B2) U.S. Patent and Trademark 

Office, 2019. 

[22] R. M. Reyes, J. de la Riva, A. Maldonado, 

A. Woocay, and R. de la O, “Association between 

human error and occupational accidents’ 

contributing factors for hand injuries in the 

automotive manufacturing industry,” Procedia 

Manuf., vol. 3, pp. 6498–6504, 2015. DOI: 

https://doi.org/10.1016/j.promfg.2015.07.936 

[23] F. Zappe, C. Lodde, and H. Mauksch, 

Adhesive tape and its use in wrapping a wire 

harness Granted Paten. EP 0647691 B1 1998-04-

08 European Patent Office. https://lens.org/104-

229-725-859-856 

[24] Cable Standards Committee, “Automobile 

and Motor Coach Wiring,” SAE International, 400 

Commonwealth Drive, Warrendale, PA, United 

States, 2017. DOI: 

https://doi.org/10.4271/J1292_200801 

[25] J. Tilindis and V. Kleiza, “The effect of 

learning factors due to low volume order 

fluctuations in the automotive wiring harness 

production,” Procedia CIRP, vol. 19, pp. 129–134, 

2014. DOI: 

https://doi.org/10.1016/j.procir.2014.05.019 

[26] J. Trommnau, J. Kühnle, J. Siegert, R. 

Inderka, and T. Bauernhansl, “Overview of the 

state of the art in the production process of 

automotive wire harnesses, current research and 

future trends,” Procedia CIRP, vol. 81, pp. 387–

392, 2019. DOI: 

https://doi.org/10.1016/j.procir.2019.03.067 

[27] M. Kobayashi, Y. Hirano, and M. Higashi, 

“Optimization of assembly processes of an 

automobile wire harness,” Comput. Aided Des. 

Appl., vol. 11, no. 3, pp. 305–311, 2014. DOI: 

https://doi.org/10.1080/16864360.2014.863500 

[28] H. Czichos, T. Saito, and L. Smith, Eds., 

Springer handbook of materials measurement 

methods. Berlin, Heidelberg: Springer Berlin 

Heidelberg, 2006. DOI: 

https://doi.org/10.1007/978-3-540-30300-8 

[29] A. B. M. Abdullah, J. A. Rice, H. R. 

Hamilton, and G. R. Consolazio, “An investigation 

on stressing and breakage response of a 

prestressing strand using an efficient finite element 

model,” Eng. Struct., vol. 123, pp. 213–224, 2016. 

DOI: 

https://doi.org/10.1016/j.engstruct.2016.05.030 

[30] C. Fischer, J. Bonig, J. Franke, M. Lusic, 

and R. Hornfeck, “Worker information system to 

support during complex and exhausting assembly 

of high-voltage harness,” in 2015 5th International 

Electric Drives Production Conference (EDPC), 

2015. DOI: 

https://doi.org/10.1109/EDPC.2015.7323211 

[31] P. Heisler, M. Kuhn, R. Sus-Wolf, and J. 

Franke, “Innovative solutions for the covering 

process in the manufacturing of wire harnesses to 

increase the automation degree,” in 2020 IEEE 



 

21 
ISSN: 2594-1925 

Revista de Ciencias Tecnológicas (RECIT). Volume 5 (3): e335. 
 

11th International Conference on Mechanical and 

Intelligent Manufacturing Technologies 

(ICMIMT), 2020. DOI: 

https://doi.org/10.1109/ICMIMT49010.2020.9041

165 

[32] S. Olbrich and J. Lackinger, 

“Manufacturing Processes of automotive high-

voltage wire harnesses: State of the art, current 

challenges and fields of action to reach a higher 

level of automation,” Procedia CIRP, vol. 107, pp. 

653–660, 2022. DOI: 

https://doi.org/10.1016/j.procir.2022.05.041 

[33] E. Taghipour et al., “Characterization and 

computational modeling of electrical wires and 

wire bundles subject to bending loads,” Int. J. 

Mech. Sci., vol. 140, pp. 211–227, 2018. DOI: 

https://doi.org/10.1016/j.ijmecsci.2018.03.009 

[34] M. Goelke, (2021). Simulation Revolution 

with Altair SimSolid. Altair Engineering, 

Inc.Advanced-eng.cz. [Online]. Available: 

https://www.advanced-eng.cz/wp-

content/uploads/2021/06/2021_SimSolid_eBook.p

df. [Accessed: 12-Mar-2024]. 

[35] V. Apanovitch, Using Altair SIMSOLID 

technology overview, Altair.com. [Online]. 

Available: https://altair.com/docs/default-

source/resource-

library/altair_whitepaper_simsolid-technology-

overview_10_30_2020.pdf. [Accessed: 12-Mar-

2024]. 

[36] L. Rouleau, R. Pirk, B. Pluymers, and W. 

Desmet, “Characterization and modeling of the 

viscoelastic behavior of a self-adhesive rubber 

using dynamic mechanical analysis tests,” J. 

Aerosp. Technol. Manag., vol. 7, no. 2, pp. 200–

208, 2015. DOI: 

https://doi.org/10.5028/jatm.v7i2.474  

[37] C. Kraus, T. Falk, R. Mauermann, and W.-

G. Drossel, “Development of a new self-flaring 

rivet geometry using finite element method and 

design of experiments,” Procedia Manuf., vol. 47, 

pp. 383–388, 2020. DOI: 

https://doi.org/10.1016/j.promfg.2020.04.295  

[38] E. S. Annibale, K. Dreßler, O. Hermanns, 

J. Linn, and C. Zemerli, “Virtual design and 

dynamical simulation of flexible cables, hoses, and 

wires,” in SAE Technical Paper Series, 2014. DOI: 

https://doi.org/10.4271/2014-36-0416 

 

 

 

 
 

Derechos de Autor (c) 2024 José Antonio Martínez–González, Iván Juárez–Sosa, Víctor Hugo Mercado–Lemus, Hugo 

Arcos–Gutiérrez, Isaías E. Garduño 
 

 
Este texto está protegido por una licencia Creative Commons 4.0. 

 

Usted es libre para compartir —copiar y redistribuir el material en cualquier medio o formato — y adaptar el documento —

remezclar, transformar y crear a partir del material— para cualquier propósito, incluso para fines comerciales, siempre que 

cumpla la condición de: 

 

Atribución: Usted debe dar crédito a la obra original de manera adecuada, proporcionar un enlace a la licencia, e indicar si se 

han realizado cambios. Puede hacerlo en cualquier forma razonable, pero no de forma tal que sugiera que tiene el apoyo del 

licenciante o lo recibe por el uso que hace de la obra. 

 

Resumen   de licencia -  Texto   completo   de   la licencia

 

 

 

http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/deed.es
http://creativecommons.org/licenses/by/4.0/legalcode

