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Abstract 

The study focused on analyzing the mechanical behavior of a front suspension fork bushing for 

an all-terrain vehicle (ATV), manufactured using Thermoplastic Polyurethane (TPU) through 

additive manufacturing, specifically 3D printing. This technology enables the creation of 

customized designs, reduces production time, and minimizes material waste. TPU, an elastomer 

with remarkable physical and mechanical properties, was evaluated as a potential substitute for 

natural rubber, which is the primary material traditionally used for bushings in the automotive 

industry, especially in the production of tires, hoses, and seals. The analysis was conducted 

through CAD modeling and finite element simulations, subjecting the bushing to torsional and 

shear stresses typical of vehicular suspension systems. The results indicated that TPU could serve 

as a replacement material for the established requirements. Given that replacement parts are not 

always acquired in a timely manner, the study focuses on providing a viable alternative for the 

automotive industry. 

TPU, Additive manufacturing, FEM 

Resumen 

El estudio se centró en analizar el comportamiento mecánico de un buje de horquilla de la 

suspensión delantera de una cuatrimoto, fabricado en Poliuretano Termoplástico (TPU) utilizando 

manufactura aditiva, específicamente impresión 3D. Esta tecnología permite generar diseños 

personalizados, ahorrar tiempo de producción y reducir el desperdicio de material. El TPU, un 

elastómero con propiedades físicas y mecánicas destacadas, se evaluó como posible sustituto del 

caucho natural, el cual es el material que se usa principalmente en la fabricación de los bujes, 

tradicionalmente utilizado en la industria automotriz, particularmente en neumáticos, mangueras 

y sellos. El análisis se realizó mediante modelado CAD y simulaciones de elementos finitos, 

sometiendo el buje a esfuerzos torsionales y cortantes, típicos en sistemas de suspensión 

vehicular. Los resultados indicaron que el TPU podría ser un material sustituto para los 

requerimientos establecidos, ya que en ocasiones la refacciones no son adquiridas en tiempo, el 

estudio se centra en una opción viable en la industria automotriz.  

TPU, Manufactura aditiva, FEM
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Introduction 

 

The relationship between man and machine has 

driven the development of technologies that 

have transformed society, with the automobile as 

a clear example of this evolution. Since the 

Industrial Revolution, advances in science and 

technology have enabled the creation of internal 

combustion engines (ICEs), an essential system 

in the history of the automobile, fuelled by the 

knowledge of oil as an energy source. Today, 

cars continue to evolve, integrating electric 

motors and continuously improving their 

systems to optimise performance, safety and 

efficiency. 

 

One of the most relevant systems is the 

suspension system. This system absorbs road 

irregularities, controls inertias and is key to 

vehicle stability and comfort (Cortés et al., 

2017). The bushings, vital elements within this 

system, allow flexibility in the joints, prevent 

component breakage and prevent impacts from 

directly affecting the chassis, thus guaranteeing 

the vehicle's safety and manoeuvrability. 

 

In addition to advances in automotive 

engineering, manufacturing has also evolved. 

According to Cortés et al. (2017), companies are 

forced to reconfigure their processes due to 

global competition and technological 

development. Horst et al. (2018) point out that 

additive manufacturing, or 3D printing, has 

transformed production lines, allowing for 

reduced costs and development times. This 

technique offers greater flexibility, efficiency 

and the ability to produce complex and 

customised geometries, making it a key solution 

to current industry problems, such as the 

shortage of spare parts that can affect critical 

systems such as suspension, compromising 

driver safety. 

 

In this way, additive manufacturing 

offers significant added value compared to 

traditional techniques, as it optimises processes 

and responds quickly to market demands, 

providing innovative solutions in sectors such as 

automotive. A new alternative to traditional 

manufacturing processes is presented, 

highlighting its development and associated 

issues.  

 

 

 

The materials commonly used in the 

automotive industry and the type of tests carried 

out on the bushings are described, as well as the 

tools used to carry out these studies, for which 

the finite element method will be the 

fundamental task to calculate the stresses of the 

model. All this in order to develop a bushing for 

use on a quad bike capable of resisting the loads 

applied to it and with a safety factor greater than 

2. 

 

Background 

 

The automotive industry has evolved 

significantly with the advent of Industry 4.0, 

with additive manufacturing (AM) standing out 

as one of the most important emerging 

technologies. Traditionally, the production of 

automotive components was carried out through 

subtractive processes, generating material waste. 

AM, on the other hand, makes it possible to 

generate objects in a precise and customised 

way, optimising resources and reducing 

manufacturing times (Dilberoglu et al., 2017; 

Haleem & Javaid, 2019). Despite its benefits, 

AM still faces challenges in terms of cost, 

material limitations and product strength. 

Nevertheless, its implementation offers 

significant advantages, particularly in the use of 

metals and, potentially, other innovative 

materials. 

 

In relation to elastomeric polymers, these 

have gained ground in the automotive industry 

for their properties such as friction resistance 

and the ability to absorb impacts (Ramos, 2018). 

These materials, such as nitrile rubber and 

polyurethane, are mainly used for fuel seals and 

in suspension systems (Lewitzke & Lee, 2001). 

Despite their current applications, there is a field 

of opportunity in exploring novel elastomers in 

conjunction with MA to develop more advanced 

and functional components. 

 

Recent studies have investigated the 

properties of elastomeric bushings through 

mechanical testing. Non-linear behaviours have 

been identified in these components due to 

material characteristics, which affect their 

response to torsional and deflectional stresses 

(Kadlowec et al., 2009). Simulations based on 

the finite element method (FEM) have allowed 

more accurate prediction of the behaviour of 

these components, although the computational 

results do not always completely match the 

experimental results (Elango et al., 2022).  

https://doi.org/10.35429/JME.2024.8.21.1.11
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The use of FEM in combination with MA 

is positioned as a key tool to optimise the design 

and improve the durability of these components. 

The recent problem of automotive parts 

shortages has significantly affected the sector, 

with waiting times for spare parts increasing 

dramatically since 2020, reaching up to four 

months in some cases (Torres, 2022; Navarrete, 

2022). In this situation, AM presents itself as a 

viable solution to mitigate this crisis, enabling 

the rapid and efficient manufacture of 

components, including those that are no longer 

in production. In summary, the combination of 

additive manufacturing and finite element 

simulation not only offers innovative solutions 

to address the shortage of automotive parts, but 

also allows optimising the design of components 

such as elastomeric bushings, improving their 

performance and reducing costs and production 

times. 

Suspension system and bushings 

The automotive suspension system, responsible 

for reducing road impacts, is composed of 

elements such as springs, shock absorbers and 

bushings (Arellano et al., 2016). Bushings, parts 

located at the junctions of the suspension system 

and the chassis, absorb much of the energy 

generated by road shocks and allow a slight 

movement of the suspension without 

compromising the rigidity of the system, 

avoiding the breakage of components and 

reducing noise and vibrations (Ortega, 2022). 

Bushings, generally made of rubber or synthetic 

materials, help prevent friction and improve the 

durability of the system (see Figure 1). 

Box 1 

Figure 1 

Main components of the suspension and steering 

system.  

Source: MOOG®, 2023 

Additive manufacturing 

Additive manufacturing (AM), also known as 

3D printing, is defined according to ISO/ASTM 

52900-2015 as the set of technologies that create 

physical objects by successive addition of 

material (Costa, 2019). The material extrusion 

technique, also known as FFF (Fused Filament 

Fabrication) or FDM (Fused Deposition 

Modelling), consists of selectively depositing 

molten material through a nozzle. It is the most 

common method in 3D printing, as it is widely 

adopted in desktop printers. The process requires 

three axes of motion and a material capable of 

flowing through a nozzle, allowing layer-by-

layer construction of a three-dimensional object. 

Layer height and control of material flow are key 

factors in print quality. In this case, the Dremel® 

DigiLab 3D45 printer was used (see Figure 2), 

which employs this material extrusion 

technology. It is a printer with advanced features 

such as an extruder that reaches temperatures of 

up to 280 °C, compatibility with materials such 

as PLA, nylon and eco-friendly ABS, and a layer 

resolution of between 50 and 100 microns. Its 

maximum printing volume is 25.5 x 15.5 x 17 

cm, and it is operated via a 4.5" touch screen. 

Polymaker is a brand of high quality 

filaments with high mechanical properties. To 

maintain this level of quality, Polymaker 

thoroughly controls every stage of production of 

its wide range of 3D printing materials. The 

filament that will be used to manufacture the 

bushings is PolyFlexTM TPU95 (see Figure 2). 

Box 2 

Figure 2 

Dremel DigiLab 3D45 and PolyFlexTM TPU95. 

Source: Dremel®, 2023. 
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Thermoplastic polyurethane (TPU) 

 

According to Xu et al. (2020) thermoplastic 

polyurethane (TPU) is a polymeric material that 

has high ductility, good biocompatibility and 

excellent abrasion resistance. It can be used in 

structures that require high ductility, such as 

energy absorbing structures and portable 

devices. These properties pave the way for the 

manufacture of functional TPU parts for 

applications in various fields, such as aerospace 

engineering, medical devices and sports 

equipment. 

 

All test samples were printed under the 

following conditions: 

 

- Nozzle temperature = 225 °C 

- Print speed = 30 mm/s 

- Nozzle diameter = 0.4 mm 

- build plate temperature = 80 °C 

- Filling = 100% 

- Layer size = 0.1 mm 

 

Bushing stresses 

 

Typical stresses to which bushings are subjected 

are as follows: 

 

Shear stress: According to Beer et al. 

(2017), it is generated when opposing transverse 

forces are applied on a body, producing a 

displacement parallel to the cross-section of the 

material. The average shear stress can be 

calculated by dividing the shear force by the 

cross-sectional area, as shown in Equation (1): 

 

𝜏𝑝𝑟𝑜𝑚 =
𝑃

𝐴
                                                             [1] 

 

EsfTorsional bending: Occurs when an 

object experiences a torsional moment that tends 

to rotate the object around its longitudinal axis. 

The maximum torsional shear stress is calculated 

by Eq. (2): 

 

𝜏𝑚𝑎𝑥 =
𝑇𝑐

𝐽
                                                              [2]    

 

Where 𝑇 is the torsional moment, c is the 

cross-sectional radius, and J is the polar moment 

of inertia. In the case of hollow shafts, the 

maximum shear stress is obtained from Eq. (3): 

 

𝜏𝑚𝑎𝑥 =
16𝑇𝐷

𝜋(𝐷4−𝑑4)
                                                  [3]    

 

To ensure the structural integrity of the 

design, the factor of safety (FS), which relates 

the yield stress to the yield stress, is used.𝜎𝑦 con 

the design effort 𝜎𝑑𝑖𝑠𝑒ñ𝑜 (Macías, 2019; Kumar, 

2018). The formula is given by Equation (4): 

 

𝐹. 𝑆. =
𝜎𝑦

𝜎𝑑𝑖𝑠𝑒ñ𝑜
                                                      [4] 

 

A factor of safety greater than 1 

indicates that the component will resist the 

applied loads, while a value less than 1 suggests 

the need to redesign or change the material. In 

summary, shear and torsional stresses are 

fundamental to assessing the strength of 

components subjected to transverse forces or 

torsional moments. Through the corresponding 

equations, together with the calculation of the 

factor of safety, it is ensured that the designed 

components perform within the elastic limits of 

the material and do not fail under operational 

conditions. 

 

Finite element method 

 

The finite element method (FEM) is a key 

numerical technique in engineering for solving 

complex problems in structures, fluids and 

multi-physics phenomena. According to Bathe 

(2007), it allows modelling and predicting the 

behaviour of designs, improving their safety and 

efficiency. Dhatt et al. (2012) explain that FEM 

transforms partial differential equations into 

systems of algebraic equations, relying on 

engineering science, numerical methods and 

computational tools. 

 

The FEM process consists of three 

stages: 

 

1. Pre-processing: Geometry definition and 

meshing, assigning material properties and 

initial conditions. 

 

2. Solver: Selection of the appropriate 

physical model and solving the equations 

until convergence is achieved. 

 

3. Post-processing: Visualisation of results 

in 2D or 3D graphics to analyse stresses 

and deformations. 
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This approach is essential for the 

implementation of a TPU bushing, where the 

FEM will be applied to develop a viable model 

to ensure its performance under various 

conditions, optimising its design to achieve a 

balance between flexibility and strength in 

automotive applications. 

 

Methodology 

 

The criteria and processes followed for the 

development of the TPU bushing model and the 

tools used to calculate the stresses in the model 

are presented below, in order to calculate the 

integrity of the design and to have a viable 

alternative linked to the stress concentration and 

the safety factor. We start by defining the 

geometric characteristics and material properties 

of the suspension system fork bushing. 

Subsequently, the model is designed using CAD 

software, in this case SolidWorks®. Subsequently, a 

structural analysis is performed using the finite 

element method (FEM) to evaluate the 

behaviour of the bushing under torsional and 

shear forces. Based on the FEM results, the 

design will be adjusted if necessary to later print 

the model and have a design which can be used 

in the fork of the ATV. 

 

Bushing Modelling  

 

The development of the TPU bushing for the 

suspension system of a quad bike donated to 

UAQ started with a literature review of 

elastomeric polymers in the automotive industry 

(see Figure 3). 
 

Box 3 
 

 
 

Figure 3 

ATV fork with bushings of interest. 

 

 

 

 

 

The geometric properties of the bushing 

were defined, using as a reference the front 

suspension bushing, which was decoupled using 

a hydraulic press, revealing deformations in the 

rubber parts. It was decided to redesign the 

bushing in a single piece of TPU to improve its 

flexibility and elasticity, providing greater 

security to the steel axle. Rounded edges with a 

radius of 3 mm were implemented to increase the 

contact surface and reduce the concentration of 

stresses in the areas of diameter change. The 

modelling was carried out in SolidWorks® (see 

Figure 4), creating a sketch with the dimensions 

of the reference bushing and its modifications.  

 

Box 4 

 
 

Figure 4 

Dimensions corresponding to the hub 

 

TPU material properties 

 

As mentioned, in the pre-processing stage, once 

the geometry model is available, the material 

properties will be assigned, the ANSYS® 

software student version does not have the TPU 

material, in order to characterise the properties 

of the TPU filament that will be used, in this 

case, PolyFlexTM TPU95 (see Figure 5), as well 

as the reference of other filaments such as TPU 

95A of the Ultimaker brand (see Figure 5), will 

be taken as the properties of the TPU filament 

that will be used, in this case, PolyFlexTM 

TPU95 (see Figure 5), as well as the reference of 

other filaments such as the case of TPU 95A of 

the Ultimaker brand. 
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Box 5 
 

 
 

Figure 5 

Characterisation of the TPU in ANSYS ®. 

 

The meshing will be performed 

automatically with the tetrahedral elements that 

the software offers by default, in this case 

different numbers of elements and nodes were 

calculated, generating automatically 2422 

elements and 4605 interaction nodes. The 

bushing will be subjected to torsional and shear 

forces, so it is necessary to perform a static 

analysis that recreates these forces, which is why 

the beam element was selected for the 

approximation (BEAM188). 

 

Initial loading conditions 

 

According to a variety of models of Italika ATVs 

such as the ATV200 or ATV150 the maximum 

load capacity is 150 kg. Ideally, the weight 

carried by a vehicle is distributed over the 

number of wheels. In the case of an ATV, a value 

of approximately 40 kg load will be assigned to 

each wheel under maximum load conditions, 

taking into account the occupant and the weight 

of the chassis. 

 

Calculation of the stress and torsional moment  

 

The first type of stress to be analysed will be 

torsional stresses, therefore, it will be necessary 

to calculate the torsional moment applied on the 

hub: 

 

𝐹𝑐𝑎𝑟𝑔𝑎 = 40 𝑘𝑔 ∗ 9.81
𝑚

𝑠2
= 392.4 𝑁                     [5] 

 

The torsional moment is therefore: 

 
𝑀 = 392.4 𝑁 ∗ 0.07343 𝑚 = 𝟐𝟖. 𝟖𝟏𝟑𝟗 𝑵𝒎      [6] 
 

 

 

 

 

Two fixed supports will be assigned to 

the ends, where ideally the bolt and nut assembly 

will be fixed to the fork, likewise in the central 

part of the bushing the calculated torsional 

moment is set, see Figure 6: 

 

Box 6 
 

  
 

Figure 6 

Bushing end supports and moment configuration 

 

Shear stress 

 

A longitudinal load shall be applied to simulate 

a shear force. The force value to be applied will 

be 394.4 N, calculated force and fixed support 

previously selected, the selected area of interest 

will be the same in red as in the moment 

configuration shown in figure 6. 

 

Results 

 

The results obtained by the simulation will be 

shown in which the stresses to which the bushing 

is subjected in the two stress representations are 

represented and at the end the factor of safety of 

the bushing will be denoted to validate the use of 

the model as a viable design. 

 

Torsional stress in ANSYS®. 

 

In the following, the results obtained for the 

behaviour of the bushing under torsional stress 

are presented, the selected diagrams of interest 

are: Equivalent Stress (Von-Mises), the Total 

Deformation and the corresponding safety 

factor. Figure 7 shows the Von-Mises equivalent 

stress with a maximum value of only 0.018998 

MP and it is just in the stress concentration zone 

due to the variation of the bushing diameter. 
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Box 7 

 
Figure 7 

Von-Mises equivalent stress under torsional stress. 

 

On the other hand, Figure 8 shows the 

total deformation obtained and it is 

approximately1.3484𝑥10−6 𝑚𝑚, ua fairly 

small value which does not generally deform the 

TPU bushing. 

 

Box 8 

 
 

Figure 8 

Total deformation under torsional stress 

 

Finally, the safety factor value shown in 

Figure 9 indicates that it is 15, both the minimum 

and the maximum, since the ANSYS® software 

works with this maximum safety factor value. It 

can be said that the material is sufficiently safe 

for this type of stress. 

 

 Box 9 

 
 

Figure 9 

Corresponding factor of safety against torsional stress 

 

 

 

 

 

 

 

Shear stress in ANSYS ® 

 

Equally favourable shear behaviour was 

obtained, where the maximum equivalent stress 

is 3.6991 MPa present at the highest stress 

concentration (see Figure 10).). 
  

Box 10 

 
 

Figure 10 

Von-Mises equivalent Von-Mises shear stress 

 

The deformation obtained is barely is 

of3.499𝑥10−4𝑚𝑚, pr The steel is practically 

not deformed under this stress, with the greatest 

deformation occurring in the middle of the 

bushing (see Figure 11). 
 

Box 11 

 
 

Figure 11 

Total shear deformation 

 

Similarly, the factor of safety obtained 

indicates that the material will be safe enough to 

be used for this type of stress as it is greater than 

2 as shown in Figure 12. 
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Box 12 

 
Figure 12 

Corresponding factor of safety for shear stress. 

 

Conclusions 

 

Based on the above tests, it was concluded that a 

better print quality is obtained when the printing 

speed percentage is decreased, on the other hand, 

the component was too soft and flexible due to 

the 20% filler, so it was found to be too soft and 

flexible, for the last test with the printing speed 

parameters of 20% and a filling of 100%, a 

bushing was obtained that was rigid enough to 

be able to fulfil the corresponding function of 

cushioning and providing flexibility, similar to 

having a real bushing with the manufacturing 

process by means of injection moulds, as this 

way the quality of the filling is not lost nor does 

it present faults due to having hollow spaces in 

its interior (see Figure 13). 
 

Box 13 

 
Figure 13 

Printed bushings for experimentation. 

 

The present analysis of the 

Thermoplastic Polyurethane (TPU) bushing has 

demonstrated its potential as a viable solution to 

address the shortage of spare parts in the 

automotive industry, especially for parts that are 

difficult to obtain or discontinued in Mexico. 

 

Throughout the development of the 

project, the mechanical behaviour of TPU has 

been evaluated in comparison to conventional 

rubber, suggesting the possibility of replacing 

rubber in its entirety, although a simultaneous 

analysis of both materials is needed to confirm 

this hypothesis.  

 

It is essential to note that this study is 

based on mechanical testing only, and the 

thermal behaviour of TPU represents a valuable 

area of future research, given that the suspension 

system experiences temperature variations 

during operation. With the results obtained 

according to the deformations and stresses it can 

be observed that the desirable factor of safety is 

greater than 2 obtaining a feasible model within 

the desired design characteristics. 

 

Experimental validation, which is still 

under development, will benefit from the stress 

calculations obtained in this analysis, which will 

allow more accurate testing under real 

conditions. Moving forward, it is suggested that 

the hub be mounted on a functional quad bike, as 

the current quad bike, which is disassembled, 

limits the scope of practical testing. All in all, the 

results obtained so far indicate that the TPU 

could be a promising alternative to solve the 

current problem of spare parts availability. 
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Abstract 

This work proposes the design and simulation of a conventional three-speed 

automatic transmission, including reverse gear, for an all-terrain utility vehicle 

(ATV). The proposed design was generated considering the power requirements 

needed for the selected vehicle to operate on a specific driving cycle over uneven 

terrain with variable slopes ranging from -0.5° to 2.5°. A vehicle with well-defined 

mass, dimensions, and engine displacement was selected as the design criteria. 

Using the numerical software MATLAB, the power requirements were calculated, 

establishing that the transmission ratios range from 0.18 to 1. Using commercial 

Multibody Dynamics (MBD) software, ADAMS, the reliability of the proper 

functioning of the gear trains was determined based on boundary conditions. 

Similarly, to verify that the selected materials and components can withstand 

critical loads, structural static simulations were carried out using the finite element 

method with the commercial software ANSYS. 

Finite element analysis, Simulation CAE, Automatic 

Transmission 

Resumen 

Este trabajo propone el diseño y la simulación de una transmisión automática 

convencional de tres velocidades, incluyendo reversa, para un vehículo utilitario 

todoterreno (ATV). El diseño propuesto se generó tomando en cuenta los 

requerimientos de potencia necesarios para que el vehículo seleccionado sea capaz 

de circular, siguiendo un ciclo de manejo específico, sobre un terreno irregular con 

pendientes variables oscilantes entre -0.5° y 2.5°. Utilizando el software numérico 

MATLAB©, se calcularon los requerimientos de potencia, que van desde 0.18 hasta 

1. Empleando un software de Multibody Dynamics (MBD) comercial, ADAMS©, 

se corroboró el adecuado funcionamiento de los trenes de engranajes con base en 

las condiciones de frontera, de forma similar, para corroborar que los materiales y 

componentes seleccionados soporten las cargas críticas, se realizaron simulaciones 

estáticas estructurales mediante el software comercial ANSYS©, basado en la teoría 

de los elementos finitos. 

Análisis por elemento finito, Simulación CAE, 

Transmisión automática

Citation: Ramírez-Ceja, Axel Iván, Manríquez-Padilla, Carlos Gustavo, Pérez-Cruz, Ángel and Torrez-Rico, Luis Armando. 

[2024]. Design of a three-speed automatic transmission system with reverse for all-terrain vehicles (ATV). Journal of 

Mechanical Engineering. 8[21]-1-12: e20821112. 

ISSN 2531-2189/© 2009 The Author[s]. Published by ECORFAN-Mexico, S.C. for its 

Holding Spain on behalf of Journal of Mechanical Engineering. This is an open access article 

under the CC BY-NC-ND license [http://creativecommons.org/licenses/by-nc-nd/4.0/] 

Peer Review under the responsibility of the Scientific Committee MARVID®- in contribution 

to the scientific, technological and innovation Peer Review Process by training Human 
Resources for the continuity in the Critical Analysis of International Research. 

https://ror.org/00v8fdc16
https://www.webofscience.com/wos/author/record/LTF-2732-2024
https://orcid.org/0009-0008-1340-3673
https://ror.org/00v8fdc16
https://www.webofscience.com/wos/author/record/JKH-7361-2023
https://orcid.org/0000-0003-1332-5173
https://ror.org/00v8fdc16
https://orcid.org/0000-0001-5320-4064
https://ror.org/037vkq915
https://www.webofscience.com/wos/author/record/LTF-1239-2024
https://orcid.org/0000-0002-6873-0363
https://doi.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.marvid.org/
https://crossmark.crossref.org/dialog/?doi=10.35429/JME.2024.8.21.2.12&domain=pdf&date_stamp=2024-12-31


2 
Journal of Mechanical Engineering                                                                 8[21]1-12: e20821112 

Article 

 

 
ISSN: 2531-2189 

RENIECYT-CONAHCYT: 1702902 
ECORFAN® All rights reserved. 

 

Ramírez-Ceja, Axel Iván, Manríquez-Padilla, Carlos Gustavo, Pérez-Cruz, 

Ángel and Torrez-Rico, Luis Armando. [2024]. Design of a three-speed 

automatic transmission system with reverse for all-terrain vehicles (ATV). 

Journal of Mechanical Engineering. 8[21]-1-12: e20821112 

DOI: https://doi.org/10.35429/JME.2024.8.21.2.12  
 

Introduction 

 

The design of vehicle transmissions is a 

fundamental process in automotive development 

and innovation, as it allows vehicles to operate 

effectively in various terrains and under different 

driving conditions. To achieve this, it is essential 

to carry out a thorough analysis of the power and 

torque requirements necessary for the vehicle to 

perform its functions properly. Several research 

studies on this subject have been documented in 

the literature. For example, CENIDET (Centro 

Nacional de Investigación y Desarrollo) 

mathematically modelled the mechanical part of 

an electric vehicle, determining the differential 

equation that describes the forces exerted by the 

road and the equations that govern its 

transmission (M. Durán, 2009). For its part, the 

University of Chile developed a power system 

for a single-seater vehicle, using simulations of 

the SolidWorks© 2015 Motion Analysis module 

to determine the power requirements based on 

the Theo Jansen mechanism (Andrade, M. A. L., 

2016). 

 

The power requirements are directly 

related to the exhaust emissions as a function of 

the driving dynamics, which in turn reflects the 

engine load. Thus, the driving dynamics 

calculation must consider the five main 

resistances that affect engine load: wheel force 

(Fw), drag resistance (Rd), rolling resistance 

(Rr), gradient resistance (Rg) and acceleration 

resistance (Ra) (Song, J., & Cha, J., 2021). 

 

Once the power requirements are 

established, the design criteria for the drive 

system can be defined. For example, Zarate, W. 

E. H. (2020) evaluated the design criteria for an 

electronic continuously variable transmission 

(E-CVT), considering as initial criteria the 

maximum torques and the rated power of the 

three motors that make up the powertrain, and 

then defining the characteristics of the planetary 

gears, including dimensions, module, and 

number of teeth. Similarly, Pórtilla, L. V., et al. 

(2013) emphasised the importance of the type of 

material from which the components of the 

transmission system are manufactured, 

highlighting the relevance of strength and 

reliability analysis, as well as the appropriate 

selection of materials based on the normal 

tensile stresses and shear stresses to which the 

system is subjected. 

 

The development of transmissions for 

vehicles is not only limited to internal 

combustion vehicles, as can be seen in the work 

carried out at the Escuela Tecnológica Instituto 

Técnico Central in Bogotá, where a transmission 

was adapted to improve the efficiency and 

performance of a human traction vehicle (VTH), 

Castro Escobar, W. A., & Ramírez Moreno, L. 

E. (2024). The University of the Armed Forces 

also developed a transmission that allows 

coupling an internal combustion engine with an 

electric motor in very extreme conditions, with 

slopes of 15° and an engine of 486 kg, which 

makes the development and selection of 

materials and components a complex and 

interesting work, the difference to what is 

proposed in this article is that this work opts for 

the analysis and selection of a manual 

transmission. Gavilanes, A., Arturo, C., et al. 

(2024). 

 

Taking into consideration the above, this 

article focuses on the design of an automatic 

transmission for an all-terrain vehicle (ATV), 

starting from the power curve generated by the 

engine and the power requirements of the road. 

The main objective is to design the gear and 

clutch layout of a conventional three-speed 

automatic transmission with reverse, so that it 

meets the specific power requirements of the 

vehicle. In addition, the correct operation of the 

proposed design will be validated through a 

series of numerical experiments consisting of 

static structural and dynamic multi-physical 

simulations of the gears that make up the 

transmission ratios of the planetary systems 

using software based on finite element theory 

. 

Development of headings and subheadings of 

the article with subsequent numbers 

 

Design criteria 

 

We start with the parameterisation of the vehicle 

to be analysed, taking as a basis the chassis of an 
Italika© 150 ATV. Figure 1 shows the dimensions 

of the vehicle and the wheelbase. 
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Box 1 
 

 
Figure 1 

a) Height and width of the vehicle b) Wheelbase of the 

vehicle 

Source: Own elaboration 

 

Subsequently, Table 1 details the system 

design criteria that underpin the transmission 

box proposal developed in this work. 

 

Box 2 
Table 1 

Numerical vehicle design criteria. 

 
Experiment conditions Value 

Road slope Variable according to 

graph 

Wind speed 1 km/h 

Rolling resistance coefficient 0.092 

Drag coefficient 0.62 

Air density 1.18 kg/m3 

Dynamic radius 0.2667 m 

Vehicle parameters Valor 

Rim diameter 0.254 m 

Tyre size 21\7 - 10 

ATV total mass (with rider and 

transmission) 

245 kg 

Total frontal area of ATV (with rider) 1.031 m2 

Centre of mass in X 1.34 m 

Centre of mass in Y 1.21 m 

Centre of mass in Z 0.60 m 

Engine size 177.3 cc 

Gear ratios Value 

Mv1 0.266 

Mv2 0.53 

Mv3 1 

Mv reversa 0.2 

   

Source: Own elaboration 

 

Once the chassis model has been 

selected, a rider with an average height of 1900 

mm is chosen. Using SolidWorks© software, a 

virtual model of the ATV including the rider is 

developed, as shown in Figure 2. In this process, 

the total frontal area of the vehicle is calculated 

together with the rider. 

 

 

 

 

 

 

 

 

Box 3 
 

 
 

Figure 2 

CAD model of the rider with the ATV 

      Source: Own elaboration 

 

In addition to the criteria presented in 

Table 1, specific objectives for the possible 

implementation of the design are set out below: 

 

- Light weight: The design should be as 

light as possible to optimise vehicle 

performance. 

 

- Number of drivetrains: The vehicle 

should have three forward gears and one 

reverse gear. 

 

- Drive cycle: The vehicle shall be able to 

move according to the driving cycle on 

slopes, as illustrated in Figure 3. 

 

- Engine power and torque curve: The 

engine selected to power the vehicle 

develops the power and torque curve 

shown in Figure 4. 
 

Box 4 
 

 
Figure 3 

a) Management cycle and b) Terrain slope. 

      Source: Own elaboration 

 

 

 

 

a) b) 

a) b) 
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Box 5 
 

 
Figure 4 

a) Management cycle and b) Slope of the terrain      

Source: Own elaboration 

 

By considering weight criteria, 

transmission functionality, hill performance and 

engine characteristics, it is sought to ensure that 

the vehicle not only meets the technical 

requirements, but also adapts to the actual 

operating conditions. This holistic approach 

ensures that the final design is efficient, effective 

and suitable for implementation in the intended 

context of use. 

 

Power requirements 

 

To meet the above-mentioned criteria and the 

specific parameters of the ATC, it is essential to 

consider the power requirements of the ATC. 

These requirements are directly related to the 

driving resistances faced by vehicles in general. 

As illustrated in Figure 5, there are several forces 

that affect vehicle dynamics, which must be 

overcome and taken into account when 

designing any type of automotive transmission. 

 

Box 6 
 

 
 

Figure 5 

Forces affecting vehicle dynamics       

Source: (Song, J., & Cha, J., 2021) 

 

The total resistance to conduction can be 

calculated using the following expression. 

 

𝐹𝑤 = 𝑅𝑟 + 𝑅𝑑 + 𝑅𝑔 + 𝑅𝑎        (1) 

 

 

 

where, 𝑅𝑟 represents the rolling 

resistance force, 𝑅𝑑 represents the drag 

resistance force of the air, 𝑅𝑔 represents the 

resistance of the road slope, and 𝑅𝑎 represents 

the acceleration resistance (Song, J., & Cha, J., 

2021). 

 

The air drag force models the opposing 

force that a wind volume presents when it is 

displaced in order for the vehicle to take its 

place. It is calculated by: 

 
𝑅𝑑 = 0.5 𝐶𝑑 𝐴𝜌𝑣2                            (2) 

 

In equation (2), the coefficient Cd is the 

dimensional drag coefficient, while A contains 

the value of the frontal area of the vehicle in 

metres, ρ represents the value of the air density 

in kg/m3, and 𝑣 represents the ratio of vehicle 

speed to wind speed at m/s. 

 

Rolling resistance force, 𝑅𝑟, contains the 

magnitude of the opposing force that the road 

exerts on the wheel, thus preventing its 

movement, and is determined by the following 

expression: 

 

𝑅𝑟 = (𝐶𝑠𝑟 + 𝐶𝑑𝑟 (
𝑣

100
)

2.5

) ∗ 𝑊𝑐𝑜𝑠(𝜃)               (3) 

 

Where; 

 

𝐶𝑠𝑟 =  −514.7 (
𝑃𝑡𝑖𝑟𝑒

100
)

3

+ 53.72 (
𝑃𝑡𝑖𝑟𝑒

100
)

2

− 1.877 (
𝑃𝑡𝑖𝑟𝑒

100
)

+ 0.03051                     (4) 

𝐶𝑑𝑟 =  −793.1 (
𝑃𝑡𝑖𝑟𝑒

100
)

3

+ 83.98 (
𝑃𝑡𝑖𝑟𝑒

100
)

2

− 2.977 (
𝑃𝑡𝑖𝑟𝑒

100
)

+ 0.0375        (5) 

 

while𝑣, represents the speed of the 

vehicle in m/s, W is the weight of the vehicle in 

N, Θ son los grados de inclinación del camino y  

Ptire representa a la presión de la rueda en 

unidades bar. 

 

On the other hand, the slope resistance, 𝑅𝑔, 

indicates the magnitude of the force required to 

keep the vehicle in a steady state when moving 

on a road with a gradient 𝜃. The slope resistance 

is determined using: 

 
𝑅𝑔 = 𝑊𝑠𝑖𝑛(𝜃)                              (6) 

 

Where, 𝑊, represents the proportional 

weight of the vehicle. 
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In addition to the acceleration 

resistance, 𝑅𝑎, determines the amount of force 

required to increase the vehicle speed from an 

initial speed to a final speed in a given time.  

 
𝑅𝑎 = 𝑚𝑎                                 (7) 

 

where, m represents the mass of the 

vehicle and a represents the acceleration of the 

vehicle. (m/s2). 

 

Based on the elements collected so far, 

MALAB© is used to analyse the behaviour of 

the engine power and torque distribution as a 

function of time during the driving cycle. This 

analysis allows to start the selection of 

commercial components for the final design of 

the transmission system. 

 

Transmission design 

 

For the design of this transmission, planetary 

gear systems have been used, which are 

composed of a sun gear (central gear), planetary 

gears (intermediate gears) and a ring gear 

(external gear with internal teeth), as shown in 

Figure 6. 

 

Box 7 
 

 
 

Figure 6 

Planetary gear system       

Source: Own elaboration 

 

To establish the gear ratios presented in 

Table 1, it is necessary to select the module, 

pressure angle and number of teeth of the gears 

as shown in Table 2. In this case, two planetary 

systems with a single ring gear arrangement 

have been used, which are connected by an arm 

and a central shaft, as shown in Figure 7. 

 

 

 

 

 

Box 8 
 

Table 2 

Gear selection 

 

Gear design 

Position No teeth Module Ang. Pressure ° 

Solar 1 
16 2 20 

Planets 1 60 2 20 

Ring 136 2 20 

Solar 2 16 2 20 

Planets 2 68 2 20 
 

  Source: Own elaboration 

 

Box 9 
 

 

 
 

Figure 7 

Planetary gear system 

      Source: Own elaboration 

 

With this arrangement, it is intended that, 

with the help of clutches, the drive trains can be 

configured to transmit the engine power to the 

wheels. In first gear, the ring gear is required to 

remain completely static by actuating the 

clutches, thus allowing the sun gear of the first 

planetary system to rotate with the angular 

velocity of the engine. This motion is transmitted 

to the planets, of which the connected output 

shaft generates the first gear ratio. 

 

For the second gear, the solar gear of the 

second system rotates with the power input of 

the engine, transmitting the power to the planets 

of that system. By disengaging the clutch system 

that holds the ring stationary, the planets can 

rotate it, thus transmitting motion to the planets 

of the first system, and again, the shaft connected 

to these planets allows the output of the second 

ratio. 

 

Planetary system 1 Planetary system 2 

Solar 1 

Planetas 1 

Solar 2 

Planetas 2 
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For the third gear, the rotational motion 

of both the planets and the ring is prevented in 

both systems, so that the whole assembly rotates 

at the same speed as the solar gear, which 

coincides with the input speed of the motor, thus 

achieving a 1:1 ratio. 

 

For reverse gearing, a third planetary 

system is commonly used. However, due to 

sizing limitations of the test vehicle, a 

configuration is proposed that allows the reverse 

motion to be performed using only two planetary 

systems. This configuration requires decoupling 

the output axis of the planets and coupling it to 

the ring, which will generate the motion of the 

output axis in the opposite direction. It is 

necessary to decouple the planetary systems, 

which are connected by means of two crown 

gears that are kept in contact through clutches as 

required. 

 

Finally, rotational movement around the 

solar gear of the planets is prevented, allowing 

the planets to move on their own axis. In this 

way, the ring gear is made to rotate in the 

opposite direction, transmitting the speed ratio 

of the reverse gear. The final distribution can be 

seen in Figure 8. 

 

Box 10 
 

 
 

Figure 8 

Main transmission distribution 

      Source: Own elaboration 

 

As a final part of the transmission design, 

a proposal is made for the housing that will 

contain the whole mechanism as shown in figure 

9 together with the clutch layout. 

 

 

 

 

 

 

Box 11 
 

 
 

Figure 9 

a) Proposed housing b) Clutch distribution 

Source: Own elaboration 

 

Structural static analysis of critical components 

 

With the design established, it is essential to 

verify that the selected components can 

withstand the critical loads that the transmission 

will demand. For this purpose, a structural static 

analysis based on the finite element theory is 

carried out using the commercial software 

ANSYS Workbench©. The maximum torque 

expected in the case is taken as a reference, and 

the analysis will be carried out on the critical 

elements of the assembly. In particular, a torque 

of 330 Nm is used for the analysis on the central 

shaft, as well as on the sun gears and the 60-tooth 

gear, which is the component with the smallest 

amount of material. 

 

In addition, a structural analysis of the 

housing supports will be carried out, considering 

a total mass of 50 kg. In this case, the housing 

supports must be able to withstand at least 490.5 

N, which means that they must resist 2,662 kPa. 

Next, figure 10 shows the analysis of the central 

axis where the maximum torque is applied to the 

solar gears, figure 11 shows the same torque, but 

in the 60-tooth gear, which is the one that 

contains the least material, and finally, figure 12 

shows the analysis of the housing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 
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Box 12 
 

 
 

Figure 10 

ANSYS© analysis of deformation, Von-Mises stress 

and shear stress on axis and suns 

      Source: Own elaboration 

 

Box 13 
 

 
 

Figure 11 

ANSYS© analysis of deformation, Von-Mises stress 

and shear forces on the 60-tooth planet 

      Source: Own elaboration 

 

Box 14 
 

 
 

Figure 12 
ANSYS© analysis of deformation, Von-Mises stress and 

shear forces on the housing 

      Source: Own elaboration 

 

 

 

 

Dynamic gear simulation 

 

With the structure analysis developed in 

ANSYS© it is possible to determine whether or 

not the material will support the loads to which 

the mechanism is subjected. However, these 

studies do not ensure the correct movement of 

the proposed design, so it is necessary to carry 

out a dynamic study of the mechanism to verify 

the proper functioning of the transmission 

system. For this purpose, the ADAMS© 

commercial software has been used, which 

allows the power curve of the motor to be 

introduced in order to verify the transformation 

of the power at the output of the system. In 

addition, the software allows the presence of 

possible interferences in the components, 

derived from a deficient design, to be 

determined. Within the software, only the 

distribution of the planetary systems has been 

used for simulation, as can be seen in Figure 13. 

 

Box 15 
 

 
 

Figure 13 

Dynamic simulation in ADAMS
©

 

      Source: Own elaboration 

 

Results 

 

Based on the elements collected so far, 

MATLAB© is used to analyse the behaviour of 

the engine power and torque distribution as a 

function of time during the driving cycle. Figure 

14 can be consulted for a detailed visualisation, 

where the maximum and minimum torque and 

power that the vehicle delivers throughout the 

driving cycle to pass over the established terrain 

can be observed. 
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Box 16 
 

  
 

Figure 14 

a) Torque vs. time and b) Power vs. time. 

      Source: Own elaboration 

 

Figure 15 shows how the slope changes 

over the course of the driving cycle and the 

power required by the vehicle to pass through the 

terrain described by the slopes.  

 

Box 17 
 

 

 
 

Figure 15 

a) a) Slope vs. time and b) Power requirement. 

      Source: Own elaboration 

 

On carrying out the test using simulink 

and obtaining the graph of torque vs. time, power 

vs. time and finally the graph of speed vs. time. 

It is observed that there is similarity in the graphs 

obtained. When testing with Simulink and 

obtaining the graphs of torque vs. time, power 

vs. time, and speed vs. time, there is a notable 

similarity in the graphs obtained, as shown in 

Figure 16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Box 18 
 

 
 

Figure 16 

Testing graphs with Simulink. 

      Source: Own elaboration 

 

Figure 17a shows the transmission 

response with the gear ratios, in red colour the 

Mv1, in blue colour the Mv2, in yellow colour 

the Mv3 and in green colour the Mvr, in the same 

order for the torque response, it can be seen in 

Figure 17b. 

 

Box 19 
 

 
Figure 17 

a) Power vs transmission rpm and b) Torque vs 

transmission rpm. 

      Source: Own elaboration 

 

Figure 18 shows the comparison between 

the power output and the power required to 

travel the set route, which includes both the road 

gradients and the speed variations captured in 

the driving cycle. The black graph represents the 

power required to complete this route. As can be 

seen, the graphs of the power supplied by the 

transmission confirm that the proposed 

transmission system adequately transforms the 

power coming from the engine in such a way that 

it allows the vehicle to drive along the selected 

road following the driving cycle described in 

Figure 3a. 

 

 

 

 

 

 

a) b) 

a) b) 
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Box 20 
 

 
Figure 18 

Comparison between the power required by the road 

and the power delivered by the transmission.  

      Source: Own elaboration 

 

With these results the design can be 

concluded, leaving the configurations described 

above as follows and can be seen in figures 19 

and 20, where the different configurations of the 

clutches can be seen, in figure 19a it can be seen 

how the crowns are fixed together with the ring 

to a clutch fixed to the housing, in 19b the clutch 

is released from the housing, allowing the 

crowns and ring to rotate; in figure 20b we can 

see how the arms are locked together, joining the 

movement of the suns to the planets and the ring 

and finally in figure 20b we can see how the 

crowns are separated and the movement of the 

planetary system 2 is locked and how the output 

shaft is moved to connect with the ring and the 

arms are locked together so that the planets only 

rotate on their own axis.  

 

Box 21 
 

 
Figure 19 

a) march 1 and b) march 2.  

      Source: Own elaboration 

 

 

Box 22 
 

 
Figure 20 

b) March 3 and b) Reverse. 

      Source: Own elaboration 

 

As mentioned above, it is necessary to 

verify that the elements support the expected 

loads. Structural steel has been selected as the 

main material for the internal components, its 

main characteristics can be seen in table 3, while 

for the housing aluminium Series 5000 has been 

selected, its properties are presented in table 4. 

The mechanical properties of steel and 

aluminium are presented in figures 11 and 12, 

respectively. It is important to mention that these 

data are standardised and are provided by 

ANSYS Workbench© as part of its material 

libraries. 

 

Box 23 
Table 3 

  Mechanical properties of structural steel obtained from 

ANSYS Workbench © 

 

Steel properties 

Mechanical property Value 

Young's modulus 2e11 Pa 

Bulk modulus 1.667e11 Pa 

Shear modulus 7.6923e10 Pa 

Creep modulus 2.5e8 Pa 

  

 

 

  Source: Own elaboration 

 

 

 

 

 

 

 

 

 
 

a) b) 

a) b) 
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Box 24 
Table 4 

  Mechanical properties of aluminium 5000 obtained from 

ANSYS Workbench© 

 
Properties of aluminium 

Mechanical property Value 

Young's modulus 7.1e10 Pa 

Bulk modulus 6.9608e10 Pa 

Shear modulus 2.6692e10 Pa 

Creep modulus 2.8e8 Pa 

 

 

  Source: Own elaboration 

 

The results obtained in the structural 

static analysis carried out in ANSYS 

Workbench© are summarised in Table 5. 

 

Box 25 
Table 5 

 Results of ANSYS
©

 

 
Análisis estructural 

Element Study Minimo Maximum Average 

Shaft with 
suns 

Deformation 
0 m 

7.2685e-6 
m 

7.9278 e-7 
m 

Shaft with 

suns 

Von-Mises 

Stress 
89.727 Pa 

1.2667e8 

Pa 

1.3434e7 

Pa 

Shaft with 
suns 

Shear Stress 3.4861e7 
Pa 

3.2684e7 
Pa 

25287 Pa 

Planet 60 

teeth 

Deformation 
0 m 2.8e-7 m 

4.6558e-8 

m 

Planet 60 
teeth 

Von-Mises 
Stress 63223 Pa 

6.1699e6 
Pa 

2.0598 
e6Pa 

Planet 60 

teeth 

Shear Stress 

36206 Pa 

3.4613e6 

Pa 
1.147e6 Pa 

Housing Deformation 
0 m 

3.3634e-7 
m 

2.3255e-8 
m 

Housing Von-Mises 

Stress 0.64702 Pa 

1.3963e5 

Pa 13569 Pa 

Housing Shear Stress 0.35633 Pa 71034 Pa 7543.6 Pa 

 

 

  Source: Own elaboration 

 

As can be seen in Table 5, the 

deformations are in the order of10−7 Pa and the 

greatest effort in the components is 1.3434 ∙
107 Pa. For the steel used, its yield stress is of 

the order of2 ∙ 1011 Pa, so that the maximum 

stress in the transmission system is the 1.3434 ∙
107  de the creep resistance of the material. 

Therefore, it can be said that the transmission 

system supports the workloads adequately. 

 

To finalise the validation of the proper 

functioning of the proposed transmission, a 

dynamic simulation is carried out with the help 

of the ADAMS© commercial software, as 

shown in the following figures.  

 

 

Figure 21 shows the representation of the 

reverse, where the blue colour shows the input 

speed of the motor and the red one is the output 

which, with the change of sign, shows that it is 

turning towards the opposite side, achieving the 

reverse. Figure 22 shows the transition of the 

input and output between first and second speed 

with an increase in speed as time increases. 

 

Box 26 
 

 
 

Figure 21 

Angular exit speeds from first to third gear. 

      Source: Own elaboration 

 

Box 27 
 

 
 

Figure 22 

Reverse output angular speeds. 

      Source: Own elaboration 

 

To appreciate the movement of the 

transmission, a link to videos of the transmission 

configurations and the dynamic behaviour of the 

transmission is included, 

https://drive.google.com/drive/folders/1aRXZo

ZLg_rRX8rjhOMRphyDVrRsDpLXf?usp=driv

e_link. 

 

 

 

 

 

 

a) b) 

https://drive.google.com/drive/folders/1aRXZoZLg_rRX8rjhOMRphyDVrRsDpLXf?usp=drive_link
https://drive.google.com/drive/folders/1aRXZoZLg_rRX8rjhOMRphyDVrRsDpLXf?usp=drive_link
https://drive.google.com/drive/folders/1aRXZoZLg_rRX8rjhOMRphyDVrRsDpLXf?usp=drive_link
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Conclusions 

 

At the end of the previous work, the proposal for 

the distribution of gears and clutches for the 

design of a conventional automatic transmission 

for an ATV vehicle has been completed, where 

it can be observed that in order to carry out 

different transmission ratios it is not necessary to 

use an excessive amount of gears, since with the 

help of a single planetary system the Mv1, Mv3 

and reverse ratios are carried out, which allows 

saving space and components at the time of 

making the box, which is essential due to the 

limited space for the transmission that these 

vehicles have. 

 

Furthermore, this work can serve as a 

small guide for the validation of any mechanism, 

showing the key points necessary for its 

validation and reliability, which would be: 

obtaining design criteria, numerical analysis, 

design sketch, validation of the resistance of the 

materials, numerical validation and dynamic 

simulation for the validation of the movement. It 

also serves as a background for future research 

such as the control system for the movement of 

the clutches or for a possible implementation of 

a prototype with this design proposal. 
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Abstract 

Camera calibration and computer vision algorithms have revolutionized form deviation analysis 

in machined parts. This study focuses on the camera calibration procedure for extracting form 

deviation features using 45 image captures of curves, lines, and slope geometries. The calibration 

process involves capturing high-quality images of a calibration pattern with known dimensions 

from various angles and orientations. The acquired images are then processed using computer 

vision algorithms to estimate the camera parameters. Once calibrated, the camera captures images 

of machined parts with curve, line, and slope geometries. Computer vision algorithms are applied 

to analyze these images and extract relevant form deviation features. The results demonstrate the 

effectiveness of the camera calibration procedure in accurately measuring form deviations in 

machined parts with curve, line, and slope geometries. 

Computer vision, Calibration, Image processing 

Resumen 

La calibración de cámaras y los algoritmos de visión por computadora han revolucionado el 

análisis de desviaciones de forma en piezas mecanizadas. Este estudio se centra en el 

procedimiento de calibración de cámaras para la extracción de características de desviación de 

forma mediante 45 capturas de imágenes de curvas, líneas y geometrías de pendiente. El proceso 

de calibración implica capturar imágenes de alta calidad de un patrón de calibración con 

dimensiones conocidas desde varios ángulos y orientaciones. Las imágenes adquiridas se 

procesan luego utilizando algoritmos de visión por computadora para estimar los parámetros de 

la cámara. Una vez calibrada, la cámara se utiliza para capturar imágenes de piezas mecanizadas 

con geometrías de curvas, líneas y pendientes. 

Visión por computadora, Calibración, Procesamiento 

de imágenes
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Introduction 

 

Computer vision technology has revolutionized 

various industries, including manufacturing, by 

enabling precise analysis of part geometry and 

detecting shape deviation features (Wang et al., 

2009). This technology plays a crucial role in 

CNC machining, where even minor deviations 

can significantly impact the performance and 

functionality of machined parts (Feng et al., 

2019). By utilizing advanced image processing 

techniques, such as spatial filtering and Gaussian 

smoothing, computer vision enhances the quality 

and interpretability of captured images, 

providing a solid foundation for shape contour 

extraction and Fourier descriptor calculations.  

 

Furthermore, computer vision 

technology allows for the identification of 

complex patterns and non-linear features in data 

from different sources, making it highly 

effective in transforming raw data into feature 

spaces and generating models for prediction, 

classification, detection, regression, and 

forecasting (Ngiam et al., 2011).  

 

Such an integrated real and virtual 

presentation and interaction technology, which 

incorporates computer vision, has been highly 

recommended by researchers as a potential 

approach to developing more powerful and 

supportive learning environments (Feng et al., 

2019).  

 

Additionally, thanks to deep learning 

techniques, computer vision algorithms have 

made significant progress in tasks such as image 

classification, object detection, and image 

segmentation. These advancements have not 

only replaced traditional machine learning 

algorithms but also improved the accuracy and 

efficiency of computer vision applications in 

various research fields, including computer 

vision for medical imaging, autonomous 

vehicles, surveillance systems, and robotics 

(Yang, 2020).  

 

Machine learning techniques, 

particularly deep learning, have played a crucial 

role in the advancement of computer vision 

algorithms. They have helped extract 

meaningful features from images and videos, 

enabling computers to identify and process 

objects like humans.  

 

In manufacturing, machine learning 

techniques have emerged as viable solutions to 

overcome the challenges faced by complex 

manufacturing systems. These techniques can 

effectively analyze data from different sources, 

find complex patterns, and transform raw data 

into models for prediction, detection, 

classification, regression, or forecasting. These 

innovative approaches have the potential to 

revolutionize manufacturing processes by 

optimizing efficiency, minimizing errors, and 

improving overall product quality (Voulodimos 

et al., 2018).  

 

In summary, computer vision 

technology, with its advanced image processing 

techniques and machine learning algorithms, 

plays a crucial role in various fields including 

manufacturing (Feng et al., 2019). It enables 

accurate analysis, prediction, and classification 

of data, leading to improved efficiency and 

quality in manufacturing processes (Voulodimos 

et al., 2018). In today's rapidly changing world, 

the significance of accurate forecasting and 

analysis in various fields, including 

manufacturing, cannot be overstated (Feng et al., 

2019). 

 

Background 

 

Burger et al. (2022) state for image processing it 

is necessary to address perspective distortion, as 

the positioning of a lens distorts the geometry of 

objects observed in image processing.  

 

An uncalibrated camera will capture 

distorted images. Sun et al (2014) defines 

calibration as the process of identifying the 

internal and optical properties of a camera 

(intrinsic parameters) and/or establishing the 

three-dimensional position and orientation of the 

camera concerning a global coordinate system 

(extrinsic parameters).  

 

Figure 1 defines the relationship of the 

distortion of an image, which is given by the 

distance between the projection center C and the 

plane where the point P is located. This distance 

is determined by the Z coordinate of the point, 

and the distance separating the image plane from 

the projection center is called the focal length f. 

Based on this, the extrinsic calibration 

parameters are defined as the focal length, the 

rotation matrix, and the translation matrix. 
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Box 1 
 

 
 

Figure 1 

Image perspective distortion 

 

To determine these parameters, similar 

triangles are applied in the following equation 1: 

 
𝑌

𝑧
=

𝑦

𝑓
                  [1] 

                

The focal length f depends on the lens 

and is associated with the power or 

magnification. In perspective projection, we 

start from a point with coordinates X, Y, Z, 1 and 

end at a point Pc with coordinates fX/Z, fY/Z, 1. 

Thus, this projection is expressed in Equation 2 

as a scaling through a matrix product with the 

scaling factor f. 

 

𝑃𝑐 = [

𝑓𝑋

𝑧
𝑓𝑌

𝑧

1

] = [
𝑓 0 0 0
0 𝑓 0 0
0 0 1 0

] ∗ [

𝑋
𝑌
𝑧
1

] ∗
1

𝑧
         [2] 

  

Where Pc is the three-dimensional point 

P in metric units (real units) such as meters or 

centimeters. However, the units of the images 

are pixels. To convert from metric units to 

pixels, we use the constants in Equations 3 and 

4, such as the pixel density per meter of the 

sensor, through a scaling transformation as 

shown in Equation 5. 

 

𝑘_𝑢[𝑝í𝑥𝑒𝑙/𝑚𝑒𝑡𝑟𝑜]                                 [3] 

 

𝑘_𝑣[𝑝í𝑥𝑒𝑙/𝑚𝑒𝑡𝑟𝑜]                                         [4] 

 

𝑃𝐶 = [
𝑘𝑣 0 𝑣0

0 𝑘𝑢 𝑣0

0 0 1

] ∗ 𝑃𝑐                    [5] 

 

The projection of a point, in this case, Pc, 

is a fundamental process in the representation of 

objects in an imaging system, based on the 

background theory a methodology is proposed to 

calibrate a camera mounted in a CNC machine. 

 

Methodology 

 

The methodology for applying computer vision 

technology in a CNC machine is presented in 

Figure 2. 

 

Box 2 
 

 
 

Figure 2 

Methodology 

 

The methodology involves several steps 

(Voulodimos et al., 2018). First, the camera in a 

CNC machine is mounted and calibrated, next 

images of the manufactured parts are captured 

using the camera. Then, advanced image 

processing techniques, such as spatial filtering 

and Gaussian smoothing, are applied to enhance 

the quality and interpretability of the images 

(Feng et al., 2019). Next, shape contour features 

are extracted from the enhanced images to 

extract shape deviation features (Voulodimos et 

al., 2018). 
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Shape deviation features allow for 

precise analysis of part geometry and 

identification of any deviations from the 

intended shape. This is particularly important in 

CNC machining, where even minor deviations 

can significantly impact the performance and 

functionality of a machined part. Computer 

vision technology, combined with machine 

learning techniques, has emerged as a valuable 

tool in manufacturing. 

 

Camera mounting and calibration of the image 

acquisition system 

 

The spatial calibration of the acquisition system 

is a procedure to determine the intrinsic and 

extrinsic parameters of the camera, such as the 

camera focal length, rotation matrix I, and 

translation matrix (t) for the image acquisition 

process. The calibration procedure determines 

the intrinsic parameters ku, kv, u0, and v0 which 

are substituted into the intrinsic matrix expressed 

in Equation 6. These parameters define the 3D 

position of the camera on the CNC machine for 

image capture. 

 

𝐶𝑘 = [
𝑘𝑣 0 𝑣0

0 𝑘𝑢 𝑣0

0 0 1

]                        [6] 

 

where ku is the horizontal focal length of 

the lens in millimeters (X-axis), kv is the vertical 

focal length of the lens in millimeters (Y-axis), 

and [u0, v0] are the coordinates of the image 

center in pixels. 

 

To carry out the calibration, a calibration 

pattern was created, which consists of squares 

distributed uniformly at a predefined distance. 

The chessboard pattern was chosen as the 

calibration pattern printed on adhesive paper 

attached to a rectangular piece measuring 

100x127 mm to prevent folding and warping. 

The pattern format consists of an even number 

(4) of squares along the Y-axis and an odd 

number (5) of squares along the X-axis. 

 

The size of the squares is 23 mm. The 

representation of the calibration pattern is shown 

in Figure 3. 

 

 

 

 

 

 

Box 3 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 

Calibration Pattern 

 

Steps for calibration: 

 

1. Preparation and mounting of the calibration 

pattern: The calibration pattern is placed on 

the machine press aligned parallel to the X 

and Y axes of the machine table. 

 

2. Camera mounting: the camera is mounted 

on top of the CNC machine perpendicular to 

the table and parallel to the calibration 

pattern to eliminate distortion. The camera 

view should be clear and unobstructed as 

shown in Figure 4. 

 

Box 4 

 

Figure 4 

 Camera calibration procedure 

 

3. Calibration Procedure: Following the 

recommendation of Mejia and Varona 

(2014), 3 calibration tests are conducted by 

capturing 12 images (totaling 36 images) of 

the calibration pattern, performing 

translations along the X and Y axes (See 

Appendix B) with respect to the CNC 

machine zero coordinates. The “Camera 

Calibrator” application of Matlab is used for 

calibration (refer to Figure 5). 
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4. Determination of Calibration Parameters: 

The algorithm proposed by Zhang (2000) 

is employed to determine the intrinsic and 

extrinsic camera parameters for each test 

(See Appendix section). 

 

5. Calibration Evaluation: The calibration 

precision is evaluated using metrics such 

as reprojection error. Calibration 

parameters are adjusted if necessary, and 

the camera is recalibrated if the precision 

is unsatisfactory. 

 

6. Application of Calibration: The intrinsic 

and extrinsic camera parameters are 

applied in the image capture process of the 

piece on the CNC machine table. Based on 

the calibration tests presented at the 

Appendix section, the camera position 

coordinates relative to the machine zero 

are determined as X −215.261, Y 34.405, 

Z 300.0, which generate minimal 

distortion. This will allow obtaining 

corrected and metrically precise images of 

the piece for analysis and processing. 

 

7. Testing and Adjustment: Additional tests 

are carried out with the calibrated camera 

to ensure that it is capturing images with 

the required precision, and further 

adjustments are made if necessary. 

 

Box 5 

 

Figure 5 

App Camera Calibrator 

 

 Source: Matlab 2021 

 

Three tests were conducted for the final 

camera calibration, capturing 12 images for each 

test in various positions with consideration of 

translation and rotation. The results of the 

captured images are depicted in figures 6, 7 and 

8 for each test. 

 

 

 

Camera calibration tests: 

 

Box 6 

 

Figure 6 

Images to calibration Test 1 

  

Source: Matlab 2021 

 

Box 7 

 
 

Figure 7 

Images to calibration Test 2 

 

Box 8 

 
 

Figure 8 

Images to calibration Test 3 

 

The results for each test are shown in 

Table 1, which displays the camera's position 

relative to the machine coordinate system (MCS) 

zero for each test. 
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Box 9 
 

Table 1 

Calibration Coordinates results for Haas VF1 VMC 

Machine 

 
Test Calibration 1 Calibration 2 Calibration 3 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

-215.261 31.705 

300.00 

-215.261 38.205 

300.00 

-215.261 39.005 

300.00 

-215.261 36.305 

300.00 

-215.261 35.505 

300.00 

-215.261 34.405 

300.00 

-214.161 37.705 

300.00 

-213.461 37.705 

300.00 

-212.461 37.705 

300.00 

-216.361 37.705 

300.00 

-217.361 37.705 

300.00 

-218.361 37.705 

300.00 

-218.161 20.505 

275.00 

-218.161 25.405 

275.00 

-218.161 27.105 

275.00 

-218.161 30.205 

275.00 

-218.161 33.405 

275.00 

-218.161 36.605 

275.00 

-215.26 36.605 275.00 

-218.161 36.605 

275.00 

-222.061 36.605 

275.00 

-224.061 36.605 

275.00 

-227.861 36.605 

275.00 

-213.161 36.605 

275.00 

 

-215.261 36.605 

266.00 

-215.261 37.705 

266.00 

-215.261 39.305 

266.00 

-215.261 34.205 

266.00 

-215.261 33.34 266.00 

-215.261 32.205 

266.00 

-210.00 36.605 266.00 

-212.00 36.605 266.00 

-214.76 36.605 266.00 

-208.261 36.605 

266.00 

-206.961 36.605 

266.00 

-204.961 36.605 

266.00 

 

Source [Own] 

 

Calibration Results 

 

The final camera calibration parameters were 

based on calibration test 3, as it resulted in the 

lowest reprojection errors with an average value 

of 0.28 pixels, which falls within the acceptable 

range of less than 1 pixel as defined by Zhang 

(2000). The intrinsic and extrinsic parameters 

from this test are shown in Figure 9. 

 

Box 10 

 
Figure 9 

Average Projection Error 

 

Image Acquisition 

 

Image acquisition of the machining parts is 

carried out using a system consisting of a 

computer, acquisition card, and the HIKVISION 

IP camera mounted on the column of the CNC 

machine. The camera is positioned 

perpendicular to the table and parallel to the 

workpiece, as shown in Figure 10. 

Box 11 

 

Figure 10 

Part mounting in CNC machine 

 

The acquisition system is designed to 

transmit images to the computer via Ethernet 

communication with a fixed IP address to a 

configured folder, which is directed to the 

algorithm to acquire the images and perform 

processing. 

 

The images captured by the camera are 

generated in RGBβ(x,y) color format with three 

channels, as illustrated in Figure 11. These 

images correspond to curved, straight, and 

sloped geometries respectively. 

 

Box 12 
 

 

Figure 11 

Image Capture: curve, straight line, and curve 

geometries 

 

Image Preprocessing 

 

Image preprocessing plays a fundamental role by 

acting as the first line of enhancement and 

refinement of the captured images. In the first 

stage, spatial filters such as smoothing and 

Gaussian filters are applied to improve the 

quality and interpretability of the captured 

images before extracting contour shape features. 
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As the second stage of image processing, 

the algorithm executes the transformation of the 

original image RGBβ(x,y) to a representation in 

grayscale Grβ(x,y) format through the 

application of the rgb2gray(Id,γ) conversion 

algorithm. This conversion process aims to 

reduce the dimensionality of the image from 

three channels to a single channel to handle less 

information and achieve faster computational 

speed. Subsequently, the transformation of the 

image into a binary format Bβ(x,y) is carried out 

using the imbinarize(Id,γ) algorithm, to segment 

objects of interest from the background, as 

shown in Figure 12 of the transformation 

process. 

 

Box 13 
 

Figure 12 

Image Transformation Process: RGB to Gray and 

Binary 

 

The transformation process aims to 

express the visual information contained in the 

image in a way that is interpretable and 

manipulable by the computational system. 

Additionally, the process is carried out to 

simplify information, detect edges, recognize 

patterns, and improve computational 

performance to facilitate subsequent operations 

in the realm of digital image processing. The 

binary representation is specifically chosen for 

its ability to simplify and optimize the 

manipulation of visual data, enabling a more 

efficient and precise analysis in the later stages 

of the image processing treatment process. 

 

Feature Extraction 

 

The subsequent stage is precisely dedicated to 

the extraction of fundamental features present in 

the processed images. In this process, the 

algorithm transforms the binary image Bβ(x,y) 

into a 2D representation called a "signature" 

SGβ(x,y). This transformation is achieved 

through the application of the 

cv2.findContours(Id,γ) algorithm, specifically 

designed for edge and corner detection, 

identifying points of change and corners in the 

shapes present in the images, as visualized in 

Figure 13. 

 

 

Box 14 

 

Figure 13 

Edge Extraction in Images: SGβ(x,y). 

 

This approach efficiently highlights and 

characterizes regions of interest in the images, 

which is essential for detailed analysis and 

subsequent decision-making in the context of 

image processing. 

 

To obtain dimensional contour variation 

information about the geometry of the parts, the 

algorithm applies the Gaussian filter 

(cv2.GaussianBlur) with a threshold σ = 2 and 

the bilateral filter (cv2.bilateralFilter) with a 

kernel size k = 3 to eliminate noise to obtain an 

image representation free of imperfections, as 

illustrated in Figure 14. This noise removal 

process is essential to ensure a clean and sharp 

image, providing a solid foundation for 

subsequent stages of analysis and data 

processing within the context of the algorithm. 

 

Box 15 

 

Figure 14 

Noise Reduction in Images: SGβ(x,y). 

 

Results 

 

Image Acquisition Results  

 

Below are the results of the captured images of 

the parts corresponding to curved, straight, and 

sloped geometries shown in Figures 15,16 and 

17. During the acquisition process, 135 images 

were captured, considering the resolution and 

quality of the camera used. The camera 

resolution of 1600x1200 pixels facilitated 

capturing contour variation features of the parts 

to be machined. 
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Box 16 

 

Figure 15 

Captured images of curve geometry 

 

Box 17 

 

Figure 16 

Captured images of line geometry 

 

Box 18 

 

Figure 17 

Captured images of slope geometry 

 

Results of Contour Variation Feature Extraction 

 

As a result, a total of 135 shape variation features 

were extracted from each geometry, 

corresponding to 45 presented below in Figures 

18,19 and 20: 

 

Box 19 
 

Figure 18 

Curves with smooth and sinuous contours (units: 

pixels) 

 

Box 20 

 

Figure 19 

Identification of key features, parts with line geometry 

(units: pixels) 

 

Box 21 

 

Figure 20 

Identification of key features, parts with sloped 

geometry (units: pixels) 

 

 

https://doi.org/10.35429/JME.2024.8.21.1.11


9 
Journal of Mechanical Engineering                                                                 8[21]1-11: e30821111 

Article 

 

 
ISSN: 2531-2189 

RENIECYT-CONAHCYT: 1702902 
ECORFAN® All rights reserved. 

 

Meraz-Méndez, Manuel, Muñoz-López, Luis Enrique, Reynoso-Jardón, Elva 

Lilia and Corral- Ramírez, Guadalupe. [2024]. Camera calibration procedure for 

extracting form deviation features in machined parts through computer vision 

algorithms. Journal of Mechanical Engineering. 8[21]-1-: e30821111.  

DOI: https://doi.org/10.35429/JME.2024.8.21.3.11  
 

Discussions 

 

1. Diversity of Shapes and Sizes: The 

diversity of shapes and sizes encountered 

when dealing with parts of curved 

geometry was notable. By analyzing 

Figures 18,19 and 20 corresponding to 

delrin material, characteristics such as 

smooth and sinuous contours, pronounced 

curves, and diversity in shapes and sizes 

were observed in these parts, 

demonstrating the inherent complexity of 

curved, line, and slope geometry. Each of 

these shapes presented its own 

peculiarities and visual characteristics, 

requiring a meticulous approach to 

effectively identify and correlate key 

features. The ability of the algorithm to 

adapt to the complexity of the shapes 

necessitated a higher degree of 

sophistication in image processing. 

 

2. Distinctive Features: Throughout the 

process of feature extraction from parts 

with curved, line, and slope geometry, the 

identification and isolation of a series of 

highly distinctive characteristics were 

conducted. Figures 18, 19, and 20 also 

offer an enlightening view of these unique 

features of Delrin found in curved parts. 

Among them, inflection points, maximum 

curvatures, concavity points, and other 

critical geometric attributes can be 

observed, which play a fundamental role in 

the detailed description of the shape and 

structure of a representative sample of 

curved geometry. Each of these distinctive 

characteristics presents its complexity, and 

their identification and analysis require a 

meticulous and sophisticated approach. 

 

3. Scale Variation: During the feature 

extraction process on the set of parts with 

curved, line, and slope geometry, 

considerable scale variation was observed. 

When examining the delrin samples shown 

in Figure 19, it is apparent that some parts 

exhibited reduced dimensions and 

variation in their contour, while others 

stood out for their substantial size. This 

diversity in the scale of the parts was 

notable and posed an additional challenge 

in the feature extraction process. Adapting 

the feature extraction algorithms to this 

variability became an essential component 

for achieving precise and coherent results. 

Smaller-scale parts required a meticulous 

approach to identify fine details, whereas 

larger parts demanded a more robust 

processing capability to handle more 

complex structures. The ability of feature 

extraction algorithms to address this wide 

range of sizes is a testament to their 

versatility and efficiency. Adaptation to 

different scales is not only relevant in the 

context of curved geometry but is also a 

valuable characteristic for their 

applicability in various computer vision 

applications, where scale variability is a 

constant factor. 

 

4. Adaptability to Lighting Variations: The 

adaptability of feature extraction 

algorithms to variations in lighting 

conditions proved fundamental in the 

image capture process, as exemplified in 

Figure 20. Despite changes in intensity and 

type of lighting, the algorithms maintained 

a strong capacity for adaptation. Even in 

situations with diffuse lighting or the 

presence of shadows, the identification of 

features in curved parts remained robust 

and effective. This capability is essential in 

manufacturing and processing 

environments, where lighting conditions 

can vary due to various circumstances, 

highlighting the efficacy of the algorithms 

in practical applications. 

 

Box 22 

 

Figure 21 

Parts with different lighting 

 

Conclusions 

 

The results obtained through the application of 

computer vision technology in manufacturing 

have been highly promising (Feng et al., 2019). 

They have shown significant improvements in 

terms of accuracy, efficiency, and quality 

(Wuest et al., 2016). Moreover, the ability of 

machine learning algorithms to detect complex 

patterns and make accurate predictions has 

further enhanced the effectiveness of computer 

vision technology in manufacturing processes 

(Nichols et al., 2018). 
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These advancements have led to reduced 

errors, increased productivity, and improved 

overall product performance (Wuest et al., 

2016). Computer vision technology has 

revolutionized the manufacturing industry by 

enabling precise analysis of part geometry and 

identifying shape deviations (Ando et al., 2016). 

This technology has proved to be invaluable in 

CNC machining, where even minor deviations 

can have a significant impact on the performance 

and functionality of machined parts (Feng et al., 

2019). Furthermore, the combination of 

computer vision technology and machine 

learning algorithms opens new possibilities for 

optimizing manufacturing processes (Qi et al., 

2020) and improving overall product 

performance (Wuest et al., 2016). In summary, 

the contour variation feature extraction from 

parts with different geometries proved essential 

for improving precision and efficiency in CNC 

machining operations. The ability to identify and 

manage variability, position, inclination, and 

lighting was crucial for the success of the 

process. These results underscore the importance 

of feature extraction in manufacturing parts with 

diverse geometries and its positive impact on 

determining the World Coordinate System 

(WCS). 
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Abstract 

This study conducts a numerical and experimental analysis of the use of a "Halo" device, inspired 

by Formula 1, within the Formula SAE competition. Several alternatives were developed to meet 

the regulatory requirements of Formula SAE, and the selected proposal was modeled in CATIA 

V5 using both surface and solid modeling techniques. The model underwent a structural analysis 

similar to the "Quasi-static Test 1" used for the Formula 1 "Halo," utilizing ANSYS Workbench 

2023 R2 for finite element analysis (FEA). Additionally, physical tests were carried out to 

validate and compare the virtual results, with the aim of assessing the relevance and benefits of 

this safety device. 

Formula SAE, ANSYS, CATIA, FEA, SAFETY 

DEVICE, HALO  

Resumen 

Este estudio analiza numérica y experimentalmente el uso de un dispositivo tipo "Halo", inspirado 

en Fórmula 1, dentro del contexto de la competencia Fórmula SAE. Se desarrollaron diversas 

alternativas para cumplir con los requisitos regulatorios de la Fórmula SAE, y la propuesta 

seleccionada fue modelada en CATIA V5 utilizando técnicas de modelado de superficies y 

sólidos. El modelo fue sometido a un análisis estructural similar al "Quasi-static Test 1" del 

"Halo" de Fórmula 1, empleando el software de análisis por elementos finitos (FEA) ANSYS 

Workbench 2023 R2. Además, se realizaron pruebas físicas para validar y comparar los resultados 

virtuales, con el objetivo de evaluar la relevancia y beneficios de este dispositivo de seguridad.. 

Formula SAE, ANSYS, CATIA, FEA, SEGURIDAD, 

HALO
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Introduction 

 

The Formula SAE competition, organised by the 

Society of Automotive Engineers (SAE), 

represents a unique challenge for engineering 

students to design, build and race vehicles that 

demonstrate and apply knowledge in a practical 

and safe environment. This event encompasses 

tests such as acceleration, skidpad, autocross, 

endurance and efficiency, and not only 

encourages innovation and creativity, but also 

emphasises safety as a fundamental aspect of 

automotive design. Within the framework of the 

competition, a rigorous set of rules and 

regulations governs the requirements for team 

participation. These regulations, designed to 

ensure both the functionality and safety of the 

vehicles during the various tests, emphasise the 

importance of the vehicle structure as a key 

element for the integrity of the car and the 

protection of the driver. [5] In this context, a 

proposal arose to use a Halo-type device, similar 

to that used on Formula 1 cars, as an additional 

safety measure for Formula SAE vehicles. To 

validate this proposal, a Quasi-static 1 test was 

carried out on an A36 steel structure. 

Complemented with the finite element analysis 

(FEA) performed in ANSYS Workbench 2023 

software and a visualisation analysis with 

dummy in CATIA V5 software to validate the 

visual section requested by the student 

competition regulations. [1, 5] 

 

Statistics from organisations such as the 

World Health Organization (WHO) and the 

Insurance Institute for Highway Safety (IIHS) 

highlight the importance of improving vehicle 

safety, reporting in their 2021 fatality statistics 

that there were 10,229 fatalities due to frontal 

crashes or rollovers. At racing events, where the 

risk of accidents is inherent, it is vital to 

prioritise the safety of participants. [3] 

 

To assess the safety of the Halo device in 

terms of head injury protection, the Head Injury 

Criterion (HIC) is used. The HIC is a measure 

used in biomechanics to determine the 

probability of an impact causing a serious head 

injury. This metric is calculated using the 

acceleration recorded during an impact and 

provides an estimate of the risk of injury as a 

function of the duration and magnitude of the 

acceleration. In this project, simulations were 

performed to calculate the HIC and evaluate how 

the "Halo" device influences the reduction of 

injury risk in the event of a crash [6].  

Finite Element Analysis (FEA) focuses 

on understanding how the Halo device affects 

the vehicle structure and ultimately the 

protection of the driver. This study uses 

numerical methods to break a complex object 

into small elements in order to model its 

behaviour, evaluating each element individually 

to gain a detailed view of the system's response 

under various conditions. 

 

Project approach 

 

The main objective of the project is to improve 

driver safety in Formula SAE competition 

through the implementation of a safety device 

known as the "Halo", endorsed by the Fédération 

Internationale de l'Automobile (FIA). The 

"Halo" is a titanium arch designed to surround 

the cockpit of the car, providing an additional 

physical barrier to protect the driver's head. [9, 

7]. 

 

Box 1 
 

 
Figure 1 

Demonstration image of the Halo device used in F1 

 

Source: FIA STANDARD 8869-2018 

 

The implementation of this device is 

based on fundamental reasons centred on rider 

safety, addressing two critical aspects: 

 

1. rider head protection: the Halo was 

specifically designed to protect the rider's head, 

acting as a physical barrier that reduces the risk 

of injury caused by large objects, such as parts 

of other vehicles. [9] 

 

2. Rollover Risk: The Halo is also designed to 

prevent injury to the rider's head by providing a 

solid structure that prevents direct contact of the 

vehicle with the rider's helmet in the event of a 

rollover. [9] 
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Planning 

 

Develop a driver protection system (Halo) for 

the Formula SAE vehicle, complying with 

competition safety standards. 

 

Box 2 
 

 
Figure 2 

Method used in the development of the project. 

 

Source: Own elaboration 

 

Part I: Planning and Design 

 

- Investigation of security requirements. 

 

- Defining objectives and design criteria. 

 

- Creating the design plan and assigning 

roles. 

 

Part II: Development and Prototyping 

 

- Creation of CAD models of the prototype. 

 

- Strength testing and preliminary 

adjustments. 

 

 

Part III: Implementation and Validation 

 

- Procurement of materials. 

 

- Integration of the Halo into the vehicle. 

 

- Final functional, safety and endurance 

testing. 

 

- Validation of compliance with standards. 

 

Constraints, Risks and Assumptions 

 

With the above approach it is expected that our 

research will be limited by various situations, 

such as: the material on which it is planned to 

print in the final stage of the project, failures in 

the study machines, poor execution of the tests 

made to the prototype. It is also taken into 

account that we have an important restriction 

where we are restricted to use only the materials 

that the school has, which in this case is Onyx or 

Resin V5 [B]. 

 

Benchmarking 

 

In the study of Head Injury Analysis of Vehicle 

Occupant in Frontal Crash Simulation: Case 

Study of ITB's Formula SAE Race Car, a study 

was carried out to analyse the effect of speed on 

the impact of a Formula SAE type vehicle, where 

it was found that for speeds of less than 40 km/h 

the attenuator requested by the regulations may 

be sufficient to avoid generating a major trauma, 

based on the HIC scale, as values of less than 700 

safe values are produced. However, once the 

speed exceeds 43 km/h these values are higher 

as the G forces experienced are greater than 140 

G ‘s, at this point the probability of a skull 

fracture increases to 5% [6]. 

 

Box 3 
Table 1 

Table of accidents by type of accident and type of 

vehicle 

 

 

 

Source: NHTSA and the IIHS 
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The project proposes the implementation 

of a "Halo" type safety device for Formula SAE 

competition vehicles, inspired by the model used 

in Formula 1, with the aim of improving driver 

protection in situations of head-on collisions and 

rollovers, which according to Fatality Facts 2021 

- Passenger vehicle occupants statistics, account 

for almost 10,300 fatalities. It focuses on 

adapting this professional technology to a school 

environment, taking into account the specific 

constraints and requirements of competition. [3] 

 

Box 4 
 

 
Figure 3 

Method used for the development of the project 

 

Source: Own elaboration 

 

The method followed for the 

development of the project is noted. As such, the 

scope of the project was considered 

experimental, recognising that the proposed 

modifications may affect compliance with 

certain sections of the Formula SAE regulations, 

particularly sections F.1.13 and F.5.6.3, which 

refer to vehicle geometry.  

 

 

 

Reference is made to FIA STANDARD 

8869-2018, which sets out the design 

requirements for Additional Frontal Protection 

(AFP) systems on open cockpit vehicles, 

ensuring that the Halo device is designed and 

fitted in accordance with the criteria defined in 

that standard. In addition, the project must 

comply with the specific Formula SAE 

regulations, including aspects such as cockpit 

dimensions (section T1), the position of the main 

hoop and front hoop of the chassis (F.5.6), and 

the protection of the steering system (F.5.14). 

Structural integrity, dictated by the triangulation 

of elements (F.3.2.1), is essential to meet these 

stringent standards. [5] 

 

To assess the strength of the Halo device, 

a Quasi Static Test 1 similar to that used in 

Formula 1 is performed. It is important to take 

up the scope of this project as the Halo device 

used in an F1 car is a professional grade device, 

in this case being a school project we consider a 

maximum deformation tolerance higher than 

that of the tests of a real Halo device, which is 

45 mm where we double the value over the 

aforementioned, given that the value given by 

FIA justifying that this is subjected to an average 

speed of a Formula 1 car, which is 264 km/h in 

the fastest circuits and 167 km/h in the slowest 

ones, otherwise in a Formula SAE the speeds are 

much lower, generally limited to 80 km/h, thus 

resulting in a maximum allowed deformation of 

90 mm. [1, 8, 10]. 

 

Box 5 
 

 
 

Figure 4 

Representative image of a Formula SAE type vehicle. 

 

Source: Own elaboration 

 

The use of A36 steel is proposed for the 

structure of the "Halo", evaluating its 

performance under the specific conditions of the 

competition. The design process can be divided 

into 2 main stages, starting with the research and 

data collection of the FSAE regulations and the 

FIA (Halo) standard, where the following design 

constraints are highlighted. [5] 
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Box 6 
 

 
Figure 5 

Restriction F.5.6 

 

Source: FSAE Regulation 2023 

 

Box 7 
 

 
 

Figure 6 

Constraint F.1.13 

 

Source: FSAE Regulation 2023 

 

 

 

 

 

 

 

 

 

 

 

 

 

Box 8 
 

 
 

Figure 1 

Restraint of restraint F.5.12 

 

Source: FSAE Regulation 2023 

 

An optimisation to the CAD model of the 

Halo safety device was considered, with the aim 

of reducing the amount of material used while 

maintaining or increasing its performance.  

 

This optimisation was achieved by 

modifying the design for weight reduction in 

non-critical areas, resulting in a more efficient 

design.  

 

A new clamping geometry was proposed 

that retains the lug design, but reducing the 

amount of material. In addition, a smaller 

diameter solid profile is suggested for the tubular 

instead of hollow.  

 

Despite being solid, its dimensions were 

reduced while maintaining structural rigidity. 

This optimisation strategy reflects an innovative 

and progressive approach to safety in FSAE 

competition. [5] 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.35429/JME.2024.8.21.1.16


6 
Journal of Mechanical Engineering                                                                 8[21]1-16: e40821116 

Article 

 

 
ISSN: 2531-2189 

RENIECYT-CONAHCYT: 1702902 
ECORFAN® All rights reserved. 

 

Noguez-Jimenez, Víctor Manuel, Cordero-Guridi, José de Jesús, Peréz-

Carrillo, Daniel and García-Tépox, José Domingo. [2024]. Experimental 

proposal of a 'HALO'-type security device in a FORMULA SAE 2024 type 

vehicle. Journal of Mechanical Engineering. 8[21]-1-16: e40821116.  

DOI: https://doi.org/10.35429/JME.2024.8.21.1.16  
 

Box 9 
 

 
 

Figure 8 

HALO FSAE 2024 proposal 

 

Source: Own elaboration 

 

So the assembly consists of a double-ear 

fastening system, with a minimum requested 

thickness of 4.5 mm [5]. But a thickness of 8.0 

mm is chosen to ensure greater robustness and 

structural strength. These fasteners are joined by 

a 10.0 x 70.0 mm hex bolt and nut, ensuring a 

secure and stable connection between the Halo 

device and the vehicle frame, as shown below: 
 

Box 10 
 

 
 

Figure 9 

Technical characterisation of a Formula 1 joint 

assembly 

 

Source: FIA STANDARD 8869-2018 

 

 

 

 

 

Box 11 
 

 
 

Figure 10 

Proposed linkage of the CAD model for FSAE 2024 

 

Source: Own elaboration 

 

Box 12 
 

 
 

Figure 11 

Proposed linking of the CAD model in FSAE 2024 

 

Source: Own elaboration 

 

For the validation of the design of the 

Halo device for the Formula SAE vehicle, it is 

essential to apply the principles of Failure Mode 

and Effect Analysis (FMEA) in a rigorous and 

structured manner. This ensures a thorough 

assessment of every critical component of the 

Halo, from the main structure to the mounting 

brackets and attachment connections, 

identifying potential failure modes and 

developing effective strategies to mitigate risks. 

Considering the points on how to do the FEA and 

apply them towards the design. [A] 

 

Planning and Preparation: 

 

Clear objectives were set and a multidisciplinary 

team was assembled. 

 

The scope of the FMEA was defined and 

roles and responsibilities were assigned. 
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Structure Analysis: 

 

Critical components of the Halo were identified 

and thoroughly analysed, including the main 

structure, mounting brackets, attachment 

connections, cross members and surface finish. 

The function of each component was assessed 

and potential failure modes were identified, 

considering their severity and occurrence. 

 

Risk Analysis: 

 

Current failure prevention and detection controls 

were assessed for each component. 

 

Severity, occurrence and detection scores 

were assigned to calculate the level of risk 

associated with each failure mode. 

 

Optimisation: 

 

Prevention and detection actions were proposed 

and prioritised to mitigate the identified risks. 

 

An implementation plan was established 

for each proposed action and progress is 

monitored. 

 

Implemented actions were periodically 

reviewed to ensure their continued effectiveness. 

 

Visual tools, such as flow charts and risk 

matrices, are used to represent the results of the 

FMEA analysis in a clear and concise manner. 

Tables are used to summarise the identified 

failure modes, along with their severity, 

occurrence and detectability, facilitating the 

identification of critical areas requiring attention 

during optimisation. Failure Mode and Effect 

Analysis (FMEA) was an essential tool in our 

process to improve the HALO design. Through 

this analysis, potential failure risks in each 

component were identified and addressed, 

allowing the safety and reliability of the Halo to 

be strengthened. This tool directly contributes to 

improving the safety and quality of the Halo 

design for the Formula SAE vehicle [A]. 

 

Initially, only the CAD model of the 

Formula SAE vehicle frame lines was available. 

To which the silhouette of a Halo device was 

added, trying to stick to the original design of the 

device. Proposals were generated for further 

evaluation, shown below:  
 

 

Box 13 
 

 
 

Figure 12 

Demonstration image of the CAD model of the FSAE 

2023 lines 

 

Source: Own elaboration 

 

Several proposals were made, modelled 

and evaluated for comparison, and the proposals 

generated are shown below. 
 

Box 14 
 

 
 

Figure 13 

Proposals generated 

 

Source: Own elaboration 
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After the design stage, analyses were 

carried out in CATIA V5 and ANSYS software 

to demonstrate the functionality of the proposal. 

Starting with the CATIA software where the 

visibility tests were carried out with the dummy 

in order to validate the point of view, being also 

a requirement requested and limiting the design 

by the FSAE regulation in section V.2.2 which 

specifies as a requirement to have a visibility to 

the sides of 100° [5]. 

 

Box 15 
 

 
 

Figure 14 

Constraint V.2.2 

 

Source: FSAE Regulation 2023 

 

Using a percentile dictated by the same 

regulation in section F.5.6.5 [5], the visibility 

test was carried out on the 6 proposals to finally 

select the one with the highest visibility, using 

the following position: 

 

Box 16 
 

 
Figure 15 

Pilot position determined 

 

Source: FSAE Regulations 2023 

 

With the Point of View (POV) tool, the 

following results are obtained from the 

proposals: 
 

 

 

 

 

 

 

 

 

Box 17 
 

 
 

Figure 16 

Comparison of the results obtained in CATIA V5 POV 

 

Source: Own elaboration 

 

Where it was observed that proposal 

number 1 was the best as it obstructed visibility 

the least, thus meeting the 100° visibility 

requirement without complications. Therefore, 

the design stage was resumed based on the 

proposed geometry number 1. 

 

Box 18 
 

 
 

Figure 17 

Results of the right-eye view on the modified CAD 

proposal 

 

Source: Own elaboration 
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Box 19 
 

 
 

Figure 18 

Results of the left-eye view of the modified CAD 

proposal 

 

Source: Own elaboration 

 

Therefore, a model was generated from 

the following sketches: 

 

Box 20 
 

 
 

Figure 19 

Lateral dimensional image 

 

Source: Own elaboration 

 

Box 21 
 

 
 

Figure 20 

Front dimensional image 

 

Source: Own elaboration 

 

Box 22 
 

 
 

Figure 21 

Front dimensional image 

 

Source: Own elaboration 

 

The second software used was ANSYS 

Workbench 2023 R2 for the analysis and 

validation of the chosen proposal. The analysis 

proposed was a modal analysis and a structural 

analysis following the mechanics and 

magnitudes of the Quasi Static Test 1 to the 

original frame as a starting point for comparison 

and to the modelled proposal. These analyses 

consist of a modal analysis and a structural 

analysis. These analyses were carried out under 

the conditions mentioned below. For the 

structural analysis, we used the Quasi Static Test 

1 [1] conditions and A36 Steel or Structural Steel 

as the material chosen for the fabrication of the 

Halo. 

 

Analysis Approach 

 

As mentioned, tests were performed on the 

HALO device to validate its stiffness and 

strength, the tests consist of a modal analysis and 

a structural analysis following the evaluation 

method used in the real F1 HALO device. Called 

Quasi Static Test 1 and Quasi Static Test 2, it 

consists of the application of force at a point in 

such a way that a controlled deformation is 

generated on the device. In the case of modal 

analysis, this consists of the analysis of those 

frequencies that could enter into ‘resonance’ 

with the frame. 

 

Meshing characteristics 

 

The characteristics of the mesh used for the 

analyses carried out are as follows. 
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Box 23 
 

Table 2 

Table of location of supports and loads on structural 

analysis 

 
Study Modal Structural 

Element size 7 7 

Element type 1D 1D 

Number of mesh elements 1466 1466 

 

Source: Own elaboration 

 

The material used was A36 steel, better 

known as structural steel, which was selected 

due to its properties, accessibility and validity 

according to the FSAE competition regulations. 

These properties are shown below: 

 

Box 24 
 

Table 3 

Material properties table Steel A36 

 

Property Value Unit 

Density 7.85e-0 kg/mm³ 

Young's modulus 2e+05 MPa 

Poisson's Ratio 0.3 - 

Shear modulus 76923 MPa 

Compressive yield strength 250 MPa 

 

Source: Own elaboration 

 

Modal analysis 

 

The first analysis performed is the modal 

analysis, carried out to determine and locate the 

natural frequencies and vibration modes to avoid 

in order to keep the frame away from resonances 

and/or structural failures. This ensures that the 

frame does not have natural frequencies that 

coincide with engine or ground excitations, 

improving durability and performance. The 

conditions of the analysis are shown below: 

 

Box 25 
 

Table 4 

Table of location of supports and loads on structural 

analysis 

 

Type of load/holding Location 

Fixed Support - Front Front suspension 

Fixed Bracket - Rear Suspension rear 

 

Source: Own elaboration 

 

 

 

 

 

 

Box 26 
 

 
 

Figure 22 

Image showing the location of the supports 

 

Source: Own elaboration 

 

 

Box 27 
 

 
 

Figure 23 

Image showing the load used for structural analysis 

 

Source: Own elaboration 

 

 

As mentioned above, the modal analysis 

was carried out to avoid that the frequencies 

induced to the frame coincide with the 

frequencies produced by the vibration of the 

engine, mentioned below: 
 

Box 27 
Table 5 

Table of results of the modal analysis on the original 

FSAE model 

 

Force Induced Value Units 

Engine Revolutions 13000 rpm 

 

Source: Own elaboration 

 

Modal analysis studies were carried out 

before and after the modifications in order to 

obtain a comparison between the two. The 

following results were obtained: 
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Box 28 
 

Table 6 

Table of results of modal analysis on the FSAE model 

 

No. of Frequency Value (Hz) 

1 47.768 

2 72.249 

3 74.955 

4 88.846 

5 104.26 

6 116.94 

 

Source: Own elaboration 

 

Box 29 
 

 
 

Figure 24 

Deformation results obtained from modal analysis 

(A36 STEEL) prior to Halo modification 

 

Source: Own elaboration 

 

Once the modifications to the frame had 

been made, the analysis was carried out again, 

obtaining the following results: 
 

Box 30 
 

Table 7  

Table of results of modal analysis on the FSAE model 

 

No. of Frequency Value (Hz) 

1 43.636 

2 71.349 

3 79.554 

4 80.394 

5 101.58 

6 109.87 

 

Source: Own elaboration 

 

 

 

 

 

Box 31 
 

 
 

Figure 25 

Deformation results from modal analysis 

 

Source: Own elaboration 

 

The values of frequencies that could 

cause the proposed structure to resonate (216 Hz 

frequency of the electric motor) can be found. As 

can be seen, the results vary little. 

 

Structural Analysis 

 

The next analysis performed was the structural 

analysis, carried out to determine the total 

deformation according to the determined forces. 

In this case, as mentioned, the analysis is based 

on the Quasi Static Test 1 [1] performed on the 

Halo devices for F1. Thus ensuring that the Halo 

complies with the maximum allowable 

deformation of 90 mm. The conditions of the 

analysis are shown below: 

 

Box 32 
 

Table 8 

Table of location of supports and loads on structural 

analysis 

 
Type of load/holding Value Location 

Constant force on Y-axis -46 kN HALO Impact Zone 

Constant force on Z-axis -116 kN Halo Impact Zone 

 

Source: Own elaboration 

 

 

From this analysis, the total deformation 

and the directional deformation were sought, and 

the following results were obtained: 
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Box 33 
 

 
 

Figure 26 

Total deformation of structural analysis on the FSAE 

model 

 

Source: Own elaboration 

 

Box 34 
 

 
 

Figure 27 

Directional deformation of the structural analysis on the 

FSAE model 

Source: Own elaboration 

 

Box 35 
 

Table 9 

Results obtained from the Structural Analysis 

 

Structural static analysis 

Type Final Model 

Value 

Total deformation 90.158 mm 

Directional deformation 25.659 mm 

 

Source: Own elaboration 

 

From this analysis, the total deformation 

was found to be 90.158 mm at its maximum 

point, which shows that the impact on the main 

hoop generates a deformation that exceeds by 

0.158 mm the tolerance values initially proposed 

under these test conditions. 

 

Physical Tests 

 

For the validation and corroboration of the 

results a physical model was generated by 3D 

printing, this device was scaled at a ratio of 1:8 

because this scale was the one that best fit the 

printing bed of the 3D printer.  

The material Onyx [B] was chosen due 

to its mechanical properties and the current 

availability of the material. 

 

These mechanical properties and under 

the environmental conditions shown below: 
 

Box 36 
 

Table 10 

Properties of Onyx 

 

Condition Value Unit 

Young's modulus 2400 MPa 

Elongation at break 25 % 

Flexural strength 81 MPa 

Flexural modulus 2900 MPa 

 

Source: Own elaboration 

 

Box 37 
 

Table 11 

3D printing conditions 

 
Condition / Material Valor / Number Model/Unit 

3D printer Marforged Mark Two 

Temperature 24 °C 

Curing time 45 min 

 

Source: Own elaboration 

 

Box 38 
 

 
 

Figure 28 

3D printing at Onyx 

Source: Own elaboration 

 

However, some problems arose in the 

printing, details such as marks and a weakened 

node invalidated the print, so another option had 

to be implemented. 
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Box 39 
 

 
 

Figure 29 

3D printing at Onyx 

 

Source: Own elaboration 

 

Due to the printing failures and the lack 

of more Onyx material, it was decided to print 

with clear V5 resin [B], with its mechanical 

properties shown below.: 
 

Box 40 
 

Table 12 

Properties of V5 resin 

 

Condition Value Unit 

Young's modulus 2750 MPa 

Elongation at break 10 % 

Flexural strength 92 MPa 

Flexural modulus 2450 MPa 

 

Source: Own elaboration 

 

The following results were obtained 

from this print. For this print, the HALO was 

rescaled to a ratio of 1:9 to fit the printer bed.  

 

Box 41 
 

 
 

Figure 30 

Printing of HALO in Resin V5 

Source: Own elaboration 

 

The print was subjected to a cleaning 

process in a vat of ethyl alcohol for 40 minutes 

and a curing process of 45 minutes at 70 °C. 

Subsequently, physical tests were carried out 

using a universal stress machine. This equipment 

allowed to progressively apply force on the Halo 

as a function of time. 

Box 42 
 

 
 

Figure 31 

3D printing at Onyx 

Source: Own elaboration 

 

Once positioned, the upper plunger of the 

machine was positioned at a height almost 

touching the Halo protection device to obtain 

accurate measurements and to avoid non-contact 

data between the plunger and the Halo. The 

machine was programmed to lower by 10 mm 

every minute, thus measuring the force at which 

the Halo deformed and/or failed. 
 

Box 43 
 

 
 

Figure 32 

3D printing at Onyx 

 

Source: Own elaboration 

 

The tests showed that the failure effect 

occurred at 137.05 N of force applied on the V5 

resin Halo, with a deformation of up to 20.81 

mm extension 
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Box 44 
 

 
 

Figure 33 

Behaviour of force applied on the HALO 

 

Source: Own elaboration 

 

Box 45 
 

 
 

Figure 34 

Elongation behaviour against applied force 

 

Source: Own elaboration 

 

These results demonstrate that, under the 

test conditions described, the HALO printed on 

V5 resin presents a deformation capacity and 

specific resistance that is crucial for its 

evaluation in future applications. 

 

Analysis Results 

 

The modal analysis is performed to validate the 

structural stiffness of the frame and to visualise 

the interaction between the frequencies of the 

medium and the frame, the structural analysis is 

performed to validate the structural toughness 

against a possible impact, and as a 

requirement/complement the visual comparison 

in order to fulfil the design requirement, adding 

value towards the inclusion of the device. As 

mentioned in the modal analysis, it is maintained 

over the frequency range that would cause the 

frame to resonate, demonstrating that the 

stiffness of the structure is preserved.  

In the case of the point of view analysis 

it is observed that the field of view is only 

obstructed at the centre and was therefore not 

considered relevant compared to the structural 

and safety benefits observed. As expected due to 

the characteristics of the material, the steel is a 

tough and resistant option to the test, however it 

fails the tests under the conditions of Quasi 

Static Test 1 exceeding the tolerance defined by 

a difference of less than 0.158 mm of 

deformation, this is a point that is considered for 

future improvements and starting point for 

redesign of the geometry or even the choice of 

material, in this case being of experimental 

subject is considered as valid because in this 

geometry and with this material is discarded for 

professional use. 

 

Conclusions 

 

After the research and analysis carried out in the 

project, it was concluded that the inclusion of a 

Halo type device in a Formula SAE type vehicle 

represents a benefit as it maintains the rigidity 

and resistance without compromising the 

aesthetics of the vehicle, at the same time as it 

increases pilot safety in the event of any 

eventuality in a competition or test. It is 

concluded that if it is desired to open the 

competition to a wheel-to-wheel type, the Halo 

device would be of great use as part of the safety 

and damage prevention elements. The results of 

the physical tests allowed a comparison to be 

made with the initial graph showing the 

behaviour of the steel, it is assumed that the 

proposed Halo structure could withstand a 

possible impact under 124, 787.82 Newton at 

338.37°. It is important to note that these 

assumptions are based on the study and 

knowledge of the behaviour of each material. 

However, in order to obtain more accurate and 

realistic results, it is recommended that a 

prototype be made using the proposed material. 

Digital analysis suggests that the A36 Steel Halo 

construction is effective in providing protection 

against critical deformations, ensuring the safety 

and integrity of the driver in collision situations. 
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Abstract 
 

This paper presents the design and construction of an embedded system for recording and 

analyzing data from a Manifold Absolute Pressure (MAP) sensor. The system integrates a 

PIC18F4620 microcontroller, a microSD storage module, a DS3231 real-time clock, and a 

Bluetooth communication module. This data logger enables real-time evaluation of the 

performance of an ecological valve installed in a gasoline engine. Tests under different operating 

conditions were conducted, assessing its impact on engine efficiency and fuel consumption. 

 

 

Objetive Methodology Contribution 

To design and 

implement an 
embedded system to 

record and analyze 

data generated by a 
MAP sensor. 

 

1. System Design 

2. Prototype 
Implementation 

3. Experimental 

Testing 
4. Data Analysis 

and Validation 

 

1. Design of a 

functional 
embedded logger 

2. Real-time 

evaluation  
3. Mobile 

application  

 

 

 
Manifold, Ecological, Evaluation 

Resumen 
 

Este artículo presenta el diseño y la construcción de un sistema embebido para el registro y 

análisis de datos provenientes de un sensor de presión absoluta del múltiple de admisión (MAP). 

El sistema integra un microcontrolador PIC18F4620, un módulo de almacenamiento en microSD, 

un reloj en tiempo real DS3231 y un módulo de comunicación Bluetooth. Este registrador permite 

la evaluación en tiempo real del desempeño de una válvula ecológica instalada en un motor a 

gasolina. Se incluyeron pruebas en distintas condiciones de operación, evaluando su impacto en 

la eficiencia del motor y el consumo de combustible. 

 

Objetivo Metodología Contribución 

Diseñar e implementar 

un sistema embebido 

para registrar y 

analizar los datos 

generados por un 

sensor MAP. 

 

 

1. Diseño del 

Sistema 

2. Implementació

n del Prototipo 

3. Pruebas 

Experimentale

s 

4. Análisis de 

Datos y 

Validación 

 

 

1. Diseño de un 

registrador embebido 

funcional 

2. Evaluación en tiempo 

real 

3. Aplicación móvil  
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Introduction 

 

Internal combustion engines play an essential 

role in global transport and industry. However, 

their efficiency and sustainability are constantly 

challenged by environmental factors, such as 

variations in atmospheric pressure due to 

altitude. These variations affect the air-fuel 

mixture, negatively impacting engine 

performance, increasing fuel consumption and 

contributing to environmental pollution 

(Heywood, 2018), (Stone, 2012), (Zhao, Lai, 

Harrington, 1999). 

 

Internal combustion engines face 

numerous challenges in maintaining their 

efficiency and sustainability, especially at high 

altitudes. Technologies such as the eco-valve 

offer effective solutions by dynamically 

adjusting the proportion of air in the air-fuel 

mixture, optimising engine performance and 

reducing pollutant emissions. 

 

Against this background, technologies 

that optimise engine performance, such as eco-

valves and associated monitoring systems, are of 

great relevance to mitigate these effects and 

promote more sustainable practices. 

 

The Manifold Absolute Pressure (MAP) 

sensor is a device designed to measure the 

volume of air entering the engine. Its signal is 

interpreted in terms of flow rate, expressed in 

grams per second. An increase in air flow to the 

engine translates into an increase in revolutions 

per minute (RPM). The MAP sensor plays a 

critical role in the accurate calculation of fuel 

injection timing. 

 

When the MAP sensor malfunctions, 

black smoke, an indication of high fuel 

consumption, is common. These faults are often 

reflected in the codes P0101, P0102 and P0103 

when the system is scanned (Booster, 2014). The 

MAP sensor has three wires: one to receive the 

supply voltage, connected via a fuse located in 

the engine fuse box; another that connects to 

earth ground (chassis); and a third that transmits 

the detected air flow data directly to the 

computer. 

 

An eco-valve acts as a height 

compensator and is installed in the intake 

manifold to maintain the proper proportions of 

air and petrol entering the engine.  

This adjustment is made according to 

altitude above sea level, allowing the optimum 

amount of air to be metered for efficient mixing 

with the petrol. As a result, the overall 

performance of new or used engines in any type 

of automobile is improved (Marclais, 2014). 

 

The air intake regulated by the eco-valve 

depends on both how quickly the throttle is 

depressed and changes in atmospheric pressure 

associated with altitude. During hard 

acceleration, such as when starting or overtaking 

another vehicle, excess fuel is generated in the 

mixture; in these situations, the eco-valve acts 

immediately to allow additional air intake to 

balance the air/fuel ratios. Conversely, when the 

accelerator is released or when the mixture is 

already adequate, the valve suspends the entry of 

additional air into the engine (Marclais, 2014). 

 

This work addresses the design and 

implementation of an embedded data logging 

system specifically designed for MAP sensors. 

This system not only allows real-time 

monitoring of the performance of devices such 

as eco-valves, but also provides a cost-effective 

and efficient platform for the collection of 

critical data on engine behaviour under different 

operating conditions. 

 

The added value of the developed system 

lies in its integration of compact, inexpensive 

and easy-to-implement technologies, such as a 

PIC18F4620 microcontroller, a microSD storage 

module, a DS3231 real-time clock and a 

Bluetooth module. Unlike other techniques that 

often require expensive and more complex 

equipment (Bosch, 2022), this system offers an 

affordable and versatile solution that not only 

monitors but also stores the data in a readable 

format and allows for subsequent analysis in an 

efficient way. In addition, Bluetooth 

connectivity enables real-time monitoring via 

mobile devices, significantly improving the user 

experience and responsiveness to changing 

engine conditions. 

 

The proposed design is notable for the 

following features: 

 

- Portability and versatility: The system can 

be implemented in various vehicle models 

and adapted to other applications. 
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- Hardware and software integration: Its 

modular design includes electronic 

components and a mobile application 

developed in App Inventor for real-time 

data visualisation and storage. 

 

- Accuracy and reliability: The use of a real-

time clock ensures the traceability of 

recorded data, while the microSD module 

facilitates its storage in an organised and 

secure manner. 

 

- Economic efficiency: The components 

used are affordable, which significantly 

reduces the overall cost of the system 

without compromising its functionality. 

 

The problem to be solved centres on the 

need to monitor and analyse the performance of 

eco-valves installed in gasoline engines, 

especially under critical operating conditions, 

such as high altitudes and steep slopes. These 

conditions generate a variation in the air-fuel 

ratio, which compromises engine performance 

and increases fuel consumption (Santamaria, 

2010). The central hypothesis argues that the 

developed data logger will accurately and 

reliably demonstrate the operational and 

environmental benefits of eco-valves, providing 

a valuable tool for their evaluation, validation 

and mass adoption. 

 

The proposed embedded system not only 

addresses a relevant technical and environmental 

problem, but also introduces an innovative and 

affordable solution, broadening the field of 

applications in the automotive industry and 

strengthening efforts towards sustainability. 

 

The following sections detail the structure 

and operation of the MAP sensor recorder, 

addressing each of its key components and their 

integration into the system. A description of the 

developed mobile application is included, which 

allows the visualisation and storage of the 

collected data in real time. Likewise, the design 

and configuration of the electronic circuit used 

to carry out the experimental tests is presented, 

highlighting its implementation and validation. 

Finally, the results obtained during the tests are 

analysed, emphasising the impact of the recorder 

in the evaluation of the performance of the eco-

valve under various operating conditions. 

 

 

 

MAP sensor recorder 

 

The intake manifold absolute pressure (MAP) 

sensor is essential for measuring the air pressure 

in the engine, providing fundamental data for 

calculating the air-fuel mixture and optimising 

engine performance (Bravo Morocho, 2022). 

The implementation of data loggers, such as 

those described by (Sanchez Perez and Galindo 

Valencia, 2024), highlights the importance of 

recording key parameters such as temperature 

and pressure in real time to optimise engine 

operation. 

 

The developed system consists of an 

embedded data logger designed to collect and 

analyse the information generated by a MAP 

sensor. This system allows to evaluate the 

performance of devices such as eco-valves in 

internal combustion engines under different 

operating conditions. 

 

The system design included the 

integration of hardware and software, allowing 

the development of an electronic circuit and the 

programming of the PIC18F4620 

microcontroller. This approach is consistent with 

that described by (Betancourt Rodriguez, 2024), 

who emphasises the importance of integrated 

solutions that combine both elements to meet 

specific automation requirements. 

 

The MAP recorder consists of the 

following elements: 

 

- PIC18F4620 microcontroller: Responsible 

for processing the signals coming from the 

MAP sensor. 

 

- microSD module: Allows the data to be 

stored in a readable format (CSV), 

facilitating subsequent analysis. 

 

- DS3231 Real Time Clock: Provides 

accurate time stamps for each data record. 

 

- Bluetooth Module HC-06: Facilitates real-

time display via a mobile application. 

 

- MAP Sensor: Detects the pressure in the 

intake manifold, emitting signals 

proportional to the air flow. 
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This device allows real-time monitoring 

of engine operating conditions, with a particular 

focus on the evaluation of the eco-valve. A 

microcontroller-based system aims to provide an 

accessible and efficient tool for recording 

signals, processing and storing them together 

with time stamps. This facilitates the evaluation 

of engine performance and the optimisation of 

engine operation under various conditions. 

 

Mobile application 

 

The mobile application developed for this 

project allows the visualisation and management 

of the data collected by the MAP sensor logger 

in real time. Using wireless connectivity 

technologies, such as Bluetooth, an efficient and 

reliable transmission is ensured. This aligns with 

the principles described by (Rubio-Quintanilla, 

2024) on the use of communication standards in 

embedded systems to ensure interoperability and 

reliability. The design should provide an 

intuitive and accessible interface for users 

(Chennakesava, 2009). 

 

The application was created using App 

Inventor, a platform that allows the development 

of Android applications using visual block 

programming. This tool simplifies the design of 

interfaces and the integration of specific 

functionalities, such as Bluetooth connection 

and data storage. Figure 1 shows the user 

interface of the developed application. 

 

Box 1 
 

 
 

Figure 1 

Mobile application 

 

The interface was designed to be user-

friendly and functional. It includes clearly 

identified buttons to perform specific actions, 

such as: 

 

- Connect: Allows you to select the 

Bluetooth module and establish 

communication. 

 

- Start: Activates the reception and display 

of data in real time. 

 

- Stop: Ends data transmission. 

 

- Save: Generates a CSV file with the stored 

readings. 

 

- Restart: Clears the logs and restarts the 

interface. 

 

The application includes the following 

functionalities: 

 

- Bluetooth connection: Scanning of paired 

devices. Selection and connection to the 

MAP logger. 

 

- Real Time Monitoring: Continuous 

display of MAP sensor readings. Data 

representation in a simple and clear 

interface. 

 

- Data Storage: Generation of files in CSV 

format with the recorded readings. 

Possibility to name and save files for later 

analysis. 

 

- Operations Management: Buttons to start, 

stop and restart data transmission. Options 

to delete logs stored in the application. 

 

The application was tested on Android 

devices with different versions of the operating 

system, ensuring its compatibility and 

functionality. During the tests, the connection to 

the MAP logger proved to be stable, with smooth 

and uninterrupted data transmission. 

 

The addition of the mobile app 

significantly enhances the user experience, 

allowing the user to monitor and analyse engine 

performance immediately and conveniently. In 

addition, the ability to store data facilitates 

detailed log analysis, contributing to predictive 

maintenance and fuel consumption optimisation. 
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Electronic circuit 

 

This section presents the design of the electronic 

circuit of the MAP recorder, which must 

efficiently integrate the necessary components 

for data collection, processing and storage 

(Wolf, 2022). The circuit includes the following 

key elements: PIC18F4620 microcontroller, 

MAP sensor, DS3231 RTC module, microSD 

module, HC-06 Bluetooth module and power 

supply. The system design includes a plastic 

housing manufactured based on the technical 

specifications of the MAP sensor and the 

installation requirements in the car. This design, 

made in SolidWorks, aims to protect the 

electronic components, ensure accessibility to 

the functional elements of the recorder and 

facilitate its integration in various vehicular 

environments. Figure 2 presents the finished 

housing, showing a compact and functional 

design that houses all the components of the data 

logger. Power is supplied to the system via 

clearly labelled slots. There is one slot labelled 

‘SD’, specifically designed for the safe insertion 

and removal of the microSD memory, where the 

data collected by the embedded system is stored. 

Another slot is for the connection of the MAP 

sensor signal. This input allows the logger to 

capture the data from the sensor and process it 

for storage in the microSD memory. The 

strategic arrangement of these slots ensures fast 

and efficient installation of the system in the 

engine compartment. 

 

Box 2 

 
 

Figure 2 

Circuit mounted in the housing 

 

This housing not only protects the 

internal hardware from adverse conditions, such 

as dust or moisture, but also contributes to the 

durability and transportability of the device. This 

compact and secure design ensures the 

protection of the electronic components and 

facilitates their integration into the automotive 

environment. 

 

Tests and results 

 

The mechanical installation of the recorder was 

carried out on a 1985 Volkswagen Golf. The 

process consisted of making a bifurcation in the 

vehicle's intake manifold, where a hose was 

connected to extend the air signal to the cabin. 

Inside the cabin, the eco-valve was installed, to 

which another hose was connected, leading the 

flow to the MAP sensor. This design allows data 

to be monitored and recorded directly from the 

engine compartment. Figure 3 shows the 

bifurcation made in the intake manifold to 

connect the eco-valve to the engine. 

 

Box 3 
 

 
 

Figure 3 

Bifurcation for connection inside the engine 

compartment of the vehicle 

 

Inside the vehicle cabin, the eco-valve 

was connected via the hose coming from the 

intake manifold. This hose runs through the 

driver's compartment and connects to the MAP 

sensor input, allowing the data required to 

evaluate the system's performance to be 

recorded.  

 

The datalogger is wired via a USB 

adapter connected to the vehicle's 12V socket, 

which provides power to the system. The MAP 

sensor has three cables: two power cables and 

one signal cable. 
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Figure 4 shows the path taken during the 

testing of the eco-valve. This path was 

specifically designed to evaluate the 

performance of the system under varying 

conditions, including significant changes in 

altitude. During the tests, key data such as 

distance travelled, travel time, altitude, average 

speed and maximum speed were recorded. 

 

Box 4 
 

 
 

Figure 4 

Path 

 

Among all the variables analysed, 

altitude was identified as the most relevant 

(Ferguson, Kirkpatrick, 2016), as the main 

objective of the eco-valve is to compensate for 

the decrease in available oxygen at high 

altitudes. By adjusting the proportion of air 

entering the engine, the valve improves 

combustion efficiency, thus optimising engine 

performance. To evaluate this behaviour, a route 

was selected that included different altitude 

levels, ensuring challenging conditions for the 

engine. This allowed us to observe how the valve 

is activated to balance the air-fuel mixture in 

response to oxygen depletion at higher altitudes. 

In the graph shown in figure 5, the variations in 

altitude along the route can be clearly seen, 

providing a visual representation of the 

environment in which the system operated. 

 

 

 

Box 5 
 

 
 

Figure 5 

Altitudes during the journey 

 

The design of these tests not only 

verified the functionality of the system, but also 

highlighted its ability to record and analyse data 

in real time. This ensures that the MAP logger is 

a reliable tool for assessing the impact of devices 

such as the eco-valve in real operating 

environments. 

 

During testing, the system collected 

critical data on engine behaviour and eco-valve 

activation under different operating conditions. 

This supports the need for reliable systems to 

monitor processes in real time, as highlighted by 

(Asmad Vereau and Falero Siancas, 2024) in 

industrial monitoring and control applications. 

 

Figure 6 shows the results obtained when 

the eco-valve is connected and operational. The 

graph shows how the recorded voltage varies 

over time, indicating the activations of the valve. 

When the voltage reaches 5V, it is evident that 

the engine requires additional oxygen supply, 

which activates the valve to compensate for the 

lack of oxygen in the air-fuel mixture. Thus, the 

graph reflects the number of times the valve was 

actuated during the trip. 
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Box 6 
 

 
 

Figure 6 

Results when the valve is active 

 

Figure 7 highlights the data obtained 

during the first 10 minutes of the first test. 

During this period, frequent activations of the 

valve are observed, particularly in situations 

such as passing another vehicle, which requires 

a sharp acceleration, or when ascending steep 

slopes, where oxygen levels decrease due to the 

altitude. In these cases, the valve helps to 

maintain engine efficiency by delivering more 

oxygen rather than increasing fuel consumption. 

 

Box 7 
 

 
 

Figure 7 

Results when the valve is active (extract) 

 

On the other hand, Figure 8 shows the 

results obtained when the eco-valve is not 

connected. Under these conditions, the graph 

indicates that the valve is not activated, which 

negatively affects the efficiency of the engine. 

The lack of compensation for oxygen depletion 

in similar situations reduces combustion 

efficiency, which can lead to higher fuel 

consumption and lower performance. 

Box 8 
 

 
 

Figure 8 

Results when the valve is not active 

 

Figure 9 presents the data obtained 

during the first 10 minutes of the second test, 

where the same path was repeated as in the first 

test, but without the valve connection. When 

comparing both results, it is evident that the 

engine did not receive the benefit of oxygen 

compensation, which reinforces the importance 

of the valve in improving engine performance 

under these conditions. 

 

Box 9 
 

 
 

Figure 9 

Results when the valve is not active (excerpt) 

 

Finally, Figure 10 shows the results of a 

third test performed to evaluate the operation of 

the prototype over a longer period of time. This 

analysis confirmed the stability and reliability of 

the system in long-term data collection, as well 

as the effectiveness of the valve in responding to 

the needs of the engine in different scenarios. 
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Box 10 
 

 
 

Figure 10 

Test results over a longer period of time 

 

This series of tests clearly demonstrates 

the ability of the embedded system to accurately 

monitor and record the performance of the eco-

valve, providing key information to assess its 

impact on engine efficiency. 

 

Conclusions 

 

The eco-valve has proven to be highly efficient 

in cars operating at altitudes above 1,000 metres 

above sea level. Its implementation not only 

optimises engine performance by maintaining 

more efficient combustion, but also contributes 

to prolonging engine life. In addition, the valve 

generates significant fuel savings by 

dynamically adjusting the proportion of air in the 

air-fuel mixture, thus reducing energy waste and 

pollutant emissions. 

 

In the present work, a detailed sampling 

and continuous recording of the behaviour of 

this fuel-saving device was carried out. The 

results show that the eco-valve is mainly 

activated in critical operating situations, such as 

steep gradients and abrupt acceleration changes. 

In these scenarios, the valve regulates the 

additional oxygen supply needed to optimise 

combustion, thus improving overall engine 

efficiency. In addition, the data collected 

provides valuable information about the driving 

patterns of each user, which can be useful for 

studies related to driving habits and their impact 

on fuel consumption. 

 

 

 

 

 

The development and analysis of the data 

loggers used in this study highlight the 

importance of having accurate tools to monitor 

and evaluate the behaviour of technological 

devices. The information generated not only 

supports research tasks, but also allows 

validation of the effectiveness of technologies 

such as the eco-valve under different operating 

conditions. 

 

The designed device has a high degree of 

versatility, as it can be adapted to various 

applications where signal recording is required. 

Its only limitation is that the recorded signals 

must be within the range of 0 to 5V, which 

makes it suitable for a wide variety of sensors in 

automotive and other systems. This aspect 

underlines its potential to be used in future 

projects focusing on engine optimisation and 

monitoring of similar devices. 
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