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ABSTRACT

Highlights: FTA is a reliability technique aimed at iden� fying all the combina� ons of cau-
ses that can give rise to an undesired event, studying the probability of these causes oc-
curring, and priori� zing ac� ons to prevent these causes from happening and resul� ng in 
the undesired event. The method allows the analysis of system reliability and the cons-
truc� on of the cause-and-eff ect rela� onship of its events, crea� ng an interface with the 
FMEA tool. FMEA is a reliability tool used to fi nd possible failures in a system and assess 
their possible consequences. These methods and techniques seek to improve the reliabi-
lity of products or processes, i.e., increase the likelihood of an item performing its func-
� on fl awlessly. Aim: This paper will analyze failures in the suspension system of an SAE 
compe� � on off -road vehicle using fault mode and eff ect analysis (FMEA) and fault tree 
analysis (FTA) techniques with a view to improving the performance of these vehicles in 
future compe� � ons. Design/Methodology/Approach: The researchers began by defi ning 
the suspension system as the object of study with the racing team, followed by collec� ng 
informa� on and failure data on this system. The FMEA and FTA tools were then used 
alongside interviews with the racing team. Results: The analysis of the results showed 
that the two highest probabili� es of failure are related to the suspension and the axle 
sleeve, with values of 38.8% and 20.5%, respec� vely, and that the rotary terminal is the 
most cri� cal element. Research limitati ons: The limita� ons of this research include the 
subjec� vity of assigning FMEA scores due to the team’s lack of experience and the limited 
history of documen� ng data on vehicle failures related to the dynamics of SAE compe� -
� ons. Practi cal implicati ons: The prac� cal implica� ons of this study include the possibility 
of professional improvement for the engineering students belonging to the compe� � on 
team. Originality/value: The literature search revealed that the research topic is original 
and challenging at the same � me. Its results will allow us to re-evaluate the construc� on 
project for the Baja compe� � on vehicle.
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INTRODUCTION

The contribu� on of applied research to maintenance pro-
jects has been discussed for a long � me. However, much of 
this research does not prove the applica� on of the knowled-
ge acquired by engineering students to their curricular tra-
jectories.

Through the Baja SAE BRASIL Program, engineering stu-
dents have the opportunity to apply the knowledge they 
have acquired at school to enhance their curricula and pre-
pare them for the job market. In this program, students are 
involved in Baja vehicles’ development for off -road compe-
� � on, par� cipa� ng in their en� re cycle, i.e., concep� on, de-
sign, construc� on, and tes� ng. Through teamwork, students 
par� cipate in regional compe� � ons to benchmark their pro-
jects (SAE Brasil, 2020).

In SAE formula compe� � ons, the vehicle’s suspension de-
sign is fundamental to its high performance, aiming at ensu-
ring its stability, absorbing the irregulari� es of the terrain, 
and compensa� ng for the loads on the system (Cabral et al., 
2019). However, in SAE compe� � ons with off -road vehicles, 
the suspension system is even more important to the driver 
during the compe� � on.

The constant evolu� on in the quality and reliability of pro-
ducts and high compe� � veness of the automo� ve industries 
have fostered various methods and techniques for minimi-
zing and elimina� ng faults. These methods and techniques 
aim to improve the reliability of products or processes, i.e., 
to increase the likelihood of an item performing its func� on 
without failure (Almeida and Fagundes, 2005).

One of these tools is Failure Mode Eff ect and Analysis 
(FMEA), and its main advantage is its ability to predict and 
prevent problems. This method has advantages such as re-
ducing costs, increasing product reliability, implemen� ng 
improvements based on data, cataloging informa� on on fai-
lures, documen� ng their causes, and obtaining a risk priority 
number for each failure (IQA, 2008).

Another widely used tool is Fault Tree Analysis (FTA), 
which works from a fault to fi nd the possible causes of a 
problem. According to Lima et al. (2006), this technique ma-
kes it possible to detail each fault and its origins, making the 
FMEA more asser� ve.

Thus, these tools can be used in large projects in industry 
and in smaller-scale contexts, such as university compe� -
� ons created by the Society of Automo� ve Engineers (SAE), 
such as Baja and the SAE formula.

Currently, the compe� � on’s evalua� on criteria comprise 
various tests, such as safety inspec� on, project evalua� on, 

dynamic tests, and the endurance test. These tests evaluate 
the en� re project development process and expose the pro-
totype developed under extreme working condi� ons.

Thus, considering the more asser� ve results obtained 
with the integrated use of the aforemen� oned tools, this 
study aims to analyze the failures of the suspension system 
of a university compe� � on off -road vehicle using FMEA and 
FTA. As a more specifi c objec� ve, it is expected to iden� fy 
the main failures of the system’s components and their ef-
fects and fi nd the possible causes of the failures, with a view 
to improving the performance of these vehicles in future 
compe� � ons.

THEORETICAL FRAMEWORK

Failure mode and effects analysis (FMEA)

FMEA is a reliability tool used to fi nd possible failures in 
a system and assess their possible consequences (Hawkins 
and Woollons, 1998).

According to Liu et al. (2013), this technique was fi rst 
used in the aerospace industry in the 1960s to reduce or eli-
minate risks in a system, process, or project. It proved to be 
useful in assessing probable failures and preven� ng their oc-
currence, and its use was extended to other industries, such 
as nuclear, automo� ve, electronics, and chemicals.

The main objec� ves of the FMEA are to iden� fy and 
analyze possible failures in a given product or process, point 
out ac� ons that will allow these failures to be eliminated or 
at least mi� gated, and then document the procedures to fa-
cilitate revisions and improvements (Foglia� o and Ribeiro, 
2009).

In order to carry out the analysis, it is necessary to form 
a group of people capable of iden� fying the func� ons of the 
product or process, the possible types of failure, the eff ects, 
and the possible causes of this failure. Therefore, the risks of 
each cause of failure are measured using indices, and based 
on this assessment, the necessary ac� ons are planned to mi-
nimize them with a view to increasing the reliability of the 
product or process (Rozenfeld et al., 2006).

Foglia� o and Ribeiro (2009) suggest a form to accompany 
the FMEA with the following fi elds:

a) Header: generally contains the informa� on needed to 
iden� fy the form, for example, the FMEA number, 
the process iden� fi ca� on, the department responsi-
ble, the study coordinator’s details, the par� cipants’ 
details, and the document date;
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b) Item/Func� on: contains a brief descrip� on of the 
opera� on being analyzed and its purpose or requi-
rement to be met. This stage describes the items un-
der analysis and their func� ons;

c) Poten� al failure modes: It describes the possible 
non-conformi� es associated with the object under 
study. It is important to list all the poten� al failure 
modes relevant to each opera� on;

d) Poten� al failure eff ects: It defi nes the defects that 
have occurred due to the failure modes;

e) Severity (S): A qualita� ve assessment is made of the 
severity of the eff ect listed above in terms of the 
impact that the poten� al mode eff ect has on the 
system. Severity is measured on a scale of 1 to 10, 
where 1 is a not very severe eff ect, and 10 means a 
very severe eff ect;

f) Classifi ca� on: This non-mandatory fi eld is used to clas-
sify any characteris� cs of the opera� on that need 
special control;

g) Poten� al failure causes or mechanisms: A defi ciency in 
the process that generates the failure mode is defi -
ned. It is important to list the causes or mechanisms 
clearly and completely to facilitate eff orts to correct 
or improve the process;

h) Occurrence (O): This relates to the probability that a 
cause or mechanism already listed will occur. If failu-
re rate data or sta� s� cally captured capability indi-
ces for similar items or processes are not available, 
a more subjec� ve analysis must be made, classifying 
the probability of occurrence in a range from 1 to 10, 
where the closer to 10, the higher the occurrence of 
that cause;

i) Preven� on and detec� on control: The controls incor-
porated into the process that can prevent or detect 
the cause of the failures men� oned should be listed;

j) Detec� on (D): It is assumed that the failure mode has 
occurred, and then the ability of current controls to 
perform detec� on is checked. This detec� on is rated 
on a scale of 1 to 10, with 1 being a very high pro-
bability of the failure being detected and 10 being 
very low;

k) Risk (R): The risk is calculated to priori� ze ac� ons to 
correct and improve the process, considering the 
product of severity, occurrence, and detec� on;

l) Recommended ac� ons: A� er priori� zing the failure 
modes by calcula� ng the risk, improvement ac� ons 
are proposed for the items with the highest risk.

The FMEA form is a living document. This means that 
even a� er it has been fi nalized, it needs to be revised whe-
never there are changes to this product or process. In line 
with Fault Tree Analysis, this is the only reliability technique 
cited in the ISO 9000 standards and, par� cularly, ISO 9004 
(Lima et al., 2006).

Jawagar Shrehari and Raagul Srinivasan (2016) proposed 
a study with FMEA as an opportunity for students to eva-
luate in SAE compe� � ons a form of process improvement 
for reliability in the automo� ve industry. Due to its ability 
to examine systems at the component level, this technique 
points out poten� al failures that can be quickly iden� fi ed 
and evaluated using a systema� c process with associated 
risks. The priori� za� on of faults according to the defects 
caused is evaluated within a risk priori� za� on process calcu-
lated according to severity, occurrence, and detec� on.

Using an FMEA design (DFMEA) to assess the risks of a 
compe� � on kart (go-kart), these authors found inappropria-
te suspension selec� on as a poten� al failure mode for the 
suspension system. As a poten� al failure eff ect, this could 
lead to total collapse and vibra� on in the vehicle, which 
could probably be caused by improper assembly. As a means 
of detec� on, there could be a control process by analyzing 
load distribu� on in the suspension system (Shrehari and Sri-
nivasan, 2016).

Fault tree analysis (FTA)

H.A. Watson developed the concept around 1960 to as-
sess safety in aerospace engineering. Some� me later, it be-
gan to be used in other sectors of industry to reduce failures 
and problems that appeared in some equipment and pro-
cesses (Helman and Andery, 1995).

FTA is a reliability technique that aims at iden� fying all 
the combina� ons of causes that can give rise to an undesired 
event at the top of the fault tree; studying the probability of 
these causes occurring, thus studying the probability of the 
top event; and priori� zing ac� ons aimed at preven� ng these 
causes from occurring and resul� ng in the undesired event 
(Foglia� o and Ribeiro, 2009).

In this respect, it is considered a top-down failure analysis 
method, in which the analysis takes an undesired event as 
its star� ng point, either a failure or a malfunc� on, appro-
priately called the top event. In this event, all the means for 
its occurrence are defi ned. Thus, it can be said that from a 
top event, the lower-level events are established, which are, 
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alone or in combina� on, the generators of the undesired ef-
fect (Rozenfeld et al., 2006).

Using the method makes it possible to analyze the system 
reliability and construct the cause-and-eff ect rela� onship of 
their events, crea� ng an interface with the FMEA tool (Sa-
kurada, 2001).

Specifi c symbology is used when structuring the fault tree 
specifi c symbology, as shown in Figure 1.

Figure 1. Fault tree symbology
Source: Elaborated from Foglia� o and Ribeiro (2009)

Figure 2 shows the events in the fault tree that can be 
of fi ve types, and Figure 3 shows the logical operators for 
structuring the tree.

Rectangle An event that results from the combina� on of 
several basic events; it can be further developed

Circle A basic event or fault that does not require fur-
ther development

House A basic event expected to occur under normal 
opera� ng condi� ons.

Diamond Like the rectangle, but of no interest or cannot be 
developed further.

Triangle Transfer symbol

Figure 2. Events in the fault tree
Source: Elaborated from Foglia� o and Ribeiro (2009)

Resul� ng Events

Logical Operator

Basic Events

AND Output (o) only occurs if all inputs occur

OR Output (o) occurs when at least one input 
has occurred

AND r/n Output (o) only occurs if r of the n events 
occur

Condi� onal AND Output (o) only occurs if all inputs occur and 
the condi� on is met

Condi� onal OR Output (o) occurs if at least one of the inputs 
occurs and the condi� on is sa� sfi ed

Simple IF Output (o) occurs if the input is present and 
the condi� on is met

Permanence 
Condi� on

Output (o) occurs if the input occurs and 
remains present for at least 10 minutes

Figure 3. Main logical operators and their meanings
Source: Prepared from Foglia� o and Ribeiro (2009)

A� er structuring the FTA, the basic fault data is grouped 
with each basic event. The probability of occurrence of each 
of the resul� ng events, (), must then be calculated, with the 
most common cases corresponding to logic gates AND and 
OR. According to Fogliato and Duarte (2011), the probabili-
� es of each event occurring are calculated diff erently, consi-
dering the type of Boolean connector represented:

     AND: 

 OR: 
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Where,

P(0)  the probability of occurrence of the resul� ng event 
(output)

P(Ei) the probability of occurrence of the causes that re-
sult in the event in the hierarchy of the tree

From the probability of occurrence of all the events in the 
tree, we can fi nd the cri� cality of the root causes, which can 
be calculated by the product of the probability of occurrence 
of the root cause by the condi� onal probability of occurren-
ce of the top event, given that that root cause has occurred 
(Foglia� o and Ribeiro, 2009), as shown by the product: 

Cri� cality = P(Ei).P(H/Ei)

Where,

P(Ei) is the probability that the event will occur

P(H/Ei) is the condi� onal probability that the top event 
occurs, given that has occurred. 

In this way, it is possible to iden� fy the most cri� cal com-
ponents and thus think of ac� ons that could lead to correc-
� on or improvement.

In the literature, some studies have been found on the 
applica� on of FMEA and FTA in the powertrain systems of 
autonomous and electric vehicles; however, they have not 
been found specifi cally in manned compe� � on vehicles wi-
thout a military applica� on (Haq et al., 2015; Sedano et al., 
2013; Ferencey, 2011).

Ali Babaja UFRJ Macaé

Founded in 2014 by engineering students from the Fe-
deral University of Rio de Janeiro (Macaé campus), the Ali 
Babaja Team aims to design and build a high-performance 
off -road vehicle for compe� � on under the Baja Program run 
by the Society of Automo� ve Engineers (SAE). In this event, 
engineering students are challenged to develop a prototype, 
including concep� on, detailed design, construc� on, and tes-
� ng. The compe� � ons take place annually through na� onal 
and regional stages, promo� ng a compara� ve assessment of 
each team’s projects.

Throughout its history, the team has built two vehicles, 
known as Camel I and Camel II. The fi rst was built in 2014, 
and, at the 22nd BAJA SAE Brazil Compe� � on in 2015, the 
team was awarded the � tle of Fair Play Team. The following 

year, s� ll with the same vehicle, they won fi rst place in the 
trac� on test, also at the na� onal stage.

The Camel II season began in 2017, with construc� on ta-
king place at the headquarters of partner companies and at 
the compe� � on venues, which compromised the technical 
quality and, consequently, the team’s results. Nevertheless, 
the Camel II took part in two na� onal stages and one regio-
nal stage. Figure 4 shows the Camel II vehicle. In 2019, the 
team dedicated itself to developing the Camel III.

Figure 4. Camel II during compe� � on
Source: The Authors (2021)

Baja SAE Brasil Administrative and Technical 
Regulations

According to the administra� ve and technical regula� ons 
of the Baja SAE Brasil program, these regula� ons are divided 
into administra� ve, technical, and compe� � on regula� ons. 
Item C4.8.2.3 of this document encourages the use of failure 
modes and eff ects analysis (FMEA) to evaluate the project, 
and based on the results of the analysis and tests, a reasses-
sment must be carried out to develop project alterna� ves.

Item C4.8.4.2 directs the team to quan� fy the suspension’s 
performance and overall impact on the project, and item 5.7 
of the regula� ons, which deals with suspension, men� ons 
that the vehicle’s maneuverability and trac� on will be tested 
during a winding course with obstacles in the race. The func-
� onali� es of powertrain and suspension systems of an SAE 
vehicle will be presented below.

Suspension system

The suspension system of an SAE vehicle is responsible 
for isola� ng vibra� ons from the chassis, enabling stability 

Rear suspension arms
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and comfort for the driver in compe� � on. It consists of a 
system of springs, shock absorbers, and joints that allow re-
la� ve movement between the vehicle and the wheel (Cabral 
et al., 2019).

Powertrain system

As a way of detailing other components that interact with 
the suspension system, some defi ni� ons will be presented:

a) Engine: This is the component of the vehicle’s power-
train responsible for genera� ng the power that will 
be transmi� ed to the wheels through the transmis-
sion system;

b) Con� nuously Variable Transmission (CVT): This trans-
mission system has infi nite steps within its opera-
� ng range. It consists of a drive pulley linked to the 
power source and a driven pulley that is the power 
output for the next reduc� on stage. These two pul-
leys are connected to a V-belt specially developed 
for this applica� on (Caser; Seraphim, 2014);

c) Reduc� on gearbox: Its main purpose is to increase tor-
que on the car drive sha�  (Vidal et al., 2017);

Tires: These are the components responsible for gene-
ra� ng grip to control the car and, in conjunc� on with the 
wheels, provide movement to the car, reducing slippage 
(Cordeiro, 2014).

Damping system

The damping system is primarily responsible for vehi-
cle stability. Its aim is to absorb all the irregulari� es in the 
ground through its components, dissipa� ng mechanical 
energy in the form of heat, noise, and viscous fric� on. It is 
also responsible for keeping all four wheels on the ground 
and improving the car’s performance. Damping ensures the 
integrity of the car’s structure.

Suspension System Components

The main components of the suspension system include 
the wheel hub, the sha�  sleeve, the tray, and the damping 
system. The following defi ni� ons clarify the func� ons of 
each of these components:

a) Wheel Hub: Component responsible for a� aching to 
the wheel and suppor� ng the brake disk

b) Sha�  Sleeve: Component responsible for a� aching 
all the suspension components, such as the wheel 
hubs, suspension arms, and steering bar 

c) Tray: This is the fi rst to receive the shock of an impact 
suff ered by the suspension, as it makes the wheel/
chassis connec� on. This component performs seve-
ral func� ons directly related to the vehicle’s safety 
and stability. As a result, a problem with this compo-
nent can lead to losing control of the vehicle.

d) Damping system: Its core func� on is to dissipate me-
chanical energy to improve handling and reduce the 
vehicle’s contact with the ground, increasing the 
driver’s safety and comfort.

Figure 5 shows a layout of the suspension and steering 
system of the Camel II vehicle.

Figure 5. Camel II Suspension and Steering Layout
Source: The Authors (2021)

METHODOLOGY

This work uses a descrip� ve and quan� ta� ve approach, 
and a case study on the off -road vehicle designed and built 
by the Ali Babaja UFRJ Macaé team will complement it.

The following stages were considered for its implemen-
ta� on: 

Defi ni� on of the system to be analyzed: The system cho-
sen as the study object was the suspension system, whose 
components were men� oned above;

Collec� ng informa� on about the system and failure data: 
Through interviews with members of the Ali Babaja UFRJ 

FLUID SEAL

Single-spring damper 
without nitrogen reservoir

Rear 
suspension 
arms

21" direc� onal � res

SAE 1020 steel 
sha�  sleeves and 
wheel hubs

SAE 1020 
steel rack

Front 
suspension 
arms
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Macaé team, the informa� on needed to implement the re-
liability and maintenance tools was collected;

Implementa� on of the tools: We chose the FMEA and 
FTA tools to analyze the informa� on collected. Therefore, 
the system was thoroughly analyzed to understand its cha-
racteris� cs and interrela� onships. The ini� al versions were 
then dra� ed;

Review of the tools: A� er dra� ing the form and the fault 
tree, revisions were made during another interview with the 
team to ra� fy what had been done, and only then were the 
respec� ve calcula� ons performed;

Analysis of the results: The results were analyzed, and op-
portuni� es for improvement were found for the team. 

RESULTS

A� er the mee� ngs with the team, the failure data for 
each system component was collected, and the failure rates 
were calculated:

• Stud bolts: 2 failures in 64 hours;

• Tray: 2 failures in 64 hours;

• Anchor bolt: 6 failures in 64 hours;

• Labeling terminal: 7 failures in 64 hours;

• Sha� : 1 failure in 64 hours;

• Damping fl uid seal: 2 failures in 64 hours.

FTA

A fault tree was assembled for the suspension system, as 
seen in Figure 6.

Using the failure rates and the help of FTA, the probability 
of the suspension system failing and the car ceasing to func-
� on was calculated.

Wheel hub failure: the four stud bolts must fail:

Suspension tray system failure: occurs if the tray or an-
chor bolt fails:

Sha�  sleeve failure: occurs if the sha�  or anchor bolt or 
rotary terminal fails:

Damping failure: occurs when the fl uid seal fails or when 
the anchor bolt fails:

Suspension system failure: occurs if one of the previous 
failures occurs:

Figure 6. FTA of Ali Babaja’s suspension system
Source: The Authors (2021)

TRAY ANCHOR 
BOLT

ANCHOR 
BOLT

FLUID 
SEAL

SUSPENSION FAILURE

SHAFT SLEEVE 
FAILURE

CAR MALFUNCTION

WHEEL HUB 
FAILURE

BOLTS 1, 2, 3, AND 4 TUBULAR TERMINAL
SHAFT

ANCHOR BOLT

SUSPENSION TRAY 
SYSTEM FAILURE

SHOCK ABSORBER 
FAILURE
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A� er calcula� ng the probability of system failure, the cri-
� cality of each component can be assessed: 

For the stud bolts:

P = 3,0517.10-5

Crt = 0,03125 x 3,0515.10-5 = 9,5359.10-

For the tray:

P = 1

Crt = 0,03125 x 1 = 0,03125

Anchor bolt (all in the system are equivalent):

P = 1

Crt = 0,09375 x 1 = 0,09375

Labeling terminal:

P = 1

Crt = 0,109375 x 1 = 0,109375

Sha� :

P = 1

Crt = 0,015625 x 1 = 0,015625

Fluid sealing:

P = 1

Crt = 0,03125 x 1 = 0,03125

Thus, using the FTA and the above results, it can be con-
cluded that the most cri� cal and, therefore, most important 
component is the label terminal, followed by the anchor 
bolt, fl uid tray and seal (with the same cri� cality value), 
sha� , and fi nally the stud bolts.

Furthermore, the cri� cality of the rotary terminal is 1.16 
� mes greater than that of the anchor bolt, 3.5 � mes greater 
than that of the fl uid tray and seal, 7 � mes greater than that 
of the sha� , and 114,420 � mes greater than that of the stud 
bolts. This survey shows that greater care should be taken 
with the rotary terminal and the anchor bolt.

FMEA

A mee� ng was held to discuss and draw up a report with 
the failure modes, causes, and eff ects, thus obtaining the 
severi� es, occurrences, and detec� ons from the Baja team. 
The severity of each failure was calculated. In this respect, 
in consensus with the team, 50 was the value set as the mi-
nimum necessary to priori� ze the failure modes requiring 
interven� on. An ac� on plan was then devised, as shown in 
Figure 7.

Based on the results of the FMEA, each scenario and the 
reasons why each failure occurs should be analyzed, and an 
ac� on should be evaluated given the corresponding intrinsic 
risk. For high-risk values, predic� ve maintenance is sugges-
ted, as constant monitoring is required. For risks closer to 
the minimum risk, the team suggests periodic maintenance 
and observa� on of sugges� ons for reducing the probability 
of failure.

During the prepara� on of the FMEA, the compe� � on 
team met the research team to make a qualita� ve assess-
ment of severity, an evalua� on of occurrence, and an es� -
ma� on of the ability of the maintenance team’s current con-
trols to detect it. Chart 1 shows the scale used to assess the 
severity of the process.

The scale in Chart 2 was used to assess the occurrence of 
the cause of failure in the process.

When assessing detec� on by current controls, the main-
tenance team used the scale shown in Chart 3.

Figure 8 shows the risk of failure for each component. 
The cutoff  line was set at values with risks higher than 50. 
According to this cutoff  line, only the risks related to the stud 
bolt and the shock absorber would be outside the scope of 
the risk plan at this point in the project un� l the following 
evalua� on.

It can be seen that the risks related to the sha�  and the 
anchor bolt have their overall value calculated iden� cally; 
however, the risk related to the sha�  has been evaluated 
from the point of view of occurrence at more than twice 
the risk related to the anchor bolt; therefore, the former is 
a priority.
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Figure 7. FMEA for Ali Babaja’s suspension system
Source: The Authors (2021)

Eff ect Severity Eff ect Scale
Very High Compromises the safety of the opera� on or involves infringement of government regula� ons 10

9

High Causes high customer dissa� sfac� on 8

7

Moderate Causes some dissa� sfac� on due to a drop in performance or malfunc� on of parts of the system 6

5

Low Causes slight dissa� sfac� on, and the customer only no� ces a slight deteriora� on or drop in perfor-
mance 4

3

Lowest The failure minimally aff ects the performance of the system without most customers no� cing it 2

1
Chart 1. Severity Assessment in the Process
Source: Prepared from Foglia� o and Ribeiro (2009)
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Figure 9. Risk of failure of each component

Source: The Authors (2021)

Considering the subjec� vity of the process compared to 
the rigor of assessing severity, occurrence, and detec� on, a 
Pareto analysis was devised, as shown in Table 1.

The Pareto analysis shows that the risks to the labeling 
terminal, the anchor bolt, and the sha�  take priority over 

Risk

Component / Failure Mode

Stud Bolt
Tray Tray Labeling 

terminal
Labeling 
terminal

ShaftAnchor bolt
Anchor bolt

Damper

SealingBreakingBreaking
Thread 
DustingBendingBendingIneffi cient 

fi xation
Buckling

Thread 
Dusting

the other components. As anchor bolt 2 has a cumula� ve 
rela� ve frequency close to 80%, it can be included in the list 
of components that should be priori� zed when applying the 
recommended ac� ons.

Nonetheless, it should be noted that both in the risk 
analysis process using the risk calculated in the FMEA and in 
the process carried out using the Pareto analysis, there was 
disagreement only on the tray component. In this case, we 
opted to include the tray in the components sensi� ve to the 
risk assessment process.

CONCLUSION

FTA allowed us to iden� fy the combina� on of component 
failures that lead to system failure and to calculate the prob-
ability of failure in the following subsystems: wheel hub, 
suspension tray, sha�  sleeve, damping, and suspension. The 
two highest probabili� es of failure are related to the suspen-
sion and the sha�  sleeve, with values of 38.8% and 20.5%, 

Occurrence Failure Rate Evaluati on Scale
Very High Failures almost inevitable 10 100/1000

9 50/1000

High Failures occur frequently 8 20/1000

7 10/1000

Moderate Occasional failures 6 5/1000

5 2/1000

4 1/1000

Low Failures rarely occur 3 0.5/1000

2 0.1/1000

Lowest Failures very unlikely 1 0.01/1000

Chart 2. Scale for assessing the occurrence of the cause of failure
Source: Elaborated from Foglia� o and Ribeiro source (2009)

Likelihood of Detecti on Status Scale

Very Remote The Project Valida� on Procedure (PVP) will not detect this failure mode, or there is 
no PVP 10

Remote The PVP will probably not detect this failure mode 9

8

Low There is a low probability that the PVP will detect the failure mode 7

6

Moderate PVP can detect the failure mode 5

4

High There is a high probability that PVP will detect the failure mode 3

2

Very High PVP will almost certainly detect this failure mode 1

Chart 3. Scale for detec� on by the maintenance team’s current controls
Source: Prepared from Foglia� o and Ribeiro source (2009)
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respec� vely. Based on this data, the cri� cality of each basic 
component was calculated, resul� ng in the rotary terminal 
being the most cri� cal element, followed by the anchor bolt.

The FMEA analysis provided an overview of the causes 
of failure in the Baja vehicle’s suspension system. It was ob-
served that the element that poses the highest risk to the 
system is the rotary terminal failure due to the car overload-
ing during the journey, when the driver demands more from 
the vehicle than it can off er. Although this fault is not severe, 
its occurrence and diffi  culty detec� ng it increase the risk. As 
a recommenda� on, it is suggested that the driver undergo 
training to learn about the car’s limits and that a way be 
found to ensure that this milestone is not exceeded.

The second highest risk is also linked to the labeling ter-
minal; however, in this case, the failure is due to a sizing 
error. It is followed by the anchor bolt also failing due to a 
design error and the sha� , which present the same risk. As 
a recommenda� on, it was suggested that stress simula� ons 
be carried out using so� ware to ensure the results found 
were relevant.

Next, the components that present the highest risks are, 
in this order: anchor bolt failure linked to vehicle overload; 
tray failure due to buckling; ineffi  cient tray, stud bolt, and 
Damper fi xing. Therefore, this is the order in which correc-
� ve ac� ons should be priori� zed with a view to improving 
the project.

When monitoring maintenance eff orts during the assem-
bly of car components, it is essen� al that the more expe-
rienced team members supervise and guide the others to 
avoid errors due to inappropriate tool use.

As already men� oned in the SAE Brasil administra� ve and 
technical regula� ons, a� er evalua� ng the FMEA, its results 

should serve as support for an alterna� ve design. The quan-
� fi ca� on of the suspension’s performance and overall im-
pact on the project were assessed along with the fault tree 
applica� on, and it will be studied in a new Camel III project.

Limita� ons of this study include the subjec� vity of as-
signing FMEA scores due to the team’s lack of experience 
and the limited history of documen� ng data on car failures 
related to the dynamics of SAE compe� � ons, which require 
frequent changes to the car. Another limita� on is the case 
study, since it is specifi c to the condi� ons in which it was 
carried out, and its conclusions cannot be generalized.

Future work could include a study using stress simula� on 
so� ware to validate the calcula� ons and thus reduce the im-
pact of design errors.
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