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Abstract

Purpose – The paper aims to convert into useable guidelines, the knowledge related to human factors and
tasks’ organisation, which are embedded in one of the most exciting maintenance actions that are carried out,
the pitstop in Formula 1 races.
Design/methodology/approach –The paper opted for a fault tree analysis (FTA) to de-construct all the sub-
tasks and their possible deviations from desirable situations and to evaluate the most relevant information
needed for carrying out the pitstop operation. Besides, the SHELL model was applied in a second stage to
evaluate the interaction between human being and human interfaces with other components of the system.
Once this set of information was crystallised, the research translated it into useable guidelines for organising
industrial maintenance actions using the same approach and possible reaching the same results.
Findings – The results of this study is a structured set of guidelines that encompasses the most paramount
aspects that should be considered for setting correct maintenance actions. They represent a “guide” for
including the different angles that are included during these operations.
Research limitations/implications – The guidelines are potentially applicable to everymaintenance operation.
The guidelines should be tested on different working domains to check their applicability besides the racing world.
Practical implications – This study is a reverse engineering work for creating a scheme to include into
maintenance operations aspects such as crew athlete-like fitness, training, technology, organisational issues,
safety, ergonomics and psychology.
Originality/value – The value of the paper is deconstructing the results of one of the most successful and
prepared maintenance action. The paper takes a different approach in proposing how to structure and create
maintenance solutions. The difference in approaches between the maintenance during the pitstop of Formula 1
car and industrial applications enhances the gap that needs still to be filled for further improving maintenance
actions out of the racing world.
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1. Introduction
In theworld of technological advancements, the need for upgrading industrial practices tends
to increase rapidly. As the industries strive to meet the growing market demand, the need for
increased uptime and highly reliable machines becomes inevitable. Industrial organisations
are continuously seeking new strategies to improve the effectiveness of their operations.
Maintenance optimisation and selection of appropriate maintenance strategy play a vital role
in the effectiveness of any industrial system’s operation (Suzan Alaswad and Xiang, 2017).

In general, maintenance is defined as the combination of all technical and administrative
actions, including supervision, which ensures that a system is in the required functioning
state (Dekker, 1996). The development of optimal maintenance strategies is necessary for
improving system reliability, preventing the occurrence of unexpected system failures and
reducing maintenance cost (Kaiser and Gebrael, 2009).

Industry 4.0 and recent technology development enable intelligent and flexible production
control using information technology (IT) based on communicating, interacting machines.
This advancement in the industry helps to make maintenance decision based on the factual
data from the machines. This is achieved by predictive maintenance in recent times.
Predictive maintenance is a set of activities that detect the changes in the physical condition
of equipment (signs of failure) to carry out the appropriate maintenance work for maximising
the service life of equipment without increasing the risk of failure (Wang, 2016).

As the systems become more complex or the stakes become higher, more is expected from
systems’ availability. In Figure 1, a general overview is given of how the dependence
availability of a system requires different aspects of the process to collaborate to reach the
required result.

Besides the optimisation and improvement of component reliability, an interesting and
relevant aspect to focus on is the impact of human intervention and performance during the
maintenance operations, affecting, in the first place, the serviceability and the
maintainability, and as a consequence, the actual availability. The information provided
by identifying the parameters of availability can be optimised by implementing the
probability of human error. Singh et al. (2015) advocated that if theworkplace layout, working
posture, maintenance manuals and accessibility of tools are poorly planned, maintenance
performance can be adversely affected. Moreover, Comberti et al. (2018, 2015a, b) and
Baldissone et al. (2019) also demonstrated that human errors still represent a major cause in
industrial occupational accidents. Further, in the research conducted by Singh et al. (2017), it
has been observed that time pressure, ability to detect and perceive problems, over-riding
information, the need tomake decisions andmismatches between the operator and designer’s
model turn out to be major contributors to human error. Therefore, assessing the “reliability
of workers” is of paramount importance (Comberti et al., 2019). One of the most powerful and
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well-known technics for tackling this issue is the fault tree analysis (FTA). This analysis
offers a complete overview of potential errors and failures caused by the system or/and
human errors to identify them beforehand and prepare countermeasures to take the process
to near-perfection as possible.

Among all the industrial and non-industrial fields, motorsport is a sector where
technology and continuous improvements are the main driven factors. Ever since the first
motor racing events in history, the spirit of sporting competitiveness has continuously driven
thousands of racing teams, their drivers, managers and engineers to seek perfection, as only
the best can stand the challenges and difficulties imposed by this demanding environment.
The road to perfection is a philosophy that every participant of the sport has to engrave in the
back of his mind to be successful.

Moreover, racing teams aim both to have the fastest asset and to reduce downtime to a
minimum. This makes a good maintenance management plan an essential aspect of the job,
where high system availability or minimal maintenance time is the primary goal.
Consequently, maintenance management and operations become an integral part of any
company that prioritises this goal.

Looking at all races and competitions in motorsport, there is one in particular where
maintenance operations play such a dominant role: the collaborative maintenance pitstop in
Formula 1.

Formula One (Formula 1 or F1) is the topmost race sanctioned by Federation
Internationale de l’Automobile (FIA) in the races of single-seater racing cars. In F1 racing,
there is a pitstop meant for halting cars for changing tyres, repairing works, refuelling,
changing the driver (at the present days, these last two aspects are not present anymore), etc.
Pits comprise a pit lane parallel to the track and several garages where this work is carried
out. There is a pit crew consisting of 2–20 mechanics for carrying out work in the pit stop.
While carrying out the work in pit stop, sometimes there are certain human or technical
errors, which may lead to various accidents. Some of these pit stop errors that occurred in
past are as follows. During the 1994GermanGrand Prix, when the fuel hosewas disconnected
from the car in the pit, fuel was sprayed out of the nozzle and caught fire (Ten Biggest Pit
Fails, 2016). At Argentine Grand Prix 1998, the tyres required for the car and fuel hose were
not ready when a car stopped in the pit Bleacher Report (2014). In the 2008 Singapore Grand
Prix, an error in traffic lights led to the wrong signal for moving of car with a fuel hose
attached. In 2009, Brazilian Grand Prix, lollipop man signalled the driver to leave, but
refuelling was not complete, and the fuel hose was ripped off from its mounting trailing
behind the car and sprayed the fuel across the pit lane; as a result, another car caught the fire
as it drove over it (10 of The Biggest Pit Fails, 2016). In the 2011 Hungarian Grand Prix, it was
raining and a huge blue strip of paint was painted on the pit stop, and when a driver tried to
stop on the strip of paint, he got slipped and lost control of the car Bleacher Report (2014). In
GermanGrand Prix 2013, the right rear wheel was not properly fit and a signal for leaving the
car was given. In Monaco Grand Prix 2016, due to some communication error in the pit stop,
the availability of tyres required for the car had been delayed Red Bull to analyse pit stop
(2016). At the 2018 Bahrain Grand Prix, due to some sensor errors in the signalling system, an
early green light before completion of pit stop resulted in injury to a mechanic. When the car
started, the wheel was detached and hit a cameraman (Keith Collantine, 2020). Recently, in
December 2020, at Sakhir Grand Prix in Bahrain, due to some problemswith the Radios of one
F1 team and misunderstanding among the workers, a wrong pair of tyre was fitted into a car
(Keith Collantine, 2020). This is the ideal example to analyse how the various aspects are
already included in their near-perfect maintenance pitstop. It also offers a powerful ground
for reflections on an important technical aspect such as the management of change,
considered at the same time both a useful tool to improve the availability of a system, but also
a source of issues in terms of safety if not properly managed (Demichela et al., 2017).
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2. The research problem and the methodology
Formula 1 pitstop is based on one of the most complete and optimised maintenance plans
created. Formula 1 industry has worked to perfect their processes for years to complete the
pitstop maintenance sequence without errors and in a blink of the eye. Formula 1 pitstop
represents an excellent case study extrapolating the base knowledge and for implementing
interesting aspects for different (and less quick in maintenance operations) sectors.
Researching this aspect to develop a set of universal and useable guidelines in any industry
will give a significant contribution to maintenance optimisation.

The paper opted for a qualitative FTA to de-construct all the sub-tasks and their possible
deviations from desirable situations and to evaluate themost relevant information needed for
carrying out the pitstop operation. Once this set of information was crystallised, the research
translated it into universal knowledge for organising industrial maintenance actions.

3. Formula 1 pitstop: the analysis
The desire to keep downtime as low as possible and reliability high stimulate us to look for
ways to perfect our existing processes. Formula 1 world seems to be a leading example of
this trend.

Formula 1 racing can be classified as globalmotorsport; with the fame and global status also
comes the high pressure to perform.Many aspects lead to a successful race/championship. It all
starts from the design of the car to the last action performed by the driver at the race after the
race is finished. Apart from a global sport, Formula 1 is also a business, which means that the
goal is to make a profit whilst keeping the performances at the highest level. Cost-effectiveness
and efficiency become important parameters in the whole process. This aspect is noticeable in
every stage of the project, and it is especially reflected in collaborative maintenance operations
such as the pitstop. Motivation and competitiveness need to be there as the performance aspect
correlates to the commercial aspect (Jenkins, 2020). It is during this stage that the maintenance
crew comes together to perform one of themost perfect choreographedmaintenance sequences
created and has to be executed almost perfectly as any second lost during the pitstop can have
negative consequences on the drivers’ performance and placing.

However, this organisation efficiency has not been always there. The progress the pitstop
hasmade over the years is outstanding. Comparing the pitstop times over the past 30 years, it
is notable that they vary tremendously. This contributed to the fact that 1982 was the first
time an F1 car came into the pitstop area for new tyres and refuelling. In 1984, the refuelling
practice was banned again; it was reintroduced from 1994–2009. During this era, the pitstop
was dependent on how fast the car could be refuelled, in 2008, the FIA set themax flow rate of
fuel into the tank of no more than 12.1 L per second (FIA, 2008). After 2010, the teams started
focusing on the pitstop times and fluent sequence of the tire change again as refuelling was
finally banned once again to reduce the cost and environmental impacts of this sport. From
that moment till current days, steady progress can be observed with teams now regularly
breaking the 2 s barrier for a standard pitstop with the record now set at 1.82 s.

The progress can be attributed to the years of practice and skill honing, gathering data,
identifying mistakes and potential design flaws and fixing them throughout the years.

The design of the car has made some significant changes throughout the years, as new
technological advances changed the way the car was designed and constructed. The FIA
added strict regulations for competitors and crew members to ensure the races could take
place in a safe manner and environment. The design of the car also had to be to the minimum
required standards set by the FIA. The FIA, thus, set a required minimum standard for the
complete race starting from the design of the car all the way to specify the requirements of
the safety wear that maintenance crew members have to wear and minimum performance of
the equipment used. The competitors were required to adjust and improve the required
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aspects. This resulted in race cars being built with optimal maintainability, serviceability and
accessibility. Only then could the competitor hope to have the edge over the competition.

In the following paragraph, a more detailed analysis will be done of the pitstop
organisation, analysing tasks, corresponding actions, crew training and safety protocols.
This detailed view will offer a better understanding of how the crewmanages to carry on one
of the most complicated and high-stake maintenance sequences near-perfection repetitively.

The pitstop will be analysed identifying tasks and failures related to the pitstop and the
required crew. A complete representation of the pitstop can be found in Figure 2.

Around 34 tasks need to be completed during a pitstop.

3.1 Pit crew
The pit crew does not have a specific person assigned to a specific job. The crewusually consists
of the team’s mechanics who also assist during the race as the pit crew. Every team member is

2. Car up on jack

1. Car stopped
7. Driver readied
9. Driver cleared to go

5. New wheel off

8. Car down off jack

2. Car up on jack
8. Car down off jack

5. New wheel on

3. Wheel nut off
6. Wheel nut on

3. Wheel nut off
6. Wheel nut on

3. Wheel nut off
6. Wheel nut on

3. Wheel nut off
6. Wheel nut on

4. Old wheel off 4. Old wheel off

3-6. Car stabilizer
3-8. Keep eye on traffic

3-6. Car stabilizer

Lollipop man

Traffic lane spotter
Other crew
members

5. New wheel on
5. New wheel on

Figure 2.
Formula 1 pitstop
representation
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equipped and trained to do every task, to be interchangeable. However, the most common
approach of the teams is to assign a mechanic to always the same task. Tasks are usually
assigned based on physical capabilities as all members have their characteristics. The crew
consists of a minimum of 18 to a maximum of 22 mechanics. Table 1 summarises their function.

The FIA does not have any restrictions on the number of crew members, so every team is
free to assign additional crew members with additional tasks, e.g. adjusting the front flap or
carrying the tyre warmers.

3.2 Pit equipment
As said, the crew have to execute 34 specific tasks normally in less than 3 s. This requires the
crew to have specific equipment designed for efficiency and effectiveness, ensuring the crew
is comfortable handling them, but keeping the high performance at the same time. A list of
equipment and its specific use is presented in Table 2. Because of the high stakes, failing

Crew member Quantity Function

Lollipop man/traffic
lane spotter

1 This task was usually assigned to the chief mechanic or most experienced
member of the crew. His/her tasks encompass overseeing all sub-tasks of the
pitstop and making sure they are executed correctly and in an orderly
fashion. Moreover, he/she gives the go/no-go sign for the driver to come in
and leave the pit area. This mechanic’s task has been recently substituted by
a red/green light device, but still operated by one mechanic (traffic lane
spotter)

Jackman 4 Crew members responsible to lift and down the car, using a manual jack
positioned at the front and back and using in the side-middle part of the car.
They have to simultaneously lift the car approximately 10 cm of the ground,
so the tyres can be switched with minimal resistance, but the lifting up and
downtime are minimised. There are always two spare jackmen in stand-by
close to the operating ones

Gunman 4 During the tyre change, four gunmen are stationed at the four tyres to loosen
and tighten the wheel nut of the tyres in one fluent movement. The moment
the car comes to almost a full stop, the gun andwheel nut need to havemade a
connection to change the tyres as fast as possible

Tyres exchangers 8 During the pitstop, a group of 4 people are in charge of taking the old tyres off
and 4 others are in charge of putting on the new ones

Wingman 3 Crew members responsible for front and rear wings adjustment or
replacement

Car’s stabiliser 2 Crew members who support and balance the lift of the car for facilitating the
wheels’ exchange

Equipment Quantity Function

Pneumatic gun 8 An air gun that sends pulses of torque to the bolt to tighten/loosen the wheel
nut. The device has a lightning system indicating when a procedure is
finished. Gunmen also raise their hands when finished so that electronic
failure can be avoided

Wheel nut 4 Specially designed wheel nut to tighten/loosen quickly
Quick-release jack 3 A modified version of a car jack that has a quick-release button to save time
Swivel jack 1 The jackman in front uses a swivel jack so that he can move out of the way

quickly
Pitstop light 1 An automated light signalling system indicates when the crew is done and

the driver can leave. The crew’s equipment is connected to it
Electric tyre
warmers

4 Special electrical blankets are used to warm up the tyres to increase traction
and stability on the track

Table 1.
List of the crew

members operating
during a pitstop

Table 2.
Equipment, materials
and specific functions
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equipment cannot be accepted. Gunmen always have a spare pneumatic gun available and
backup mechanics with quick-release, and swivel jacks are standing close to the car.

Due to the hazardous environment, the crew operates during the race, all crew members
wear safety gears and safety equipment (e.g. heat-resisting gloves, kneepads, elbow pads and
fire-resisting gear).

3.3 Pitstop tasks
The duration of an average Formula 1 pitstop is less than 3 s. This gives the crew little room
for error. The maintenance protocols are frequently practised starting from the crew picking
up the tyres to two cars coming in right after each other. This ensures that the crew knows the
routines well with every aspect and scenario rehearsed. This paragraph will give further
specification regarding the common maintenance tasks that have to be performed by the
crew during the race.

The sequence and the description of the tasks are summarised in Table 3:
This entire sequence has to be executed perfectly by a minimum of 18 crew members for

the pitstop to yield any advantage in/during the race.

Task Description Crew member

Pitstop preparation 4 tyre changers have to quickly run and get the required tyres,
the crew walks in predetermined paths, no interference is met
whilst transporting the tyres and wrap them in electrical
heating sheets

All crew members

Car positioning As the car pulls in, the front jackman and the 4 gunmen stand
in position. The car is guided into place by laser pointers to
indicate the ideal position for the driver to stop the car. As the
car comes in, the front jackman already stands in front of the
oncoming race car. This is also regarded as the most
dangerous position of the crew as the driver can misjudge the
position or the breaking speed

Driver and front
jackman

Car’s lift The rear and front jackman lift the car, simultaneously the 4
gunmen detach the 4 lug nuts and 4 tyre changers unwrap the
heated tyres and stand into position

Front and rear
jackmen

The 2 stabilisers crewmembers help to lift and balance the car
on both sides

Car’s stabiliser crew
members

Wheel nut removal The 4 gunmen remove the wheel nuts with the pneumatic gun Gunmen
Old wheelset
removal

4 crew members (tyre changers) simultaneously remove the
old tyres and move to the back

Tyre exchangers

New wheelset
placement

The 4 other tyre changers quickly step into the position with
the new tyres and place them on the car

Tyre exchangers

Wheel nut
placement

The 4 gunmen attach the lug nuts keeping the tyres in their
place

Gunmen

Car’s lowering Simultaneously to the previous task, the jackmen lower the
car and step away

Front and rear
jackmen

Greenlight for
leaving the pit

The lollipop man (or traffic lane spotter) who has been
keeping an eye on everything gives the all-clear as the traffic
light system gives the driver the signal he can go

Lollipop man/traffic
lane spotter

Additional tasks (simultaneously to wheel nut removal and wheel nut placement)
Wings’ adjustment 2 front and 1 wingmen adjust front and rear wings to the

preferred position and step out of position
Wingmen

Helmet’s windshield
cleaning

A crew member cleans the windshield Crew memberTable 3.
List of pitstop tasks
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3.4 Pitstop fault tree analysis
FTA was developed in the early 1960s at the Bell Telephone Laboratories to perform safety
analysis (Dhillon and Singh, 1981). It is broadly used to perform reliability analysis of
engineering systems and is a logical representation of the relationship of fault events that
may cause an adverse event, called the top event, to occur. The events that result in the
occurrence of the top event are connected and generated by logic gates AND and OR. The OR
gate provides a true output (i.e. fault) when one or more of its inputs are true (fault). In this
study, FTAwas used to perform a complete systembreakdown of all the requirements to give
a better indication of how all independent factors/influences put together to form a coherent
and intertwined process.

Amongst the possible techniques available to identify failures, the power of the FTA is to
use deductive logic to understand all the underlying causes of a particular failure in a
sufficiently complex system so that the likelihood of failure can be reduced through improved
system design. Contrary to an Failure Mode, Effect and Criticality Analysis (FMECA), which
is a bottom-up analysis technique, an FTA takes a top-down approach to assess failure
consequences. An FTA can be applied to analyse the combined effects of simultaneous,
noncritical events on the top event, to evaluate system reliability, to identify potential design
defects and safety hazards, to simplify maintenance and troubleshooting, to identify root
causes during a root cause failure analysis, to logically eliminate causes for an observed
failure. These mentioned features represent the essential tools for investigating the possible
technical, human and organisational issues of the pitstop (Kritzinger, 2016).

By implementing an FTA, the possible unexpected situations can be identified in an F1
pitstop (Figure 3, Table 4):

(1) Technical issue;

(2) Driver error;

Formula 1 Pitstop Error

Driver Error
(D)

Mechanic Error
(M)

Organisational
 Error (O)

D1 D2 M1

M2

M3

M4

M5 O1 T1

O2

T2

O3

O4

O5

Techanical issues
(T)

Figure 3.
Formula 1 pitstop FTA
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(3) Pit crew error; and

(4) Organisational error.

To assess the points mentioned above, the following steps were taken:

(1) Problems/failures are precisely defined and the setting in terms of system goals are
derived. Tasks and failures are precisely defined, and the derivations caused by a
human error from the system goals are identified.

(2) All tasks, data, equipment, actions, protocols and needed interfaces are identified for
the operators so that the system goals can be achieved.

(3) All possible human errors, which can affect the performance/result, are identified and
solutions/preventive measurements are presented.

(4) The proposed protocols and procedures to prevent human errors are modelled.

(5) Possible errors are screened.

(6) The remaining errors are quantified and recovery probabilities are compared to
define the likelihood of success.

(7) The optimised protocol is tested against the system goals and performance to make
sure the system functions accordingly.

(8) All monitorable necessary parameters need to be documented so that the system can
be monitored and improved over time.

The pitstops’ efficiency and success rely on a near-perfect entanglement of the environment,
hardware, pit crew and preparation (training, rehearsals and logistics).

To assess the team’s performance, all these aspects have to be taken into consideration. By
using the SHELLmodel, redeveloped by Frank Hawkins to assess the human factor in Flight
(Hawkins, 1987), this task can be performed. The SHELLmodel adopts a systems perspective
that suggests the human is rarely, if ever, the sole cause of an accident. The systems
perspective considers a variety of contextual and task-related factors that interact with the

Driver error (D)
D1 Hitting a mechanic (jackman) misjudging speed and distance
D2 Stopping the car in a sub-optimal position

Mechanic error (M)
M1 The slow movement in putting the wheel off (wheelman)
M2 The slow movement in putting the wheel on (wheelman)
M3 The slow movement in removing the wheel nut
M4 The slow movement in putting the wheel nut
M5 The slow movement in replacing the front wing

Organisational error (O)
O1 Unprepared for changing the tyres
O2 Prepared with wrong tyres
O3 Unprepared for replacing the front wing
O4 Unsafe release of car in the pit lane
O5 Unsafe release of the car with unlocked tyres

Technical issue (T)
T1 Pneumatic guns not working
T2 Jack not working

Table 4.
Minimal cut set
produced by the FTA
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human operator within a system to affect operator performance (Wiegmann and Shappell,
2003). As a result, the SHELL model considers both active and latent failures in the system.

The method uses four main factors in conformity with the design:

(1) Liveware (L), is the humans who work on the process (pit crew);

(2) Hardware (H), the equipment, instruments used during the process (equipment and
gear of the team);

(3) Software (S), the regulations, rules and protocols to follow; and

(4) Environment, the surroundings that may influence the process.

How this integrates and works for the betterment of the process can be seen in Figure 4.
The four SHELL factors can be seen as sub-models of a process that influence each other.

The performance drop in one subsystem may have consequences for the other. To further
show how mismanagement for the SHELL subsystems have on the Liveware, further
analysis is done and the influence of each subsystem is elaborated in regards to the Liveware
(L) subsystem.

3.4.1 Connection between human and SHELL model elements. The pit crew can be
identified as the Liveware (L) of the pitstop. They are responsible for performing
maintenance during the race. The importance of training, techniques used during the
pitstop, mental training and experience gained during rehearsals are to be attributed to the
Software element (S). The use of various equipment like a pneumatic gun, wheel nut, quick-
release jack, swivel jack, pitstop light, electric tyre warmers, gloves and other safety
equipment are classified as Hardware (H). The pitlane is a noisy and busy environment,
with many teams competing, cars and crew are making their way simultaneously. This
makes it a difficult place to concentrate on. This may also affect the performance of each
crew member, which in all will affect the crew’s performance and influence the procedures,
thus harming the pitstop time.

The entanglement between the subsystems shows that each of them has to be optimised
for the process to be optimal. The effect of the Liveware (pit crew) can be optimised by
creating the best possible foundation for them to work from; this can be done by optimising
the other subsystems as they can be managed prerace. To fully optimise the Liveware, the
crew is also handpicked, going through various mental, physical and educational tests to be
considered for the job. Thus, the recruitment protocols and applicant selection are also
optimised and specialised for the function.

Hardware

Liveware Pitstop Process Environment

SoftwareSHELL
METHOD

Figure 4.
Integration for the

betterment of a
maintenance process
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4. From F1 pitstop to other industrial sectors: the maintenance guidelines
From the previous analysis, the following points emerged.

They can be divided into technological and organisational and human factors (Table 5).
The development of the current pitstop sequence has been a process of years of data

collection and changing the regulations accordingly. The FIA issues reports indicating the
minimum standards all competitors need to follow to complete. This not only ensures a
definite standard of competitions but enforces the competitors to design the cars in a specific
way, keeping safety and efficiency as a priority.

Using the concepts designed and implemented by the FIA over the years as a blueprint,
the following guideline concept can be proposed:

(1) Guidelines improving the process;

(2) Guidelines ensuring human capability; and

(3) Guidelines for improving organisational reliability.

The proposed guidelines need to be integrated to effectively improve the entire system and
improve reliability or increase the success rate of the operation.

4.1 Guidelines improving the process
The success of an operation or process starts with its design. The design has to be optimised
for the process to work as effectively or efficient as possible. The following steps can be
implemented universally and to optimise the process prioritising the success rate.

(1) Define the process/project and the associated tasks completely. Themore detailed the
description is, the more insight it presents on different possible scenarios;

(2) Identify possible failures or mishaps endangering the process/project;

(3) Propose possible solutions for failures or undesired situations;

(4) Identify the cost/time needed to implement the solutions;

(5) Calculate the recovery time needed from the failure/ set back;

(6) Redefine the process/project with the identified shortcomings and recoveries; and

(7) Determine the success rate; if not satisfied, identify the most critical shortcomings
and implement design changes.

4.2 Guidelines ensuring human capability
The success of every process is dependent on the person executing the required steps. Human
errors can lead to major setbacks or losses. The following steps are proposed to improve
human reliability, thus increasing the probability that the set goal can be reached:

(1) Train the personnel in the tasks required to perform;

Technological and organisational Human factors

Pitstop equipment The physical and mental health of the crew members
Risk assessment and management Psychology
Ergonomics of the pitstop task Competitive drive
Resilience towards unexpected events Crew training routines
Predetermined standing/working space Crew practice routines

Table 5.
Technical,
organisational and
human factors
requirements
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(2) Create an all-around worker; let the personnel be familiar with all tasks associated
with his/her work environment. This ensures that the personnel will be able to better
judge situations and calculate the appropriate action when put under stress;

(3) Rehearse potential unwanted situations and the corresponding recovery trajectory.
This will improve the reaction time needed when an actual unwanted situation arises
(Kendall et al., 2005);

(4) Ensure that the personnel are happy andmotivated. Enhancing the work climate will
make the personnel perform the tasks better and with more focus (Snow et al., 2002);

(5) Promote a health-conscious lifestyle; personnel who are in good health and physical
condition have better diets and perform better as there is a direct correlation between
diets and performance (Kapur et al., 2019).

4.3 Guidelines improving organisational reliability
A process/project can be improved by optimising the organisational aspect of the project. If
every process or aspect is beforehand identified and defined, a higher success rate can be
reached. The following steps are proposed to optimise the organisational aspect.

(1) Determine the needed equipment/services needed to perform the identified tasks/
processes;

(2) Identify the optimal placement of equipment or the ideal time to rent the required
services;

(3) When critical equipment is used always have a backup; and

(4) Apply double-check systems where important processes/tasks are checked and
confirmed by different methods to ensure process success.

The implementation of the proposed guidelines helps to improve the efficiency and success of
the project/system. Important is to note that a feedback loop needs to be implemented in all
parts of the set of guidelines. As historical data and system success rate are obtained, the
processes and tasks within the project/system can be improved accordingly. As new
technology and theories are discovered and implemented, the entire process can be improved,
ensuring a certain reliability and success rate.

Ergonomics also play a role in employees’ overall performance and improving the working
climate and reducing the hazard of muscle-skeleton diseases. Therefore, correct equipment and
accessories design, such as seat design, equipment comfort, need to be addressed to improve
and fasten manual material handling. Finally, psychological effects like cumulative trauma
disorders have to be tackled to improve productivity and improve the overall well-being of the
worker (Fernandez , 1995). Ergonomics can be seen as an essential philosophy to take people
into account when we design or organise (Wilson and Sharples, 2015).

By implementing the set of proposed guidelines andmentioned aspects, a competitive and
healthy work environment can be created, ensuring high motivation levels.

The guidelines improve on the fundamentals of maintainability, serviceability and
accessibility. This helps improve the overall availability and creates the foundation to
maximise human reliability implementation effects.

5. Discussion
By using the FTAmethod, the pitstop eventwas analysed. This approach helped to order and
to de-construct the main maintenance operation in all the sub-tasks and their possible
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deviations from desirable situations and to evaluate themost relevant information needed for
carrying out the pitstop operation.

The deconstruction of the tasks underlined how human reliability is a key factor for the
success of the project. The pit crew were directly involved with the high-stake race and had a
direct influence on the outcome of the race. Promoting FTA and improving human reliability
become important aspects of the process. Formula 1 industry made a specific effort to not
only provide their personnel with the best equipment suited for the job and training in their
specific job but rather creating a work culture that focuses on excellence, training every team
member in all required tasks and obligations. This ensures that if a specific team member is
not able to be present, the rest of the group is qualified to ensure the continuity of the process.
Moreover, rehearsal of everyday tasks/hazardous situations makes the reaction time and
individual assessment during these events better, thus improving human reliability.

The set of guidelines wants to act as a reference to achieve overall success in maintenance
operations considering human capability as a central aspect. Ensuring a work culture where
team members can depend on one another improves the overall performance of the team,
fostering a well-practised sequence of all the actions to achieve near-perfection. To promote a
cohesive unit behaviour, the process/project needs to be optimised, and the objective needs to
be clearly stated. Personnel needs to be continuously trained, and equipment needs to be
continuously developed for fastening the maintenance process.

6. Conclusion and further research
The paper focused on developing a set of universal guidelines to be implemented in any
process/project to optimise maintenance operations. By using Formula 1 pitstop as a case
study, the guidelines were derived and proposed. An in-depth analysis of the pitstop
maintenance sequence indicated that human capability and reliability are some of the biggest
factors contributing to its success. The analysis of the approach used by Formula 1 teams to
maximise the success rate of the maintenance sequence indicates that the team functions as
one cohesive unit where mistakes made by a team member have a strong impact on the
success of the process. However, even if human errors or equipment malfunctions occur, a
well-rehearsed recovery plan ensures the team can still function within any situation.
Furthermore, continuous practice and implementation of new maintenance techniques
contribute to developing a specific work culture that focuses on eliminating failures and
mishaps, striving for excellence and perfection.

All the implied methods and steps found in Formula 1 pitstop maintenance create the set
of proposed guidelines. The implementation of a feedback loop ensures that processes can be
adjusted and redefined accordingly, ensuring the team has the perfect foundation set to
maximise their effort and improve their reliability. By developing a competitive yet healthy
work environment, high motivation can be generated, and various improvement points can
easily be identified and corrected.

As said, the study focuses on providing a set of guidelines to improve an already existing
maintenance process, ensuring a higher success rate. The guidelines give clear suggestions in
which way the process should be optimised and the set goal/ target can be achieved also.
Finally, the guidelines improve the fundamentals of maintainability aspects from a human
perspective, helping in improving overall availability and in creating the foundation to
maximise FTA implementation effects.
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