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Abstract
The review discusses the critical impact of human error in maintenance operations across various
industries, particularly in flour milling, as well as aviation and maritime sectors. It highlights those
human errors, often stemming from inadequate training, poor communication, and flawed equipment
design, significantly contribute to equipment failures and operational inefficiencies. The importance
of comprehensive training and effective maintenance protocols is emphasized to enhance safety and
performance. By applying analytical frameworks like the Swiss Cheese Model, organizations can
better understand the relationship between active and latent failures, enabling them to address root
causes and promote a safety-oriented culture. Proactive measures such as structured training, careful
planning, and regular assessments are essential for minimizing human error risks, thereby improving
reliability and efficiency in maintenance practices.
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1. Introduction
Human error in maintenance has historically been underexplored, particularly in Flour Mill Factories,
which have not effectively managed it despite its significance (Dhillon, Bikram & Liu, 2006), [1].
This dissertation investigates the impact of human error on maintenance quality, especially within the
Sudanese flour industry, crucial for the country's economy.
Human fallibility indicates that all systems are prone to failure, highlighting the need for regular
maintenance to prolong equipment life. The reliability of mechanical components largely depends on
the maintenance team, as various human errors can compromise this reliability. (Drury, 2000) [2]
differentiates between active failures, which directly cause incidents, and latent failures, which can
lead to active failures. (Dhillon and Liu, 2006) [1] define human error as the failure to execute tasks
or performing unauthorized actions that can disrupt operations or damage equipment.
Factors contributing to human error include inadequate skills, insufficient training, poor
communication, and substandard equipment design, among others. These errors can lead to
equipment failures, accidents, and ineffective maintenance practices.
The objectives of the present study could be summarized as mentioned below:
1. To examine the role of human error in maintenance operations across various industries, with
a focus on the flour mill sector.
2. To identify key contributors to human error, including insufficient training, ineffective
communication, and poor equipment design.
3. To highlight the impact of human errors on equipment failures, accidents, and operational
inefficiencies.
4. To emphasize the need for comprehensive training and robust maintenance protocols to
enhance safety and operational performance.
5. To utilize analytical frameworks, such as the Swiss Cheese Model, for understanding the
interactions between active and latent failures.
6. To develop strategies that address the underlying issues contributing to human error.
7. To foster a culture of safety and continuous improvement within organizations.
8. To implement proactive initiatives, including structured training programs, meticulous
planning, and regular evaluations, aimed at reducing risks associated with human errors.
9. To increase reliability and efficiency in maintenance practices through the reduction of human
error-related risks.
2. Human Errors in the Maintenance of Mechanical Systems
Human errors in the maintenance of mechanical systems are prevalent and concerning, especially as
technology grows more complex. Operators often struggle to fully comprehend and predict system
behavior, leading to mistakes that can have severe consequences, including equipment damage,
environmental risks, and loss of life. This highlights the need for a comprehensive analysis of the root
causes of these errors, [3] —[10].
Human error refers to the improper execution of tasks or unacceptable actions, leading to operational
disruptions and potential damage. It is classified as an unintended mistake that can cause immediate
system failures. Additionally, there are latent errors that pose a risk to the integrity of technical
systems, [6] and [11].
Research by Myszewski, [12] indicates that human errors frequently reflect organizational
shortcomings. Errors are classified into three types: slips and lapses, which result from unintentional
distractions or lapses in concentration, and violations, which are deliberate deviations from
procedures often driven by the expectation of rewards. This classification is consistent with
frameworks from Reason and Siu, [13] and [14].
Organizations often blame individuals for accidents, but this approach overlooks environmental
factors that contribute to errors. Instead, human error is the result of a complex mix of various factors,
not just the individual's actions, [15].
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This research aims to investigate the various factors that lead to human error in maintenance activities,
contributing to poor mechanical system performance and potentially resulting in incidents and serious
accidents. Studies indicate that human error is responsible for 70-80% of equipment failures and
accidents, with maintenance-related errors accounting for about 15-20% of these events, [15], [6],
[16], [17], [3].

Research by Dhillon and Liu, [18] and [1] highlights human error as a major issue in maintenance,
stemming from various stages of mechanical operations such as assembly, design, and inspection.
These errors can persist into the maintenance phase, and failing to identify these underlying issues
can result in negative consequences.

There is a need for maintenance departments to identify and address human errors, which are often
predictable. By understanding the causes and impacts of these errors, departments can take a
comprehensive approach to minimize them and improve the reliability of mechanical systems.

3. Exploring Past Research on Human Error in Maintenance Practices

3.1 The Impact of Human Error on Maritime Operations

The shipping industry has mainly focused on the hardware of maritime operations, prioritizing vessel
integrity and advanced equipment systems. While this has resulted in highly reliable marine
engineering, the frequency of marine accidents remains concerning, raising safety and environmental
issues among stakeholders in the sector, [19], [20], [21], [22] and [23].

The maritime industry is increasingly recognizing that advancements in ship design and equipment
alone are inadequate for ensuring safety and protecting the oceans. A comprehensive approach is
needed that combines technological innovations with attention to human factors, regulatory
frameworks, and operational protocols. This approach requires collective commitment from all
stakeholders and the establishment of a robust safety culture at all operational levels. Rigorous
training for crew members and comprehensive risk management strategies are essential for addressing
potential hazards.

Maintenance processes are particularly vulnerable to errors due to their complexity, often leading to
serious accidents. The tragic Erika incident in 2000 highlighted the consequences of maintenance
failures. This paper focuses on the issue of maintenance errors within the context of Human Factors
(HF), introducing an HF guidance package specific to maritime maintenance and inspection. It
advocates for "designing for maintainability," which applies HF principles to simplify maintenance
tasks, improve operational safety, and reduce errors.

The discussion emphasizes the need for meticulous attention to detail in maintenance work, given its
inherent challenges and pressures. Effective communication, continuous skill development, and
systematic practices are crucial for minimizing mistakes and ensuring the reliability of maritime
systems. This holistic approach is vital for enhancing safety standards in the maritime industry and
protecting marine ecosystems for future generations, [24], [25], [26] and [27].

The effectiveness of maintenance tasks is heavily influenced by both the design of the tasks and the
equipment being serviced. Complex equipment can increase the likelihood of maintenance errors,
particularly when mistakes go undetected due to a lack of error-tolerant features. Undetected errors
can compromise maintenance integrity and lead to serious consequences, including equipment
failure.

To improve maintenance performance, designs should prioritize user-friendliness and error
prevention through clearer indicators and simpler assembly processes. Maintenance errors are often
classified as latent failures, meaning their consequences may not be immediately apparent, which
poses risks to safety, economic performance, and public trust, particularly in critical fields like
aviation and healthcare.

To mitigate these risks, organizations must implement strong maintenance protocols, comprehensive
training, and foster a culture of safety and accountability. This approach can enhance economic
viability while ensuring the safety and trust of the public in their operations.
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Below are the most significant industrial accidents and their causes:

1. 1988 Clapham Rail Collision: A signal failure due to poor maintenance practices led to this
railway disaster, emphasizing the need for rigorous maintenance protocols.

2. 1988 Piper Alpha Explosion: A gas leak caused by a maintenance error, compounded by
organizational failures, resulted in an explosion on an oil platform that claimed 167 lives and
led to stricter safety regulations in the industry.

3. 1984 Union Carbide Bhopal Disaster: A release of toxic gas due to operator error,
inadequate maintenance, and system malfunctions caused thousands of fatalities and
highlighted the need for improved safety protocols in hazardous industries.

4. 2000 Erika Oil Spill: The sinking of an oil tanker led to a catastrophic oil spill, attributed to
poor maintenance organization and safety protocol violations, raising concerns about
maritime safety regulations and corporate responsibilities.

Overall, these incidents stress the importance of proper maintenance, robust safety measures, and
effective training in preventing industrial disasters.

Maintenance errors arise from a combination of task design and broader organizational factors that
impact performance. Key influences include interpersonal communication within the organization, as
poor communication can lead to misunderstandings and errors. Inadequate monitoring systems
further exacerbate the issue by failing to provide insights for improvement. Organizational culture,
particularly the attitudes of senior management towards maintenance, plays a crucial role; neglecting
effective maintenance can undermine equipment reliability and overall organizational performance.
Other contributing factors include the operational environment, equipment condition, and the
adequacy of training and documentation. Challenges such as hazardous materials, unsuitable
equipment, and insufficient training can hinder maintenance effectiveness and safety.

By addressing organizational issues such as enhancing communication and promoting a safety-
oriented culture, companies can reduce maintenance errors and improve performance. This is
especially important in safety-critical industries like maritime, where a significant percentage of
incidents i.e. between 75% and 96% are associated with human error, with inadequate maintenance
playing a major role in creating hazardous conditions and increasing crew fatigue, [28].

The review emphasizes the importance of continuous training, strict maintenance protocols, and a
strong safety culture in maritime operations to improve safety and reduce accidents. It points out that
commercial pressures often influence maintenance procedures, leading to rushed decisions that can
increase the risk of errors and regulatory violations. While maintenance errors may not always
directly cause accidents, they are significant contributing factors in many cases and can lead to
substantial economic losses and operational delays. Therefore, adhering to rigorous maintenance and
safety standards is crucial for safeguarding personnel and maritime assets, [29].

Awareness of Human Factors (HF) is increasing in the maritime industry, highlighting their
significant impact on maintenance performance. Earthy and Sherwood-Jones emphasize the need for
ship surveyor training programs to include a deeper understanding of HF and their connection to
maintenance practices. By enhancing surveyors' knowledge, they can better assess ship procedures
and equipment, leading to improved operational efficiency and safety in maritime operations, [30].
3.2 Strategies for Tackling Human Factors in Maintenance and Inspection

The Civil Aviation Authority's publication, CAP 716, has significantly contributed to the development
of best practices in human factors (HF) related to maintenance and inspection. It emphasizes the
importance of training maintenance personnel to address HF issues that can lead to errors, particularly
highlighting the negative effects of fatigue on performance. Organizations are encouraged to
implement strategies to improve staff well-being and effectiveness. Moreover, interviews with
industry professionals reveal the necessity of designing equipment with maintainability in mind to
reduce human error and optimize performance. By focusing on user-friendly maintenance tasks and
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incorporating HF considerations in training and design, organizations can enhance safety and
efficiency in maintenance operations, [31], [32], [33], [34] and [35].

3.3 Contents of the Guidance Package

The guidance package is intended for those responsible for managing and improving maintenance
operations in maritime maintenance depots. It addresses human factors (HF) that contribute to human
error and poor maintenance performance. The package includes an archive of best practices and a
formal three-step process for identifying and addressing HF issues, along with various tools to assist
in applying the recommended approach. Figure 1 below illustrates a systematic approach to HF: 3
step systematic process for applying HF to maintenance operations

Step 1 - ldentifying issues

This section provides advice and practical tools to help
proactively identify issues impacting upon performance and
advice on how to develop methods to analyse accident and

incident trends.

Step 2 - Decision Making Aid (DMA) Human
This section helps explore possible identified issues in more <::> Factors Good
detail by providing a set of inter view gquestions and advice o

on conducting a participatory workshop, It helps to validate Practice

and classify a problem as a particular Human Factors issue,

&

Examples of

Step 3 - Selecting solutions Human
Factors

This section shows how to assess the cost/benefit of

different interventions, It also provides advice on how to 4 1 Interventions
use workshops and the data base of good practice to select

appropriate and effective Human Factors solutions.

Figure 1: A Systematic Approach to HF: 3 Step Systematic Process for Applying HF
to Maintenance Operations

The systematic approach emphasizes the importance of integrating human factors across three key
stages to enhance maintenance performance and reduce errors and rule violations. It argues that not
considering human factors can lead to ineffective interventions. By embedding human behavior
principles into each phase, practitioners can improve understanding of operational outcomes and
effectively address performance challenges. Recognizing the role of human factors is crucial for
creating tailored strategies that ensure better results and a safer, more efficient working environment.
The guidance package emphasizes the importance of recognizing Human Factors (HF) in incident
and accident investigations, arguing that human error should be seen as a symptom of deeper issues
within the work system rather than the primary cause of accidents. By focusing on underlying
elements such as environmental conditions and procedural design, organizations can better
understand the complexities of human behavior and prevent future errors. Instead of simply providing
basic training to maintenance personnel, a more comprehensive investigation into the influence of
external pressures like time constraints would yield more effective solutions for enhancing workplace
safety.

The guidance package emphasizes the importance of addressing time pressure as a significant factor
contributing to errors in maintenance tasks. Instead of solely focusing on training staff, organizations
should reassess task timelines and acknowledge the impact of unrealistic deadlines. Implementing
strategies such as adjusting schedules, providing additional resources, and redesigning workflows can
help reduce stress on employees and enhance safety and efficiency.

The guidance package mentioned also aids responsibly in the implementation of these strategies by
offering practical tools for individuals and teams, ensuring that recommendations are clearly
understood and effectively executed in real-world situations. This comprehensive approach aims to
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improve employee performance and organizational safety by recognizing the interplay between
human factors and operational challenges.
3.4 Tools to Facilitate the Integration of Human Factors (HF)
This section provides an overview of the essential tools designed to apply Human Factors (HF)
principles effectively. These tools support practitioners in enhancing user experience, ensuring safety,
and improving overall system performance by considering human behavior and system design
interactions. Key tools include checklists for evaluating design processes, user feedback mechanisms
to gather insights on system usability, and modeling software that simulates human interaction in
various operational contexts. These instruments play a crucial role in identifying potential issues early
in the development process, thereby minimizing risks and facilitating more user-centered design
approaches. In addition to these tools, workshops and training programs are also emphasized,
empowering teams to thoroughly understand HF concepts and apply them effectively in their projects.
By leveraging these tools, organizations can prioritize human needs, accommodate diverse user
capabilities, and create efficient, safe, and approachable systems for all users. The strategic
incorporation of these resources enables stakeholders to instill Human Factors considerations into
their design and operational methodologies, ultimately fostering a culture of safety, usability, and
innovation, [36], [37], [38], [39] and [40].
3.4.1 Event Categorization System
To enhance incident analysis, we created an event classification system based on the Managing Event
Data Analysis (MEDA) framework, commonly used in aviation. MEDA promotes a thorough
investigative approach that goes beyond identifying errors to focus on the complex nature of Human
Factors (HF) and their influence on events. This holistic perspective allows investigators to gain
deeper insights into the circumstances of each incident, [4], [41], [42], [43], [44] and [45].
A rigorous classification of incidents is crucial as it promotes consistency in information gathering,
enabling systematic knowledge accumulation. Detailed incident categorization facilitates
comparisons between events, helping to identify recurring patterns or trends and pinpoint areas
needing attention. By adopting a comprehensive event classification system aligned with the
principles of MEDA, organizations enhance their incident investigation processes and cultivate a
culture of continuous learning and improvement. This proactive method improves understanding of
the factors contributing to incidents, ultimately enhancing safety and operational performance.
3.4.2 Maintenance Personnel Questionnaire: A Proactive Approach to Accident Prevention
Improving event classification and understanding the role of human factors in accident causation
allows for a more thorough analysis of incidents, but it is primarily reactive. To proactively address
potential issues, a method such as administering questionnaires can be effective. One specific tool,
the Maintenance Personnel Questionnaire, aims to gather insights from personnel directly involved
in equipment and facility maintenance about challenges they face and suggestions for improvements.
This proactive approach helps identify potential problems early, enabling targeted interventions to
prevent accidents. By promoting transparency and openness, the questionnaire encourages
maintainers to voice their concerns and recommendations, ultimately enhancing workplace safety and
efficiency, [46], [47], [48], [49], [50] and [51].
Table 1 presents a variety of example questions intended for use in a maintenance personnel
questionnaire. These questions aim to engage and resonate with the experiences of maintenance staff
and can be customized to align with the specific objectives and requirements of the organization.
Table 1: Sample Questions Intended to Aid in Creating the Maintenance Personnel Questionnaire
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Question Question
Number
1 What are the main difficulties you face when performing your

maintenance duties?

How do you prioritize your tasks and manage your time efficiently?

3 Have you experienced any equipment or system failures that affected
your ability to carry out maintenance tasks? If so, could you describe
the situations and the outcomes?

N

4 Are there specific safety procedures or protocols that you believe are
ineffective or could be improved?
5 How do you stay informed about updates to procedures, equipment, or

policies that affect your maintenance responsibilities?
Integrating a safety and risk management questionnaire allows organizations to proactively identify
potential hazards and vulnerabilities in their operations. This strategic approach enables companies
to assess daily risks employees and processes may encounter. By systematically gathering insights,
organizations can uncover specific concerns that may otherwise be overlooked, allowing them to
implement targeted measures such as enhanced training, reinforced safety policies, or upgraded
equipment. This not only reduces workplace accidents but also fosters a culture of safety prioritizing
employee well-being. Moreover, utilizing such tools reflects a commitment to safety that enhances
employee morale and trust, leading to a valued and protected work environment. Ultimately, the
routine application of the questionnaire promotes continuous improvement in safety practices,
helping organizations comply with regulations and exceed safety standards, which enhances overall
workplace safety and efficiency.

3.4.3 Decision Making Aid Questions

The research findings highlight that while there is awareness of human factors (HF) issues,
interventions often fail to effectively address these challenges. This underscores the need for a
thorough investigation before implementing solutions. To facilitate this process, the Decision-Making
Aid Questions (DMA) have been introduced as a tool to enhance understanding during the initial
identification phase of problems, typically arising from questionnaire data or incident investigations.
The DMA questions help maintenance personnel explore the root causes of issues, allowing them to
focus from broad concerns to specific human factors problems. For instance, if communication is
identified as a concern, the DMA can fine-tune this issue to examine communication gaps during shift
transitions.

A series of questions is presented in Table 2 to guide users in understanding the issue and human
factors involved. The goal is to enable successful interventions and improve the approach to
addressing workplace maintenance challenges.

Table 2: A Series of Illustrative Questions

Question Communication
Number
1 Are the chosen communication methods and media appropriate for

the specific situation and environment, or do factors such as
background noise or distractions hinder their effectiveness?

2 Are the maintainers informed about the changes happening in the
workplace?

3 Do maintainers receive regular updates about any ongoing issues that
could affect their work?

4 Do managers provide performance feedback to maintenance teams,
including assessments on fleet effectiveness?

5 Is management approachable and receptive to communication?
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The study emphasizes the importance of consulting the high-fidelity (HF) best practices archive
during decision-making, as it provides insights into issues and effective strategies for resolution.
Additionally, utilizing workshops as collaborative platforms enhances this process by allowing
stakeholders to discuss challenges and brainstorm innovative solutions. Together, these resources
equip decision-makers to better understand complexities and make informed choices, ultimately
leading to more effective solutions, [52], [53], [54], [55], [56], [57], and [58].
3.4.4 Templates for Workshops
The guidance package provides thorough insights for conducting workshops, featuring two distinct
templates for different discussion topics. One template focuses on specific tasks like engine
overhauls, while the other targets broader issues such as organizational communication. These
resources are designed to engage participants deeply and promote productive discussions. Each
agenda includes structured steps that begin with an effective introduction, followed by interactive
exercises that foster dialogue, creative thinking, and collaboration, creating an inclusive environment
for sharing diverse perspectives.
As discussions progress, participants share insights related to the topic, facilitating knowledge
exchange and innovative idea generation. At the workshop's conclusion, key takeaways, action items,
and a comprehensive action plan are developed, ensuring that the momentum continues beyond the
session. The workshops capitalize on the diverse experiences of maintenance personnel, promoting
shared decision-making and collaboration, which ultimately leads to more effective solutions for
challenges faced by the team.
Facilitated forums also play a critical role in fostering open communication, providing a safe space
for maintainers and managers to discuss issues without fear of blame. This encourages understanding
of procedural inconsistencies and facilitates conflict resolution, allowing managers to address root
causes proactively. By creating a blame-free culture, organizations can enhance collaboration, drive
continuous improvement, and unlock their employees' potential leading to a more efficient and
harmonious workplace. Open communication channels allow managers to explain their expectations,
while maintenance personnel can share challenges, promoting a collaborative approach to enhancing
productivity and operations overall, [59], [60], [61], [62] and [63].
3.4.5 Human Factors Framework
Human Factors (HF) significantly influence workplace operations, encompassing task design,
communication, procedures, equipment use, and environmental factors. A cohesive framework has
been developed, highlighting nine key areas:
1. Task Design focuses on structuring tasks for efficiency and employee confidence.
2. Work Planning ensures logical task organization and resource allocation to minimize risks
and errors.
Safety Culture promotes a shared responsibility for safety across all levels.
4. Training and Competency involve providing comprehensive and ongoing education to
maintain high performance.
5. Procedures and Documents offer clear guidelines that standardize processes for operational
consistency.
6. Tools and Equipment must be appropriate and regularly assessed to enable effective and safe
task performance.
7. Fitness to Work entails ensuring employees are physically and mentally prepared for their
roles.
8. Environment focuses on creating a healthy workspace, considering ergonomics and
accessibility.
9. Communication enhances collaboration through effective information sharing among staff
and management.

(98]
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Each topic includes subcategories for detailed understanding. The framework helps organize HF
information, formulate targeted questions, and connect issues with solutions. For instance, addressing
inadequate communication during shift handovers can involve formalizing protocols, streamlining
information, improving skills through training, clarifying terminology, and encouraging feedback.
This HF framework aims to identify issues systematically, enhancing organizational performance,
safety, and employee satisfaction, [64], [65], [66], [67], [68] and [69].

3.4.6 Designing for Maintainability: A Crucial Aspect of Ship Design

Designing for maintainability is crucial for enhancing the accuracy, safety, and cost-effectiveness of
maintenance and inspection tasks. Early consideration of maintenance requirements during the design
phase ensures efficiency and minimizes risks. Key practices include creating accessible layouts for
components, using standard replacement parts, ensuring proper labeling, implementing quick
fastening mechanisms, and incorporating self-test indicators for easier fault identification.
Additionally, reducing human error by minimizing system adjustments and adhering to safety
regulations is vital. Feedback from maintenance crews to designers can lead to improvements in
design. The maritime industry, like other safety-critical fields, must address human factors in ship
maintenance to enhance performance, ultimately making design for maintainability a priority for
improved safety and efficiency, [70], [71] and [72].

3.5 The Critical Role of Human Error in Aviation Maintenance: A Comprehensive Analysis
Aviation maintenance is a complex process that demands meticulous attention to detail, adherence to
procedures, and a high degree of expertise, and despite robust safety protocols and quality control
measures, human error remains a significant contributor to maintenance defects and incidents. Studies
have extensively examined the effects of human error in aviation maintenance, providing valuable
insights into the causes and consequences of these errors, with a comprehensive analysis of 122
maintenance errors showing that omissions, incorrect installations, wrong parts, and other error types
were responsible for 56%, 30%, 8%, and 6% of errors respectively. The Civilian Aviation Authority
identified eight common maintenance errors, including incorrect installations and fitting of wrong
parts, which are often attributed to human error. Further investigation into in-flight engine shut downs
on Boeing 747s in 1991 revealed recurring mistakes such as missing or incorrect parts, incorrect
installation of parts, and careless installation of components. Other notable causes included foreign
objects being dropped into engines, water entering the fuel or oil system, and not loosening or
tightening connections as required. These findings highlight the frequency and variety of human
errors that occur during aviation maintenance, posing a significant risk to aircraft safety and
undermining the effectiveness and efficiency of maintenance operations. As such, addressing human
error through targeted interventions, improved training programs, procedures, and safety protocols is
essential to prevent maintenance-related incidents and ensure the continued safety and reliability of
air travel, [73], [74] and [75].

3.5.1 Several Major Categories of Human Errors in Maintenance and Inspection Tasks

The 1992 study by Prabhu and Drury examined human errors in maintenance and inspection tasks at
a major US airline, revealing key error categories that affected operational safety and efficiency. The
research identified defective components, such as worn cables and fluid leaks, which could threaten
critical systems' functionality. Missing component errors arose from human oversight, like failing to
secure a bolt-nut, emphasizing the need for meticulous record-keeping and quality control.
Additionally, errors involving incorrect components, such as wrong pitot static probes, posed
potential safety hazards due to improper part selection or labeling.

The study also addressed procedural and functional defects within maintenance tasks, such as
incorrect assembly sequences leading to performance issues, and highlighted sensory-related errors,
like failing to secure seats properly, which could create safety risks. Lastly, the significance of
following established protocols was stressed, notably the need to ensure the nose landing gear door
was securely closed to prevent equipment failure and enhance aircraft safety. Overall, the study
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underscored the critical importance of accurate procedures and attention to detail in aviation
maintenance, [45], [76], [77], [78], [79] and [80].

3.5.2 Accidents Caused by Maintenance Errors

Maintenance errors in aviation can vary in severity, leading to accidents that result from both
significant oversights and subtle mistakes that, when compounded with other factors, cause incidents.
Research indicates that maintenance-related issues contribute to a notable percentage of aviation
accidents, with a study showing they were implicated in about 12% of international accidents from
1959 to 1983, and faulty maintenance practices as the primary cause in around 3%. Additionally,
analysis from Boeing suggests that improvements in maintenance and inspection protocols could have
prevented nearly 16% of hull losses and about 20% of all accidents between 1982 and 1991, during
which maintenance-related issues were associated with 47 accidents that led to 1,481 fatalities, [81],
[82], [83], [84], [85], [86] and [87].

The passage emphasizes the vital role of thorough maintenance and inspection in the aviation
industry, suggesting that enhanced practices can lead to improved safety. It highlights how human
errors in these areas have contributed to significant aviation accidents, including an incident involving
an L-1011 jet where improperly installed O-ring seals caused oil leaks, leading to engine shutdowns.
Thankfully, the pilot managed to restart one engine and safely land the aircraft, [88].

An incident involving a Continental Express EMB-120 underscored the vital need for clear
communication and effective handover procedures in maintenance operations. In this case, crucial
maintenance information was not properly communicated to the next shift of technicians, resulting in
forty-seven screws for the left horizontal stabilizer not being replaced. This failure led to the
stabilizer’s leading edge separating during flight, resulting in the tragic loss of fourteen lives, [89]
and [90].

A tragic incident involving a DC-10 aircraft occurred due to a failure to detect a pre-existing
metallurgical defect, which allowed a fatigue crack to form in a critical part of the engine's fan disk.
This oversight was worsened by the inability to identify the crack during routine inspections. During
flight, the crack caused the rotor assembly to separate and discharge, resulting in catastrophic engine
failure and severing the aircraft's flight control hydraulic systems. The incident led to the tragic loss
of 111 lives and many injuries, [91].

The Aloha Airlines accident highlights the severe repercussions of poor inspection practices, where
undetected damage from cracks led to hull failure and an emergency crash landing. The aircraft was
ultimately lost, but the pilots' exceptional performance prevented a potentially greater tragedy and
saved lives, [91].

These incidents emphasize the urgent need for stringent maintenance protocols, effective
communication, and thorough inspections to ensure aviation safety and prevent accidents. It discusses
how organizational factors, driven by management decisions embedded in corporate culture, can lead
to latent failures that increase the risk of incidents. Such failures often arise from inadequate
communication, poor training, and non-compliance with safety standards, remaining hidden but
ultimately undermining safety measures. When these latent failures emerge, they can overshadow
even the most robust safety systems, illustrating the complex relationship between organizational
dynamics and safety in aviation. The text stresses the importance of cultivating a proactive safety
culture within aviation organizations to identify and address potential failures. Two specific incidents,
the Continental Express accident and the Sioux City accident, exemplify how human error and
oversight in quality assurance and inspection processes can have disastrous consequences,
highlighting the need for enhanced vigilance from both air carriers and regulatory bodies like the
FAA, [92].

The Aloha Airlines accident highlights the critical need for thorough maintenance and inspection
protocols. Although proper maintenance might have averted the tragedy, the NTSB identified several
contributing factors, such as inspectors' inability to detect structural cracks and shortcomings in
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fatigue models that failed to predict crack growth accurately. Drury (1996) points out that these issues
illustrate the inherent risks of depending on predictive models in maintenance, as they can result in
misinterpretations that attribute complex technical failures to basic human errors in inspection or
repair, [93].

Routine inspections and periodic replacements or repairs are crucial in aircraft design to prevent
catastrophic failures, and these inspections are scheduled at pre-defined intervals based on reliable
data from models of crack propagation. These models, which rely on principles from structural and
materials fracture mechanics, help determine the intervals at which inspections should be conducted.
However, while these models are designed to enhance safety, there is a risk of creating a disconnect
between actual failures and perceived human error, as cautioned by Drury, who notes that when
predictions don't align with observed outcomes, this can lead to confusion between predicted and
actual failure patterns, [94] and [95].

The TWA Flight 843 accident is a prime example of the delicate balance between technology and
human oversight in the aviation industry. The disaster occurred when a malfunctioning angle-of-
attack sensor led to an aborted takeoff, highlighting the importance of rigorous maintenance and
quality assurance programs that can promptly identify and address intermittent malfunctions. If
TWA's maintenance and quality assurance systems had been more effective, it's possible that the
disaster could have been averted. This incident, along with others like the one in Eastern Airlines,
sheds light on the complex interplay between human factors, technological systems, and regulatory
oversight. These interactions serve as stark reminders of the need for diligence in maintenance, quality
assurance, and effective communication in aviation operations to ensure safety and prevent future
catastrophes. In this context, an independent and vigilant regulatory agency plays a crucial role in
ensuring that airlines adhere to stringent safety protocols and regulations by serving as a critical check
and balance, [96].

The passage emphasizes the critical role of independent regulatory agencies in ensuring safety within
the aviation industry. Without their thorough oversight, airlines and manufacturers may exploit
regulatory loopholes, endangering passenger and employee safety in the quest for economic
efficiency. Regulatory agencies are essential for enforcing strict safety protocols, promoting
transparency, and holding airlines accountable. To effectively monitor industry practices, these
agencies must have adequate resources and authority. Ultimately, while self-regulation by airlines and
manufacturers is important, the vigilance of regulatory bodies is vital in maintaining a safe and
accountable aviation environment.

3.5.3 Additional Consequences of Human Errors in Aviation Maintenance

Human errors in aviation maintenance pose significant risks to safety, potentially leading to serious
accidents, although such incidents are infrequent. Maintenance errors often go unnoticed and can
remain latent within systems, contributing to future risks. These errors can undermine safety
protocols, creating a false sense of security, and their implications extend beyond accidents to eroding
trust, increasing regulatory scrutiny, and incurring significant costs for corrective actions. The
cumulative effect of minor mistakes can disrupt operations and compromise safety culture in aviation
organizations. To mitigate these risks, the aviation industry must emphasize preventative strategies,
including robust training, improved communication, and advanced technologies, fostering a culture
of continuous improvement. A notable example is the investigation of China Airlines Flight 583,
where a maintenance error involving a rubber plug in the slat control system led to an in-flight
incident, illustrating the complexities of aviation maintenance safety, [97].

Engineers from Douglas Aircraft Company discovered that a rubber plug, which should have been
removed after maintenance, did not affect the slat system's operational functionality, highlighting the
significant implications of maintenance errors in aviation. Such oversights can often go unnoticed
due to built-in safety mechanisms that prevent immediate consequences, thereby obscuring potential
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vulnerabilities within aviation safety. This incident underscores the need for continuous training and
strict adherence to maintenance protocols to mitigate risks.

Minor errors, often perceived as trivial, can lead to severe incidents when combined with other
operational factors, exemplifying the concept of "sneak-path accidents." Even if a mistake appears
harmless, it may indicate deeper issues that could result in larger errors. This calls for careful analysis
of even minor oversights to identify systemic weaknesses.

Human errors in maintenance can result in a range of repercussions beyond immediate accidents,
including equipment malfunctions, operational inefficiencies, financial losses, and reputational
damage. Such errors can erode trust among stakeholders and lead to regulatory penalties, emphasizing
the importance of vigilance in maintenance activities. In aviation, inadequate maintenance practices
account for about 50% of flight delays and cancellations linked to engine issues, illustrating the
critical connection between maintenance quality and operational efficiency. Similarly, military
aviation reports that one-third of equipment malfunctions stem from substandard maintenance,
highlighting the widespread impact of proper maintenance adherence across the sector, [98] and [99].
Maintenance failures in airlines can lead to operational setbacks that negatively impact customer
satisfaction and company productivity. Delays and cancellations frustrate passengers, damaging the
airline's reputation. Moreover, ongoing maintenance issues can raise operational costs and reduce
profitability. Therefore, maintaining high maintenance standards is crucial for safety and maintaining
a competitive edge, making effective maintenance practices essential for improving customer
experience and ensuring financial stability in the airline industry.

3.5.4 The Negative Consequences of Human Error in Aviation Maintenance: A Critical Analysis
of Causes and Solutions

The devastating effects of human error in aviation maintenance are profoundly evident in the alarming
statistics of accidents, incidents, and operational inefficiencies that plague the industry. A
comprehensive study of incidents and accidents in the aviation sector has conclusively established
that subpar maintenance practices are a primary contributing factor to these catastrophic occurrences.
This highly regulated and hazardous industry is not exempt from the pitfalls of human error, which
can have far-reaching consequences, including loss of life, damage to reputation, and substantial
financial losses. A thorough examination of the history of human error in various industries, including
aviation, reveals a concerning trend that rather than attempting to alter human nature to prevent errors,
organizations can focus on improving the working conditions and anticipating their consequences by
adopting a proactive approach. By doing so, industries can mitigate the risks associated with human
error and create a safer and more efficient working environment. Studies have consistently shown
that human error in maintenance is often the result of a combination of factors, including inadequate
training, insufficient resources, and poor communication, which can be effectively addressed through
the implementation of programs and strategies to prevent human error and reduce the likelihood of
accidents and incidents.

Successful programs to mitigate human error in maintenance include enhanced training for employees
on procedures and safety, standardized maintenance procedures for consistency, routine audits and
inspections to identify risks, fostering open communication for reporting concerns, and encouraging
error reporting to learn from mistakes. By implementing these strategies, organizations can create a
safer and more efficient workplace, significantly reducing the risk of accidents and improving overall
safety and effectiveness, [100], [101], [102], [103], [104], [105], and [106].

3.5.5 Managing Human Error in Aviation Maintenance

In pursuit of achieving zero accidents in aviation, significant strides have been made in aviation
safety, particularly concerning maintenance operations, where human error is a crucial factor in
incidents. The 1995 National Safety Conference highlighted the need for research into human factors
in aviation maintenance, leading to initiatives such as the creation of a national database for tracking
human error incidents to inform safer practices. Additionally, the conference advocated for a
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maintenance error analysis tool prototype to help personnel systematically analyze and address errors,
focusing on root causes like miscommunication and inadequate training. It also recommended
adapting Crew Resource Management (CRM) principles, known for enhancing safety in the cockpit,
to the maintenance environment to improve communication, situational awareness, and decision-
making skills among maintenance staff. This section will explore ongoing advancements in managing
human error in aviation maintenance, reflecting a shared commitment to enhancing safety and
realizing the goal of zero accidents through collaboration and innovation, [107], [108], [109], [110]
and [111].

3.5.6 Managing Human Error in Flour Mill Industry

The flour mill industry depends on effective maintenance for the smooth functioning of its machinery.
However, human errors frequently disrupt maintenance activities, resulting in equipment failures,
accidents, and decreased productivity and revenue. This section identifies common maintenance-
related human errors in flour mill factories and suggests potential solutions to address these
challenges, [S], [112], [113], [114], [115], [116] and [117].

A. Maintenance Task Notes Done During Planned Maintenance Shutdowns

During planned maintenance shutdowns, some equipment or components are often left out due to
time pressure, improper pre-planning, and incorrect identification of faults, resulting in costly
equipment failure, reduced productivity, and increased maintenance costs. Bearing-related issues such
as under-greasing or over-greasing are common consequences of this type of human error, as seen in
the numerous bearings on a conveyor system in a flour mill factory that may be overlooked or
inadequately maintained if the maintenance team is rushed or lacks the necessary resources, [118],
[119],[120],[121],[122] and [123].

To address this issue effectively, it is important to properly plan maintenance activities, provide the
maintenance team with adequate training and resources, and conduct thorough pre-planning to
anticipate potential problems.

B. Improper Installation of Equipment Components

Improper installation of equipment components can result in serious issues such as equipment
damage, higher maintenance costs, and decreased productivity. Common installation errors include
misalignment of pulley shafts, improper belt tension, incorrect gap size in crushers, wrong motor
direction, and insufficient tightening of bolts. To mitigate these risks, equipment manufacturers can
use clear checklists to provide maintenance teams with detailed installation guidelines, thereby
reducing the likelihood of human errors, [113], [124], [125], [126], [127], [128] and [129].

C. Improper Lubrication of Bearings

Proper lubrication of bearings is vital for the efficient functioning of equipment, while improper
lubrication can result in significant issues such as bearing failure, shortened equipment lifespan, and
higher maintenance costs. Common problems include under-greasing, over-greasing, using the wrong
lubricant grades, and neglecting lubrication intervals. To address these challenges, it is essential to
educate maintenance personnel on the importance of regular lubrication, create a detailed lubrication
schedule, and ensure the correct lubricant grade is applied for each specific use, [130], [131] and
[132].

D. Foreign Object Damage (FOD)

Foreign Object Damage (FOD) poses a major threat in flour mills, as the accumulation of flour dust
and water can cause equipment failures, decreased productivity, and higher maintenance costs. To
combat this problem, it is crucial to establish regular cleaning protocols, perform detailed inspections
for potential water leaks, and create a thorough maintenance plan to address FOD issues promptly,
[133], [134] and [135].

E. Utilization of Deteriorated Parts

Using deteriorated parts can cause equipment failure, lower productivity, and higher maintenance
costs, with common examples being worn-out screws and deteriorated machinery components like v-
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belt springs. To address these issues, it’s crucial to develop a comprehensive inventory management
system to monitor parts’ condition, establish a logistics strategy for timely replacements, and educate
the maintenance team on the significance of regular inspections and replacements, [136], [137] and
[138].

F. Equipment Parts Damaged During Maintenance

Damage to equipment parts during maintenance can result in serious issues like equipment failure,
decreased productivity, and higher maintenance costs. Common causes of damage include improper
alignment and the forced use of tools. To address these problems, it is crucial to implement a
comprehensive training program for the maintenance team, foster a culture prioritizing safety and
proper equipment handling, and encourage prompt reporting of any damage or issues, [119], [125]
and [139].

G. Improper Inspection and Identification of Fault

Improper inspection and fault identification can result in equipment failure, reduced productivity, and
higher maintenance costs, often stemming from inaccessible parts and inadequate training for
maintenance personnel. To address these problems, it is crucial to implement a comprehensive
training program for the maintenance team, foster a culture that prioritizes thorough inspections and
accurate fault identification, and encourage prompt reporting of inspection-related issues, [140] and
[141].

H. Injury to Personnel

Injuries to personnel can cause serious issues such as decreased productivity, higher maintenance
costs, and adverse publicity. Common causes include poor ergonomics planning and the use of
inappropriate or unsafe tools. To address this, it's important to create a comprehensive safety program
for maintenance teams, foster a culture that prioritizes ergonomics and equipment handling, and
encourage prompt reporting of safety concerns, [142] and [143].

3.6 Summary of Human Errors in Maintenance of Flour Mill Factories

Human errors in maintenance are prevalent in flour mill factories and can result in equipment failure,
decreased productivity, and higher maintenance costs. By recognizing these errors and applying
effective solutions, flour mill factories can reduce the risk of such mistakes and maintain the efficient
operation of their equipment.

4. Existing Human Error Program/Model in Maintenance

4.1 The Swiss Cheese Model of Accident Causation

The Swiss cheese model of accident causation is a widely recognized approach in risk analysis and
management, comparing human systems to slices of Swiss cheese with holes representing
vulnerabilities. While multiple layers seem to provide a barrier against threats, the holes indicate that
individual defenses can fail, highlighting the limitations of any single measure. Introduced by James
T. Reason, the model suggests that stacking various defenses improves overall protection from risks,
leading to its acceptance as the "cumulative act effect", [144].

The Swiss cheese model is widely applied in various fields to enhance safety and risk management.
In aviation, it helps ensure air travel safety by emphasizing multiple protective layers against
catastrophic events. Engineers apply the model to design safer systems by pinpointing potential
failure points and incorporating protective measures. In healthcare, professionals use the model to
improve patient safety by addressing possible failures in medical procedures and implementing risk
mitigation strategies. Emergency service organizations utilize it to create layered responses to crises,
ensuring that no single failure disrupts overall operations. Additionally, the model informs computer
security practices, promoting a robust defense by establishing multiple layers of protection against
potential cyber threats, [145].

The Swiss cheese model is a popular tool for explaining human errors and risk, but it faces several
criticisms. One major concern is its overreliance, as it can simplify complex issues and ignore other
contributing factors. Additionally, critics suggest that the model should be used alongside other
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frameworks to enhance its explanatory power. Its broad application across various fields raises
concerns about overgeneralization, as its shortcomings may become apparent in specific contexts. In
conclusion, while the Swiss cheese model is useful for understanding risk and protective layers, its
use should be complemented by other models and a careful acknowledgment of its limitations. Figure
2 illustrates The Swiss Cheese Model of Accident Causation: Understanding the Interplay of Defenses
and Hazards.

Figure 2: The Swiss Cheese Model of Accident Causation
The Swiss cheese model of accident causation, introduced by James T. Reason in 1990, illustrates
how multiple layers of defense can prevent accidents despite inherent weaknesses in each layer,
represented as 'holes.' The model depicts three distinct hazard vectors that, when intercepted by the
appropriate defenses, can neutralize potential hazards and avert accidents. However, if the
imperfections in these defenses align, a hazard may slip through, leading to an accident. This concept
emphasizes the need for continuous improvement and maintenance of safety systems and promotes a
proactive approach to hazard management. Ultimately, the Swiss cheese model highlights the
unpredictable nature of human performance and the flaws in our defenses, encouraging the
development of resilient safety cultures that can effectively address unexpected events and reduce
accident risks.
4.2 Holes and Slices
The Swiss cheese model illustrates an organization's defenses against failures or accidents through a
series of layered barriers, represented as slices of Swiss cheese with characteristic holes. Each slice
symbolizes a specific component of safety or risk management, while the holes indicate dynamic
weaknesses within these layers. These vulnerabilities fluctuate based on changing organizational
conditions and external factors. Failures occur when holes align across slices, creating a pathway for
hazards to pass through all defenses, leading to incidents. This alignment is described by James
Reason as a "trajectory of accident opportunity,” highlighting how potential failures could be
prevented if the defenses were more robust, [146], [147], [148], [149] and [150].
Frosch expands on Reason's model using mathematical principles and percolation theory, focusing
on a Bethe lattice to analyze the flow of risks and failures in interconnected networks of safety
measures. This perspective highlights how vulnerabilities can spread within a system and underscores
the importance of ongoing assessment and reinforcement of defenses to prevent catastrophic failures.
The Swiss cheese model further emphasizes the need for organizations to maintain vigilant oversight
and adaptability in their safety systems, acknowledging that while protective measures are in place,
the risk of failure is always present. By fostering a culture of continuous improvement and proactive
risk management, organizations can reduce the likelithood of dangerous alignments and enhance
resilience against failures, [151].
4.3 Active and Latent Failures in the Swiss Cheese Model
The Swiss Cheese Model, developed by James Reason, offers a comprehensive framework for
understanding the causes of accidents and errors. At its core, the model identifies the presence of
various types of failures that can converge to cause an accident, including active and latent failures,
where active failures refer to immediate, direct events that lead to an accident, whereas latent failures
represent underlying, more systemic issues that can also contribute to the accident causation process,
[152] and [153].
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4.3.1 Active Failures

Active failures are unsafe actions, either intentional or unintentional, that directly lead to accidents
or near-misses and can be attributed to particular individuals or groups within a system. In aviation,
such failures can manifest as navigation mistakes, poor decision-making, or lack of effective
communication among crew members, serving as the immediate causes of an accident.

4.3.2 Latent Failures

Latent failures, often hidden or dormant, are underlying factors that contribute to accidents but are
not directly related to the immediate cause, remaining undetected for a significant period of time
before an adverse event occurs. These failures encompass the initial three domains of failure in James
Reason's model, including human fallibility, inadequate procedures, and organizational factors, and
can manifest as inadequate training, incomplete or poorly maintained systems, or ineffective
organizational culture and policies.

4.4 The Swiss Cheese Model's Evolution

The Swiss Cheese Model underwent significant development in the late 1980s to early 1990s, during
which attempts were made to merge James Reason's multi-layer defense model and Willem Albert
Wagenaar's tripod theory of accident causation, resulting in a temporary alteration to the model's
representation, where the cheese slices were labeled as active failures, preconditions, and latent
failures, but this change ultimately led to confusion and inaccuracies that still persist today, [150],
[154], [155], and [156].

4.5 A Correct Understanding of the Swiss Cheese Model

To improve the understanding of accidents, a revised interpretation of the cheese slicer model is
proposed. In this updated depiction, the slices of cheese represent barriers that fail to prevent
accidents, while the holes signify various causes of failure. These causes of failure are categorized
into three main types: immediate causes, which are direct actions or decisions contributing to an
accident; preconditions, such as equipment failures or inadequate policies, that facilitate the
occurrence of an accident; and underlying causes, which are deeper, often hidden, factors contributing
to an accident, including human error, inadequate procedures, and organizational factors. By
distinguishing between these types of failures, organizations can identify and address the root causes
of accidents proactively, thereby reducing the likelihood of adverse events, [157], [158] and [159].
4.6 Applications of the Framework

The framework has proven to be versatile and effective in various fields, with key applications in
aviation safety, engineering, emergency services, and cybersecurity. In aviation, it enhances safety
protocols by providing a structured approach to risk management, ensuring safer air travel. In
engineering, the framework supports design processes and operational reliability by helping
professionals assess and manage risks. Emergency service organizations utilize its principles to
improve preparedness and response to crises, optimizing resource use and coordination. Additionally,
in cybersecurity, the framework underpins layered security strategies, known as "defense in depth,"
which help organizations implement multiple security controls to better mitigate risks and combat
cyber threats, [160], [161] and [162].

The application of this framework across various sectors enhances safety and efficiency, while also
promoting a culture of proactive risk management and continuous improvement, making it a valuable
tool for organizations to navigate a rapidly evolving environment, [163].

The model has been utilized in various healthcare sectors to uncover the complex factors contributing
to medical errors, such as latent failures caused by similar medication packaging and storage. Such
oversights heighten the risk of administering the wrong drug, leading to serious consequences. This
research has shifted the understanding of medical errors away from individual failings, highlighting
instead the significant influence of systemic issues in healthcare delivery, like unclear labeling,
insufficient training, and flawed workflows, which create conditions conducive to mistakes, [164].
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The perspective discusses the importance of addressing systemic failures in healthcare rather than
blaming individual healthcare professionals for medical errors. Recognizing that such errors stem
from complex systemic vulnerabilities can lead to improved safety protocols and a culture of
accountability, thereby enhancing patient safety and empowering healthcare workers. The Swiss
cheese model, widely adopted in process safety, visually represents the necessity of multiple layers
of defenses in preventing accidents, with each slice symbolizing a safety-critical system. This model
is particularly relevant in the oil and gas industry, where understanding safety factors is crucial for
managing risks and supporting processes like asset integrity management and incident investigation,
[155].

Asset integrity management focuses on proactively identifying and controlling hazards that may
threaten the safe operation of assets like pipelines and production facilities. The Swiss cheese model
is utilized to pinpoint vulnerabilities and implement risk mitigation measures. Similarly, in incident
investigations, this model aids in uncovering the factors contributing to an incident, examining the
interplay of various systems and cumulative vulnerabilities. Through this analysis, investigators can
better understand the root causes of incidents and formulate recommendations to prevent recurrence,
[159] and [165].

5. Conclusion

The shipping industry has traditionally prioritized hardware integrity, leading to dependable marine
engineering; however, ongoing marine accidents highlight the necessity for a comprehensive safety
approach that encompasses more than just technological improvements. This paper presents a Human
Factors (HF) guidance package focused on maintenance, using the Erika incident as a case study to
exemplify maintenance failures. It calls for the design of maintenance tasks to be simpler and
advocates for a strong safety culture through thorough training and risk management. The review
elaborates on how maintenance errors, often unnoticed latent failures, can critically endanger safety
and maritime trust. Solutions involve clear task designs, user-friendly equipment, and effective
communication. Key aviation accidents are referenced to show the consequences of neglecting
maintenance, stressing the importance of training and environmental factors in risk mitigation.

To integrate HF principles into maintenance practices, the paper suggests proactive measures like
questionnaires and workshops to enhance communication and hazard identification. It emphasizes
the vital role of communication, task design, and training in improving safety through a
comprehensive HF framework and utilizes the Swiss Cheese Model for understanding accident
causation. The review also highlights human error in maintenance across various sectors, particularly
in the flour mill and aviation industries, attributing it to inadequate training, poor communication,
and substandard equipment design. By advocating for comprehensive training, strong maintenance
protocols, and a focus on human factors, the discussion aims to boost safety and operational
performance. Through strategic initiatives and regular assessments, industries can minimize risks
associated with human errors, leading to enhanced reliability and efficiency in maintenance practices.
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