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Abstract: This study presents the development of an immersive training platform based on the
Metaverse concept, aimed at enhancing the training of maintenance personnel in foundational reli-
ability and maintenance engineering methodologies. The proposed tool, FMECA-VR-0.1 (Failure
Modes, Effects and Criticality Analysis — Virtual Reliability-0.1), integrates two key techniques—
Qualitative Risk Criticality Matrix (QRCM) and Failure Modes, Effects and Criticality Analysis
(FMECA)—to support the optimization of maintenance plans for physical assets. The project is
structured in two phases: the conceptual design of the tool based on the Maintenance Management
Model (MMM) developed by INGEMAN, and the development of an immersive digital prototype
within a virtual reality environment. The training environment allows users to explore and practice
reliability techniques in a realistic and safe virtual setting. A case study was conducted on a wind
turbine from the Valle de los Vientos Wind Farm in Chile. Results indicate that virtual environments
significantly improve training outcomes by reducing learning time, minimizing human errors, and
enhancing reliability and maintainability indicators. The FMECA-VR-0.1 tool represents a milestone
in the digital transformation of technical training in maintenance, offering an adaptable solution for
various industrial contexts. Its immersive approach, combined with engineering-based analysis, re-
inforces human capabilities and contributes to the lifecycle optimization of key maintenance pro-
cesses.

Keywords: Metaverse; Maintenance Management Model (MMM); Failure Modes and Effects Anal-
ysis (FMEA); Qualitative Risk Criticality Matrix (QRCM); Predictive Maintenance; Industry 4.0;
Technical Maintenance Training

1. Background on Industry 4.0 Tools Applied to Maintenance
The term “Industry 4.0”, first introduced by Siemens at the Hannover Fair in 2011, refers to the

fourth industrial revolution and today represents an evolving phenomenon. It is described as the

process that will lead manufacturing industries into a fully automated and interconnected reality [1-

3]. Below is a brief overview of the key milestones in the evolution of Industry 4.0, considered the

latest industrial revolution:

- In the mid-1700s, the steam engine enabled the implementation of new systems capable of im-
proving and mechanizing the productivity of conventional processes. This marked the first in-
dustrial revolution.

- Around 1870, with the widespread use of electricity, the concept of mass production emerged.
At the same time, the combustion engine began to be used.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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- Around the 1970s, the digital era began. Its objective was to increase automation by leveraging
information technology.

- The fourth and most recent industrial revolution is based on currently available technologies; it
does not have a precise official start date, as its development is still ongoing.

The origins of this revolution lie in the current landscape, characterized by the increasing use of
information technologies capable of radically transforming innovation approaches, reducing the time
required to achieve quality and performance goals. Moreover, the market is shaped by intense com-
petition, which has significantly increased across all industrial sectors, fostering conditions for price
reduction and quality improvement.

Another key phenomenon is the shortening of product life cycles, driven by the need to respond
swiftly to market demands and stay ahead of competitors, thus preventing market share loss. Product
design and manufacturing are therefore evolving, placing emphasis not only on quality but also on
flexibility, understood as the ability to react, be resilient, and offer product customization [2,4]. These
new conditions have prompted major manufacturing countries to invest economically in supporting
national companies to develop renewal strategies. Notably, Germany launched a strategic govern-
ment initiative in 2012 (Industry 4.0) to position the country as a global leader in advanced manufac-
turing solutions. Subsequently, the United States government introduced a partnership called Man-
ufacturing USA, collaborating with leading ICT (Information and Communication Technologies)
firms to promote research in smart manufacturing. Similar initiatives were launched in France (In-
dustrie du Futur), China (Made in China 2025), Japan (Industrial Value Chain Initiative), as well as
in the UK, India, and others. More recently (2016), Italy also launched a government investment plan
to enhance R&D, foster entrepreneurship, and build university-level competencies (Piano Nazionale
Industria 4.0, 2016) [1,5].

Today, we are at the beginning of the fourth industrial revolution, which aims to connect auto-
mated production with digital connectivity. This is achieved through tools such as the Internet of
Things (IoT), an environment in which machines are enabled to independently generate and transmit
data to a server for operations like backup, reporting, diagnostics, benchmarking, task allocation, and
more. A key advancement is represented by system integration technologies and the creation of
Cyber-Physical Systems (CPS), defined as the interconnection between the physical machine and its
digital twin. These systems allow operations to be executed in parallel or on different time scales,
providing critical information about behavior and context (US National Science Foundation, Cyber-
Physical Systems). Smart machines, logistics systems, and production plants can all be considered
CPS. These tools can be leveraged to advance Industry 4.0 by integrating automation with connectiv-
ity in the manufacturing sector, creating a flexible and optimized business model [6,7].

In the context of industrial maintenance, the application of Industry 4.0 technologies enables the
implementation of advanced strategies such as predictive maintenance, real-time asset management,
and scenario simulation through virtual and augmented reality [8-10]. Among the key tools are IoT,
artificial intelligence (Al), big data, augmented reality (AR), and virtual reality (VR), among others.
Virtual Reality (VR) and Augmented Reality (AR) have become essential tools for training and
maintenance scenario simulation. Through immersive environments, technicians can safely perform
procedures, optimizing learning time and reducing human error [11,12].

1.1. The Metaverse as an Expansion of Industry 4.0 in Maintenance

Within the framework of the transition to Industry 4.0, the industrial metaverse is emerging as
one of the most disruptive technologies, integrating advanced tools such as digital twins, artificial
intelligence (Al), the Internet of Things (I0T), virtual reality (VR), augmented reality (AR), and col-
laborative robotics. These technologies converge to optimize the management of physical assets, en-
hance operational reliability, and transform maintenance processes in critical industrial sectors [13].

According to Galar and Kumar [14], the application of the metaverse to maintenance signifi-
cantly extends the capabilities of predictive maintenance by enabling the creation of immersive envi-
ronments in which technicians interact with real-time digital replicas of physical equipment. This
interaction is made possible through the combination of digital twins and mixed reality technologies,
allowing detailed simulation of maintenance scenarios without the need for direct field intervention
[14,15]. Key benefits of this technology include:
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- Interaction with digital twins: The integration of IoT sensors and big data analytics platforms
enables the construction of virtual models that accurately reflect the operational behavior of as-
sets. This facilitates early fault detection and data-driven decision-making [15].

- Scenario simulation and technical training: Through immersive environments, operators can re-
hearse maintenance procedures under safe conditions, reducing human error, shortening train-
ing times, and improving operational understanding of systems [16].

- Remote collaboration and field assistance: Augmented reality interfaces enable experts to re-
motely guide the execution of critical tasks, improving intervention accuracy and reducing asset
downtime [15].

- Automation in hazardous environments: In remote or hard-to-access facilities, the integration of
robotic systems with the metaverse enables safe remote operations, supported by predictive
models that enhance operational efficiency [14,16].

2. Comprehensive Application of the Maintenance Management Model (MMM)

For the development of the digital tool FMECA-VR-01, the eight-phase Maintenance Manage-
ment Model (MMM) developed by INGEMAN will serve as a reference framework (Figure 1) [17].
The goal is to enhance the profitability of production systems by prioritizing asset components in
order to carry out a series of analyses aimed at improving the efficiency and effectiveness of mainte-
nance management processes [17,18].
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Figure 1. Maintenance and Reliability Management Model (MMM) [17].

Below is a brief introduction to each phase of the MMM:

- Phase 1. Techniques for defining a maintenance management strategy. To ensure that mainte-
nance operational objectives and strategies are not misaligned with overall business goals [19],
techniques such as the Balanced Scorecard (BSC) can be introduced and implemented in the
maintenance area [18]. The BSC is customized for each organization and enables the creation of
key performance indicators (KPIs) to measure maintenance performance, aligned with strategic
objectives [19]. Unlike conventional control-oriented measures, the BSC centers its analysis on
corporate strategy and vision, emphasizing the achievement of performance goals. These goals
are established through a participative process involving internal and external stakeholders in
the maintenance organization, company leadership, key operational personnel, and end users.
As a result, maintenance performance measures are directly linked to the overall success of the
organization.
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- Phase 2. Techniques for ranking production assets. Once maintenance objectives and strategies
are defined, various qualitative and quantitative techniques are available to systematically clas-
sify assets based on their criticality for achieving business objectives. Many quantitative ap-
proaches employ variations of probabilistic risk assessment (PRA) or generate probabilistic risk
indices (PRI) for each asset [17]. Assets with higher indices are prioritized. In cases where his-
torical data is unavailable, qualitative techniques may be applied to ensure effective initial deci-
sion-making. After asset prioritization, a clear maintenance strategy must be defined for each
category, to be refined over time.

- Phase 3. Tools for eliminating weak points in high-impact equipment or systems. In critical as-
sets, it is advisable to identify and eliminate chronic, recurring failures before developing
maintenance plans. Doing so can yield an early return on investment. One of the most widely
used techniques for this purpose is Root Cause Analysis (RCA) [17], which identifies the physi-
cal, human, and latent causes of failures. Physical causes refer to the technical explanation for
the failure, human causes involve errors or omissions that lead to failure, and latent causes relate
to organizational or management deficiencies that enable those errors to persist. Addressing la-
tent causes is typically the main focus of this phase.

- Phase 4. Support for defining an effective preventive maintenance plan. Designing a preventive
maintenance plan for a system requires identifying its functions and potential failure modes,
and establishing tasks that ensure safety and cost-effectiveness. A structured methodology such
as Reliability Centered Maintenance (RCM) [17] is commonly used to achieve this objective.

- Phase 5. Optimization techniques for improving maintenance programs. Maintenance plans and
programs can be optimized to improve the effectiveness and efficiency of the initial design. Op-
timization models vary depending on the analysis time horizon. Long-term models address
maintenance capacity, spare parts inventory, and task intervals. Medium-term models focus on
optimizing scheduled shutdowns, while short-term models improve resource allocation and
control. Both analytical and empirical approaches are employed, often requiring simplifications
to manage complexity [17,18].

- Phase 6. Monitoring and control of maintenance operations. Once maintenance activities are de-
signed, planned, and scheduled, their execution must be monitored, and deviations controlled
to meet business objectives and KPI targets. Many high-level KPIs are built from technical and
economic sub-indicators, making it essential to capture accurate and aggregated maintenance
data.

- Phase 7. Lifecycle cost analysis and control. This phase evaluates the total cost of an asset
throughout its lifecycle, including planning, R&D, production, operation, maintenance, and dis-
posal. Lifecycle cost analysis depends heavily on reliability data such as failure rates, repair
times, and spare part costs. It supports decisions about new equipment acquisition or replace-
ment and offers three major benefits [20]:

o All costs associated with an asset become visible.

o It enables cross-functional analysis, e.g., how low R&D investment may increase future
maintenance costs.

o It allows management to make accurate forecasts.

- Phase 8. Techniques for continuous improvement in maintenance. Continuous improvement
(CI) in maintenance is possible through emerging technologies in high-impact areas identified
in earlier phases. Concepts such as Maintenance 4.0, e-maintenance, and e-manufacturing are
key elements of Industry 4.0, which leverages ICT to create collaborative, multi-user corporate
environments [4,20]. Maintenance 4.0 refers to a maintenance support system that integrates the
resources, services, and management needed to enable proactive, data-driven decision-making.
This support includes ICT, web-based, wireless, infotronic technologies, and “e-maintenance”
functions such as e-monitoring, e-diagnosis, and e-prognosis. Additionally, the active participa-
tion of maintenance personnel is critical to success. While high levels of knowledge, training,
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and expertise are required, the inclusion of simple, operator-driven tasks is essential to achieving

high-quality maintenance and overall equipment effectiveness.

As illustrated in the reference figure, the first three phases influence the effectiveness of mainte-
nance management, the next phases (4 and 5) focus on planning and scheduling, while phases 6 and
7 address monitoring and cost control throughout the asset lifecycle. Phase 8 is devoted to designing
actions that ensure continuous improvement through the integration of emerging Industry 4.0 tech-
nologies.

The continuous improvement process outlined in Phase 8 relies on the application of these
emerging technologies, particularly under the Industry 4.0 paradigm. Tools such as IoT, machine
learning (ML), neural networks (NN), and digital twins (DT) can exponentially enhance industrial
management processes. The key challenge for a comprehensive maintenance model is to provide a
roadmap for optimizing the use of Industry 4.0 tools to improve technical performance and maximize
asset profitability throughout their life cycle (see Figure 2. Practical Connection between the MMM
and Digital Transformation). This represents a functional perspective of the new digital framework
for intelligent asset management [8].
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Figure 2. Practical Connection between the MMM and Digital Transformation [8,20].

3. Methodological Framework of the FMECA-VR-0.1 Tool

The four stages that make up the implementation process of the FMECA-VR 0.1 tool are de-
scribed below (see Figure 3). These four stages are directly related to specific phases of the Mainte-
nance Management Model (MMM) (see Figure 1):

- Stages 1 and 2 correspond to the development of the operational context and the criticality ma-

trix (linked to Phase 2 of the MMM).

- Stages 3 and 4 correspond to the definition of failure modes, effects, and criticality (linked to

Phase 4 of the MMM).

- Stage 5 corresponds to the development of maintenance strategies (linked to Phases 4 and 5 of

the MMM).
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Figure 3. General Procedure for Implementing the FMECA-VR-0.1 Tool.

3.1. Stage 1. Operational Context
To define the operational context of the system to be evaluated [17], it is important to consider
the following aspects:
- Operational Summary: Purpose of the system, equipment involved, processes, safety devices,
and environmental objectives.
- Personnel: Definition of shifts, operations, and quality parameters.
- Process Breakdown: Structuring of the process into systems, definition of boundaries, and listing
of components.
The initial information that must be collected to develop the operational context includes [17]:
- Operational profile.
- Operating environment.
- Quality/availability of required inputs (fuel, air, etc.).
- Alarms and monitoring.
- Spare parts policies, resources, and logistics.
- P&IDs (Piping and Instrumentation Diagrams) of the system.}
- System schematics and/or block diagrams, typically developed from the P&IDs.
A graphical tool that facilitates visualization of the operational context is the Input-Process—
Output (IPO) diagram (see Figure 4). These diagrams must clearly identify the inputs, processes, and
main outputs of the system.
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Figure 4. Input-Process—Output Diagram.

The key elements of the IPO diagram are detailed below:
Inputs can be categorized into three types:

- Raw materials: Resources directly processed or transformed by the system or equipment (e.g.,
gas, crude oil, wood).

- Services: Resources used by the process to transform raw materials (e.g., electricity, water,
steam).

- Controls: Inputs related to control systems and their effects on the equipment or processes. These
are usually not recorded as separate functions, as their failure is generally associated with a loss
of output signal at some point in the process.

Outputs are associated with the inherent functions of the system and may be classified as:

- Primary products: Represent the main purpose of the system, generally defined by production
rate and quality standards.

- Secondary products: Derived from primary functions performed by the system. Loss of second-
ary products can often lead to the failure of primary functions and may have catastrophic con-
sequences.

- Controls and alarms: Related to the system’s protection and control functions.

Processes should be recorded as a description of the function to be performed by the system in

a specific location, allowing maintenance efforts to focus on the function under analysis and deter-
mine which maintenance activities must be performed for the asset to fulfill its role within the oper-
ational context. A recommended guideline for developing the operational context is ISO 14224, which
provides a framework for defining system boundaries and identifying maintainable items within
equipment subsystems. The standard includes examples of equipment types, general descriptions of
operational context elements, classification of equipment types, boundary definitions, hierarchical
breakdowns, and key reference data for each equipment class.

3.2. Stage 2. Equipment-Level Criticality Analysis

Criticality analysis techniques are used to prioritize systems, facilities, and equipment based on
their overall impact, allowing for optimized resource allocation. A common qualitative method is
ranking through the use of criticality matrices, which assess risk by considering the failure frequency
and the severity of consequences [21]. To conduct a criticality analysis, the following elements must
be considered:

- Define the scope and purpose of the analysis.

- Establish importance criteria, such as safety, environment, production, cost, failure frequency,
and repair time.

- Select or develop a method to rank systems/equipment.
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Criticality analysis is a fundamental step in optimizing maintenance plans, as it enables the pri-
oritization of assets based on their impact on operations, safety, and the environment [21]. One of the
most widely used approaches is qualitative risk assessment, performed using criticality matrices,
which are extensively applied in industries such as oil and gas, mining, and aviation. This study
proposes a risk factor-based criticality model, specifically designed for application in the renewable
energy sector. As a case study, the Valle de los Vientos Wind Farm is analyzed, with particular focus
on the VESTAS V100 - 2.0 MW wind turbine. Additionally, the equations used in the model are pre-
sented, providing an analytical framework for ranking critical assets and optimizing maintenance

strategies.
Risk=FFxC (1)
C=SHE+IP+CDF (2)
Where:

- FF =Failure frequency per equipment (number of failures in a given time period)

- C=Consequences of failures related to safety, environment, quality, production, etc.
- SHE = Safety, Health and Environmental Impact

- IP =Impact of Production

- CDF = Costs Direct of Failure

Next, the evaluation factors and scales associated with failure frequency and consequences for
each piece of equipment must be selected. These factors are adapted to the subsystems of the VESTAS
V100-2.0 MW wind turbine.

Adjusted Factors for the VESTAS V100-2.0 MW Wind Turbine Components:

- Failure Frequency (FF)

1. Excellent: One occurrence after 8,760 hours.

2. Good: At least one occurrence between 4,380 and 8,760 hours.

3. Average: At least one occurrence between 2,190 and 4,380 hours.

4. Poor: At least one occurrence between 730 and 2,190 hours.

5. Very Poor: At least one occurrence within 730 hours.

- Failure Consequences (C)

Safety Health and Environmental Impact (SHE)

5. High impact: Fatalities or catastrophic environmental damage.

4. Medium-high impact: Serious injuries and significant environmental damage.

3. Low—medium impact: Minor injuries and no lasting environmental damage.

2. Low impact: Slight environmental damage.

1. No impact: No environmental effect.

Impact of Production (IP)

5. 60-100% production loss [MW], (>40 hours downtime).

4. 40-60% production loss [MW], (20 < X < 40 hours downtime).

3. 35-40% production loss [MW], (5 < X <20 hours downtime).

2. 25-35% production loss [MW], (1 < X <5 hours downtime).

1. 0-25% production loss [MW], (< 1 hour downtime).

Costs Direct of Failure (CDF)

5. Costs over USD 300,000.

4. Costs between USD 100,000 and 299,999.

3. Costs between USD 50,001 and 99,999.

2. Costs between USD 5,001 and 50,000.

1. Costs below USD 5,000.

The consequence factors for production impact and direct costs must be adjusted according to
the industrial environment (values may vary depending on the realities of each operational context).
The final result for the horizontal axis (Consequences) is the sum of the individual consequence fac-
tors (SHE + IP + CDF, maximum score: 15 points). The results are then presented in a Qualitative Risk
Criticality Matrix (QRCM) of 5x5 (Figure 5), where the vertical axis represents five failure frequency
categories (ranging from 1 to 5), and the horizontal axis represents five consequence categories (rang-
ing from 1 to 15) [21].
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Figure 5. Qualitative Risk Criticality Matrix (QRCM) [8].

Afterward, failure frequency and consequence factors are assessed for each equipment, assign-
ing a position on the risk matrix and calculating a criticality value (Risk=FFxC). The resulting critical-
ity values are located within the matrix and classified into four criticality levels, as shown below:

- Criticality Levels by Equipment (Based on QRCM - Figure 5):

B = Low Criticality: Gray zone 3 < Cr < 18
M = Medium Criticality: Yellow zone 9 < Cr < 27
A = High Criticality: Green zone 13 < Cr < 48
MA = Very High Criticality: Red zone 35 < Cr < 75

3.3. Stage 3. Failure Modes, Effects, and Criticality Analysis (FMECA)

Failure Modes, Effects, and Criticality Analysis (FMECA) is a systematic methodology that iden-
tifies physical failure modes and their effects and consequences within a given operational context
[17]. By defining failure modes, basic information is obtained to help prevent failure effects through
the selection of maintenance activities. These activities are specifically designed to target each phys-
ical failure mode and mitigate its consequences.

3.3.1. Stage 3.1. Failure Modes

One of the key processes in the optimization of maintenance plans is the identification of phys-
ical failure modes that lead to the loss of asset functionality. The level of detail at which maintenance
is managed for an asset should be directly related to the level at which failure modes are identified —
this is known as the maintainable item level (i.e., the minimum disaggregation level at which a
maintenance plan can be executed, as referenced in ISO 14224).

In many cases, the level at which failure modes are identified will not match the level of detail
selected for analyzing the asset and its functions. Therefore, in order to develop an effective mainte-
nance management system for a specific group of assets within an operational context, it is essential
to determine the level at which various failure modes will occur, as they relate to the functional per-
formance of the asset in that specific operational environment [17]. During the failure mode analysis
process, the working group will gather information from the following sources:

- Generic lists of failure modes.

- Operations and/or maintenance personnel with extensive experience with the asset.
- Existing technical records and maintenance histories.

- Asset manufacturers and suppliers.

- Other users operating the same type of asset.

Examples of physical failure modes associated with maintainable items:

- Burned-out electric motor (detail level: equipment)

- Fractured impeller shaft (detail level: component)

- Impeller jammed due to foreign object (detail level: component)

- Completely blocked suction line (detail level: component)

- Worn mechanical seal (detail level: component)

- Damaged piston ring in hydraulic cylinder (detail level: component)

3.3.2. Stage 3.2. Effects and Criticality of Failure Modes
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In this part of the process, the main objective of the working group is to identify the effects (i.e.,
consequences) of each previously identified failure mode. Specifically, the team must describe the
impact of the failure on safety, the environment, operations, maintenance, etc., within the defined
operational context. This step should include all necessary information to support the assessment of
failure consequences [17]. To accurately identify and describe the effects produced by each failure
mode, the working group should generally answer the following questions:

- What evidence confirms that the failure has occurred?

- How does it affect safety and the environment?

- How does it impact production or operations?

- What are the operational consequences?

- Isitnecessary to shut down the process?

- Is there an impact on quality? If so, how much?

- Is there an impact on customer service?

- Does it cause damage to other systems?

- How much time is required to repair the failure (corrective actions)?

- What is the economic loss caused by the failure (direct costs, production impact, environmental
and safety costs, etc.)?

Example of a failure mode and its effects:

- Failure Mode:

Damaged piston rings in hydraulic cylinder
- Effects of Failure Mode:

o Visible/Not visible: Yes. No impact on safety or environment.

o  Operational effects: The engine crankcase depressurizes, cylinder compression drops, oil
wets the spark plug, smoke is observed in the exhaust, compression capacity is lost, and
engine RPMs decrease.

o  Corrective actions: Shut down the engine, depressurize the system, rotate the engine, posi-
tion the connecting rods, secure the flywheel, loosen connecting rod bolts, remove the pis-
ton, inspect the rings, and replace them if necessary. Required personnel: 4 mechanics. Re-
pair time: 16 hours/failure.

o  Production impact: USD 120,000/hour. Total impact per failure: USD 1,920,000.

Once the effects of the failure mode have been defined, the criticality of each failure mode is
determined using the risk model previously explained in Stage 2. In this case, the Qualitative Risk
Criticality Matrix (QRCM) is applied specifically at the level of failure modes.

Risk per failure mode = FFx(SHE+IP+CDF) (3)

Where:

- FF =Frequency of the failure mode (number of failures in a given time period)

- C=Consequences of the failure mode in terms of safety, environment, quality, production, etc.
- SHE =Impact on Safety and the Environment

- IP=Impact on Production

- CDF = Direct Failure Costs

Each failure mode is assessed using the criticality model introduced in Stage 2. Values are plot-
ted on the Qualitative Risk Criticality Matrix (QRCM) (Figure 5), where the vertical axis represents
five frequency categories (ranging from 1 to 5), and the horizontal axis represents five consequence
categories (ranging from 1 to 15) [21]. The risk value (Risk = FF x C) is calculated and used to deter-
mine the criticality level of each failure mode.

Criticality Levels by Failure Mode (based on QRCM - Figure 5):

B = Low Criticality: Gray zone 3 < Cr < 18
M = Medium Criticality: Yellow zone 9 < Cr < 27
A = High Criticality: Green zone 13 < Cr < 48
MA = Very High Criticality: Red zone 35 < Cr < 75

3.3.3. Stage 3.3. Probable Causes
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In the process of developing maintenance plans, it is recommended to define the probable cause
of each failure mode at a basic level. Specifically, as part of the proposed FMECA-VR 0.1 procedure,
the probable causes refer to the factors or conditions that may trigger the physical failure mode lead-
ing to a loss of equipment function [17].

It is important to note that the cause defined for each failure mode within the FMECA-VR 0.1
tool is not the result of a detailed root cause analysis. Rather, it is a proposed probable cause, identi-
fied by the expert team conducting the FMECA based on their technical experience and field
knowledge. ISO 55000 [22], focused on asset management, promotes the identification of failure
causes as a means to minimize risk and optimize asset performance.

Example of a probable cause:

Failure Mode: Damaged piston rings in hydraulic cylinder
- Probable Cause: Accelerated wear due to increased temperature

3.4. Stage 4. Maintenance Plans

Once the FMECA has been completed, the working team must select the type of maintenance
activity that can help prevent the occurrence of each previously identified failure mode. In general,
the most appropriate maintenance activity should be chosen to avoid the potential consequences of
each failure mode. After selecting the type of maintenance activity, the specific maintenance action
must be defined, along with its execution frequency. One of the main objectives is to prevent or at
least reduce the possible consequences related to human safety, environmental impact, and opera-
tional disruptions caused by the failure modes.

As part of the development of the FMECA-VR-0.1 tool, maintenance activities are classified into
two main groups:

- Preventive (proactive) maintenance
- Corrective (reactive) maintenance, applied only when no effective preventive alternative exists.

3.4.1. Preventive (Proactive) Maintenance Activities

Preventive maintenance activities can be grouped into four categories [17]:
- Condition-Based Maintenance (CBM)

CBM are scheduled based on the condition of the asset, acknowledging that most failure modes
do not occur suddenly but develop progressively over time. If the onset of a failure can be detected
during normal operation, actions based on the asset’s condition can be taken to prevent failure and
its effects. The point at which a failure can be detected is called the potential failure and is defined as
a physical condition that indicates an impending or already occurring functional failure. Examples
of potential failures include: abnormal vibration readings indicating imminent bearing failure, cracks
in metals indicating fatigue failure, metal particles in gear oil indicating wear, hot spots in boiler
linings indicating refractory degradation, etc. [17].

- Overhaul (Reconditioning)

These are scheduled activities aimed at restoring the asset to its original condition. They are
performed at intervals shorter than the asset’s operational life limit, based on functional analysis over
time. The asset is taken out of service, thoroughly inspected, and defective parts are replaced if nec-
essary. Overhauls are typically applied to major equipment such as compressors, turbines, and boil-
ers [17].

- Scheduled Replacement

This activity targets the planned replacement of components or parts before the end of their
useful life (before failure occurs). Unlike overhauls, replacements affect individual components, re-
storing their condition by installing new parts. Overhauls, by contrast, may involve cleaning, repair,
or inspection without replacing parts [17].

- Hidden Failure Detection

Hidden failure modes are not evident under normal operating conditions and may not have
direct consequences—but they can trigger multiple failures within a system. To minimize their oc-
currence, it is essential to periodically inspect whether these hidden functions are operating correctly.
These periodic inspections help reduce failures and enhance the operational reliability of assets [17].

3.4.2. Corrective (Reactive) Maintenance Activities
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When effective preventive maintenance is not feasible, corrective (reactive) actions may be eval-
uated. These are classified into two categories [17]:

- Redesign

If no preventive activity can effectively reduce the likelihood of failure modes that impact safety
or the environment to an acceptable level, a redesign or modification (of the maintenance strategy or
the failure mode itself) must be developed. When the consequences are operational or non-opera-
tional and no preventive action is effective, a redesign becomes an economically justified decision-
making process [17].

- Run-to-Failure (Unscheduled Maintenance)

When no preventive strategy is more cost-effective than the potential consequences of failure
(operational or non-operational), the decision may be made to allow the failure to occur and act re-
actively. This strategy is applicable only when the failure does not affect: safety, environment or the
operations [17].

4. Practical Application of the FMECA-VR 0.1 Tool in the Renewable Energy
Sector

The following presents a preliminary case study on the application of the FMECA-VR-0.1 tool
to the VESTAS V100-2.0 MW wind turbine system, located at the Valle de los Vientos Wind Farm, in

the Calama region of Chile. For the development of the FMECA-VR-0.1 tool, each of the stages out-
lined in the flowchart shown in Figure 3 will be implemented.

4.1. Stage 1: Definition of the Operational Context
The wind farm is responsible for supplying electrical energy to the Northern Interconnected
System (SING) in Chile. It has an installed capacity of 90 MW, using wind turbines rated at 2 MW
each, enabling the generation of more than 200 GWh of renewable energy annually [23]. The facility
comprises 45 wind turbines, providing enough power to supply approximately 80,000 households.
GENERAL SYSTEM: VALLE DE LOS VIENTOS WIND FARM
Each VESTAS V100-2.0 MW wind turbine contributes to an annual generation capacity exceed-
ing 200 GWh of renewable energy [24].
- Reference Data:
Tower height: 80 meters
Rotor diameter: 100 meters
Environmental conditions: Desert climate with high dust exposure and temperatures ranging
from -5°C to 40°C
- Controllers and Alarms:
Generator overload alarms
Vibration alarms in the gearbox
Automatic shutdown in extreme wind conditions (wind speeds > 25 m/s)
Temperature monitoring in bearings and generator
SPECIFIC SYSTEM DESCRIPTION
Each wind turbine includes eight subsystems that form part of the wind energy generation pro-
cess [24]:
- Blades: Capture the wind’s kinetic energy and convert it into mechanical rotational energy.
- Main Shaft Assembly: Transmits the rotational mechanical energy from the blades to the gener-
ator.
- Gearbox (Multiplier): Increases the rotational speed of the main shaft.
- Doubly-Fed Induction Generator (DFIG): Converts the rotational mechanical energy —transmit-
ted through the shaft system —into electrical energy.
- Frequency Converter: Manages and adapts the electrical energy generated by the DFIG to match
grid standards in frequency and voltage.
- Transformer: Adjusts or steps up the voltage of the generated electricity for safe and efficient
transmission to the grid.
- Electrical Panel: Also known as the electrical control cabinet, it manages, distributes, and pro-
tects the turbine’s electrical systems.
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- Yaw System: Orients the nacelle and blades toward the wind direction.

KEY PROCESS VARIABLES (POWER CURVE)
- Minimum Operating Wind Speed:
The turbine does not generate power until wind speed reaches 3 m/s.
- Power Growth:
Between 3 m/s and 10 m/s, power increases linearly from 0 to 2,000 kW.

Between 10 m/s and 12 m/s, power stabilizes at 2,000 kW.
- Operational Stability:

From 12 m/s onward, the turbine maintains a constant output of 2,000 kW.
- Safety Shutdown:

If wind speeds exceed 25 m/s, the turbine shuts down to prevent damage.

INPUT - PROCESS - OUTPUT (IPO) DIAGRAM
- INPUT: The necessary resources for wind turbine operation include:

- Wind (Kinetic Energy): The primary input driving the rotor blades. Wind speed and direction
determine how much energy can be captured.

- Auxiliary Electrical Power: Powers control systems, sensors, and blade/pitch adjustment when
the turbine is not generating power.

- Control System: Receives monitoring and automated adjustment signals (via SCADA) to opti-
mize performance and protect the equipment.
- PROCESS: The wind turbine converts kinetic wind energy into electrical energy through the

following steps:

- Wind capture: Rotor blades spin as they are impacted by wind.

- Mechanical conversion: The rotation is transmitted through the main shaft and accelerated via
the gearbox.

- Power generation: The generator transforms mechanical energy into electrical energy through
electromagnetic induction.

- Regulation: Control systems adjust blade pitch and yaw direction to maximize wind capture.

- Voltage transformation: An integrated transformer adjusts voltage for transmission to the sub-
station.
- OUTPUT: Products and by-products generated by the wind turbine include:

- Generated electrical power: The main output, ready to be delivered to the electrical grid via
transmission lines.

- Monitoring and operational data: Real-time performance data transmitted to the SCADA sys-
tem for analysis and control.

- Residual heat: A by-product of the energy conversion process, dissipated by the turbine’s ven-
tilation systems.

The IPO Diagram is presented below (Figure 6):

a H

Blades and Rotor ptu energy

Principal Ouput|

(Kinetic energy)

data

electric power

generation
system

SCADA System Analysisand Adjustments

i 0L

Figure 6. Input-Process-Output (IPO) Diagram: Wind Turbine System.
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4.2. Stage 2: Selection of the Critical System

The criticality model proposed in this document is based on the estimation of the risk factor and
is applied to the Valle de los Vientos Wind Farm in Calama, focusing on the VESTAS V100 - 2.0 MW
wind turbine system. Below are the results of the criticality analysis process (Table 1), based on the
Qualitative Risk Criticality Matrix (QRCM) explained in Section 3.2 (Figure 5). The vertical axis of the
matrix represents the failure frequency (5 categories, ranging from 1 to 5), while the horizontal axis
represents the failure consequences at the subsystem/equipment level (5 categories, ranging from 1
to 15).

Table 1. Criticality Assessment of Wind Turbine Subsystems.

Subsystems SHA IP CDF TC: Total F: Risk Criticality Level

Consequences Frecuency (TC x F)

Blade System 5 4 4 13 5 65 Very
High Criticality

Electric Generator 4 5 4 13 5 65 Very
High Criticality

Main Shaft Assembly 5 5 5 15 4 60 Very
High Criticality

Tower 5 4 3 12 4 48

High Criticality

Gearbox (Transmission) 2 5 4 11 4 44

High Criticality

Transformer 3 4 3 10 4 40

High Criticality

Electrical Panel 3 4 3 10 2 20

Medium Criticality

Hydraulic System 2 4 3 9 2 18

Low Criticality

Anemometer 3 3 2 8 2 16

Low Criticality

and Wind Vane

Frequency Converter 3 3 3 9 1 9

Low Criticality

Yaw System 2 3 3 8 1 8

Low Criticality

Control and 1 3 2 6 1 6

Low Criticality
Communication

The results of the subsystem criticality analysis indicate the following distribution:
- Subsystems with Very High Criticality: 25% of total

- Subsystems with High Criticality: 25% of total
- Subsystems with Medium Criticality: =~ 42% of total
- Subsystems with Low Criticality: 8% of total

According to the percentage-based analysis, 45% of the evaluated subsystems fall within the
Very High Criticality category. The most critical subsystems are the Blades and the Electric Generator,
each with a risk value of 65, followed by the Main Shaft Assembly with a value of 60. Based on these
results, one of the three most critical subsystems will be selected for detailed analysis. For this study,
the Blades subsystem has been chosen. In the following section, its components will be broken down
to carry out a Failure Modes and Effects Analysis (FMEA) and assess the criticality of its physical
failure modes.

4.3. Stage 3: Development of FMIECA and Criticality Analysis

For this example, a partial FMECA will be developed for one critical subsystem: the blades of
the wind turbine (Figure 7).
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4.3.1. Definition of Failure Modes and Criticality Analysis
Physical failure modes of the blade subsystem:

- Blade Damage: Modern wind turbines typically use three blades to ensure lower oscillations and
better balance of gyroscopic forces. These blades are mainly made of lightweight and highly
durable materials such as carbon fiber and fiberglass combined with epoxy resin. They can reach
lengths of up to 50 meters and rotate at speeds ranging from 10 to 60 RPM. For large-scale tur-
bines, the most common operating speeds are between 10 and 20 RPM. The blades are mounted
on the turbine hub [24].

- Hub Damage: The hub connects the blades and transmits the captured wind energy from the
rotor to the gearbox. It is generally a hollow metal structure that acts as a rigid central piece [24].

- Nose Cone Issues: The nose cone is a conical structure that faces the wind and directs it toward
the drivetrain. Its aerodynamic shape helps prevent turbulence and protects the wind turbine
from potential damage [24].

Figure 7. Blade Subsystem Components Location Diagram [24].

Using the QRCM (explained in Section 3.2) as a reference, the criticality levels of the physical
failure modes in the blade subsystem are determined (see Table 2).

Table 2. Criticality Assessment of Physical Failure Modes — Blade Subsystem.

Physical Failure = SHA IP CDF TC: Total F: Risk Criticality Level
Modes Consequences Frecuency (TC x F)

Blades 5 5 5 15 4 60 Very
High Criticality

Nose Cone 3 5 5 13 3 39 Me-
dium Criticality

Hub 2 5 5 12 3 36 Me-
dium Criticality

The results show that blade damage is the failure mode with the highest level of criticality in the
blade subsystem, with a risk value of 60, classified as Very High Criticality. The next step will be to
identify the probable causes for each physical failure mode.

4.3.2. Definition of Probable Causes

In this stage, the probable causes that may trigger the physical failure modes responsible for
functional losses in the equipment are identified. It is important to note that the probable causes de-
fined for each failure mode within the FMECA-VR 0.1 tool are based on expert experience and do
not constitute a detailed root cause analysis. Below is the FMEA table corresponding to the blade
subsystem of the Vestas V100 — 2.0 MW wind turbine, which includes the criticality level of each
physical failure mode along with their respective probable causes (Table 3).
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Table 3. FMEA and Criticality Assessment of Physical Failure Modes — Blade Subsystem (Wind Turbine: Vestas

V100 - 2.0 MW).
Physical Fail- . .
Subsys- . Failure Ef- Critical- Valu
Function ure Modes . Probable Causes
tem fect ity Level e
(Components)
Capture wind energy and Very
Loss of aero-
convert it into mechanical . High Blades showing
Blades . ) Blade dynamic ca- _ 60 .
energy to drive the wind . Critical- buckling
) pability. )
turbine rotor. ity

Blade structure
with cracks
Blade structure
with delamina-
tion
Blades showing
bending

Loss of aero- Medium

. . Nose structure
Nose dynamic ca- Critical- 39

pability. ity

with cracks

Impact damage
from foreign ob-
jects on nose
Nose looseness
due to poor in-
stallation
Presence of cor-
rosion on nose
Loss of aero- Medium

Hub structure
Hub dynamic ca- Critical- 36

pability. ity

with cracks

Hub with misa-
lignment
Malfunction in
hub orientation

mechanism

Presence of cor-

rosion on hub

Following the completion of the FMEA, it becomes beneficial to develop a maintenance plan for
each physical failure mode. This enables the implementation of preventive and corrective actions that
contribute to improving the efficiency of asset management and operational processes. Ultimately,
this methodology serves as a data-driven foundation for the case study under development.

4.4. Stage 4: Maintenance Plans
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At this stage, maintenance plans are defined for each physical failure mode of the blade subsys-
tem. However, for this case study, only the maintenance plans related to the blade subsystem’s failure
modes will be addressed. The steps involved in building the maintenance plan are as follows:

- Select the blade subsystem for the development of action plans related to its physical failure
modes.

- Identify the three physical failure modes and their previously assigned criticality levels.

- Define the probable causes for each failure mode.

- Specify the maintenance tasks associated with each failure mode.

- Estimate the execution frequency for each task.

- Assign a responsible specialist for each task.

- Estimate the annual cost of each maintenance plan.

- Estimate the annual maintenance hours for each task.
Here is the final FMEA table for the blade subsystem (Table 4), which identifies the physical
failure modes, their probable causes, and the corresponding maintenance plans:

Table 4. Maintenance Plans for Physical Failure Modes of Blade Subsystems.

Respon- Annual
Physical Failure Type of Applica- Maintenance
Sub- Probable Mainte- sible Mainte-
Mode (Compo- Mainte- tion Fre- Plan Costs
system Causes nance Task Special- nance
nents)/Ranking nance quency (USD/year)
ist Hours
Condition- Thermo- Electro-
Blades/Very HighBlades show- Based graphic mechani-
Blades Monthly $5,000 12
Criticality ing buckling Mainte-  winding in- cal Tech-
nance spection nician
Condition- Electro-
Based Ultrasound mechani-
Monthly 12
Mainte-  Inspection cal Tech-
nance nician
Condition- Electro-
Based X-ray In- mechani-
Quarterly 6
Mainte-  spection cal Tech-
nance nician
Condition- Thermo- Electro-
Blade struc-
Based graphic mechani-
ture with Monthly $5,000 12
Mainte-  winding in- cal Tech-
cracks
nance spection nician
Condition- Electro-
Based Ultrasound mechani-
Monthly 12
Mainte-  Inspection cal Tech-
nance nician
Condition- Electro-
Based X-ray In- mechani-
Quarterly 6
Mainte-  spection cal Tech-

nance nician
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Respon- Annual
Physical Failure Type of Applica- Maintenance
Sub- Probable Mainte- sible Mainte-
Mode (Compo- Mainte- tion Fre- Plan Costs
system Causes nance Task Special- nance
nents)/Ranking nance quency (USD/year)
ist Hours
Blade Condition- Thermo- Electro-
structure  Based graphic mechani-
Monthly $5,000 12
withde-  Mainte- winding in- cal Tech-
lamination nance spection nician
Condition- Electro-
Based Ultrasound mechani-
Monthly 12
Mainte-  Inspection cal Tech-
nance nician
Condition- Electro-
Based X-ray In- mechani-
Quarterly 6
Mainte-  spection cal Tech-
nance nician
Condition- Thermo- Electro-
Blades show- Based graphic mechani-
Monthly $5,000 12
ing bending Mainte-  winding in- cal Tech-
nance spection nician
Condition- Electro-
Based Ultrasound mechani-
Monthly 12
Mainte-  Inspection cal Tech-
nance nician
Condition- Electro-
Based X-ray In- mechani-
Quarterly 6
Mainte-  spection cal Tech-
nance nician
Condition- Thermo- Electro-
Nose struc-
Nose/Medium Based graphic mechani-
Nose ture with Monthly $5,000 12
Criticality Mainte-  winding in- cal Tech-
cracks
nance spection nician
Condition- Electro-
Based Ultrasound mechani-
Monthly 12
Mainte-  Inspection cal Tech-
nance nician
Impact dam- Condition- Electro-
age from for- Based X-ray In- mechani-
Quarterly 6
eign objects Mainte-  spection cal Tech-
on nose nance nician
Condition- Thermo- Electro-
Based graphic mechani-
Monthly $5,000 12
Mainte-  winding in- cal Tech-

nance spection nician
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Respon- Annual
Physical Failure Type of Applica- Maintenance
Sub- Probable Mainte- sible Mainte-
Mode (Compo- Mainte- tion Fre- Plan Costs
system Causes nance Task Special- nance
nents)/Ranking nance quency (USD/year)
ist Hours
Condition- Electro-
Based Ultrasound mechani-
Monthly 12
Mainte-  Inspection cal Tech-
nance nician
Condition- Electro-
Based X-ray In- mechani-
Quarterly 6
Mainte-  spection cal Tech-
nance nician
Nose
Condition- Thermo- Electro-
looseness
Based graphic mechani-
due to Monthly $5,000 12
Mainte-  winding in- cal Tech-
poor in- ) o
nance spection nician
stallation
Condition- Electro-
Based Ultrasound mechani-
Monthly 12
Mainte-  Inspection cal Tech-
nance nician
Condition- Electro-
Based X-ray In- mechani-
Quarterly 6
Mainte-  spection cal Tech-
nance nician
Condition- Thermo- Electro-
Presence of
Based graphic mechani-
corrosion on Monthly $5,000 12
Mainte-  winding in- cal Tech-
the nose
nance spection nician
Condition- Electro-
Based Ultrasound mechani-
Monthly 12
Mainte-  Inspection cal Tech-
nance nician
Condition- Electro-
Based X-ray In- mechani-
Quarterly 6
Mainte-  spection cal Tech-
nance nician
Condition- Thermo- Electro-
Hub/Medium  Hub structure Based graphic mechani-
Hub Monthly $5,000 12
Criticality with cracks Mainte-  winding in- cal Tech-

nance spection nician
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Respon- Annual
Physical Failure Type of Applica- Maintenance
Sub- Probable Mainte- sible Mainte-
Mode (Compo- Mainte- tion Fre- Plan Costs
system Causes nance Task Special- nance
nents)/Ranking nance quency (USD/year)
ist Hours
Condition- Electro-
Based Ultrasound mechani-
Monthly 12
Mainte-  Inspection cal Tech-
nance nician
Condition- Electro-
Based X-ray In- mechani-
Quarterly 6
Mainte-  spection cal Tech-
nance nician
Condition- Thermo- Electro-
Hub with mis-Based graphic mechani-
Monthly $5,000 12
alignment Mainte-  winding in- cal Tech-
nance spection nician
Condition- Electro-
Based Ultrasound mechani-
Monthly 12
Mainte-  Inspection cal Tech-
nance nician
Condition- Electro-
Based X-ray In- mechani-
Quarterly 6
Mainte-  spection cal Tech-
nance nician
Malfunc-
Condition- Thermo- Electro-
tion in hub
Based graphic mechani-
orientation Monthly $5,000 12
Mainte-  winding in- cal Tech-
mecha-
) nance spection nician
nism
Condition- Electro-
Based Ultrasound mechani-
Monthly 12
Mainte-  Inspection cal Tech-
nance nician
Condition- Electro-
Based X-ray In- mechani-
Quarterly 6
Mainte-  spection cal Tech-
nance nician
Condition- Thermo- Electro-
Presence of
Based graphic mechani-
corrosion on Monthly $5,000 12
Mainte-  winding in- cal Tech-
the hub
nance spection nician
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Respon- Annual
Physical Failure Type of Applica- Maintenance
Sub- Probable Mainte- sible Mainte-
Mode (Compo- Mainte- tion Fre- Plan Costs
system Causes nance Task Special- nance
nents)/Ranking nance quency (USD/year)
ist Hours
Condition- Electro-
Based Ultrasound mechani-
Monthly 12
Mainte-  Inspection cal Tech-
nance nician
Condition- Electro-
Based X-ray In- mechani-
Quarterly 6
Mainte-  spection cal Tech-
nance nician

Note: The tasks listed under each failure mode are repeated for similar failure causes. While thermographic,
ultrasonic, and X-ray inspections are listed with individual frequencies and costs, their total implementation
strategy could be optimized for cost-effectiveness in real-world applications.

5. Development of the Metaverse-Based Platform Prototype: FMECA-VR-0.1

The digital tool prototype to be developed in the Metaverse, FMECA-VR 0.1, consists of a sim-
ulation platform within the Metaverse [25,26], which illustrates each of the stages described in the
flowchart shown in Figure 2. The case study presented in the previous section is used as a reference:
the VESTAS V100-2.0 MW wind turbine system, located in the Valle de los Vientos Wind Farm in
Calama, Chile.

The main objective of the FMECA-VR 0.1 tool is to provide a training environment for future
maintenance technicians, thereby enhancing the reliability, maintainability, and availability of these
installations while also contributing to accident prevention and the reduction of human error. In the
field of renewable energy, the integration of Industry 4.0 technologies has been key to improving
asset monitoring and maintenance processes—leading to increased equipment reliability and ex-
tended service life. Data acquisition plays a fundamental role in enabling a wide range of applications
[27,28]. For example, virtual and augmented reality simulators can be used to recreate work scenarios
and train operators in maintenance procedures. This helps them identify potential issues and become
familiar with the steps and tools required for specific maintenance tasks.

To develop the digital tool FMECA-VR 0.1, it is essential to define the system requirements and
features, as this stage is critical in any software development project. It involves specifying the func-
tions the tool must perform and the type of information it will manage, in order to effectively address
user needs. The following section presents the different types of requirements necessary for the de-
velopment of the digital platform [29].

5.1. Functional Requirements
A platform will be developed within the Metaverse that meets the following requirements:

- The system will allow users to visualize the Valle de los Vientos Wind Farm, located in the
Calama region.

- The system will support manipulation and visualization of a 3D model of the VESTAS V100-2.0
MW wind turbine.

- The system will provide access to documents related to the FMEA table and criticality assess-
ment for the blade subsystem.

- The system will provide access to documents related to the action plan for physical failure modes
of the turbine blades.

- The system will enable visualization of elements related to the wind turbine’s subsystems.

The accessible documentation includes the full analysis conducted using the FMEA methodol-
ogy for the VESTAS V100-2.0 MW wind turbine.

5.2. Technical Requirements
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To develop an immersive 3D programming environment, it is essential to use a game engine
that meets certain conditions: comprehensive documentation, multi-platform support, compatibility
with various programming languages, a manageable learning curve, and available resources. For this
reason, the most appropriate choice for this project is the Unity 3D game engine. The immersive en-
vironment will be developed using Unity 3D Version 2019.2.13f1, in combination with the Oculus
Quest 2 setup [30]. For this purpose, Oculus virtual reality equipment will be used, as shown in Figure
8.

1‘"? ‘5"»

Figure 8. Oculus Quest 2 Headset and Controllers [13].

This device is manufactured by Oculus, a division of Facebook. Oculus specializes in the devel-
opment of virtual reality technology and has released multiple generations of VIRTUAL REALITY
headsets, including the model used in this project. The official technical requirements for using the
Oculus Quest 2 headset can be found on the [official Oculus website] [30].

5.3. System Architecture

The following is the proposed system architecture for the blade subsystem fault simulator using
VIRTUAL REALITY, designed to meet all previously established requirements (Figure 9). This archi-
tecture illustrates the components and modules that interact during the simulation experience. These
include:

Wind Park Simulator

Valley of the Winds ) ~
with Virtual Reality [ Subsystem selection menu

— | AMEF scene
Button|| of blade
AMEF )| sussystem

Virtual Reality
glasses

\

Physical
failuremode

devices

Figure 9. System Architecture Flowchart.

- Inputs: The Oculus Quest 2 system provides the following inputs to the immersive application:
= VIRTUAL REALITY Headset: Allows the user to visualize virtual reality environments,
which is fundamental to achieving an immersive experience.
=  Joysticks: Composed of two handheld controllers (one in each hand), these allow the user
to interact with objects and elements in the virtual environment. These controls provide an
intuitive way to manipulate and navigate the platform.


https://doi.org/10.20944/preprints202505.0035.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 May 2025

23 of 34

- Outputs: The system outputs correspond to the visual elements generated and displayed
through the VIRTUAL REALITY headset. During the immersive session, the user will be able to
view components, diagrams, and relevant information panels within the virtual space.

*  Start Menu Scene: The simulator includes a start menu screen, which displays the opera-
tional context of the V100-2.0 MW wind turbine. It also features a screen showing the most
critical subsystems, where the blade subsystem is identified as the most critical. Addition-
ally, a button is provided to access the FMECA scene of the wind turbine (Figure 10).

Escena 1: Menu de inicio

Turbina Edlica Vestas V100 - 2.0 [MW]
Parque edlico valle de los vientos

= ==

Contexto Lista subsistema
Operacional criticos

l 1. Sistema hidraulico

2. Control y comunicacion
3. Cuadro eléctrico

Descrlpmon 4. Transformador
5. Convertidor de frecuencia
6. Generador eléctrico
7. Torre
8. Yaw
9. Anemémetro y Veleta
o 10. Transmision
Video 11. Conjunto de eje principal
12. Bujes
13, Pitch
L —

CIEms

Figure 10. Representation of Scene 1 (taken directly from the prototype under development FMECA-VR-0.1).

=  FMECA Scene: In this section, users can visualize the FMECA tool applied to the blade
subsystem, where the criticality levels, probable causes, and corrective action plans are pre-
sented in an interactive and educational format, overlaid on the 3D model of the blades
(Figure 11).

Escena 2: AMEF

[ Turbina edlica Vestas V100 - 2.0 [MW] ]
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Figure 11. Representation of Scene 2 (taken directly from the prototype under development FMECA-VR-0.1).
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6. Practical Implementation of the Digital Tool: FMECA-VR 0.1

This case study focuses on the development of an immersive virtual environment for mainte-
nance training of wind turbines at the Valle de los Vientos Wind Farm, using the VESTAS V100-2.0
MW model as a reference. By integrating Virtual Reality (VR) technologies, the project aims to create
a Metaverse-based platform where technicians and professionals can experience realistic and educa-
tional scenarios that support the learning of inspection, diagnostics, and maintenance procedures for
the various subsystems of the wind turbine.

6.1. Start Menu Scene
In this initial scene, the user is introduced to the Valle de los Vientos Wind Farm, immersing
themselves in a virtual environment designed to deliver a realistic training experience (Figure 12).
Using Oculus VIRTUAL REALITY headsets, users access an interactive Metaverse that allows them
to explore the wind farm in a 360° view, facilitating their understanding of its infrastructure and
operational dynamics.
The start menu presents several navigation options to guide the user through the various train-
ing modules. These include:
- Panoramic view of the wind farm, where turbines in operation and their spatial layout within
the environment can be observed.
- Technical information about the VESTAS V100-2.0 MW wind turbine, including its operational
context, main components, operator safety elements, and certifications.
- Access to fault analysis modules, where critical subsystems such as the blades are presented,
along with a link to the FMECA scene.

Escena 1: Mend inicio

Figure 12. 360° View of Valle de los Vientos Wind Farm — Start Menu Scene (taken directly from the prototype
under development FMECA-VR-0.1).

6.2. Description of the Main Tabs

- Operational Context: The image shows the visual representation of the Operational Context
within the FMECA-VR 0.1 platform, used for maintenance training of wind turbines in a virtual
environment (Figure 13).
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Figure 13. View of the Operational Context — Start Menu Scene (taken directly from the prototype under devel-
opment FMECA-VR-0.1).

- Criticality System: The image displays the subsystem criticality analysis structure within the
FMECA-VR 0.1 tool. Through the virtual reality platform, users can identify and rank key wind

turbine components, focusing on those with the greatest impact on system reliability and main-
tainability (Figure 14).

[ Turbina Eélica Vestas V100 - 2.0 [MW] ]

Parque edlico valle de los vientos

Presiona PLAY y usa los botones para cargar las otras escenas

ESCENA AMEF
Angulo 90°
de vision Lista subsistema
criticos subsistema de palas

Vista del
aerogenerador

I;.m. 505 (e

Angulo de
360°

Figure 14. View of Critical Subsystems — Start Menu Scene (taken directly from the prototype under develop-
ment FMECA-VR-0.1).

6.3. FMECA Scene (Failure Modes, Effects, and Criticality Analysis)

In Scene 2 of the fault simulator, the user enters an interactive environment where the FMECA
applied to the blade subsystem is presented. For more details, see Figure 15. Within this scene, a
template interface displays technical documents related to failure analysis, probable causes, and the
corresponding maintenance plan for mitigation. Through this interface, users can examine detailed

information about the physical failure modes of the blades and the criticality associated with each
event.


https://doi.org/10.20944/preprints202505.0035.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 May 2025 d0i:10.20944/preprints202505.0035.v1

26 of 34

In this scene, the user appears to be floating in mid-air, providing an immersive panoramic view
of the wind turbine and its components. From this elevated perspective, the user can interact with
different system elements, observe the graphical distribution of failures, and gain a deeper under-
standing of both preventive and corrective maintenance strategies.

This Virtual Reality-based approach provides a dynamic and educational experience, facilitating
learning in the identification and resolution of critical failures within the broader context of asset
management in wind farms.

Escena 2: AMEF

Figure 15. 360° View of the Valle de los Vientos Wind Farm — FMECA Scene (taken directly from the prototype
under development FMECA-VR-0.1).

Thanks to this approach, Virtual Reality becomes an innovative learning tool, offering practical,
engaging training that enhances skills in wind turbine maintenance.

6.3.1. Description of the Main Tabs

- Function and Physical Failure Modes (Figure 16):
o  Circular diagram offering a 90° field of view for the user within a 360° VIRTUAL REALITY
environment, with numbered tabs marking various sections of information.
o  Analysis categories include:
*  Function (e.g., capturing and converting wind energy)
=  Physical failure modes (blades, nose cone, and hub).
o 3D visualization of a wind turbine in the VIRTUAL REALITY space with floating labels
identifying components and related failures.
- Effects, Failure Criticality, and Probable Causes (Figure 17): The user maintains a 90° view field
in a 360° immersive environment, navigating through tabs 1 to 8.
o  Active tabs:
*  Tab 3 - Effect: Loss of aerodynamic performance
*=  Tab 4 - Criticality: Indicates criticality levels (Very High for blades, Medium for nose
and hub)
=  Tab 5 - Probable Causes: Includes faults such as cracks, delamination, and bending in
the blades
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Figure 16. View of Functions and Physical Failure Modes — FMECA Scene (taken directly from the prototype

under development FMECA-VR-0.1).
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Figure 17. View of Effects, Criticality, and Probable Causes - FMECA Scene (taken directly from the prototype

under development FMECA-VR-0.1).

o  Active tabs:

Action Plan and Assigned Specialist (Figure 18):

Tab 6 — Action Plan: Outlines maintenance actions including thermographic and ultrasound

inspections (monthly), X-ray inspections (quarterly), and symptomatic maintenance

technician

Tab 7 — Responsible Specialist: Assigns maintenance responsibility to the electromechanical
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I Técnico electromecéanico

Escena 2: AMEF

Especialista
Responsable

Técnico electromecanico

Figure 18. Action Plan and Assigned Specialist - FMECA Scene (taken directly from the prototype under devel-

opment FMECA-VR-0.1).

- Demonstration Video: A visual demonstration of the tool in use is presented in the following
video (duration: 3 minutes), available on the LinkedIn platform [31]:

https://www.linkedin.com/feed/update/urn:li:activity:7200352283866349568/

6.4. Economic Analysis of the Metaverse Development: FMECA-VR-0.1 Prototype

The following section presents a series of cost estimation tables associated with the partial de-
velopment of the Metaverse-based prototype, considering a single system: the VESTAS V100-2.0 MW

wind turbine.

- Total Estimated Cost of Pilot Version - FMECA-VR 0.1. By adding the totals from Table 5 and
Table 6, the overall development cost of the pilot version of the FMECA-VR-0.1 prototype is:

=  CLP $50,955,137 ( Chilean Pesos, approximately USD $50,000)

Table 5. General Execution Costs (Programming & Equipment) - FMECA-VR 0.1 Prototype.

GENERAL BUDGET
Labor Costs
Code Subsystem Unit Hours U?lctg)lfice Subtotal (CLP)
P1 Blades Hr. 27 $17,046 $460,250
Control &
P2 Communica- Hr. 63 $17,046 $1,073,916
tion
p3 Electrical Hr. 63  $17,046 $1,073,916
Panel ) ’ e
P4  Transformer Hr. 63 $17,046 $1,073,916
P5 f:requemy Hr. 63  $17,046 $1,073,916
onverter
P6 Etlgfric Gener- 1y, 63 $17,046 $1,073,916
P7 Tower Hr. 63 $17,046 $1,073,916
P8 Yaw System Hr. 63 $17,046 $1,073,916
Anemometer
P9 & Wind Vane Hr. 63 $17,046 $1,073,916
P10 Gearbox Hr. 63 $17,046 $1,073,916
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Code Subsystem Unit Hours Ulzlct]ﬂf)lce Subtotal (CLP)
P11 Main Shaft As- Hr. 63 $17,046 $1,073,916
sembly
P12 Hub Hr. 63 $17,046 $1,073,916
P13 Is’itch Control . 63 $17,046 $1,073,916
ystem
P14 Hydraulic Sys- Hr. 63 $17,046 $1,073,916

tem

Total (labor) (CLP)$14,421,156

Materials Costs

Item Component Unit Quan-  Unit Price Subtotal

tity (CLP) (CLP)
1 Oculus Quest 2 VR Headsets Und 3 $409,052 $1,227,156
2 Laptop Cooler Base Und 3 $20,000 $60,000
3 Oculus Link Cable Und 1 $16,990 $16,990
4 ?ngﬁi‘ﬁf[)NOtebOOk RTX, " Und 3 $749,990 $2,249,970
5 3D Model of Wind Turbine Und 1 $224,315 $224,315

Total (material): CLP $18,199,587

General Expenses (20%): CLP $3,639,918
Profit Margin (15%): CLP $2,729,938
Net Total: CLP $24,569,443
VAT (19%): CLP $4,669,194

Final Total: CLP $29,237,637

Table 6. Costs Associated with Project Management.

PROJECT MANAGEMENT COSTS
Professional Quantity Monthly Salary (CLP) 5-Month Cost (CLP)

Maintenance Engineer 1 $1,300,000 $6,500,000
Technician 1 $850,000

$4,250,000

Programmer 1 $1,500,000

$7,500,000

Subtotal (Net): CLP $18,250,000
VAT (19%): CLP $3,467,500
Total Project Management Cost: CLP $21,717,500

7. Key Considerations

The long-term objective of this project is to evolve into a full training software in the Metaverse,
specifically focused on the maintenance field (FMECA-VR 0.1). In this first stage, the work is centered
on developing a single subsystem to complete the pilot version (see Tables 5 and 6). These tables
present a cost estimate related to materials and labor, considering the programming and design of all
subsystems and their respective failure modes.

It is important to highlight that this project not only drives innovation in industrial maintenance,
but also contributes to the broader goals of the Fourth Industrial Revolution and the energy transi-
tion, by promoting the use of renewable energy as an alternative to fossil fuels. In this context, tech-
nology is positioned as a key enabler for optimizing processes and improving the training of profes-
sionals in the sector.

The following table summarizes the strengths and threats associated with this type of initiative
(Table 7).
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Table 7. Strengths and Threats of the FMECA-VR 0.1 Partial Prototype.

Strengths Threats
More efficient training processes Limited realism in simulation

Acquisition of parameters through

) . . Technological dependency
data-driven simulations
Ability to compare scenarios to better

_ Low data reliability for:
understand asset behavior, such as:

- Diagnosing and predicting failures — Maintenance software

— Estimating the useful life of physical

— Maintenance planning processes
assets

— Redesigning assets or control sys-

) o — Work order management
tems to adapt to operating conditions

7.1. Future Improvements to be included in the FMIECA-VR-0.1 Tool

For the upcoming development phases of the FMECA-VR 0.1 tool, it is recommended to imple-
ment an indicator module that enables the evaluation of maintenance plan effectiveness. The pro-
posed minimum indicators are divided into two stages:

- First Stage: Definition of Basic Technical Maintenance Indicators (See Figure 19):

=  Failure Frequency, FF (Reliability)

=  Mean Time to Repair, MTTR (Maintainability)

*  Mean Time to Failure, MTTF (Reliability)

*  Availability (A)

- Second Stage — Development of Probabilistic and Cost-Based Indicators:

*  Reliability (Rt): Probability of failure, probability of no failure, time to failure, and failure

frequency.

*  Maintainability (Mt): Probability of successful repair.

Failure Downtime Cost (FDC): Estimated cost due to system unavailability caused by fail-
ures.
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Figure 19. Indicators - FMECA Scene (taken directly from the prototype under development FMECA-VR-0.1).

Initially, the FMECA-VR-0.1 prototype was designed as a training tool. However, the long-term
vision is to develop it into a fully functional platform capable of receiving and sharing real-time data
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directly from a maintenance software system, and to automatically calculate and analyze indicators

such as reliability, maintainability, availability, and economic risk, using online parameters collected

from physical assets. These parameters represent the foundation for the development of a digital
twin, offering an innovative tool for the future and further enhancing the capabilities of the Metaverse

[32].

The FMECA-VR-0.1 tool has already demonstrated its potential as an innovative and effective
solution for technical training in industrial environments, especially in the renewable energy sector.
Nevertheless, its development opens up multiple workstreams and improvement opportunities to be
addressed in subsequent phases [33]:

- Expansion of Functional Scope: Extend the analysis to additional wind turbine subsystems and
other critical industrial assets to broaden the technical coverage of the platform and validate its
cross-sector applicability [34].

- Integration with Digital Twins and IoT Systems: Incorporate real-time data through connected
sensors to simulate dynamic operational conditions, strengthening the tool’s predictive capabil-
ities and aligning it with the Maintenance 4.0 paradigm [32,35,36].

- Assessment of Learning Impact: Establish specific metrics to measure improvements in training
time, reduction in operational errors, and increased retention of technical knowledge through
the use of the VIRTUAL REALITY platform [35,37].

- Development of Multi-Platform Versions: Adapt the tool to various devices (PCs, tablets, mobile
devices, and VIRTUAL REALITY headsets) to facilitate broader adoption and enable flexible
implementation in both academic and industrial contexts [36,37].

- Validation in Real Industrial environments: Conduct pilot tests in collaboration with energy and
industrial companies to gather practical feedback that supports further refinement and align-
ment of the tool with the needs of the productive sector [38].

These proposed enhancements will position FMECA-VR-0.1 as a next-generation immersive
training tool, enabling high-fidelity simulation, real-time integration with industrial systems, and
deeper analytics—aligning it with the principles of smart maintenance, Industry 4.0, and lifelong
technical education.

8. Conclusions and Recommendations

Below is a summary of the key aspects developed throughout this work:

- The development of the FMECA-VR 0.1 tool represents a significant step forward in the digital-
ization of technical training in maintenance, integrating concepts from Industry 4.0 and the
Maintenance Management Model (MMM) within an immersive and interactive environment.

- The practical application to the Valle de los Vientos Wind Farm case study demonstrated the
feasibility of applying criticality analysis and failure mode methodologies in virtual environ-
ments, facilitating the prioritization of critical assets and the definition of reliability- and main-
tainability-oriented maintenance plans.

- The FMECA-VR-0.1 tool allows users to simulate failure and maintenance scenarios in safe con-
ditions, accelerating learning processes, reducing human errors, and improving technical per-
formance indicators.

- The incorporation of the blade subsystem as a pilot study confirmed that the use of systematic
methodologies (QRCM and FMECA), integrated into virtual reality simulators, enhances
maintenance decision-making and strengthens human resource knowledge regarding critical
system components.

- FMECA-VR-0.1 is adaptable to various industrial sectors, consolidating its potential as a cross-
cutting technical training platform based on operational criticality, data-driven analysis, and im-
mersive technologies.

General Recommendations to Consolidate the Development of FMECA-VR-0.1:

- Broaden practical validation by including additional subsystems and multiple failure scenarios,
allowing the evaluation of the tool’s scalability and effectiveness across various operational con-
texts.
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- Incorporate real-time feedback functionalities within the VR environment, enabling a personal-
ized training experience based on user profiles and reinforcing self-directed learning.

- Develop performance assessment metrics for users within the immersive environment, focused
on reaction times, diagnostic accuracy, and maintenance strategy selection.

- Explore integration with digital twins and SCADA systems, which would strengthen synchro-
nization between real system data and its virtual replica, enabling more robust predictive func-
tionalities.

- Establish collaborations with academic institutions and industrial companies to implement tech-
nical training pilots using FMECA-VR-0.1 and gather feedback from both academic and produc-
tion environments.

Finally, the development of the FMECA-VR 0.1 tool marks a milestone in the convergence of
maintenance engineering and immersive technologies, offering an innovative solution for technical
training grounded in reliable methodologies and virtual reality environments. The experience ap-
plied to the Valle de los Vientos Wind Farm not only demonstrates the technical value of integrating
Failure Modes and Effects Analysis with asset criticality in a digital environment, but also highlights
the transformative potential of the Metaverse in industrial training processes. This research provides
a solid foundation for future implementations, aiming to position virtual environments as strategic
tools in intelligent asset management, aligned with operational efficiency, sustainability, and safety
objectives within the Industry 4.0 paradigm.
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Nomenclature
FMECA-VR-0.1 Failure Modes, Effects and Criticality Analysis — Virtual Reliability-0.1
RQCM Risk Qualitative Criticality Matrix
MMM Maintenance Management Model
FF Failure Frequency
C Consequences of failures
SHE Safety, Health & Environment
CDF Costs Direct of Failure
IP Impact of Production
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