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[bookmark: _Toc192105051]1. Introduction & Research Problem
[bookmark: _Toc192105052]1.1 Introduction
Maintenance plays a fundamental role in ensuring industrial processes' reliability, safety, and efficiency, particularly within the pharmaceutical sector. As a highly regulated industry, pharmaceutical manufacturing must adhere to stringent guidelines, including Good Manufacturing Practices (GMP), the U.S. Food and Drug Administration (FDA) regulations, and the Medicines and Healthcare products Regulatory Agency (MHRA) standards (FDA, 2021; ISPE, 2020). These regulations are designed to maintain product quality and prevent production disruptions due to equipment failures. However, traditional maintenance strategies, such as Preventative Maintenance (PPM), often result in excessive servicing, unnecessary downtime, and inflated operational costs (Mobley, 2002). Research indicates that over-maintenance does not always yield proportional improvements in reliability or efficiency, leading to resource wastage (Swanson, 2001; Moubray, 1997).
At Norgine Hengoed, a PEG product centre of excellence producing laxative products such as MOVICOL, PLENVU, and MOVIPREP, the current reliance on strict PPM schedules results in excessive maintenance activities that may not be necessary for all equipment. Non-critical assets are maintained on fixed schedules, regardless of their condition, leading to unnecessary interventions, increased spare part consumption, and additional labour costs. This approach does not account for equipment wear and failure patterns, creating inefficiencies that could be mitigated through a more dynamic, data-driven approach.
Emerging technologies, such as Condition-Based Monitoring (CBM) and Run-to-Failure (RTF) strategies, offer potential solutions to optimise maintenance practices. CBM employs real-time sensor data, including vibration analysis, thermal imaging, and wear detection, to predict failures before they occur and enable proactive intervention (Gits, 1992). In contrast, RTF is a viable alternative for non-critical assets, where failures have minimal impact on overall operations, reducing unnecessary maintenance efforts and optimising resource allocation (Allied Reliability, 2023). Studies in the manufacturing and energy sectors have demonstrated that predictive maintenance and CBM approaches can reduce maintenance costs by up to 50% while increasing equipment uptime and reliability (McKinsey & Company, 2021; Swanson, 2001).
[bookmark: _Toc192105053]1.2 Research Problem
The pharmaceutical industry operates under strict compliance standards, necessitating highly structured maintenance strategies to ensure product safety and equipment reliability. However, traditional Preventative Maintenance (PPM) approaches often result in excessive servicing, leading to increased downtime, resource consumption, and inflated costs without improving reliability.
At Norgine Hengoed, a structured yet rigid maintenance schedule has resulted in the over-maintenance of non-critical assets. These components are serviced at fixed intervals despite minimal wear or performance degradation, leading to inefficient use of time and resources. The key research problem, therefore, lies in identifying and mitigating the inefficiencies associated with existing maintenance practices while ensuring compliance with industry regulations.
A potential solution to this challenge is the integration of Condition-Based Monitoring (CBM) for critical assets and Run-to-Failure (RTF) strategies for non-critical components. These approaches allow maintenance interventions based on actual equipment conditions rather than fixed schedules, leading to optimised resource allocation, reduced downtime, and improved cost efficiency.
[bookmark: _Toc192105054]1.3 Research Aims & Objectives
[bookmark: _Toc192105055]Research Aim:
"To evaluate the effectiveness of integrating Run-To-Failure (RTF) for non-critical components and Condition-Based Monitoring (CBM) for reducing unnecessary PPM activities, improving efficiency, and minimising costs."

[bookmark: _Toc192105056]Objectives:  
· Benchmark maintenance regimes against world-leading pharmaceutical companies.
· Assess the extent of over-maintenance within the business.
· Identify non-critical components suitable for RTF implementation without affecting reliability.
· Investigate CBM techniques to predict failures before they occur.
· Compare the cost and reliability impacts of traditional PPM versus RTF and CBM.
· Develop a data-driven framework for optimising maintenance schedules.


















[bookmark: _Toc192105057]2. Industrial Relevance
[bookmark: _Toc192105058]2.1 Relevance to Engineering Discipline
Maintenance engineering is a critical discipline within engineering management, particularly in asset-intensive industries such as pharmaceutical manufacturing, automotive, and energy. Effective maintenance strategies ensure equipment reliability, minimise downtime and optimise resource allocation, directly impacting productivity and profitability (Mobley, 2002). Traditional maintenance approaches, such as Preventative Maintenance (PPM), are widely used but often result in inefficiencies due to unnecessary servicing and excessive operational costs.
The research aligns with the core principles of Reliability-Centered Maintenance (RCM) and Condition-Based Monitoring (CBM), which are fundamental to modern engineering management and maintenance engineering. By integrating real-time data acquisition, predictive analytics, and risk-based maintenance frameworks, this study contributes to the evolution of maintenance engineering towards a more data-driven and strategic discipline. Additionally, implementing Run-to-Failure (RTF) for non-critical components introduces a cost-effective alternative that reduces maintenance efforts while maintaining overall system integrity.
Predictive maintenance is becoming increasingly viable with advancements in Industry 4.0 technologies, such as Internet of Things (IoT) sensors, Artificial Intelligence (AI), and machine learning. These technologies allow engineers to transition from reactive and time-based maintenance models to proactive, data-driven approaches, ultimately improving asset reliability and operational efficiency (McKinsey & Company, 2021). This research directly contributes to the engineering field by demonstrating how integrating RTF and CBM can lead to optimised maintenance strategies, improved system performance, and enhanced decision-making in asset management.

[bookmark: _Toc192105059]2.2 Industry Benefits
The pharmaceutical industry operates under strict regulatory oversight from bodies such as the U.S. Food and Drug Administration (FDA) and the Medicines and Healthcare products Regulatory Agency (MHRA) (FDA, 2021; ISPE, 2020). Compliance with Good Manufacturing Practices (GMP) requires companies to maintain high levels of equipment reliability to ensure product quality and safety. However, current PPM approaches often lead to over-maintenance, resulting in:
Increased operational costs due to unnecessary servicing and spare part usage.
Rigid maintenance schedules cause extended downtime, even when equipment is functioning properly.
Reduced workforce efficiency, as maintenance teams spend time servicing assets that do not require intervention.
By implementing CBM for critical assets and RTF for non-critical components, pharmaceutical companies can:
Optimise maintenance schedules, reducing unplanned downtime and unnecessary interventions.
Lower operational costs by focusing resources on actual equipment conditions rather than arbitrary schedules.
Enhance compliance by ensuring maintenance activities are backed by real-time data rather than pre-set timelines.
Excessive maintenance of non-critical assets is a key challenge at Norgine Hengoed that affects efficiency and cost-effectiveness. A hybrid approach combining CBM and RTF can address these inefficiencies, ultimately improving plant performance and reducing the financial burden associated with over-maintenance.
[bookmark: _Toc192105060]2.3 Market Trends & Industry Adoption
The global shift towards predictive maintenance and smart manufacturing drives the adoption of data-driven maintenance strategies across various industries. Research suggests that transitioning from traditional PPM to predictive maintenance can reduce overall maintenance costs by 30-50% while increasing equipment reliability and uptime (McKinsey & Company, 2021).
Key market trends include:
Growth in Predictive Maintenance Technologies: The adoption of IoT-enabled condition monitoring, AI-driven failure prediction, and automated diagnostics is increasing across manufacturing sectors (Gits, 1992).
Integration of Digital Twin Technology: Many industries, including pharmaceutical and automotive, leverage digital twins to simulate and predict asset performance, improving maintenance efficiency.
Regulatory Pressure for Efficiency Improvements: With increasing focus on sustainability and cost-effectiveness, regulatory agencies encourage data-driven maintenance approaches to enhance compliance and reduce waste.
Industry adoption is already evident in the aerospace, automotive, and energy sectors, where CBM has led to significant cost savings and operational improvements. Early adopters of CBM and RTF strategies have reported improved equipment availability, reduced maintenance costs, and better compliance with regulatory standards in the pharmaceutical industry. However, the industry still lags in widespread adoption, mainly due to resistance to change and the initial investment required for sensor technology and data infrastructure.
This research provides valuable insights into how pharmaceutical manufacturers can leverage CBM and RTF to align with global market trends and maintain a competitive edge in an evolving regulatory landscape.
[bookmark: _Toc192105061]2.4 Environmental & Ethical Considerations
Optimising maintenance strategies has direct environmental and ethical benefits, particularly in industries with high energy consumption and waste generation. Traditional PPM approaches often result in:
Unnecessary spare part consumption leads to increased material waste.
Excessive energy use, as maintenance activities often require machinery shutdowns and restarts, contributing to higher carbon emissions.
Increased chemical usage is associated with over-maintenance, particularly in lubrication and cleaning processes.
By implementing CBM and RTF, companies can:
Reduce material waste by replacing parts when they show signs of wear.
Lower energy consumption by minimising unnecessary shutdowns and restarts.
Enhance sustainability by adopting a data-driven approach that optimises resource usage.
From an ethical perspective, the research also addresses workforce challenges associated with excessive maintenance practices. Maintenance teams often experience unnecessary workloads due to rigid schedules, leading to inefficiencies and potential safety risks. By shifting to a predictive maintenance model, companies can improve working conditions by reducing unnecessary interventions and allowing maintenance personnel to focus on critical tasks.
Additionally, pharmaceutical manufacturers are responsible for ensuring compliance with regulatory requirements without compromising product safety or operational integrity. By adopting a more innovative maintenance approach, companies can maintain equipment reliability without excessive interventions, ultimately supporting cost-effective and sustainable manufacturing practices.
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[bookmark: _Toc192105063]3.1 Existing Maintenance Strategies 
[bookmark: _Toc192105064]Preventative Maintenance (PM)
Preventative maintenance (PM) is one of the most traditional maintenance strategies used across various industries, including pharmaceuticals. PM involves scheduled maintenance interventions at fixed intervals regardless of equipment condition (Mobley, 2002). While this approach ensures regular servicing, it often leads to unnecessary maintenance activities, increased operational costs, and inefficient resource allocation. Research has shown that strict adherence to PM schedules does not always correlate with increased equipment reliability (Swanson, 2001). Instead, over-maintenance can introduce risks such as human errors during servicing and unnecessary wear on components (Moubray, 1997).
[bookmark: _Toc192105065]Predictive Maintenance (PdM)
Predictive maintenance (PdM) leverages real-time data, analytics, and sensor technologies to predict failures before they occur. Techniques such as vibration analysis, thermal imaging, and oil analysis help monitor asset health and enable targeted interventions (Jardine et al., 2006). PdM has been widely adopted in pharmaceutical manufacturing due to its ability to improve reliability while reducing maintenance costs (McKinsey & Company, 2021). Studies indicate that companies implementing PdM experience up to a 50% reduction in maintenance expenditures while increasing asset uptime (Allied Reliability, 2023).
[bookmark: _Toc192105066]Run-to-Failure (RTF)
Run-to-failure (RTF) is a strategy wherein non-critical assets can operate until failure before being repaired or replaced. This approach is most suitable for components that do not impact safety or production continuity when they fail (Gits, 1992). RTF reduces unnecessary maintenance interventions and optimises resource allocation. In the pharmaceutical sector, RTF can be implemented for minor equipment such as conveyors, fans, or redundant systems where failure does not disrupt production (Allied Reliability, 2023).
[bookmark: _Toc192105067]3.2 Case Studies in Maintenance Optimisation
[bookmark: _Toc192105068]Case Study 1 – Condition-Based Monitoring (CBM) in Nuclear Power Generation – EDF Energy 
EDF Energy, a leading nuclear power operator in Europe, generates a significant portion of the UK's electricity. Due to nuclear power plants' high safety and reliability requirements, EDF traditionally relied on Preventative Maintenance (PM) schedules to manage critical equipment, including turbines, generators, and heat exchangers. However, fixed maintenance schedules proved inefficient, leading to increased operational downtime, excessive maintenance costs, and unnecessary equipment servicing that did not require intervention. In response to these inefficiencies, EDF Energy transitioned to a Condition-Based Monitoring (CBM) approach as part of its predictive maintenance framework.
The implementation of CBM involved deploying several advanced monitoring techniques. Vibration analysis sensors were installed on turbines and generators to detect mechanical misalignments and bearing faults before they escalated into critical failures. Thermal imaging was introduced using infrared cameras to assess overheating in electrical systems, while oil and lubricant analysis was conducted to monitor chemical composition and detect contamination. Additionally, ultrasonic detection technology was used to identify steam leaks and faults in high-pressure pipelines, improving efficiency and reducing energy losses.
The shift to CBM yielded substantial improvements in operational efficiency. Equipment lifespan increased by 20% due to early detection of wear and tear, enabling timely interventions that extended the useful life of turbines and critical components. Unplanned maintenance events were reduced by 40%, significantly minimising costly emergency repairs and improving overall plant reliability. Furthermore, turbine efficiency improved by 5%, enhancing power generation output. Financially, implementing CBM resulted in estimated annual savings of £8 million through reduced downtime and optimised maintenance scheduling. This case study highlights the financial and operational advantages of transitioning from rigid preventative maintenance schedules to real-time condition monitoring, particularly in safety-critical industries such as nuclear power (EDF Energy, 2021).
[bookmark: _Toc192105069]Case Study 2 – Predictive Maintenance in Pharmaceutical Manufacturing – GlaxoSmithKline (GSK)
GlaxoSmithKline (GSK), one of the world's largest pharmaceutical companies, operates within highly regulated Good Manufacturing Practice (GMP)-compliant production facilities. The pharmaceutical industry has traditionally relied on Preventative Maintenance (PM) strategies to ensure compliance with regulatory bodies such as the FDA, MHRA, and GMP guidelines. However, this approach often resulted in excessive downtime and unnecessary over-maintenance, leading to increased operational costs and inefficiencies. GSK adopted Predictive Maintenance (PdM) through IoT-enabled Condition-Based Monitoring (CBM) across its manufacturing lines to address these challenges.
Implementing PdM and CBM involved collaboration with leading Industrial IoT (IIoT) providers to deploy sensor-based monitoring systems on key pharmaceutical equipment, including tablet presses, capsule fillers, and sterilisation autoclaves. Vibration and acoustic monitoring were installed on high-speed tablet presses to detect early-stage component degradation, preventing unexpected failures. Humidity and temperature sensors were introduced in cleanrooms to ensure compliance with GMP standards and to avoid product spoilage. Additionally, machine learning algorithms were integrated into the system to predict potential failures before they occurred, allowing for optimised intervention scheduling.
The results of GSK's predictive maintenance strategy were substantial. Maintenance costs were reduced by 25%, as unnecessary servicing was eliminated, enabling a more targeted approach to resource allocation. Unplanned downtime decreased by 30%, as predictive analytics facilitated early detection of potential failures, minimising production disruptions. Compliance with regulatory standards was maintained through automated CBM-generated compliance reports, ensuring continued adherence to GMP and FDA requirements. Overall, implementing PdM and CBM led to an estimated annual saving of £2.5 million per facility, highlighting the significant cost reductions and efficiency improvements enabled by advanced monitoring and analytics in highly regulated pharmaceutical environments (GSK, 2022).
[bookmark: _Toc192105070]Case Study 3 – Run-to-Failure (RTF) Strategy in Automotive Manufacturing – BMW Group 
BMW Group, a global leader in automotive manufacturing, operates highly automated production plants across Europe and North America, producing millions of vehicles annually. Given the high production volumes, maintenance strategies must balance efficiency, cost, and system uptime. Historically, BMW applied Preventative Maintenance (PM) schedules across all production lines, including non-critical components such as conveyor rollers, cooling fans, and secondary hydraulic pumps. This approach led to unnecessary servicing, increased labour costs, and premature replacement of components, prompting the company to explore a more efficient maintenance strategy.
To optimise maintenance resource allocation, BMW implemented a Run-to-Failure (RTF) strategy for non-critical assets where breakdowns would not significantly disrupt production. This approach was applied to conveyor systems, where idler rollers were replaced only when worn out, and to cooling fans in robotic welding cells, which were allowed to fail before replacement. Additionally, secondary hydraulic pumps were serviced only when necessary rather than at fixed intervals, reducing unnecessary maintenance interventions.
The adoption of RTF for non-critical assets resulted in several benefits. Equipment lifespan increased by 20%, as parts were replaced only when necessary, reducing premature disposal and associated costs. Spare parts inventory costs decreased by 15%, as less frequent servicing reduced the need for stocking excess components. Crucially, production throughput remained unaffected, demonstrating that failure of non-critical assets did not impact overall manufacturing output. Financially, BMW achieved an estimated annual saving of £5 million across its European plants through reduced labour and spare parts costs. This case study underscores the effectiveness of a selective RTF strategy, demonstrating that not all assets require preventative servicing. By identifying and prioritising critical components while allowing non-essential assets to operate until failure, BMW successfully minimised maintenance costs while maintaining high levels of productivity (BMW Group, 2023).

[bookmark: _Toc192105071]Regulatory Compliance and Maintenance in Pharmaceuticals

The pharmaceutical industry operates under stringent regulatory requirements to ensure drug products' safety, efficacy, and quality. Maintenance strategies must align with global standards set by regulatory bodies such as the U.S. Food and Drug Administration (FDA), the European Medicines Agency (EMA), and the UK's Medicines and Healthcare Products Regulatory Agency (MHRA). Compliance with Good Manufacturing Practice (GMP) regulations is fundamental, requiring pharmaceutical manufacturers to implement robust maintenance protocols to prevent contamination, ensure process control, and maintain equipment reliability (FDA, 2021).
The FDA's 21 CFR Part 211 outlines the requirements for equipment maintenance, mandating that facilities must have written procedures for cleaning, maintenance, and calibration of equipment to prevent cross-contamination and mechanical failure (FDA, 2021). Similarly, the EMA's EudraLex Volume 4 mandates that preventive maintenance schedules be documented and failure investigations be conducted to ensure continued compliance (EMA, 2022). Non-compliance with these regulations can result in warning letters, product recalls, or facility shutdowns, making effective maintenance strategies a regulatory necessity rather than a discretionary practice.
[bookmark: _Toc192105072]Good Manufacturing Practice 

Under GMP guidelines, pharmaceutical manufacturing maintenance must be preventive and predictive, ensuring equipment remains validated to produce consistent and high-quality products (WHO, 2020). The World Health Organization (WHO) highlights that maintenance activities should be scheduled based on a risk-based approach, with critical equipment receiving priority servicing to prevent deviations from process control (WHO, 2020).
Pharmaceutical facilities must maintain a validated state by ensuring sensor calibration, regular lubrication of moving parts, and inspection of sterile production environments. Equipment used in sterile environments, such as autoclaves, cleanroom HVAC systems, and lyophilisers, requires documented maintenance logs to demonstrate ongoing compliance (MHRA, 2022). Failure Mode and Effects Analysis (FMEA) is often employed to assess potential failure points and implement maintenance plans accordingly, ensuring minimal risk to product integrity and patient safety (ICH, 2021).
[bookmark: _Toc192105073]Challenges in Maintenance Compliance 
One of the primary challenges in pharmaceutical maintenance compliance is balancing regulatory adherence with operational efficiency. Traditional Preventative Maintenance (PM) approaches, while compliant, often lead to unnecessary servicing and excessive downtime (Garg & Deshmukh, 2022). This has driven the adoption of Predictive Maintenance (PdM) strategies using Industrial Internet of Things (IIoT) sensors to track equipment conditions in real-time.
Another challenge is documentation and audit readiness. Regulatory agencies require extensive record-keeping, and any deviations in maintenance procedures must be justified through Corrective and Preventive Actions (CAPA). According to a study by Hussain et al. (2021), failure to maintain accurate maintenance logs has been cited as a leading cause of regulatory non-compliance during FDA inspections. To mitigate these risks, pharmaceutical manufacturers are integrating digital maintenance management systems (CMMS) to automate record-keeping and ensure compliance with regulatory expectations.
[bookmark: _Toc192105074]Future Trends In Maintenance Compliance 
The future of maintenance compliance in pharmaceuticals is shifting towards Artificial Intelligence (AI)-driven maintenance strategies, blockchain-based compliance documentation, and innovative manufacturing approaches (Kour et al., 2023). AI is increasingly used for predictive analytics, enabling pharmaceutical companies to optimise maintenance interventions without violating GMP guidelines. Blockchain is being explored for tamper-proof maintenance logs, ensuring compliance records cannot be manipulated or lost (Smith et al., 2023). These advancements are expected to enhance regulatory transparency while reducing the administrative burden associated with compliance.

[bookmark: _Hlk192013233][bookmark: _Toc192105075]4. Research Methodology
[bookmark: _Toc192105076]4.1 Approach
A mixed-methods approach balances statistical reliability with real-world applicability (Creswell & Clark, 2017). Quantitative methods analyse sensor data and financial records, while qualitative case studies provide industry-specific context.
· Alternative Approaches Considered
· A purely quantitative approach would lack industry-specific insights.
· A qualitative-only study would not provide objective, measurable comparisons.
· Experimental trials would yield controlled data but were infeasible due to regulatory constraints.

[bookmark: _Toc192105077]4.2 Data Collection
[bookmark: _Toc192105078]Case Study Analysis
Case studies from nuclear, pharmaceutical, and automotive industries provide insights into the effectiveness of RTF and CBM (Yin, 2018). This method allows for comparative analysis but limits generalizability and data accessibility.
[bookmark: _Toc192105079]Failure Mode & Effect Analysis (FMEA)
FMEA identifies components suitable for RTF based on failure severity, likelihood, and detectability (Stamatis, 2003). This aligns with GMP and FDA risk-based maintenance guidelines (ICH Q9, 2005). However, RPN scoring relies on expert judgment, potentially introducing bias.
[bookmark: _Toc192105080]Sensor & Monitoring Data Collection
IoT-enabled sensors will monitor:
· Vibration (detects misalignment, wear)
· Thermal imaging (identifies overheating)
· Lubricant analysis (predicts contamination)
· Humidity & temperature (ensures GMP compliance)
This predictive maintenance approach reduces unplanned downtime (30-50%) and extends equipment lifespan (Lee et al., 2014). Challenges include high initial costs and data complexity (Zonta et al., 2020).
[bookmark: _Toc192105081]Cost-Benefit Analysis
A financial evaluation will compare CBM and RTF's pre- and post-implementation costs, including savings from reduced downtime and spare parts inventory (Pyzdek & Keller, 2014). Challenges include difficulty in isolating cost factors and short-term vs. long-term cost variations.
[bookmark: _Toc192105082]4.3 Tools & Techniques

[bookmark: _Toc192105083]Reliability-Centred Maintenance (RCM)
RCM categorises assets into critical vs. non-critical, ensuring compliance with FDA risk-based maintenance guidelines (Dhillon, 2006). However, RCM is resource-intensive and requires expert input.
[bookmark: _Toc192105084]IoT Sensors & Predictive Analytics
Machine learning algorithms will analyse sensor data to predict failures (Zonta et al., 2020). AI-driven maintenance improves uptime by 25-40% but requires large training datasets and has data security concerns.
[bookmark: _Toc192105085]Computerised Maintenance Management System (CMMS)
CMMS will track maintenance records and interventions, aligning with ISO 55000 asset management standards. Challenges include implementation costs and staff training requirements.
































[bookmark: _Toc192105086]5. Results Collection & Analysis
The study will employ a systematic data collection and analysis approach, integrating quantitative and qualitative methods to evaluate the effectiveness of Condition-Based Monitoring (CBM) and Run-to-Failure (RTF) strategies in pharmaceutical manufacturing. Quantitative data will be derived from IoT-enabled sensors, Computerized Maintenance Management Systems (CMMS), and historical maintenance logs, providing real-time insights into equipment performance, failure rates, and downtime patterns. Cost-benefit analyses and Failure Mode & Effect Analysis (FMEA) will also quantify financial and operational impacts. Qualitative data will be gathered from case studies, expert interviews, and operational reports, ensuring a contextual understanding of maintenance strategy adoption. The collected data will be formatted into structured datasets, requiring preprocessing techniques such as anomaly detection and outlier removal to enhance accuracy. Statistical methods, including descriptive statistics, regression analysis, and survival analysis—will be applied to assess trends in failure rates, maintenance costs, and compliance outcomes. Comparative metrics will evaluate key performance indicators such as uptime improvement, cost reductions, and adherence to regulatory standards. Qualitative content analysis will extract thematic insights from case studies and expert opinions to supplement the quantitative findings. Anticipated challenges include data integrity issues, missing sensor readings, and potential biases in expert interviews, which will be mitigated through data triangulation, validation techniques, and compliance with pharmaceutical regulatory frameworks. By employing a multi-layered analytical approach, the study aims to provide a holistic evaluation of maintenance optimisation strategies, identifying their implications for equipment reliability, operational efficiency, and regulatory compliance in the pharmaceutical sector.

[bookmark: _Toc192105087]6. Project Planning & Timescales
[bookmark: _Toc192105088]6.1 Proposed Timeline (6-9 Months)

	
	Project Timeline (Months)

	Tasks 
	1
	2
	3
	4
	5
	6
	7
	8
	9

	Literature review & industry benchmarking.
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Data collection (Case studies, FMEA, cost analysis).
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Data analysis & framework development.
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Findings validation & stakeholder feedback.
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Final report, recommendations & presentation.
	 
	 
	 
	 
	 
	 
	 
	 
	 



[bookmark: _Toc192105089]6.2 Deliverables
· Research report.
· Framework for RTF and CBM implementation.
· Stakeholder presentation.



[bookmark: _Toc192105090]7. Evaluation & Challenges
This research proposal presents a structured and methodical approach to investigating maintenance strategies within regulated industries, specifically focusing on Condition-Based Monitoring (CBM) and Run-to-Failure (RTF) methodologies. By leveraging a mixed-methods approach incorporating case studies, Failure Mode & Effect Analysis (FMEA), and cost-benefit analysis, this study aims to provide valuable insights into optimising maintenance frameworks. The proposed methodologies are robust and data-driven, ensuring the research generates high-quality and applicable findings.
One of the key strengths of this research is its practical relevance to engineering and industrial applications. The pharmaceutical industry, alongside the nuclear and automotive sectors, is experiencing a shift toward predictive maintenance strategies driven by Industry 4.0 and regulatory compliance requirements. This study will contribute to the existing body of knowledge by evaluating real-world implementations of CBM and RTF, offering qualitative insights from case studies and quantitative assessments of cost savings and operational efficiencies. Including industry benchmarking further strengthens the research by providing a comparative analysis across different sectors, ensuring broader applicability.
Despite the strengths, several challenges and limitations must be acknowledged. Firstly, the availability and reliability of industry data may pose constraints, as organisations may be reluctant to disclose detailed operational or cost-related information due to competitive or confidentiality concerns. Mitigation strategies include leveraging publicly available case studies and industry reports and engaging with professionals willing to provide anonymised data.
Another potential limitation is the complexity of analysing maintenance performance across different industries. The effectiveness of CBM and RTF depends on asset criticality, operational environments, and compliance obligations, which may vary significantly between sectors. To address this, the study will apply a structured framework using FMEA and cost-benefit analysis to ensure consistency in evaluating different maintenance approaches.
Additionally, while CBM is gaining traction due to advancements in IoT and predictive analytics, its implementation still presents challenges, such as high initial costs and the need for specialised skills to interpret sensor data effectively. These factors may influence the scalability and adoption rate of CBM across industries. The research will consider these aspects when assessing feasibility and long-term viability.
Despite these challenges, this study is expected to yield valuable contributions to maintenance engineering by identifying best practices and potential improvements in maintenance frameworks. Integrating IoT-driven analytics into maintenance strategies is a rapidly evolving field, and this research will provide timely insights into how organisations can optimise asset performance while maintaining compliance with industry regulations.
In conclusion, the research is well-planned, methodologically sound, and aligned with industry needs. Combining qualitative and quantitative analysis will comprehensively evaluate CBM and RTF strategies. While data accessibility and industry variability pose challenges, the structured approach outlined in this proposal mitigates these risks effectively. The anticipated findings will contribute to the ongoing transformation of maintenance engineering, supporting industries in making data-driven decisions to improve efficiency, compliance, and cost-effectiveness.
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