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Introduction  
This report presents the application of systems engineering tools to the research and development (R&D) of a thermite-based concept within an Ordnance, Munitions and Explosives (OME) case study. The focus of this report is not on the detailed formulation or construction of such materials, but rather on how structured systems thinking methodologies were used to guide concept development, evaluate design options and identify risks from an R&D perspective. Within this context, thermite is treated as a representative high energy material system, allowing the exploration of engineering challenges such as control, predictability and safety without focusing on technical composition. This abstraction enables the R&D process to remain aligned with academic and ethical constraints while still addressing real world engineering considerations.
Within the team structure, the R&D role was responsible for early stage concept exploration, theoretical material considerations, feasibility analysis and supporting evidence based decision making. This role is particularly important in systems engineering because it operates at the point where uncertainty is highest and design direction is least defined [2]. Therefore, structured tools are essential to ensure that decisions are logical, traceable and aligned with overall system objectives. R&D must continuously evaluate assumptions and improve concepts as new insights are gained, reinforcing the repetitive nature of the design process.
Systems engineering tools enabled the translation of customer requirements into functional characteristics, the evaluation of conceptual alternatives and the identification of potential risks and lifecycle considerations [3] [4]. By adopting a systems thinking approach, R&D ensured that the thermite-based concept was not considered in isolation, but as part of a wider system involving interactions between materials, processes, users and environmental conditions. This holistic perspective also supports better communication between different team roles, ensuring that design decisions remain consistent and together throughout the development process.

Systems Engineering Methodology in R&D
The R&D process followed a structured systems engineering framework, incorporating requirements analysis, functional decomposition, concept generation and screening, risk and failure analysis, and lifecycle and sustainability considerations [3]. This structured approach ensured that all stages of development were logically connected and that decisions could be justified based on clear reasoning rather than assumptions.
Key tools included requirements capture matrices, functional block diagrams, trade-off (decision) matrices, Failure Modes and Effects Analysis (FMEA), and lifecycle assessment frameworks [5] [6] . These tools were particularly valuable in the R&D phase because they allowed complex problems to be broken down into manageable components, enabling systematic exploration of design options.
From an R&D perspective, these tools also supported recurring development. Early concepts were not treated as final solutions but were continuously put as new insights were gained. In the thermite context, this meant focusing on system-level behaviour, such as energy release characteristics and environmental sensitivity, rather than attempting to define detailed material properties. This abstraction is a key strength of systems engineering, allowing R&D to manage complexity without becoming overwhelmed by unnecessary detail.







Key Customer Requirements
Customer requirements were identified through stakeholder analysis and translated into engineering requirements. These requirements form the foundation of the entire design process [2] [4] and must be clearly understood and prioritised within the R&D phase.
Primary requirements included controlled energy release, reliability under specified conditions, safety in handling and storage, predictable performance, cost-effectiveness, and compliance with regulatory frameworks. Each of these requirements introduces specific constraints and challenges that must be addressed during concept development.
From an R&D perspective, these requirements were interpreted as designers that guided research focus and decision-making. For example, the requirement for controlled energy release led to an emphasis on understanding how system configuration could influence behaviour. Similarly, safety requirements required R&D to consider environmental sensitivity and potential hazards associated with handling and storage.
A requirements matrix was used to map customer needs to measurable engineering limits, ensuring traceability throughout the design process. This is particularly important in R&D, where decisions are often made with incomplete information. By maintaining a clear link between requirements and design choices, R&D ensures that the system remains aligned with its initial intended purpose.

Critical System Functionality
Functional analysis focused on what the system must do, rather than how it is constructed. This is a fundamental principle of systems engineering [6] and is particularly useful in R&D, where design flexibility is essential.
Core functions identified included initiation, energy generation, energy transfer, containment and direction and safe handling prior to activation. These functions were analysed using functional flow block diagrams and input-output mapping, which provided a structured representation of system behaviour.
From an R&D perspective, this analysis allowed the thermite-based concept to be evaluated in terms of its role within the system. For example, rather than focusing on how the energy is generated at a chemical level, R&D considered how that energy is initiated, controlled and transferred. This approach ensures that the system is designed to meet functional requirements while maintaining flexibility in how those functions are achieved.
Functional modelling also helped identify dependencies between different parts of the system, highlighting potential areas of risk or uncertainty. This is particularly important in high-energy systems, where interactions between components can significantly influence overall behaviour.

Concept Derivation and Design Choices
R&D explored multiple intellectual approaches, each evaluated against requirements. Concept generation involved literature-informed models, analogy-based ideas and structured brainstorming within the defined constraints [5] [6]. This ensured that a wide range of potential solutions were considered before narrowing down to a preferred option.
Concept evaluation was carried out using a trade-off matrix, comparing options based on safety, feasibility, performance predictability, cost and manufacturability [4]. This structured approach is essential in R&D, as it allows subjective ideas to be assessed objectively.
In the thermite context, this process highlighted the importance of prioritising control and predictability over maximum performance. Concepts that offered a high energy output but introduced significant uncertainty were considered less suitable than those providing consistent and reliable behaviour. This reflects a key principle of systems thinking, where the effectiveness of the overall system is prioritised over individual performance characteristics.
The outcome was the selection of a concept that balanced performance with safety and feasibility, showing the value of structured decision making in R&D.

Potential Failure Modes
Failure analysis is critical in R&D to identify risks early and guide design improvements. A Failure Modes and Effects Analysis (FMEA) was used to systematically identify potential failure modes, their causes, effects and mitigation strategies [7] [8].
Key failure modes included accidental activation due to environmental factors, incomplete reaction resulting from inconsistencies, degradation over time affecting reliability and handling risks linked with human factors. Each of these failure modes represents a potential threat to system performance and safety.
From an R&D perspective, the identification of these failure modes is not just about risk avoidance, but about understanding system behaviour under different conditions. For example, environmental sensitivity highlights the need for controlled storage and handling, while variability in performance emphasises the importance of consistency.
The FMEA process also allows prioritisation of risks based on severity and likelihood, allowing R&D to focus on the most critical issues. This structured approach ensures that resources are allocated effectively and that potential problems are addressed early in the design process.

Critical Design Features
Critical design features were identified as those elements that significantly influence system performance, safety or feasibility. In the thermite-based concept, these included stability, consistency of behaviour, environmental resistance and integration with other system components.
From an R&D perspective, these features represent key areas of focus for further investigation and development. Understanding how these features interact is essential for developing a strong and reliable system.
Design trade-offs were a significant aspect of this analysis. For example, increasing reactivity may improve performance but reduce safety, while improving stability may limit effectiveness. Systems engineering tools allow these trade-offs to be evaluated systematically, ensuring that decisions are based on a balanced consideration of all relevant factors [7] [8].

Manufacturing Processes
While detailed manufacturing design falls outside the direct responsibility of the R&D role, early consideration of production feasibility remains a critical aspect of the development process. From an R&D perspective, it is essential to ensure that proposed concepts are not only theoretically practical but also capable of being translated into practical, real-world solutions. This requires an awareness of manufacturing constraints at an early stage, even when detailed process design has not yet been defined. By integrating manufacturability considerations early, R&D helps reduce the risk of costly redesigns and ensures a smoother transition into later stages such as manufacturing and production engineering.
Key considerations included adaptability of production, material availability, process repeatability, and safety in handling materials [12]. Repeatability is particularly important, as a concept that performs well at a small or conceptual level may not necessarily translate effectively to larger-scale production. Material availability must be considered to ensure that the system can be produced consistently without reliance on scarce or impractical resources. Process repeatability is another critical factor, as variations in production can lead to inconsistencies in system performance, which is especially significant in high-energy systems where predictability is essential for both safety and functionality.
In the thermite context, this involved recognising potential challenges associated with handling high energy materials, including sensitivity to environmental conditions and the need for controlled processing environments. Although R&D does not define exact manufacturing methods, it plays an important role in identifying where risks may arise and where additional controls or precautions must be required. This includes considering how materials might behave during handling, storage and integration into the system, as well as how these factors could influence overall reliability.
By addressing these issues early, R&D helps prevent the development of concepts that are impractical or unsafe to produce. This approach supports a more efficient overall design process by ensuring that feasibility is considered alongside performance and functionality. It facilitates better communication between R&D and manufacturing teams, enabling a more integrated and collaborative approach to system development.

Critical Process Steps
From an R&D viewpoint, critical process steps are those that have a direct influence on overall system integrity, reliability and performance throughout its lifecycle. These included material preparation, system assembly and quality verification, each of which plays a vital role in ensuring that the final system behaves as intended. Material preparation is particularly important, as inconsistencies at this stage can make its way through the entire system, affecting performance and safety. Similarly, system assembly must be carried out with precision to ensure correct integration of components, while quality verification provides a final checkpoint to confirm that requirements have been met.
Risks associated with these steps included instability in material properties, human error during assembly and sensitivity to environmental conditions [9] such as temperature and humidity. In high-energy material contexts, even small deviations can lead to significant changes in behaviour, making consistency and control essential. Human factors, including process errors or lack of standardisation, can also introduce variability, further increasing risk.
Identifying these risks allows R&D to highlight areas where more control measures, monitoring or standardisation may be required. This approach is a key aspect of systems thinking, ensuring that potential issues are addressed early in the design process rather than reacting to failures after implementation, improving system robustness and reliability.

Process Control Measures
Process control ensures consistency and safety throughout the system lifecycle. Proposed measures included standard operating procedures, environmental controls, inspection protocols and documentation systems [3].
From an R&D perspective, the role is to identify which variables must be controlled and why. In the thermite context, this includes factors such as temperature, humidity and handling conditions, all of which may influence system behaviour.
By defining these requirements early, R&D supports the development of strong and reliable processes, reducing the likelihood of variability and failure.


Waste and End-of-Life Disposal
Lifecycle thinking is essential in systems engineering, ensuring that the system is responsible not only during operation but also at the end of its life. Considerations included safe disposal of unused materials, environmental impact and regulatory compliance [11].
R&D contributed by identifying potential challenges associated with disposal and suggesting that sustainability be considered during early design stages. This ensures that the system is aligned with wider environmental and regulatory expectations.

Discussion
The use of systems engineering tools significantly enhanced the R&D process by providing a structured framework for decision-making and analysis [12]. In the context of a thermite-based system, this structure was particularly important due to the natural risks and uncertainties involved. Without such tools, it would be difficult to ensure that all relevant factors were considered and that decisions were based on objective criteria.
One of the key strengths of the approach was its ability to manage complexity. By breaking the system down into functions, requirements and components, R&D was able to focus on specific aspects of the design while maintaining an understanding of the overall system. This balance between detail and overview is an important aspect of systems thinking.
The identification of failure modes was another critical benefit. By systematically analysing potential risks, R&D was able to predict problems and include mitigation strategies into the design. This proactive approach reduces the likelihood of failure and improves overall system reliability [7]
The use of trade-off analysis supported balanced decision-making. Rather than focusing on a single objective, such as performance, the approach considered multiple factors, including safety, cost, and feasibility. This holistic perspective is essential in complex engineering systems, where decisions often involve competing priorities.

Conclusion
This report has demonstrated how systems thinking and engineering tools were applied within the R&D role to support the conceptual development of a thermite-based system in an OME context. The structured approach enabled the identification of key requirements, the definition of system functionality, the evaluation of design concepts, and the analysis of potential risks.
Key outcomes include a clear linkage between customer requirements and system functionality, structured concept selection using trade-off analysis, early identification of failure modes, and consideration of manufacturing and lifecycle factors. These outcomes highlight the importance of systems engineering in managing complexity and supporting effective decision-making.
Overall, the R&D role played a crucial part in ensuring that the design process was logical, traceable, and aligned with system objectives. The use of systems thinking tools provided a robust framework for addressing uncertainty and developing a balanced and feasible solution.



References
[2] National Aeronautics and Space Administration, NASA Systems Engineering Handbook, SP-2016-6105 Rev. 2, 2016. [Online]. Available: https://www.nasa.gov/connect/ebooks/nasa-systems-engineering-handbook/
[3] International Organization for Standardization, ISO/IEC/IEEE 15288:2015 Systems and Software Engineering—System Life Cycle Processes, 2015. [Online]. Available: https://www.iso.org/standard/63711.html
[4] B. S. Blanchard and W. J. Fabrycky, Systems Engineering and Analysis, 5th ed. Upper Saddle River, NJ, USA: Pearson, 2011.
[5] K. T. Ulrich and S. D. Eppinger, Product Design and Development, 7th ed. New York, NY, USA: McGraw-Hill, 2019.
[6] G. Pahl, W. Beitz, J. Feldhusen, and K.-H. Grote, Engineering Design: A Systematic Approach, 3rd ed. London, U.K.: Springer, 2007.
[7] D. H. Stamatis, Failure Mode and Effect Analysis: FMEA from Theory to Execution, 2nd ed. Milwaukee, WI, USA: ASQ Quality Press, 2003.
[8] International Electrotechnical Commission, IEC 60812:2018 Failure Modes and Effects Analysis (FMEA and FMECA), 2018. [Online]. Available: https://www.iec.ch
[9] C. A. Ericson, Hazard Analysis Techniques for System Safety, 2nd ed. Hoboken, NJ, USA: Wiley, 2015.
[10] R. Curran, S. Raghunathan, and M. Price, “Review of aerospace engineering cost modeling,” Computers & Structures, vol. 82, no. 17–19, pp. 1369–1378, 2004. [Online]. Available: https://www.sciencedirect.com/science/article/pii/S0360835203001785
[11] International Organization for Standardization, ISO 14040:2006 Environmental Management—Life Cycle Assessment—Principles and Framework, 2006. [Online]. Available: https://www.iso.org/standard/37456.html
[12] G. Boothroyd, P. Dewhurst, and W. Knight, Product Design for Manufacture and Assembly, 3rd ed. Boca Raton, FL, USA: CRC Press, 2010.

‌

‌

‌

‌



‌


‌

‌


image1.png
Prifysgol Cymru
Y Drindod Dewi Sant

University of Wales
Trinity Saint David




