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1. Introduction 
Systems Engineering (SE) is a holistic, big-picture approach to designing and managing complex 
systems and processes. It ensures all components throughout a system's lifecycle work 
together effectively by overseeing the entire lifecycle, from concept, research and development, 
in service and disposal [1]. SE within the context of Ordnance, Munitions and Explosives (OME) 
is a critical factor in ensuring reliability, safety and risk control. This is vital due to the inherent 
risks involved in producing and operating high-energy, hazardous materials.  

This report presents a systems-thinking analysis of a mine detection and clearance system, with 
a specific focus on manufacturing safety. With the aid of a systems engineering workbook and a 
preset brief, a design process has been produced, ensuring safety and reliability were 
embedded throughout the system's lifecycle, whilst also ensuring the key customer 
requirements were identified and met. The report will evaluate how using the workbook assisted 
the design process via the identification of the following:  

• Key customer requirements. 
• Critical system functionality. 
• Concept derivation and design choices 
• Potential failure modes. 
• Critical design features. 
• The manufacturing processes involved. 
• Critical process steps. 
• Process control measures. 
• Waste and end-of-life disposal. 

 
The design brief is as follows. A medical supply convoy must pass through a mined desert 
passage where rerouting and helicopter support are not viable due to the terrain and threat of 
MANPAD. The mission requires a rapid, road-based solution to detect, clear and mark mines, 
enabling safe passage for the convoy. There is a restriction on heavy machinery and vehicles, and 
therefore a customised Land Rover-like vehicle must be used. There is already a constraint on 
using in-service mine clearance systems, such as Python, due to safety concerns from 
fragmentation. As a result, the task is to design a portable, effective mine clearance system that 
can be deployed using lightweight vehicles under time-critical conditions.  
 

2. Systems Engineering Workbook 
The SE workbook provided a structured process to follow that supported decisions made from 
concept through to disposal. The workbook comprises each of the 4 QFD’s that must be 
analysed in SE. The 4 QFD stages are [2]:  

• QFD 1 – Translating the customers' desires into technical requirements of what the 
system must output.  

• QFD 2 – Converting technical requirements into specific subsystems and design 
features.  

• QFD 3 – Defining how the product is manufactured and the operations processes.  
• QFD 4 – The systems production controls, quality assurance and manufacturing 

reliability.  



3. Customer Requirements Analysis 
Understanding customer requirements is essential to ensure the system performs the task the 
customer needs it to. From the workbook, a set of requirements was identified from the brief, 
with 8 of them identified as the key requirements and highlighted in green. This can be seen in 
Figure 1.  

 

These requirements were then put into a pairwise diagram as shown in Figure 2 to rationalise 
and understand which requirements are most important. The pairwise diagram compares the 
requirements directly with each other and uses a scoring system to identify importance [3]. This 
scoring system can also be seen in Figure 2.  

 

 

Figure 1 - Customer Requirements 



The results of the pairwise comparisons are presented in a bar chart in Figure 3, where it was 
identified that the system shall render detected mines safe by removal, destruction, or 
permanent disabling,  the system shall detect buried or surface-laid mines typical of legacy and 
improvised mine threats, and the system shall clearly mark mines cleared lanes and boundaries 
in a way visible to follow-on with light wheeled vehicles as the most important requirements.  

 

Figure 3 - Requirement Importance Ranking 

Figure 2 - Pairwise Diagram 



By using these results, it formed a basis on which all subsequent design features would follow. 
From a manufacturing safety perspective, this ensured that safety requirements were 
embedded early and influenced decisions, such as the material of the warhead, which would be 
reliable to defeat the mines effectively, as the requirement states.  

4. Systems Functions Analysis 
The next stage was to identify the critical system functions. A critical system function is a part of 
a system that, if it fails, could jeopardise the ability of the process to flow [4]. By identifying 
these functions early in the design phase, it ensures that the high-risk functions are prioritised 
from the start. This reduces the risk of system failure and costly redesigns. Given the nature of 
the brief, the remote location would prevent spare parts from being easily obtained.  

A required functionality was used in the workbook to identify both low-level and high-level 
functions of the system and can be seen in Figure 4.  

 

Figure 4 - Required Functionality 

Following this, a Design QFD 1 could be produced. This compared the key customer 
requirements against the level 1 functions of the system. Using a 1, 3 and 9 scoring system, it 
identified the importance of the functions against the customers' requirements. This helps align 
the requirements and system functions to ensure no requirements are missed when designing 
the system and avoids design features that do not add value and could become a nuisance in 
the system. The design QFD 1 is shown in Figure 5, with the results in Figure 6 in the form of a 
functional importance graph.  



 

Figure 5 - Design QFD 1 

 

As shown in Figure 6, the most important function identified was enabling the convoy to transit, 
with the ability of the system to neutralise or remove the mine as the second most important 
function.  With neutralise/remove being the second most important feature, it meant that when 
focusing on the safety of manufacturing, there were clear quality assurance steps to be adhered 

Figure 6 - QFD 1 Functional Importance 



to, ensuring that the quality and performance of the final product were not hampered by 
shortcuts taken during production.  

Once this was identified, a Functional Means Analysis could be produced. A Function Means 
Analysis (FMA) is a structured method for generating, comparing and documenting design 
concepts. It maps each system function and how this function can be achieved in different 
ways. Presenting options side by side for each function, it allows for an easy process of 
elimination on design ideas. Figure 7 shows the produced FMA with red boxes showing options 
deemed not appropriate, orange as could be used and green as the preferred method.  

 

 

5. Concept Development and Design Choices 
Using the FMA in Figure 7, three design ideas were created. 

• Solution 1 (Animals) - Sniffer animal and human digging out mine to disarm/charge 
disarm. 

• Solution 2 (Drone) - A drone that has a detection system mounted, scans a programmed 
route, marks out mines, and places charges that defeat mines. 

• Solution 3 (Metal detector) - Human goes and walks around to scan, uses a grapple 
hook to trigger mines. 

These 3 solutions were inserted into a Systems Pugh diagram alongside the in-service option 
Python. The idea of a System Pugh diagram is to compare the 3 designs and how they would 
perform against the customers’ requirements when compared to a baseline design, in this case, 
Python. The scoring system works where all Python scores will be 0, and the 3 designs are 
scored with -1 = worse, 0=same, 1 = better and 2 = considerably better.  

Figure 7 - Function Means Analysis 



 

Figure 8 - Systems Pugh Diagram 

As shown in Figure 8, the drone solution was by far the most effective with an overall score of 9. 
Following this result, it was decided to use this solution and finish the rest of the workbook 
around this design.  

The next stage was to use the design features identified in the FMA and understand the 
importance of these features compared to the previously identified key system functions. This is 
known as QFD Design 2 and can be seen in Figure 8. The scoring system followed the same 
process as QFD 1 and produced results clearly indicating which design features were most 
important.  

 

Figure 9 - Design QFD 2 

 

 

 



 

Figure 10 - Design Feature Importance 

Figure 10 shows the results from Figure 9 in a feature importance chart. It was identified that the 
3 main features of our design would be the use of a commercial off-the-shelf (COTS) UGV to 
identify and plough a safe path, a ground penetrating radar (GPR) for the drone to identify the 
landmines and the attendance of trained Explosive Ordnance Disposal staff to ensure tasks 
were carried out correctly and safely.  

From here, concept designs were produced to create a visual aid for the design. The concepts 
can be seen in Figure 11, showing a drone using a shaped charge to defeat the landmine as well 
as a GPR for detection. It was decided to use a shaped charge due to its great penetration ability 
from a small, easily transferable object to help usability and logistics.  

 

Figure 11 - Drone Concepts 

 



 

A key part of QFD 2 is understanding the noise and control factors of the system. Noises are 
variables that can affect the system; they’re not always easy to control and add uncertainty to 
the process. Noises come in 3 forms: unit-to-unit, which refers to variations between 
manufacturing processes and operators, external noises are variables from the operating 
environment, and deterioration noises are variables that come due to fatigue and ageing. 
Control factors can be controlled and are implemented to optimise performance, quality and 
cost [5]. To understand and identify the noises and controls of the GPR drone system in its real-
world operating conditions, a P diagram has been created and illustrated in Figure 12. This 
diagram helps to identify potential noises the system will encounter and how to ensure the 
system is robust enough to overcome these issues. 

 

Figure 12 - GPR P Diagram 

 

Following the identification of the controls and noises, a what-why diagram could be produced. 
A what-why diagram compares the design controls against the noises using the same scoring 
method as QFD 1 & 2. This helps identify the key controls and noises of the system.  



 

Figure 13 - What-Why GPR System 

The resulting values indicated that the biggest noise factors for each type are radar clarity in unit 
to unit, general deterioration, and age for deterioration factors and finally dust/sand/grit/salt for 
the external noises. The most important controls were the condition of components and the 
output of the radar.   

6. Failure Modes and Risk Analysis 
It was necessary to complete a Failure Modes and Effects Analysis (FMEA) for this system. This 
method is used to identify, assess and reduce potential failures. Failure modes are how 
something in the system could fail, effects are what happens if this fails, and the causes are 
what would make this part of the system fail. Each risk is evaluated independently using 
severity, likelihood, and detectability to help identify and prioritise the most critical issues more 
easily [6]. FMEA are highly useful in identifying risk and failures, but it does not, however, 
capture any unexpected failures of the system and therefore it is important to note that a 
system will not be immune to failure purely because an FMEA has been completed.  

Throughout this workbook, 2 FMEA’s were completed, one for the Test and Evaluation (T&E) 
process and another for the safety during operation. The biggest risk is identified by the RPN 
number, which is calculated by multiplying the severity, likelihood and detectability. For T&E, the 
highest scoring RPN was the Inability to consistently identify the same threat signatures, which 
was by far the largest score. Once the risk has been identified, a safety mitigation can be put in 
place. In this case, it was decided to use inert mines in training until confidence could be 
confirmed in both the operator and the system's ability, where live explosives could then be 
introduced to confirm the detectability of the mines effectively.  

 

 

 

 



 

7. Manufacturing Process Analysis 
 

The manufacturing aspect of this system began with identifying the requirements of 
manufacturing as well as the processes involved.  This can be seen in Figures 15 and 16. 

 

Figure 15 - Manufacturing Requirements 

 

Figure 14 - T&E FMEA 



 

By using Figures 15 & 16, we can repeat QFD 1 on a manufacturing-focused basis to identify the 
key processes. Figure 17 illustrates this with the results in Figure 18.  

 

Figure 17 - QFD 1 Manufacturing Specific 

Figure 16 - Process Map 



 

Figure 18 - Process Importance of Manufacturing 

As the explosives for the shaped charge are to be manufactured in-house, the most important 
process was identified as mixing the explosive. This is due to the scoring of 9 for most of the 
requirements identified.  

Identical to the design QFD 1 & 2, this has been repeated for manufacturing using FMA, Systems 
Pugh and QFD 2, identifying the importance of features compared to the function of the system. 
This can be seen in Appendix A. It was concluded that the in-house manufacturing would 
consist of manufacturing the following:  

• Shaped Charge Casing 
• Shaped Charge Cone 
• Explosive Fill 
• Bespoke mounting brackets for the interface of the GPR and the shaped charge on the 

drone 
• Bespoke mounting brackets for the UGV plough.  

Using the FMA shown in Appendix A, the methods of manufacturing have been compared in 
relation to the design features through QFD 3. This is shown in Figure 19.   



 

Figure 19 - QFD 3 Manufacturing 

The purpose of QFD 3 is to understand which process techniques are the most important. It was 
identified that Manual assembly and 3D printing were the most important stages of 
manufacturing due to the strong links to the design features. However, it is important to note 
that this is not always the most reliable answer, as one of the most important customer 
requirements identified was to defeat the mine, which cannot be achieved unless the explosive 
fill has been mixed in the mixing bowl, and therefore, the answer is slightly conflicting.  

7.1 Safety of Manufacturing 
Ensuring the workplace is safe during manufacturing is always essential, especially in a 
scenario where energetic and hazardous substances are in use. Key legislation must be strictly 
followed in manufacturing; failure to do so puts lives at risk both at the manufacturing stage and 
in operation, as the quality of a product may alter the performance output. In addition to this, 
failure to follow legislation can result in the Health and Safety Executive (HSE) shutting down the 
plant, ultimately resulting in no system being produced to achieve the brief [7].  

To ensure the safety of manufacturing explosives, a P diagram has been produced to identify the 
key noises and controls. This is shown in Figure 20. 



 

Figure 20 – Manufacturing Plastic Explosive P Diagram 

As Figure 20 shows, the noise factors identified with manufacturing plastic explosive were:  

External Noises 

• Temperature 

• Humidity  

• Dirt  

• Space 

• Adequate Lighting 

• Employee Health 

Unit-to-Unit Noises 

• Lack of Training 

• Lack of Experience 

• Quality of Manufactured Products 

• Tool Deterioration 

Deterioration Noises 

• Tool Deterioration 

• Complacency 

• Fatigue 



The control factors identified were, in this case, heavily influenced by existing legislation in 
place for facilities and personnel manufacturing explosives. The controls identified were: 

• PPE  

• Risk Assessments  

• Training 

• Supervision  

• SQEP 

• Regular Maintenance of Tools/Machinery 

• Clear Operating Procedures 

• Sterile Work Environment 

• Climate Control 

• Adequate Ventilation 

• Appropriate Lighting 

The controls were identified by reviewing key pieces of legislation, such as the Explosives Safety 
Regulations 2014, which specifically state that the protection of workers, the public, and 
infrastructure must be present, as well as proper storage of explosives [8]. The Dangerous 
Substances and Explosive Atmospheres Regulations (DSEAR) 2002 mandate ventilation and 
explosive prevention measures to be in place with the appropriate PPE and ATEX-rated 
equipment, including light systems [9]. It is also a legal requirement to follow the Control of 
Substances Hazardous to Health Regulations (COSHH) 2002 [10] and the Health and Safety at 
Work Act 1974 [11], which are both governed by the HSE. Both legislations call out the use of 
proper PPE, training and maintenance of equipment and workspaces.  

The controls and noises were once again put into a what-why diagram to fully understand the 
importance of each control and which noises will be most influential on the system.  

  

Figure 21 - Manufacturing What-Why Diagram 



The formal results of the manufacturing what-why are shown in Appendix B.  

From analysing the results of the manufacturing what-why diagram, it is evident that the quality 
of the manufactured product is the most critical variable to monitor. This is due to the nature of 
the product and the potential harm it may cause to the end user. Variations in product quality 
can lead to unreliable or unpredictable performance between units, increasing risk and 
potentially delaying operations. For example, inconsistencies in detonation pressure within the 
explosive material may affect the formation of a shaped charge, reduce the effectiveness and 
potentially prevent the mine from being neutralised.  

The what-why results showed the most important control was training. This aligns with the key 
legislation, stated as ensuring staff are trained and qualified for their role implies that safety-
related incidents will be less frequent due to their increased awareness of the hazards. In 
addition, training will in hand allow for a consistent quality of item to be produced as the staff 
will understand processes taught in training, directly linking to the key noise identified. Regular 
maintenance of manufacturing tools was another high-scoring control identified, which also 
directly links to the quality of products produced, as if tools are breaking or not calibrated 
correctly, the quality will not be consistent.  

Overall, the safety of manufacturing has a clear role and importance throughout the product's 
lifecycle. It protects both the manufacturers, logistics team and end user whilst also ensuring 
the quality of the products is maintained and can meet the key customer requirements.  

8. Conclusion 
This report has demonstrated how a systems engineering approach can be applied to the design 
of a mine detection and clearance system. Using the systems engineering workbook provided, 
key customer requirements, critical system functions and appropriate design concepts were 
systematically identified and evaluated. The application of system engineering tools 
throughout, such as QFD’s, FMA’s, Systems Pugh, FMEA and What-whys, enabled justifiable 
and effective decision-making throughout the process.  

The selected concept of a drone able to detect and defeat mines with GPR and shaped charges 
was deemed the most effective to meet customer requirements under the constraints of the 
design brief. Safety considerations were made throughout the process, particularly the 
manufacturing stage, to ensure key requirements were met whilst maintaining the performance 
of the shaped staff and the health and well-being of specific stakeholders.  

The specific focus on manufacturing safety identified the importance of quality control and 
equipment maintenance, which can all be met through effective training, the highest-level 
control factor identified.  

Overall, this report demonstrates that embedding key systems engineering principles from the 
start of a system design through to the end enables the development of reliable, safe and 
effective solutions that meet both operational and regulatory requirements.  
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Figure 22 - Manufacturing FMA 

 

Figure 23 - Manufacturing Systems Pugh 



 

Figure 24 - Manufacturing QFD 2 
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Figure 25 - Key Noise Factors of Safety Manufacturing 

 

Figure 26 -  Key Control Factors of Safety Manufacturing 


