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Abstract 
This report explores the design journey from the first stakeholder engagement through to 
manufacture of a concept solution for a humanitarian landmine clearing operation. 
Through thorough use of the systems engineering toolset, including the QFD ‘house of 
quality’, P-diagrams, what-why tables, Pugh matrices and FMEA failure analysis, it was 
possible to go from an initial set of requirements to a fully designed, tested, 
manufactured and operable solution ready for use in the field, designed and 
manufactured with full confidence in the design. The toolset provided allowed for 
identification of the most viable concepts, generating a qualification method to verify the 
design and identify the likely causes of failure, and a full analysis of the manufacturing 
process – including critical steps, key noises and key controls. The operation reinforced 
the benefits and importance of analysing and understanding systems. 
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Introduction  

Introduction to Systems Thinking  
Systems Engineering is defined by [1] as a means to guide the engineering and 
development of complex systems. Spurred on by the technological advances made 
during the Second World War [1], the modern world is full of complex systems, often 
containing complex subsystems within them, requiring input from a whole range of 
specialist disciplines. A modern-day aircraft’s production process covers a wide range of 
engineering disciplines including, but not limited to, instrumentation, electronic, 
mechanical, propulsion and automotive engineers.  

Systems thinking’s primary objective is to find balance between disciplines. Figure 1 
(from [1]) shows how a modern missile may be designed if done by specific disciplines. 

 

Figure 1: Ideal missile design from the point of view of specific engineering disciplines. 

Each design would function perfectly within the primary discipline, but the system would 
be doomed to fail as a whole. 

Systems thinking uses tools, data and considerable stakeholder engagement to balance 
the desires and needs of all designers and engineers involved in the creation of a complex 
system to produce the best overall system to meet customer demands and functional 
requirements. 

Systems Engineering strives to find, predict and resolve faults at the earliest point through 
comprehensive failure mode analysis, when subsystems or components can simply be 
redesigned before a single prototype is even manufactured, instead of major problems 
being encountered post manufacture, when the costs and complexity of rectifying issues 
is significantly higher.  
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Customer Brief 
The brief received for this task was that a military humanitarian convoy carrying critical 
medical supplies to a remote area was to encounter a minefield along its route in a 
mountainous, desert terrain, with little to no opportunity for circumvention of the road. 
As the road was to be needed to future civilian use, traversing the mined area and 
rendering it safe was the desired operation.  

Enemy MANPAD threats persisted throughout the journey, rendering use of aeroplanes or 
helicopters impossible. The manned vehicles available for use consisted of standard 4x4 
vehicles such as Toyota Hilux or Land Rover, so any solution had to be portable and light. 

Python, a standard mine defeating system used in the military, is prohibited from being 
used due to the risk of explosive or fragment attack from enemy fire. 

The customer wishes to know what the design is, the critical functionality, design features 
and critical manufacturing processes and controls. 

Time is of the essence due to the nature of the supplies being carried. 

Threat Analysis 
The two key mine threats faced were by the Russian-built OZM-72 anti-personnel 
fragmentation mine, and the American-made M15 anti-tank mine. Table 1 compares 
and analyses the properties and threats posed by each device. 

Mine OZM-72 M15 
Country of Origin Russian Federation United States of America 
Casing Steel Steel 
Composition 660g TNT 10kg Composition B 
Critical Pressure Triggered by tripwire 160kg (2kg with fuze-rod) 
Effect Means Bounding (1m) anti-personnel Below ground anti-tank 

Table 1: Comparison of OZM-72 and M15 landmines, the key threats faced in the operation [2], [3], [4], [5] 

Figure 2 shows a diagram of the working of the OZM-72 anti-personnel mine, and figure 
3 shows a diagram of the workings of the M15 anti-tank mine. 
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Figure 2: OZM-72 anti-personnel mine [4]. 

 

Figure 3: M15 anti-tank mine [3]. 
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Research, Development, Design and Qualification 

Rationalising Requirements 
The first task of the design team was to rationalise the brief into a set of customer 
requirements. This consisted of filtering through the scope of the customer brief to find 
a set of expressed requirements for the system as a whole. Figure 4 shows the compiled 
list of requirements produced from this analysis. 

 

Figure 4: Rationalised Requirements set produced from analysis of customer brief. 

The next task was to compare the requirements against one another in a pairwise 
comparison matrix, which is a top-level tool for comparing pairs of requirements and 
ranking them based on importance according to the scale in Figure 5. 

 

Figure 5: Pairwise Matrix relationship scale [6] 

Using the scale in Figure 5, the team reviewed requirements using the pairwise matrix to 
create the matrix in Figure 6. Figure 7 shows the chart that is produced from this 
comparison process, with the longest bars representing the priority requirements for the 
solution. 

The system shall detect buried or surface-laid mines typical of legacy and improvised 

mine threats.

The system shall render detected mines safe by removal, destruction, or permanent 

disabling.

The system shall be transportable and operable using light vehicles (Land Rover, Hi-

Lux, or equivalent).

The system shall clearly mark mines cleared lanes and boundaries in a way visible to 

follow-on with light wheeled vehicles

The system shall function in high dust, sand, heat, and vibration conditions without 

degradation of performance.

The system shall clear the required route length within a time window compatible with 

urgent medical convoy movement.

The system shall limit blast, fragmentation, and collateral damage within the confined 

pass.

In the event of malfunction, the system shall default to a safe condition without 

creating additional hazards.

The system shall be designed to enable safe, compliant breakdown and disposal of 

all system components, including explosive payloads, electronic subsystems and 

structural elements in accordance with applicable environmental, explosive safety, 

and hazardous waste regulations at end of life. 
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Figure 6: Pairwise matrix for rationalise customer requirements. 

 

Figure 7: Chart comparing relative importances of customer requirements 
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Figure 7 shows that the three most important requirements, in order, were: 

• The system shall render detected mines safe by removal, destruction or disabling. 
• The system shall detect buried or surface-laid mines typical of legacy and 

improvised threats. 
• The system shall clearly mark cleared lanes in a way that is visible to future 

transports. 

It’s essential to note that this doesn’t mean no effort should be made to hit all 
requirements, but this analysis is important to refer back should there ever be a need to 
decide to prioritise the ability to perform one requirement over another. Systems 
engineering tools such as the pairwise comparison matrix give teams the assurance that 
any priority calls would be made with a rational and thought-out justification. 

Finding Critical Functions 
The next step in the process is to turn the customer stated non-functional system 
requirements into tangible functional requirements of the system. One of the best means 
for doing this is a Use Case, a detailed step-by-step operational timeline of the system, 
describing each function one-by-one from the start to the end of the system operation. 
These models are used to produce functional requirements for the system from the non-
functional requirements often provided by a customer [7]. 

Completing the use case for this operation transformed customer requirements in to the 
list of functional requirements shown in Figure 8. 

 

Figure 8: Generated functional requirements from Use Case. 

From this point, the first design QFD took place to find the critical functions. The QFD 1 
‘house of quality’ is a critical step in the systems engineering process, bringing together 
required functionality, stakeholder requirements and target values, comparing 
requirements against functions, analysing the importance and difficulty of achievement, 
to visually demonstrate the most important functions. Figure 9 shows the QFD matrix 
concept. 
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Figure 9: QFD 'House of Quality' [8] 

Figure 10 shows the QFD 1 process carried out by the design team, whereby requirements 
and functions were related on a 1 (weak relationship), 3 (reasonably strong relationship) 
and 9 (critical relationship) scoring system, generating the chart in Figure 11, which 
shows the relative importance of functions. 

 

Figure 10: QFD 1 process carried out by the team 
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Figure 11: Relative importance chart of the functional requirements of the system. 

Figure 11 shows that, in order, the three most critical functional requirements of the 
system were: 

• Enable convoy transit – i.e. the convoy is able to traverse the full minefield to 
reach its destination. 

• Neutralise or remove – i.e. the system defeats the threat posed by mines. 
• Detect explosive hazard – i.e. the system can reliably detect threats. 

This was a key milestone in the customer brief, who wanted to know the critical 
functionality of the system as a key objective. 

Creating a Concept 
With a full set of requirements and functions produced, a concept could now be created. 
To do this, a Function Means Analysis is first carried out. This is an opportunity to 
brainstorm all possible means of achieving each function, before analysis each one’s 
trade-offs to ultimately rule them in or out as a possible solution. This is a key part of the 
process because more novel or futuristic solutions which have been researched have the 
ability to be returned to if the technology available were to change. The FMA process also 
generates assurance for all parties that full analysis of every possible means has been 
carried out. 

Figure 12 shows the FMA carried out by the team. Solutions in red were ruled out after 
analysis, solutions in green were deemed likely valid, and solutions in amber were 
deemed to need further research. 
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Figure 12: FMA carried out by the team. 

In order to narrow the design down further into a fully fleshed concept, the team 
generated three possible solutions to the problem and then compared them using a Pugh 
matrix comparison. 

Figure 13 details the three concept solutions against the military standard use of Python. 

 

Figure 13: Pugh Matrix comparing candidate solutions. 

Pugh matrices compare the ability of candidate solutions to hit the customer 
requirements (weighted from the initial pairwise matrix) against a baseline method, but 
also against one another. At the end of the comparison, the solution with the highest total 
score is statistically the strongest candidate solution. 

As a result, the full solution concept produced was as described in the Standard 
Operating Procedure outlined in Figure 14. 
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Figure 14: Generated Standard Operating Procedure for the task, from all design work. 

The final concept design would therefore feature a number of additional components 
based on the research done to find components that best fit the requirements and 
functions described by the SOP, the exact brands to be determined from the 
qualification phase. 

Qualification 
Before any solution can go from conception to reality it must be subjected to a 
qualification process. The first step in the qualification and testing phase was to refer 
back to the critical functionality identified in QFD 1 (Figure 11) to find the key trials and 
tests required to guarantee function in the field. 

Completing a QFD 2 process (Figure 15), mapping the components of the solution, 
instead of functions, with the customer requirements, found that the ground penetrating 
radar and unmanned ground vehicle were both critical components in the operation. As 
such, it was vital that tests and trials were able to assure the effectiveness of these 
components, which would be commercially purchased, and influence decisions over 
which component brands to purchase.  
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Figure 15: Feature importances chart highlighting critical components from the QFD 2 process. 

From there, a comprehensive list of tests and trials to qualify the solution was created, 
covering the threat detection, threat defeat and pass-through phase of the operation. 

To verify the effectiveness of the concept list of tests and trials, a Functional Metrics 
matrix was filled in to ensure that all requirements of the system were met simply by 
producing tests designed to meet the three key functions from QFD 1. 

Figure 16 shows the Functional Metrics analysis matrix for the developed test regime. 

 

Figure 16: Functional Metrics analysis for verifying ability of trials to hit customer requirements. 
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The Functional Metrics analysis verified that the full list of trials developed for the design 
solution was able to comprehensively display functionality against customer 
requirements. 

The full list of trials and tests therefore selected for this operation were: 

Threat Detection 

• Sequential environmental testing1 of drone and ground penetrating radar (GPR) to 
ensure performance in the field. 

• Repeated identification training so the GPR can successfully identify threat 
signatures. 

• Detection trials (including false alarms) so that the success of the identification 
training can be identified. 

Threat Defeat 

• Sequential environmental testing of the payload and delivery system to ensure 
performance in the field. 

• Repeated testing of the delivery mechanism for assurance of correct placement 
and delivery in the field. 

• Charge characterisation tests, such as EMTAP [9], so hazards can be fully 
understood. 

• Live firing tests of the manufactured shaped charge against expected threats to 
verify performance. 

• Render Safe Procedure – successful low order demolition of shaped charge in the 
event of malfunction as part of the breakdown and end of life plan. 

Convoy Transit 

• Sequential environmental testing of unmanned ground vehicle (UGV) to ensure 
performance in the field. 

• Testing of route marking procedures to guarantee compliance with standards, as 
mapped in Figure 17 [10]. 

 
1 Environmental Test [17] 
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Figure 17: Figure B.3 from IMAS 08.40 demonstrating marking standards required for identified UXO and mines. 

Vehicle Capability 

• Command testing of drone, GPR and UGV to ensure system compatibility. 
• Vehicle proving tests of 4x4s at military standard proving grounds2 for assurance 

of vehicle survivability in the field. 

Combined with a full operational evaluation, these tests have been designed through 
the use of systems engineering tools to provide a comprehensive assessment of the key 
functions, as well as the full range of customer requirements. 

Failure Analysis 
Any system runs the risk of failure, and this is amplified at the test and evaluation phase, 
where the system is not yet qualified for operational use. 

In any function within a system there are five established modes of failure: 

• No function 
• Too much function 
• Not enough function 
• Intermittent function 
• Unintended function 

 
2 Such as Bruntingthorpe [14], Millbrook [15], Hurn [16] 
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It is understanding how these failure modes would present themselves, how easy they 
are to identify, and how they can be mitigated. 

In order to understand potential failure better, a full Failure Modes Effects Analysis 
(FMEA) was conducted on every proposed test and trial to gauge the risk posed from each 
trial. 

Figure 18 shows a snapshot of the FMEA carried out. 

 

Figure 18: FMEA snapshot from design workbook. 

The FMEA consists of identifying the means of presentation of failures, analysing the 
severity, likelihood of occurrence and the ease of detection in order to find an aggregated 
risk between 0 and 1000 for each trial. The risk level determined by the final RPN 
influences whether or not further mitigations are needed, as shown in Table 2. 

RPN Key: 

< 100 Low Risk 

101 - 150 Acceptable Risk 

151 - 200 Mid Risk 

201 - 300 Potentially Unsafe Risk 

301 - 500 Broadly Unsafe Risk 

500 < Unacceptable Risk 
Table 2: RPN key from FMEA 

Whilst all tests and trials proposed a level of risk, only a small number of trials presented 
risks deemed to be safety critical, taken to be any failure mode with an RPN of above 200. 

In every instance, safety critical risks related directly to the introduction of live ordnance 
into the trials arena. 

Table 3 identifies the highest risk trials from the FMEA, their RPN value, and the additional 
mitigations put in place to reduce the risk to an acceptable level. 

Failure RPN Mitigation 
Intermittent function of 
GPR during final threat 
assessment trials – 
whereby GPR is incapable 
of detecting live threats, 
leaving unexploded and 
undetected UXO in the 
arena. 

486 

• Identification training will not use live 
munitions to begin with only introducing 
them when the training data is more 
competent.  
 

• The location of all training munitions will 
be known to the trials staff and recorded in 
trials documentation. 
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• Severity reduces as trial goes on and GPR 

fine-tunes identification abilities. 
Explosives functioning 
before their intended 
moment of detonation on 
several different trials, 
meaning that personnel 
may not have retreated to 
a safe distance. 

300 

• Anti-static measures in place.  
 

• First aiders on site.  
 

• Other instances of the culprit munition 
treated as if very sensitive. 
 

• Minimum required personnel in the area to 
conduct the work safely. 
 

• Robust, clear emergency plan in place. 
Misfire or partial fire of 
shaped charge leading to 
two UXO profiles in the 
field during explosive 
defeat testing. 

250 

• Damaged mine dealt with by range UXO 
procedures.  
 

• Area considered dangerous until declared 
free from UXO. 

Table 3: Significant safety critical risks identified in trials from FMEA along with mitigations to assure safety and lessen 
impact. 

Carrying out the FMEA process allowed for a clear understanding of the key risk areas, 
meaning that focus could be dedicated to safety specific areas, prioritising reduction of 
risk where it is greatest needed and maximising the chances of success at a trials level. 

Feedback 
As a result of the T&E process, delivering qualification in line with key functionality 
including all risk and failure analysis, it was possible to provide insight to the design and 
manufacturing teams about operational risks, and the best components to use to 
alleviate risks and increase the chances of success. 

Figure 19 demonstrates the feedback loop utilised during the qualification process. 

 

Figure 19: Feedback regime for T&E process between stakeholders. 

Through utilisation of the systems engineering tools, and a clear line of communication 
through feedback, the following decisions on components were made: 

• Commercial Drone 
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• GPR: Zond Aero 1000 GPR [11] 
• UGV: Rheinmetall Mission Master Series [12] 
• Shaped Charge: In-house manufacture, inspired by Alfords’ Vulcan [13] 

Manufacturing 

Process Conceptualisation 
The first step within the manufacturing domain was to identify the process map for all 
manufactured components. A large portion of the solution consists of commercially 
purchased products, but some parts of the concept require manufacturing, such as the 
mounts to safely attach the drone and GPR to the beds of the 4x4 trucks, and, crucially, 
the shaped charge for destroying the mine. 

Figure 20 shows the process map for the manufacturing stage of the design, including all 
manufacturing processes from start to finish. 

  

Figure 20: Process Map for manufacturing stage. 

 

Finding Critical Processes 
With a completed process map, the next stage was the process of completing a QFD 1 
from a manufacturing perspective. In this matrix, manufacturing requirements are paired 
against the manufacturing processes from the process map in order to determine the 
critical processes. 

Manufacture 
Case

Manufacture 
Cone

Receive 
Explosive Mix Explosive

Clean 
Components

Assemble 
Case & ConeFill Explosive

Receive 
Commercial 

Parts

Manufacture 
Drone Mount

Manufacture 
Flag Drop and 
Plow System

Assemble 
Drone/UGV 

Mount

Pack for 
Transport
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Figure 21 shows a snapshot of the QFD 1 matrix for this process, and figure 22 shows the 
graph relating the process importances from manufacturing. 

 

Figure 21: QFD 1 matrix in full for manufacturing processes. 
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Figure 22: Process Importance Chart generated from manufacturing QFD 1 matrix. 

Figure 22 shows clearly that the two most important processes are the filling and mixing 
of the explosive for the in-house shaped charge. As a result, and factoring in the obvious 
safety considerations associated, the full explosive side of the manufacturing process 
was selected for a more detailed analysis – to identify risks and noises and implement 
controls. 

Process Control 
In order to identify areas requiring extra controls during manufacture, it’s important to 
first identify the areas of potential noise and variation in the process. To complete this 
process, P-diagrams and what-why tables are utilised. 

P-diagrams are a tool used to understand where noise can enter the system. These noises 
are categorised into three categories: external noise (noises from outside factors), unit-
to-unit variation (differences in manufacturing quality caused by differences between 
manufacturing units) and deterioration (noises caused by the aging of certain 
components in the process). 

There is also a section for controls to be suggested to counter the noises.  

Figure 23 shows the P-diagram constructed on the process of manufacturing the 
explosive fill for the shaped charge. 
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Figure 23: P-Diagram analysis for the manufacture of plastic explosive for the shaped charge. 

Once the different sections of the P-diagram were filled, a What-Why table could then be 
produced, comparing the identified noises with the identified controls, to see which 
controls are the most effective at stopping noises, and also identifying which noises have 
the potential to cause the most issues. Figure 24 shows the chart relating the importance 
of controls and Figure 25 relates the most significant noises. 

 

Figure 24: Key controls as identified through the what-why comparison matrix. 
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Figure 25: Chart showing the noises related by significance from what-why analysis. 

The key noises identified from the P-diagram and What-Why table analysis were found to 
be: 

• Complacency – where user familiarity leads to corners being cut and quality 
declining. 

• Lack of training – where manufacturers lack the competence, experience or skill 
to create the product successfully. 

• Tool differences – Differences in service schedule, lot, or age driving unit-to-unit 
or deterioration linked decline in quality. 

The key controls identified from the same analysis were found to be: 

• Training – Regular and continuous training schedules ensuring competence and 
compliance to keep standards high. 

• Regular maintenance – A regular routine and reactive maintenance schedule for 
tools and equipment to ensure the highest quality and decrease the effects of 
aging. 

• Clear process – A clear, understandable and easy to read set of processes, 
procedures and instructions to ensure absolute clarity on the manufacturing 
process. 

The use of the systems engineering toolset allowed for a full analysis of the 
manufacturing process, designing a process flow and then analysing the process to find 
the key parts of the process, the largest areas of risk and the most essential controls to 
ensure that the manufacturing process is smooth and high-quality. 
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Conclusion 
The systems engineering toolset played a valuable role in the creation of this solution. At 
each stage, a systems analysis tool could be used to provide a key insight into the system 
and how it may, or indeed may not, work. Using the matrices provided meant that clusters 
could be found that may indicate the existence of a subsystem, and that relationships 
could emerge, sometimes ones that may have been overlooked, meaning that 
considerations could be made early on in the design process. 

The later that issues are discovered, the harder and costlier they are to fix. Using the 
systems engineering toolset wherever possible to their full extent means that any issues 
or possible failures can be captured early, at minimal cost. 

The adaptation of the toolset into projects has the ability to bring down time and cost, 
ensuring that the system as a whole is given priority over individual department wishes, 
and this is a huge benefit to any complex project or complex system. 

In this instance, the systems engineering toolset allowed for the creation of a viable 
solution that was presented to a panel of subject experts and was acknowledged as a 
viable solution – with recognition that the analysis done to come to the concept was 
thorough and had considered a large number of possible scenarios and issues to come 
to the concept. 
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