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[bookmark: _Toc200029352]1 – Introduction
[bookmark: _Toc200029353]1.1 – Design Requirements and Capabilities
A requirement was identified for an explosive device to be designed and manufactured. The device should be capable of neutralising a hostile communications centre that is situated within the second floor of an office building. The device should also be capable of reaching the target accurately from a distance of at least 100m. The customer also stated that it would be preferred if the explosive device was designed in such a manner that any damage to adjacent rooms is minimised. The primary objective for this mission is to successfully destroy the communications centre whilst causing the least amount of damage to any surrounding rooms and personnel. The device was also required to be man portable. Additionally, if possible, the occupants of the room should be disoriented or temporarily immobilised instead of eliminated.
[bookmark: _Toc200029354]1.2 – Target
More specific details regarding the construction of the target building were also provided. The room plan itself would be 10m (L) x 8m (W) x 4m (H) with the longer outside wall having three UPVC framed double glazed 2m x 1m windows equally spaced along it. Within the room, there will be three terminals operating which are the primary targets for this mission. The external walls are constructed from rendered filled cavity block and the internal walls are soft block with plasterboard over timber framing. The average amount of occupants within the room was six and the internal access doors are kept locked and barred from the inside. 
[image: ]
[bookmark: _Toc200307697]Figure 1 - View of target room from outside building
[bookmark: _Toc200029355]2 – Initial Requirements Set
A set of requirements were constructed based on discussions held with the customer and the initial brief provided. From engaging with the customer, it became clear that there were four key areas from which the requirements would be derived from. These four key areas were Accuracy, Target Destruction, Explosives and Safety. Sixteen requirements were created using these four key areas as a guideline as shown in table 1 below. 
[bookmark: _Toc199936038]Table 1 - Requirements set
	Accuracy

	1
	Customer
	The system shall be capable of traveling a minimum distance of 100 meters to reach the target.

	2
	Customer
	The system shall be capable of traveling upwards by at least two stories (~8 meters) to reach the second-floor target.

	3
	Designer
	The system shall be able to accurately penetrate a 2m x 1m window.

	4
	Designer
	The system may avoid environmental obstructions in path to target.

	5
	Designer
	The system may include a targeting mechanism (e.g., laser guidance, GPS, or inertial navigation) to improve accuracy over the required range.

	Target Destruction

	6
	Customer
	The system shall neutralize communication capabilities within the entire 10m x 8m x 4m target area.

	7
	Customer
	The system should be designed so that its effect is limited to the target room and does not impact adjacent rooms.

	8
	Customer
	The system may be designed so that injuries to occupants are minimised.

	9
	Customer
	The system may operate in a covert manor.

	10
	Designer
	The system should be designed to produce the same effect each time it is deployed under identical conditions.

	Explosives

	11
	Customer
	The system shall function as an OME device, utilizing an explosive event to achieve the desired effect.

	12
	Designer
	The system shall detonate as intended when initiated.

	Safety

	13
	Designer
	The system shall include safeguards to prevent accidental initiation during its lifecycle.

	14
	Designer
	The system shall remain stable under expected environmental conditions.

	15
	Designer
	The system shall comply with handling & storage regulations.

	16
	Designer
	The system shall be man portable.



These sixteen requirements were prioritised using the pairwise comparison technique. The pairwise comparison technique works simply by comparing each requirement with every other requirement to determine which is more important and by how much. From carrying out a pairwise comparison which can be seen below in figure 2, a ranked set of requirements were generated and presented in a bar chart.
[image: ]
[bookmark: _Toc200307698]Figure 2 - Pairwise comparison results
[bookmark: _Toc200029356]3 – Functional Importance
[bookmark: _Toc200029357]3.1 – Quality Function Deployment (QFD) 1
In QFD 1, the functions which were generated from the use case were directly compared against all the original sixteen requirements. A rating of one, three or nine was assigned to each box depending how important the correlating function was to meet the requirement. Figure 3 below shows that the top three most important functions were:

1. Activate system
2. Enter target room
3. Arm system
[image: ]
[bookmark: _Toc200307699]Figure 3 - Functional importance graph
[bookmark: _Toc200029358]3.2 – Failure Mode and Effects Analysis (FMEA)
Failure Mode and Effects Analysis was first developed by the U.S military in the 1940s. Its purpose was to provide a step-by-step approach to highlight potential areas of failure for a given system. Using this toolset allows for mitigations to be made to try and eliminate these potential failures whilst also identifying critical components within the system design. [1]
The process for carrying out Failure Mode and Effects Analysis was as follows:
· Identify the 5 potential failure modes
· Identify the potential effects of the failures
· Identify the potential causes of the failures
· Assign a severity rating between 1-10
· Assign an occurrence rating between 1-10
· Assign a chance of detection rating
· Calculate a Risk Priority Number (RPN) by multiplying each rating together to gain a value between 1-1000
· Recommend actions to be taken to lower the severity/occurrence and increase the likelihood of detection.
· Calculate a new RPN using the same methodology.

[bookmark: _Toc200029359]3.3 – Functional Failure Mode and Effects Analysis (FFMEA)
Functional Failure Mode and Effects Analysis is a sub-category of FMEA which focuses on the generic functionality of the system rather than specific design features and components. A system can have multiple functions which have different failure modes. There are five failure modes per function which can be applied to this process which are:
1. No function 
2. Too much function
3. Too little function
4. Intermittent function
5. Wrong function 
For this project, there were situations where not all five failure modes could be realistically assigned for each function. For example, the function “Assemble system” is not compatible with the failure mode “Too much function” as it is not possible to over-assemble a system. This was taken into consideration and some failure modes were eliminated if they posed an unrealistic threat to the systems functionality. An example of how the pre-mitigated RPN was captured can be seen below in Figure 4.
[image: ]
[bookmark: _Toc200307700]Figure 4 - FFMEA part 1 (pre-mitigated example)
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[bookmark: _Toc200307701]Figure 5 - FFMEA part 2 (post-mitigated example)
After a RPN was gathered for each function, a list was made to capture the top functional failure risks pre & post mitigation. This can be seen in figure 4 below. After the top functional failure risks had been captured, they were the passed onto the design team and recommendations were provided. Some of the recommendations were:
· Using gold standard components where necessary to improve reliability of critical functions.
· Introducing 2-man verification methods during crucial assembly procedures to avoid missed steps or incorrect assembly.
· Pre-deployment inspections to catch any defects before it leaves the manufacturer.
· Ensure that all operators are competent and Suitably Qualified and Experienced Personnel (SQEP).
[bookmark: _Toc199936039]Table 2 - Top functional failure risks (pre / post-mitigation)
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[bookmark: _Toc200029360]4 – Concept Derivation and Selection
[bookmark: _Toc200029361]4.1 – Function Means
Function means analysis was carried out to identify possible ways of achieving the top-level requirement across multiple different concepts. Table 3 below was colour coded to differentiate between concept ideas. The yellow boxes show means for concept 1, the blue boxes show means for concept 2 and the green boxes show means that could be used in either concept. [2]
[bookmark: _Toc199936040]Table 3 - Function means analysis
[image: ]
[bookmark: _Toc200029362]4.2 – Concept 1
The first concept that was developed was a Commercial Off the Shelf (COTS) drone system that would carry and explosive payload to neutralise the communications system. A COTS system was chosen to eliminate the need for a new drone system having to be developed as well as a new explosive payload. 
[image: Could Small Drones Really Replace Artillery?]
[bookmark: _Toc200307702]Figure 6 - Concept 1 (drone)
[bookmark: _Toc200029363]4.3 – Concept 2 
The second concept that was developed was a ground launched tandem warhead design. The Pugh matrix in table 4 did show that this concept would be capable of destroying the communications systems but did not meet the requirement of minimising damage to adjacent rooms and personnel. After taking into consideration this designs strong points and weak points, it was decided that this concept was overkill for projects target.
[image: Advanced Precision Kill Weapon System - Wikipedia]
[bookmark: _Toc200307703]Figure 7 - Concept 2 (tandem warhead)


[bookmark: _Toc200029364]4.4 – Pugh Matrix
A Pugh matrix was used to determine which solution was the best candidate to meet all the customer requirements. A weighting scale between 2 (Best) and -2 (Worst) was used to rank how well each requirement was met by either the first or second concept. Table 2 below shows that concept 1 was the clear winner with an overall weighting of 112.99 compared to 27.50 which shows concept one better meets the criteria of the requirements. This allowed for concept 2 to be discounted and the focus to be shifted onto feature importance in QFD 2, assessing concept 1 only. [3]
[bookmark: _Toc199936041]Table 4 - Pugh matrix
[image: ]
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[bookmark: _Toc200029365]5 – Critical Components
[bookmark: _Toc200029366]5.1 – Quality Function Deployment (QFD) 2
QFD 2 was carried out by directly comparing each functionality against a design feature. Doing this helped identify the most important feature within the proposed design. The bar chart shown in figure 8 presented three main features. They were:
1. Operator manual assembly
2. Quadcopter
3. GPS capability
Operator manual assembly made sense being the most important feature as one of the original requirements was for the system to be man-portable. The manual assembly stage was also most likely be where any failures could arise from human interaction. The quadcopter feature also ranked high in second place which consolidated the importance of find a drone system capable of carrying the explosive payload as this was the chosen delivery method. 
[image: ]
[bookmark: _Toc200307704]Figure 8 - Feature importance (QFD 2)
[bookmark: _Toc200029367]5.2 – Design Failure Mode and Effects Analysis (DFMEA)
Design Failure Mode and Effects Analysis is also sub-category of FMEA but instead it purely focuses on potential failures surrounding the design aspects of a product or system. Using the DFMEA toolset helps with the implementation of design controls during the design stage. Doing so allows overall project costs to be reduced as it is cheaper to modify the design controls and features during this stage rather than later down the line after prototypes have been developed or manufactured. After completing the DFMEA table, the top design failure risks were again put into a table so that mitigations could be presented to the design team to reduce the likelihood of occurrence. The results of the DFMEA can be seen below in table 5.
[bookmark: _Toc199936042]Table 5 - Top design failure risks (pre / post-mitigation)
[image: ]
[bookmark: _Toc200029368]6 – Manufacturing Route
[bookmark: _Toc200029369]6.1 – Initial Design
The initial design for the explosive charge to be manufactured consisted of a Perhydro- 1,3,5-Trinitro-1,3,5-triazine (RDX) [2] / 2,4,6-Trinitrotoluene (TNT) [3] fill, Pentaerythritol-tetranitrate [4] (PETN booster) and a Lead Azide primary. Discussions with the lead manufacturer highlighted the fact that a Melt Cast Explosive was not practical due to design implications.
[bookmark: _Toc200029370]6.2 – Final Design
The final design which was approved by the manufacturer was an explosive charge which consisted of a Plastic Explosive (PE-8) which could be easily extruded into the desired shape for the charge. The decision to use the extrusion method was supported using a Process Means Analysis table. The results can be observed below in figure 9.
[image: ]
[bookmark: _Toc200307705]Figure 9 - Process importance graph
[bookmark: _Toc200029371]7 – Noises and Controls
[bookmark: _Toc200029372]7.1 – Parameter Diagrams (P Diagrams)
A P diagram is used as a tool to link the inputs of a system (Signal factors) to the desired outputs whilst taking into consideration both the controllable and uncontrollable factors (Noise factors). The use of a P diagram in this case allowed for visualisation of how each input and external factor affects the system design and highlighted areas where additional robustness would be required. The diagram can be seen in figure 10 below. [2]
[image: ]
[bookmark: _Toc200307706]Figure 10 - Parameter Diagram
[bookmark: _Toc200029373]7.2 – What Why Tables
A what why table was used to directly compare all the different noise factors to the control factors. A rating of nil, one, three or nine was assigned to each box depending on or how much the control factor would affect the noise factor.  Following this process allowed graphs to be generated which highlighted the most important control factors and greatest noise factors. These graphs can be seen below in figures 11 and 12.
[image: ]
[bookmark: _Toc200307707]Figure 11 - What why (control factors)
Figure 10 shows that the most important control factors are material properties, throttle control and signal strength / frequency. 
[image: ]
[bookmark: _Toc200307708]Figure 12 - What why (noise factors)
Figure 11 shows that the controller of the drone system poses the biggest threat. This meant that more resources were put into investigating the ways that human factors could affect the way the system is handled, assembled and deployed to reduce the likelihood of system failure.
[bookmark: _Toc200029374]8 – Trials
Trial proposals were put in place to investigate the following areas:
· Blast radius estimations along with fragment sizes, mass and spread patterns.
· Fragment velocities and fragment mass which would allow for penetration depths to be estimated.
Trials were also proposed to ensure that a safe storage and transport plan could be put in place for the explosive charge. The COTS drone system would be stored in a separate area with no explosives present so that only considerations for the charge itself had to be made. 
Five main storage hazards were identified during the Hazard Identification (HazID) process. They were:
· Fire
· Moisture ingress
· Drop / impact
· Electromagnetic radiation
· Unauthorised access
Using this information, the explosive charge was tested against various levels and intensities to determine its overall sensitivity to each hazard. The same process was repeated for the transportation plan. From the results received from the trials and testing team it was deemed appropriate to classify the explosive device as 1.1D (Secondary detonating explosive substance or black powder or article containing a secondary detonating explosive substance, in each case without means of initiation and without a propelling charge, or article containing a primary explosive substance and containing two or more effective protective features). [6]
[bookmark: _Toc200029375]9 – Conclusion
In conclusion, using the initial customer requirements and attending design reviews to outline exactly what was needed, an explosive OME device was designed using all the above-mentioned systems engineering techniques. Using these techniques allowed the users to efficiently and effectively choose a design along with its components and features which could deliver an effect which would satisfy the customers’ needs and ultimately defeat the communications system target.
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