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[bookmark: _Toc203606136]Abstract
This report presents the design and development of Project Penthus using a structured systems engineering approach. The objective was to create a system capable of delivering an explosive payload to disable a hostile communications system with a stretch objective of minimising casualties and collateral damage.
Key phases of the development process included identifying stakeholders, gathering requirements, creating generic functionality, QFD1, Function Means Analysis, Pugh Matrix, QFD2, P-diagrams and what/why tables.
Variations of this process were applied to the technical research and design of a key subsystem from QFD2, the manufacturing of the subsystem and the disposal of the entire system. A series of FMEAs were used throughout the process to quantify risk.
[bookmark: _GoBack]The final result delivered a multi-drone explosive system capable of achieving the operational requirement.










[bookmark: _Toc203606137]1 – Introduction
[bookmark: _Toc203606138]	1.1 – The Mission
A customer requirement was raised for an explosive system capable of disabling a hostile communications centre housed in the second floor of an office building. The system must be capable to accurately deliver its payload from a distance of at least 100m.
The primary objective of this mission was to disable the communications centre whilst reducing collateral damage to people or structures so far as is reasonably practicable. As a stretch objective, do not eliminate the six operatives working in the room.

[bookmark: _Toc203606139]	1.2 – The Target
Figure 1 - Target Room Floorplan [1] shows pictorially how the customer described the target room. Within the room are three terminals, assumed to be equi-spaced, and six operatives, assumed to be two per terminal. The doors to the room are locked during operations 
The external walls were described to be of rendered filled cavity block construction with internal walls being soft block constructed with plasterboard over baton facings. Figure 2 – External Wall Structure [2] shows how this might look.
.
[image: ]
[bookmark: _Ref203258205][bookmark: _Toc203606206]Figure 1 - Target Room Floorplan

[image: Full fill wide cavity masonry wall: 300mm EPS insulation, inner leaf plastered for airtightness, 50mm insulated service cavity.]
[bookmark: _Ref203259658][bookmark: _Toc203606207]Figure 2 – External Wall Structure
There is only one exterior 10m wall which is shown in as the customer described in Figure 3 – Exterior Wall Diagram.
[image: ]

[bookmark: _Ref203260295][bookmark: _Toc203606208]Figure 3 – Exterior Wall Diagram
The windows were described as being double opening standard UPVC double glazed units. Figure 4 - Window Structure [3] shows an example of how this might look.

[image: Tilt and turn double glazing styles.]
[bookmark: _Ref203259636][bookmark: _Toc203606209]Figure 4 - Window Structure
[bookmark: _Toc203606140]	1.3 – Project Team Penthus
In response to this brief, Project Team Penthus was assembled to design a system capable of satisfying the customer’s requirement. Figure 5 - Role Breakdown shows the members of Penthus and their respective roles. 
[image: ]
[bookmark: _Ref203309942][bookmark: _Toc203606210]Figure 5 - Role Breakdown

It should be noted that due to constraints on personnel and experience, there was no trials engineer and therefore a black box approach [4] was taken, meaning the inputs and outputs were understood but not the inner workings.
This report will focus on the safety engineer’s perspective of the design process of the OME lifecycle of Project Penthus. To do this, the systems engineering tools used to influence design will be explored including how they function and a particular focus what information can be derived from them and how this informed decision-making throughout the project.
[bookmark: _Toc203606141]2 - Key Customer Requirements
[bookmark: _Toc203606142]	2.1 – Identifying Stakeholders
To create an effective design, the requirements of the stakeholders must first be gathered, understood and organised but first, all stakeholders must be identified.
The TEPID-OIL methodology [5] was utilised to identify stakeholders in combination with knowledge of the CADMID cycle and common stakeholders such as the customer and end users. TEPID-OIL is typically used as the MOD’s checklist to ensure new capabilities are fully functional, however, in Penthus it was used to identify stakeholders required to bring the system into use. This methodology could have also assisted in the design team’s list of requirements but due to the academic nature of the project, the requirements had to be kept to a reasonable limit. Figure 6 - TEPID-OIL shows the areas of considerations in the model.
[image: Capability Management and the Defence Lines of Development]
[bookmark: _Ref203343027][bookmark: _Toc203606211]Figure 6 - TEPID-OIL
Identified stakeholders were organised into Figure 7 - Stakeholder Relationship Network. This shows all the stakeholders and how they interact with each other, this diagram can assist in managing potential sources of risk or conflict between stakeholders. 
An activity which was not completed was a stakeholder power vs interest diagram, this could have been used to identify which stakeholders have the most influence on the project and inform which party to prioritise during stakeholder conflicts.

[image: ]
[bookmark: _Ref203343423][bookmark: _Toc203606212]Figure 7 - Stakeholder Relationship Network

[bookmark: _Toc203606143]2.2 – Gathering Requirements	

[bookmark: _Toc203606144]		2.2.1 – Customer Interview 
Whilst some customer requirements were derived from the brief, the customer was further interviewed to confirm existing requirements and potentially identify new requirements that were assumed or missing.
While no new requirements were identified from this, there were takeaways. Namely that the enemy is unaware of the attack and has no defences available to them, which was not listed as a requirement but would later inform the decision for our final system.

[bookmark: _Toc203606145]		2.2.2 – Gemba Visit
A Gemba visit was conducted with the end user of the system. This was conducted to understand what their existing systems are, to identify challenges, risks and areas of improvement with the new system.
It was observed that the systems they described would not be suitable to fulfil the collateral damage requirement so the need for a brand new capability was identified. In addition, user requirements were gathered.

[bookmark: _Toc203606146]2.3 – Writing Requirements
Requirements must be written using specific language to identify its level of significance. Table 1 - Requirement Verbs shows the four common verbs [6] used in requirements writing.



[bookmark: _Ref203345626][bookmark: _Toc203606236]Table 1 - Requirement Verbs
	Term
	Meaning

	Shall
	Indicates a mandatory requirement.

	Should
	Indicates a recommendation.

	Can
	Indicates a possibility.

	May
	Expresses permission.



Table 2 - Requirements Set shows the initial list of identified requirements. 

[bookmark: _Toc203606147]	2.4 – Pairwise Comparison
Figure 8 - Pairwise Comparison Results shows the scores given to each requirement when directly compared to each other requirement. Pairwise comparisons allow the user to prioritise which requirements are most important in a structured and objective manner by only comparing 2 requirements at once. This method can reveal hidden priorities of different stakeholders or team members as well as conflicting requirements.
The most important requirements were all either mission critical or legally significant which made contextual sense. Some requirements had to be clarified or reworded due to the team not agreeing on a singular definition. Other requirements were effectively duplicated as in the case of requirements 3 and 4 so as not to solutionise at an early stage. In retrospect, these could have been combined into a more generic requirement which covered both scenarios.


[bookmark: _Ref203345940][bookmark: _Toc203606237]Table 2 - Requirements Set
	Requirement No. 
	Originator
	Requirement Description

	Accuracy Requirements

	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
	Design Team
	The system shall be able to accurately penetrate a 2m x 1m window

	4
	Design Team
	The system shall be able to penetrate external cavity block wall to enter the designated room.

	5
	User
	The system should avoid environmental obstructions in path to target

	6
	Design Team
	The system may include a targeting mechanism (e.g., laser guidance, GPS, or inertial navigation) to improve accuracy over the required range.

	Performance Requirements

	7
	Customer
	The system shall neutralise communication capabilities within the entire 10m x 8m x 4m target area.

	8
	Customer
	The system should be designed so that its effect is limited to the target room and does not impact adjacent rooms.

	9
	Customer
	The system may be designed so that injuries to occupants are minimised.

	10
	User
	The system may operate in a covert manor

	11
	User
	The system should be designed to produce the same effect each time it is deployed under identical conditions

	Explosive Requirements

	12
	Customer
	The system shall function as an OME device, utilizing an explosive event to achieve the desired effect.

	13
	Design Team
	The system shall detonate as intended when initiated

	Safety Requirements

	14
	Design Team
	The system shall include safeguards to prevent accidental initiation during its lifecycle

	15
	Design Team
	The system shall remain stable under expected environmental conditions

	16
	Design Team
	The system shall comply with handling & storage regulations

	17
	User
	The system shall be man portable



[bookmark: _Ref203347465][bookmark: _Toc203606213]Figure 8 - Pairwise Comparison Results
3 [bookmark: _Toc203606148]- Critical System Functionality
[bookmark: _Toc203606149]3.1 – Generic Functional Flow
Generic functionality is a top level process flow of system behaviour showing what basic functions must be completed and the order of the sequence they are completed in. Figure 9 - Generic Functional Flow show the chronological progression of how the generic system may defeat the target, also listing the system’s state at key points.
No particular systems engineering tools were used to create this prioritising use of holistic judgements and experience.
At this point, the team was able to identify 2 single points of failure, the propulsion system and the explosive component. This was later considered in function means analysis when creating concepts.

[bookmark: _Toc203606150]	3.2 – Functional Failure Modes and Effects Analysis
The FMEA tool can be applied at multiple stages of the design process, namely functional, design and process [7]. This tool allows the user to identify, prioritise failure modes for the system and quantify risk. Trend analysis can also reveal consistent failures or solutions, the more common the finding, the more important to address it.
Table 4 - FFMEA shows an example of the conducted process for the function “Assemble system.”
Post-completion of this process for all functions, results were analysed, and recommendations were made to the appropriate stakeholders shown in Table 3 - FFMEA Recommendations



[bookmark: _Ref203513003][bookmark: _Toc203606238]Table 3 - FFMEA Recommendations
	Recommendation 
	Stakeholder

	Enter Target Room is highest risk function
	Design Team

	Unpack, assembly and activate risks are significant due to human factor elements
	Design Team

	Self-destruct feature or Insensitive munition required
	Design Team

	Robust Procedures
	Operating Body

	SQEP Operators
	Operating Body

	Make the system metrics available to the operator
	Design Team








[image: ] 
[bookmark: _Ref203507961][bookmark: _Toc203606214]Figure 9 - Generic Functional Flow

[bookmark: _Ref203512085][bookmark: _Toc203606239]Table 4 - FFMEA
	Functional Failure Mode and Effects Analysis (FFMEA)
	FFMEA Results

	ID
	Function
	Potential Failure Mode
	Effects of Failure
	Severity
	Causes
	Occurrence
	Current Design Controls Controls
	Detection
	RPN
	Recommended Actions
	Owner
	Severity
	Occurrence
	Detection
	RPN

	11
	Assemble System
	No Function
	Weapon system not assembled
	8
	Complexity, Parts Missing
	6
	Operator training 
Procedures
	N/A
	2
	96
	Pre-deployment inspection 
	Operating body (Army, Navy etc)
	8
	2
	2
	32

	12
	
	Too Much Function
	N/A
	
	
	
	
	
	
	
	
	
	
	
	
	

	13
	
	Too Little Function
	Weapon System partially assembled
	8
	Not all parts used 
Not fastened appropriately
	6
	Operator SQEP
	N/A
	2
	96
	Robust assembly procedure
	Design Team
	8
	2
	2
	32

	14
	
	Intermittent Function
	Weapon System partially assembled
	8
	Not all parts used 
Not fastened appropriately
	6
	Operator SQEP
	N/A
	2
	96
	Robust assembly procedure
	Design Team
	8
	2
	2
	32

	15
	
	Wrong Function
	Weapon System incorrectly assembled
	8
	Not all parts used,
Parts incorrectly used
	6
	Robust assembly procedure
	N/A
	3
	144
	2-man verification method as part of procedure
	Design team
	8
	2
	3
	48

	16
	
	Wrong Function
	Wrong Weapon  System Assembled
	8
	Wrong packaging
Multiple Configurations
	6
	Operator training
QR Codes 
Barcode
	N/A
	1
	48
	Single configuration
	Design team
	8
	2
	1
	16



[bookmark: _Toc203606151]3.3 – Quality Function Deployment 1
Table 5 - QFD1 compares the requirements set against the identified generic functions of the system [8], weighted by the scalar created in the pairwise comparison.
The distribution of relationships in QFD1 suggests that most of the requirements can be met through functionality with the biggest gaps on requirements being in areas which precede the functionality like stability of the explosive or govern the design such as storage regulations. There was no major crossover in any functionality so no simplifications could be made at this stage.

Figure 10 - Functional Importance Graph shows the most critical functions as the activation of the system and entering the target room. Both of these results support the FFMEA findings as the activation of the system was indicated as a human factors error. The entering of the target room was also the most dangerous pre-mitigation function.

From these results, the team concluded to mitigate human factors errors as much as possible in function means analysis and to focus on a robust method of entering the target room.

An N2 analysis could have been used here but due to time pressures and a lack of understanding of the tool, it was not used. This technique would have allowed the team to identify which functions were critical by the number of inputs and outputs they had to the other functions.




[bookmark: _Ref203513122][bookmark: _Toc203606240]Table 5 - QFD1
	Generic Function
	Importance
	Identify system
	Unpack system
	Assemble system
	Activate system
	Provide motive force
	Regulate motive force
	Initiate targeting system
	Verify targeting output
	Track to target
	Arm system
	Enter target room
	Initiate OME device
	Deliver Effect

	Requirements
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	The system shall be capable of traveling a minimum distance of 100 meters to reach the target.
	6.75321
	
	1
	3
	9
	9
	9
	
	
	1
	
	
	
	1

	The system shall be capable of traveling upwards by at least two stories (~8 meters) to reach the second-floor target.
	6.75321
	
	1
	3
	9
	9
	9
	
	
	1
	
	
	
	1

	The system shall be able to accurately penetrate a 2m x 1m window
	7.74821
	1
	1
	3
	9
	3
	1
	3
	
	9
	9
	9
	
	3

	The system shall be able to penetrate external cavity block wall to enter the designated room.
	7.74821
	1
	1
	3
	9
	3
	1
	3
	
	9
	9
	9
	
	3

	The system may avoid environmental obstructions in path to target
	2.1462
	
	
	
	1
	9
	9
	3
	3
	9
	
	
	
	

	The system may include a targeting mechanism (e.g., laser guidance, GPS, or inertial navigation) to improve accuracy over the required range.
	4.50067
	1
	
	3
	3
	1
	1
	9
	9
	9
	9
	9
	9
	1

	The system shall neutralize communication capabilities within the entire 10m x 8m x 4m target area.
	11.4914
	3
	1
	3
	9
	9
	3
	9
	9
	9
	9
	9
	9
	9

	The system should be designed so that its effect is limited to the target room and does not impact adjacent rooms.
	3.7071
	3
	
	3
	3
	
	
	9
	9
	9
	3
	9
	9
	9

	The system may be designed so that injuries to occupants are minimised.
	1.93112
	3
	
	3
	3
	
	
	9
	9
	9
	3
	9
	9
	9

	The system may operate in a covert manor
	1.27959
	
	1
	3
	9
	9
	3
	
	
	9
	
	9
	9
	9

	The system should be designed to produce the same effect each time it is deployed under identical conditions
	4.73024
	
	
	9
	9
	9
	9
	9
	9
	3
	3
	9
	9
	9

	The system shall function as an OME device, utilizing an explosive event to achieve the desired effect.
	3.84215
	1
	
	3
	3
	1
	1
	
	
	
	3
	9
	9
	9

	The system shall detonate as intended when initiated
	9.02103
	3
	1
	3
	9
	
	
	
	
	
	9
	9
	9
	9

	The system shall include safeguards to prevent accidental initiation during its lifecycle
	10.3996
	3
	3
	9
	9
	
	
	
	3
	3
	9
	9
	9
	3

	The system shall remain stable under expected environmental conditions
	6.40854
	
	9
	9
	
	
	
	
	
	
	
	3
	
	

	The system shall comply with handling & storage regulations
	9.78305
	9
	9
	9
	3
	1
	
	
	
	
	
	
	
	

	The system shall be man portable
	1.75652
	9
	9
	9
	3
	
	
	
	
	
	
	
	
	

	Total Score
	237
	244
	492
	672
	363
	246
	290
	275
	424
	501
	617
	458
	420




[bookmark: _Ref203518808][bookmark: _Toc203606215]Figure 10 - Functional Importance Graph
[bookmark: _Toc203606152]4 - Concept Derivation and Design Choices
[bookmark: _Toc203606153]	4.1 – Function Means Analysis
To transition the generic functions to have particular means, a function means analysis was used. This allows the user to produce multiple ideas per function to create potential concepts to choose from [9].
Table 7 - Function Means Analysis shows 2 originally generated concepts capable of disabling the communications system using holistic judgement and lessons learned from earlier in the design process. In addition, concept 3 was introduced upon completion of QFD2

[bookmark: _Toc203606154]		4.1.1 – Concept 1: Singular Drone System
[image: Could Small Drones Really Replace Artillery?]
[bookmark: _Toc203606216]Figure 11 - Concept 1: Singular Drone System
This concept shows a drone equipped with an explosive component. This drone is released from a remote location and controlled. Upon reaching the window, a KE penetrator attached to the drone breaks the window and allows the drone access to the room, the drone will position itself in the room and detonate.
[bookmark: _Toc203606155]		4.1.2 – Concept 2: Air to Ground Rocket System
[image: Advanced Precision Kill Weapon System - Wikipedia]
[bookmark: _Toc203606217]Figure 12 - Concept 2: Air to Ground Rocket System
A tandem warhead launched from an air vehicle; a reinforced nose cone will allow the rocket to break the window allowing the energetics entry to the room to detonate.

[bookmark: _Toc203606156]		4.1.3 – Concept 3: Multi-drone system

[image: ]
[bookmark: _Toc203606218]Figure 13 - Concept 3: Multi-drone System
Similar to Concept 1, this concept utilises multiple explosive drones, using HE blast to open the window and allow a drone with a smaller charge to enter the room and detonate more accurately. This concept acknowledges the earlier concerns of restricting the quantity of explosives per detonation and single points of failure. This approach does increase the overall quantity of explosives, increasing risk at the process and storage stages but may allow the stretch target to be reached with lower lethal ranges.

[bookmark: _Ref203549276][bookmark: _Toc203606241]Table 6 - Function Means Analysis
	Function
	Means

	Identify system
	Operator Recognition
(1)
	Colour Code
(1+2+3)
	Digital Interface
	RFID Tag
	Barcode
(2)
	QR code
	AR Overlay
	Dimension
(2)
	Smartphone Application
	Biometric Access
	Mission Card
	Markings
(1+2+3)
	Labelling
	Mechanical keying
	Case

	Unpack system
	Manual Unpacking
(1+3)
	prepack-ready-to-use
(2)
	Quick Release
	Pull Tab
	pressure launched system
	breakaway casing
	Self Deploying container
	Drop Pod
	Tear away packaging
	Collapsible unit
(3)
	Locks
(1+2+3)
	Magnets
	pre-scored packaging
	Case
(1+3)
	

	Assemble system
	Operator Manual Assembly
(1+3)
	Pre-assembled system
(2)
	Snap fit
	Tool-assisted
	Self locking components
	Magnetic coupling
	Threads
	Adhesive
	Collapsible unit
(1+3)
	Pin Hinges
	Velcro
	Compression fittings
	Spring Loaded
	Modular system
(1+3)
	

	Activate system
	Switch
(1+3)
	Wireless activation
	Self activated (AI)
	Proximity activation
(2)
	Time delay
	Kinetic
	Environmental trigger
	Biometric Activation
	password
	Key
	Touchscreen
	Voice
	Magnetic trigger
	Shock
	

	Provide motive force
	Thrown
	Rocket
(2)
	Mortar
	Gun Launched
	Helicopter
	Tracks
	Wheels
	Pneumatic Launch
	Spring
	Glide Assisted
	Quadcopter
(1)
	Multiple Quadcopters
(3)
	
	
	

	Regulate motive force
	Throttle
(1+3)
	Variable thruster (2)
	Aerodynamic control surface
(2)
	Gyroscope
	Program flight path
	Thrust vectoring
	parachute
	Air brakes
	Electric motor variation
(1+3)
	Energy recovery system
	one off propulsion
	
	
	
	

	Initiate targeting system
	optical sighting
	Laser Designator
(2)
	GPS 
(1+3)
	Radar
	Infrared
	RF signal
	Artificial Intelligence
	Object recognition
	Lock on after launch (LOAL)
	LIDAR
	Operator designation
(1+3)
	Electromagnetic emissions tracking
	
	
	

	Verify targeting output
	Visual
(1+3)
	Heads Up display
	IR
	Radar
	Optical verification
	AI
	GPS coordinate verification
	Inertia
	Pre strike authorisation
	Laser
(2)
	
	
	
	
	

	Track to target
	Laser
(2)
	GPS
	Gyroscopic
	Optical Tracking
	Operator Controlled
(1+3)
	Infrared
	Radar homing
	RF tracking
	AI
	Terrain effect flight
	Beacon homing
	
	
	
	

	Arm system
	Switch
	Remote arming command
	Time delay
	Environmental trigger
	Proximity
(1+2+3)
	GPS
(1)
	Accelerometer
	Optical
	RF detection
	
	
	
	
	
	

	Enter target room
	Shape charge penetration
	HE Blast
(3)
	KE penetration
(1+2)
	Thermobaric Charge
	EFP
	reinforced nose cone
	spring loaded spike
	
	
	
	
	
	
	
	

	Initiate OME device
	Impact fuze
(2)
	Timed Fuze
	Proximity Fuze
	Operator Command-detonated
(1+3)
	Barometric Fuze
	Bridge wire
(1+3)
	
	
	
	
	
	
	
	
	

	Deliver Effect
	Blast
(1+2+3)
	Frag
(1+2+3)
	EMP
	KE Penetration
	Shaped Charge
	Thermobaric
	Flechette
	
	
	
	
	
	
	
	





[bookmark: _Toc203606242]Table 7 - FMA Key
	KEY

	Singular Drone System 
(1)

	Air to Ground Rocket System (2)

	Multi-drone System
(3)

	Combination
(1+2+3)


	

[bookmark: _Toc203606157]4.2 – Pugh Matrix
Table 8 - Pugh Matrix shows the comparison of the three concepts to the requirements set [10]. Concept 3 shares many traits with Concept 1, however due to its greater performance in more minor requirements is determined to be the superior design.
Concept 2 did not score as well with the requirements but also has a few flaws in concept, namely an air vehicle being in such close proximity to an urban environment increases risk as well as the uncertainty of the access to the window for an air-to-ground shot’s viability.
[bookmark: _Ref203557114]


[bookmark: _Toc203606243]Table 8 - Pugh Matrix
	WHATs - Customer Requirements
	Relative Importance 
	Singular Drone System
	Shoulder Launched Rocket
	Multi-drone System

	The system shall be capable of traveling a minimum distance of 100 meters to reach the target.
	6.75
	2
	2
	2

	The system shall be capable of traveling upwards by at least two stories (~8 meters) to reach the second-floor target.
	6.75
	2
	2
	2

	The system shall be able to accurately penetrate a 2m x 1m window or external cavity block wall to enter the designated room.
	7.75
	1
	0
	2

	The system may avoid environmental obstructions in path to target
	2.15
	2
	1
	2

	The system may include a targeting mechanism (e.g., laser guidance, GPS, or inertial navigation) to improve accuracy over the required range.
	4.5
	0
	1
	0

	The system shall neutralize communication capabilities within the entire 10m x 8m x 4m target area.
	11.5
	1
	2
	2

	The system should be designed so that its effect is limited to the target room and does not impact adjacent rooms.
	3.71
	1
	-2
	1

	The system may be designed so that injuries to occupants are minimised.
	1.93
	-1
	-2
	-1

	The system may operate in a covert manor
	1.28
	1
	0
	0

	The system should be designed to produce the same effect each time it is deployed under identical conditions
	4.73
	1
	1
	1

	The system shall function as an OME device, utilizing an explosive event to achieve the desired effect.
	3.84
	2
	2
	2

	The system shall detonate as intended when initiated
	9.02
	1
	0
	1

	The system shall include safeguards to prevent accidental initiation during its lifecycle
	10.4
	2
	1
	2

	The system shall remain stable under expected environmental conditions
	6.41
	2
	1
	2

	The system shall comply with handling & storage regulations
	9.78
	2
	1
	2

	The system shall be man portable
	1.76
	2
	1
	2

	Total Score
	100
	131.73
	86.13
	149.69


[bookmark: _Toc203606158]5 - Critical Design Features
[bookmark: _Toc203606159]	5.1 – DFMEA
Upon completion of the Function Means Analysis of concept 3, a DFMEA was completed using the same format as the FFMEA.
The primary new finding was the usage of gold standard components for critical features. The previous human factors, sqep operators and robust procedures were reiterated, reinforcing the earlier results and instances in other tools which imply their significance. 
[bookmark: _Toc203606160]	5.2 – QFD2
Table 9 - QFD2: Issue 1 compares the functional means of concept 1 against the generic functions of the system. As previously mentioned, concept 1 was replaced by concept 3 due to the shape of the QFD2 chart as there is no clear leading diagonal and no clearly identifiable subsystems. The systems engineering tools used allowed the team to revisit at a convenient point and reiterate the process.
Table 10 - QFD2: Issue 2 shows the updated table with marked subsystems. The case system, the drone system and its assembly, the navigation system and the explosive component.
Seen in Figure 14 - Feature Importances, the most important feature was the manual assembly of the system, tying back to the human factors concerns raised. The team resolved to make sure there was only one possible configuration of the assembly to circumvent this issue.
The critical subsystem to be expanded the explosive component as the team had decided to outsource the drone design to be commercial off the shelf (COTS) as there was little experience present to design the drone effectively. To control this, a quality engineer would need to be prescribed to regulate the manufacturer’s arrangements to ensure an effective product is received. Another opportunity to complete an N2 analysis was present however, due to the previous reasons, it was not completed.

[bookmark: _Ref203578513][bookmark: _Ref203579568][bookmark: _Toc203606244]Table 9 - QFD2: Issue 1
	Design feature
	Unscaled Importance
	Scalar
	Scaled Importance
	Operator Recognition
	Colour Code
	Barcode
	Dimension (visual recognition)
	Markings
	Case
	Manual Unpacking
	Collapsable Unit
	Locks
	Operator Manual Assembly
	Modular System
	Switch (ON / OFF)
	Quadcopter
	Electric Motor Variation (Motive Force)
	GPS
	Operator Designation
	Visual (verifying target)
	Operator Controlled
	Proximity (Arming)
	KE Penetration
	Reinforced Nose Cone
	Bridgewire
	Blast 
	Frag

	Functionality
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Identify system
	237.3
	10
	23.73
	9
	9
	9
	9
	9
	3
	1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Unpack system 
	243.5
	10
	24.35
	 
	 
	 
	1
	 
	3
	9
	3
	9
	3
	3
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Assemble system
	492
	10
	49.2
	3
	3
	 
	3
	1
	 
	9
	9
	3
	9
	9
	1
	9
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Activate system 
	672
	10
	67.2
	 
	 
	 
	 
	 
	 
	1
	3
	1
	9
	9
	9
	3
	3
	3
	 
	3
	3
	1
	 
	 
	 
	 
	 

	Provide motive force 
	363
	10
	36.3
	 
	 
	 
	 
	 
	 
	1
	3
	1
	3
	3
	9
	9
	9
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Regulate motive force
	245.6
	10
	24.56
	 
	 
	 
	 
	 
	 
	 
	 
	 
	3
	 
	3
	9
	9
	3
	 
	3
	9
	1
	 
	 
	 
	 
	 

	Initiate targeting system
	290.2
	10
	29.02
	 
	 
	 
	 
	 
	 
	 
	1
	 
	9
	3
	9
	3
	 
	9
	9
	 
	3
	9
	 
	 
	 
	 
	 

	Verify targeting output
	274.9
	10
	27.49
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	3
	 
	 
	9
	9
	9
	9
	9
	 
	 
	 
	 
	 

	Track to target 
	423.9
	10
	42.39
	 
	 
	 
	 
	 
	 
	 
	 
	 
	3
	 
	3
	9
	9
	9
	9
	9
	9
	9
	 
	 
	 
	 
	 

	Arm system
	500.8
	10
	50.08
	 
	 
	 
	 
	 
	 
	 
	 
	 
	3
	1
	3
	9
	9
	9
	9
	3
	9
	9
	 
	 
	 
	 
	 

	Enter target room 
	616.8
	10
	61.68
	 
	 
	 
	 
	 
	 
	 
	 
	 
	9
	3
	9
	9
	9
	9
	3
	3
	9
	9
	9
	9
	 
	 
	 

	Initiate OME device
	458.1
	10
	45.81
	3
	 
	 
	 
	 
	 
	3
	 
	 
	9
	 
	 
	 
	 
	9
	9
	9
	9
	9
	9
	9
	9
	9
	9

	Deliver Effect
	419.7
	10
	41.97
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	9
	9
	9

	 
	 
	 
	 
	499
	361
	214
	386
	263
	144
	927
	855
	470
	2809
	1552
	2231
	2667
	2137
	2584
	1938
	1652
	2557
	2400
	967
	967
	412
	412
	412


[bookmark: _Ref203579534][bookmark: _Toc203606245]Table 10 - QFD2: Issue 2
	Design feature
	Unscaled Importance
	Scalar
	Scaled Importance
	Colour Code
	Markings on Case
	Case
	Manual Unpacking
	Locks
	Collapsable Unit
	Operator Manual Assembly
	Modular System
	Switch (ON / OFF)
	Multiple Quadcopters
	Electric Motor Variation (Motive Force)
	Throttle
	GPS
	Operator Designation
	Visual (verifying target)
	Operator Controlled
	Proximity (Arming)
	Electric Bridgewire
	Blast
	Fragmentation

	Functionality
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Identify system
	237.3
	10
	23.73
	9
	9
	3
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Unpack system
	243.5
	10
	24.35
	
	
	9
	9
	9
	9
	3
	3
	
	
	
	
	
	
	
	
	
	
	
	

	Assemble system
	492
	10
	49.2
	3
	1
	
	9
	3
	9
	9
	9
	
	9
	
	
	
	
	
	
	
	3
	3
	3

	Activate system
	672
	10
	67.2
	
	
	
	1
	
	3
	9
	9
	9
	3
	3
	
	3
	
	3
	3
	1
	
	
	

	Provide motive force
	363
	10
	36.3
	
	
	
	1
	
	3
	3
	3
	3
	9
	9
	3
	
	
	
	
	
	
	
	

	Regulate motive force
	245.6
	10
	24.56
	
	
	
	
	
	1
	3
	1
	3
	9
	9
	9
	3
	
	3
	9
	1
	
	
	

	Initiate targeting system
	290.2
	10
	29.02
	
	
	
	
	
	1
	9
	3
	9
	3
	9
	9
	9
	9
	
	3
	3
	
	
	

	Verify targeting output
	274.9
	10
	27.49
	
	
	
	
	
	
	
	
	3
	1
	1
	
	3
	9
	9
	9
	1
	
	
	

	Track to target
	423.9
	10
	42.39
	
	
	
	
	
	
	3
	
	3
	9
	9
	
	3
	9
	9
	9
	3
	
	
	

	Arm system
	500.8
	10
	50.08
	
	
	
	
	
	
	3
	1
	3
	9
	9
	
	9
	9
	3
	9
	9
	9
	
	

	Enter target room
	616.8
	10
	61.68
	
	
	
	
	
	
	9
	3
	9
	9
	9
	
	9
	3
	3
	9
	3
	9
	9
	3

	Initiate OME device
	458.1
	10
	45.81
	
	
	
	3
	
	
	9
	
	
	
	
	
	1
	9
	9
	9
	9
	9
	9
	9

	Deliver Effect
	419.7
	10
	41.97
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	9
	9
	9

	Total Score
	361
	263
	290
	927
	367
	1026
	2809
	1576
	1964
	2694
	2425
	591
	1798
	1938
	1652
	2557
	1382
	1566
	1115
	745




[bookmark: _Ref203579820][bookmark: _Toc203606219]Figure 14 - Feature Importances

[bookmark: _Toc203606161]	5.3 – Noises and Controls
Figure 15 - System P-diagram shows a Parameter diagram constructed at the system level. This diagram signposts the inputs and outputs of the system as well as external influences called noise factors [11].
P-diagrams should also consider how their implemented control measures cause emergent behaviour to create more noise factors and should consider further control measures to control the emergent noise.
From this Figure 16 - What/Why Table was created and Figure 17 - System Control Factors and Figure 18 - System Noise Factors were extrapolated from the data. The shape of the what/why table’s data does not reveal any insight potentially due to the categorised approach.
The most prevalent control factor was material properties which was fed back to the design specialist. The identified noise factors had already largely been captured in earlier tools or requirements such as human factors or the terrain.







[image: ]
[bookmark: _Ref203597674][bookmark: _Toc203606220]Figure 15 - System P-diagram

[image: ]
[bookmark: _Ref203598103][bookmark: _Toc203606221]Figure 16 - What/Why Table

[bookmark: _Ref203598113][bookmark: _Toc203606222]Figure 17 - System Control Factors

[bookmark: _Ref203598115][bookmark: _Toc203606223]Figure 18 - System Noise Factors
[bookmark: _Toc203606162]5.4 – Critical Subsystem Design
The subsystem was designed using the previously used systems engineering tools, beginning with identifying new stakeholders for the critical subsystem and expanding the stakeholder map. A set of subsystem requirements can be generated and is shown in Table 11 - Subsystem Requirements.

[bookmark: _Ref203592741][bookmark: _Toc203606246]Table 11 - Subsystem Requirements
	Requirement No.
	Description

	1
	The system should be resource efficient.

	2
	The system should have reasonable operational costs.

	3
	The system should be easy to manufacture.

	4
	The system should have minimal environmental impact. 

	5
	The system must have maintenance requirements.

	6
	The design can be flexible.

	7
	The design can be scalable.



Two concepts, Figure 19 - Subsystem Concept 1  and Figure 20 - Subsystem Concept 2, were created using Table 12 - Critical Subsystem FMA

A variation of the pugh matrix was used in Table 13 - Critical Subsystem Pugh Matrix, ranking the superior design for each design feature against each requirement. This method is simpler to use but fails to acknowledge the hierarchy of requirements importance.


[bookmark: _Ref203593666][bookmark: _Toc203606247]Table 12 - Critical Subsystem FMA
	Function
	Means

	Integration 
	The electrical connection used by COTS system 
	 
	 
	 
	 
	 

	safe arming mechanism/ initiator (or the thing used to activate/ change it from safe to engaged) (must conform to AOP 20 STANAG 4157)
	Manual removal of a safety pin
	Set back
	inertia
	Metron used to actuate the safe arming system
	Discharge of a bank of capacitors
	 

	Det
	(pre selected) bridge wire
	 
	 
	 
	 
	 

	Case Material
	Mild steel
	Stainless 
	Plastic
	Composite
	Ali 
	 

	Fragmentation 
	Case 
	Ball bearings 
	Pre-formed frag sleeve 
	 
	 
	 

	Case thickness 
	2mm
	5mm
	1.5mm 
	0.75mm
	0.5mm
	 

	Primary 
	Silver azide
	Lead azide 
	Mercury fulminate
	Xenon dioxide
	lead styphnate 
	TATP

	Booster
	tetryl 
	 phlegmatized RDX 
	PETN
	TNT
	 
	 

	Main Charge 
	RDX/Wax
	PE8
	HMX
	Comp B (RDX/TNT)
	 
	 

	Trigger mechanism 
	(pre selected) GPS
	(pre selected) Operator button
	 
	 
	 
	 

	Power source 
	Powered by COTS drone
	Internal battery 
	Piezoelectric crystal 
	 
	 
	 

	Interfaces between internal parts 
	PCB
	Wires
	Electrical contact points 
	 
	 
	 

	Colour coding & marking (conform to NATO) (Deep Bronze Green No 224 Golden Yellow No 356)
	Paint
	Vinyal Wrap
	 
	 
	 
	 




 [image: ]
[bookmark: _Ref203593753][bookmark: _Toc203606224]Figure 19 - Subsystem Concept 1
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[bookmark: _Ref203593756][bookmark: _Toc203606225]Figure 20 - Subsystem Concept 2


[bookmark: _Ref203597302][bookmark: _Toc203606248]Table 13 - Critical Subsystem Pugh Matrix
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[bookmark: _Toc203606163]6 – Manufacturing 
[bookmark: _Toc203606164]	6.1 – Manufacturing Process
Appendix B - Manufacturing Systems Tools shows the full set of techniques used to generate Figure 21 - Manufacturing Process.
QFD3 compares process features to important design features. Screw Extrude and cut to length were identified as the most important techniques.
The final manufacturing process is shown in Figure 22 - Manufacturing Process.


[bookmark: _Toc203606249]Table 14 - QFD3
	Process Features
	Importance
	Receipt inspection
	Portioning of PE-8
	Hopper Feeding
	Screw Extrude
	Cut to length
	Visually Inspect
	X- Ray
	Store
	Hand Assemble in warhead

	Important design features
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Internal Finish of Warhead
	3
	 
	 
	 
	 
	 
	 
	 
	 
	9

	Liner Quality
	1
	 
	 
	 
	 
	 
	 
	 
	 
	9

	PE-8 dimension
	9
	3
	 
	 
	9
	9
	9
	9
	 
	 

	PE-8 Quality
	9
	9
	3
	3
	9
	9
	 
	3
	3
	3

	Homogonous PE-8 Charge
	3
	 
	 
	 
	9
	9
	9
	9
	 
	 

	 Total Score
	 
	108
	27
	27
	189
	189
	108
	135
	27
	63



[bookmark: _Toc203606226]Figure 21 - Technique Importance
[image: ]
[bookmark: _Ref203602841][bookmark: _Toc203606227]Figure 22 - Manufacturing Process
[bookmark: _Toc203606165] 	6.2 - Critical Process Steps
An FMEA was completed for process steps. The highest scoring risks were identified as critical process steps. The top 3 scoring steps were:
1. Lubricate with approved dry film lubricant
2. Ensure Extrusion Drum grounding cable is secure
3. Inspect for Extruder Screw Ram scoring, residue, or wear


6.3 – Process Control Measures
Table 16 - Process Control Plan shows the format for how each of the failure modes identified in the PFMEA is controlled and made safe. The PFMEA, PCP and Process flow make up the trilogy documentation, an iterative process of continuous improvements to safety, efficiency and fault finding. Each new iteration of one of the documents affects the next.  







	 
	 
	 
	manufacturing controls and Aids
	Difficulty
	Frequency
	Severity
	Detectability
	RPN
	 
	Material Sampling
	Maintenance
	SQEP
	Factory cleaning
	Humidty Control
	Ventilation
	Temperature Control
	Robust SOP
	X-ray inspection
	Visual inspection
	Personnel Training

	Process parameters
	Target Values
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Temperature
	ambient room Temp
	 
	 
	3
	9
	3
	1
	81
	 
	 
	 
	9
	3
	3
	3
	9
	9
	 
	 
	9

	PE-8 Quality
	Within Supplier Spec
	 
	 
	3
	3
	9
	3
	243
	 
	9
	9
	 
	9
	3
	 
	 
	9
	 
	 
	3

	PE-8 Final length
	Within Final Spec
	 
	 
	1
	9
	9
	1
	81
	 
	3
	9
	9
	 
	 
	 
	 
	9
	 
	9
	9

	PE-8 Final Diameter
	Within Final Spec
	 
	 
	1
	9
	9
	1
	81
	 
	3
	9
	9
	 
	 
	 
	 
	9
	 
	9
	9

	PE-8 Homogeony
	No Voids
	 
	 
	9
	3
	3
	3
	243
	 
	9
	 
	 
	9
	3
	 
	9
	9
	9
	 
	3

	 
	 
	 
	 
	 
	 
	 
	 
	0
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	0
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	0
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 
	0
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	
	
	
	
	
	
	
	
	
	4860
	3645
	2187
	4617
	1701
	243
	2916
	6561
	2187
	1458
	3645


[bookmark: _Toc203606250] Table 15 - QFD4


[bookmark: _Toc203606228]Figure 23 - QFD4 Importance
[bookmark: _Toc203606251][bookmark: _Ref203606778]Table 16 - Process Control Plan
	Operation Number
	Operation Description
	Machine, Device, Jig, Tool
	Characteristic to be controlled
	Control Class
	Control Method
	Reaction Plan if Control Method fails

	
	
	
	Product Characteristic
	Process Parameter
	
	Element Evaluated / Measured
	Specification / Tolerance
	Evaluation / Measurement Technique
	Sample
	Record
	Assurance of Control (Incl. Procedure)
	

	
	
	
	
	
	
	
	
	
	Size
	Frequency
	
	
	

	PE-8 Extrusion

	1
	Verify access control to extrusion bay
	Key press and door locks
	Controlled access
	Physical key control
	!

	CTS



	Key log and physical key access
	Only authorised key holders
	Visual + logbook check
	1
	Daily start-up
	Access Log
	Key control check
	Report breach; restrict area access

	2
	Check ESD flooring
	ESD flooring
	Static dissipation
	Surface resistance
	CTS
	Floor resistance
	<10^9 ohms
	ESD resistance meter
	1
	Weekly
	ESD Log
	Surface resistance check
	Repair/replace flooring

	3
	Ensure blast shields and interlocks are engaged
	Interlock switch, shield
	Operator protection
	Circuit status
	CTS
	Shield and switch function
	Active / engaged
	Visual + system check
	1
	Per shift
	Safety Log
	Inspection
	Stop work; report issue

	4
	Confirm area is clean and free of foreign objects
	Work area
	Cleanliness
	Foreign object detection
	CTQ 
& CTS
	Work area cleanliness
	No foreign objects
	Visual inspection
	1
	Pre-shift
	Housekeeping Log
	Inspection
	Clean and recheck



[bookmark: _Toc203606167]7 – Breakdown and Disposal
[bookmark: _Toc203606168]	7.1 - Requirements
The design processes used were again reiterated for the breakdown and disposal portion of the project. This further expanded the stakeholder map to include the disposal site, disposal experts and placed a greater emphasis on environmental organisations. 
[bookmark: _Ref203583979][bookmark: _Toc203606252]Table 17 - Disposal Requirements
	Requirement
	Description

	1
	The characteristics of the energetic component must be known.

	2
	The system must be safe for disposal.

	3
	The disposal life of the system must be known.

	4
	The system should be easy to dispose of.

	5
	The system should be recyclable

	6
	The system should be reuseable

	7
	The system must be compliant with applicable legislation

	8
	The system should use the minimum quantities of hazard material necessary.

	9
	The system should be able to be disposed of with minimal environmental impacts.

	10
	The system should have a predictable fragmentation pattern.

	11
	The system should be compatible with current disposal methods.

	12
	The system energetics should be stable for disposal.

	13
	The system should be able to separate the energetic components from the delivery systems.

	14
	The systems energetic components should produce low levels of toxicity when disposed of.



Analysis of Table 11 - Disposal Requirements indicates that the energetics and the drone are two separate waste streams and the disposal of one is not necessarily implicative of the other’s disposal. These requirements were fed back to the design team and implemented. This can be seen from the detachable energetic component and the base stable energetic.

[bookmark: _Toc203606169]	7.2 – Methodologies
As functionality for disposal is inherently solution based, generic functionality and QFD1 were missed in favour of accelerating the process to go the function means for disposal methods. Table 12 - Disposal Methodologies shows the considered options.
The experimental options were discounted based on the lack of novelty in the energetics component as there is no special requirement and investing in new technologies for this process would not be cost-effective. Sea dumping was discounted due to its lack of ethical viability and potential damage to the environment due to destabilised explosives and potential toxic properties.
The simplest and cost effective solution was to burn or detonate the explosives, with detonation being a more certain approach. As a result, detonation was chosen as the disposal method.
[bookmark: _Ref203584366][bookmark: _Toc203606253]Table 18 - Disposal Methodologies
	Method No.
	Type
	Description

	1
	Conventional
	Dissolution or dilution by solvent

	2
	Conventional
	Chemical Destruction

	3
	Conventional
	Detonation

	4
	Conventional
	Burning

	5
	Experimental
	Cryofreeze

	6
	Experimental
	Microbiological degradation

	7
	Unconventional
	Sea Dumping



[bookmark: _Toc203606170]	7.3 – Waste Management Process
Figure 24 - Disposal Waste Management Process Flow shows how the system will be inspected and deconstructed into its component parts. The energetics will be detonated as previously mentioned, whereas the drone has more potential outcomes including the potential to be brought back into service or sold to get more value for money or some return on the drone’s usage.



[image: ]
[bookmark: _Ref203584692][bookmark: _Toc203606229]Figure 24 - Disposal Waste Management Process Flow
[bookmark: _Toc203606171]8 - Conclusion
In conclusion, this report has demonstrated the end-to-end process for the design of Project Penthus and the systems engineering tools used in its creation.
In this process, requirements were gathered and compared using a pairwise comparison to identify a hierarchy of importance. A generic functionality of the system was defined and the most important functions were defined in QFD1. Specific means were defined to create concepts chosen by a Pugh Matrix. QFD2 allowed for the identification of 4 subsystems, one of which received a more in-depth design. Finally, p-diagrams and what/why tables were constructed to identify controls and noises at the system level. Different FMEAs were used throughout the design process to quantify risk and make recommendations to appropriate stakeholders.
Variations of the process were then repeated at the subsystem level and at various stages of the CADMID cycle utilising further techniques such as QFD3 and QFD4, demonstrating the flexibility of the toolset for multiple applications across different sectors of the defence enterprise.
Use of the systems engineering toolset has assisted Project Team Penthus to produce a multi-drone explosive system that fits the operational requirement to disable the communications system that the customer originally described, the requirements set out by the various stakeholders and has a planned end-to-end OME lifecycle. 
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	Severity Scale

	Effect
	Severity of Effect
	Score

	Critical - 
No Warning
	Results in catastrophic failure, major harm, or system loss, without warning
	10

	Critical - 
With Warning
	Results in catastrophic failure, major harm, or system loss, with warning
	9

	Major
	Causes significant system failure, loss of function, or customer dissatisfaction
	8

	High
	Causes noticeable performance degradation or safety concerns
	7

	Moderate
	Causes moderate reduction in functionality or minor customer issues
	6

	Low
	Causes slight reduction in performance but product remains functional
	5

	Very Low
	Causes minor issues, such as slight inefficiencies, without customer impact
	4

	Minor
	Causes negligible design flaws with no real impact on performance
	3

	Very Minor
	Results in no noticeable design issues, but could involve minor tweaks
	2

	None
	Causes no effect on performance or safety
	1






	Occurrence Scale

	Probability of Failure
	Frequency of Failure 
	Score

	Frequent
	Issue occurs more than once per project
	10

	Very High
	Issue occurs on most projects
	9

	High
	Issue occurs in roughly 1 in 10 designs
	8

	Significant
	Issue occurs in 1 out of every 20 designs
	7

	Moderate
	Issue occurs in roughly 1 out of every 100 designs
	6

	Low
	Issue occurs in about 1 out of 400 designs
	5

	Uncommon
	Issue occurs in about 1 out of 1,000 designs
	4

	Very Low
	Issue occurs in 1 out of every 5,000 designs
	3

	Rare
	Issue occurs in 1 out of every 10,000 designs
	2

	Extremely Rare
	Issue occurs only in exceptional cases
	1










	Detection Scale

	Chance of Detection
	Likelihood of Detecting the Failure
	Score

	Nearly Impossible
	No current design controls can detect the failure
	10

	Extremely Remote
	Very remote likelihood of detection
	9

	Remote
	Remote chance of detection
	8

	Very Low
	Low likelihood of detection
	7

	Low
	Small chance of detection
	6

	Moderate
	Moderate likelihood of detection
	5

	Moderately High
	Moderately high chance of detection
	4

	High
	High chance of detection
	3

	Very High
	Very high likelihood of detection
	2

	Almost Certain
	Almost certain chance of detection
	1
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[bookmark: _Toc203606254]Table 19 - Manufacturing QFD1
	Manufacturing Functionality
	Importance
	Case
	Shape case External
	Shape case internal
	create connectiong face - Case cap
	Clean Case
	Coat Internal
	Surface Finish
	Fill
	Unpackage PE-8
	Manufacture Lead Azide Primary
	Manufacture PETN Booster
	Shape PE-8
	Insert Boosster Pellet
	Insert Primary explosive
	Seal Warhead
	Source Igniter
	Source Drone
	Assemble Lethal Package
	Assemble System
	Package
	Identify

	Manufacturing Requirements
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Manufacturing Costs
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Labour
	5
	 
	3
	3
	3
	1
	3
	1
	 
	1
	9
	9
	9
	3
	3
	1
	1
	1
	9
	3
	1
	3

	Equipment capital cost
	5
	 
	3
	3
	3
	1
	9
	3
	 
	1
	9
	9
	9
	1
	1
	1
	 
	 
	1
	1
	1
	3

	Service / Operating Cost
	5
	 
	3
	3
	3
	1
	3
	3
	 
	1
	3
	9
	9
	3
	3
	3
	1
	1
	3
	3
	3
	3

	Integration Cost
	5
	 
	1
	1
	1
	1
	9
	1
	 
	1
	9
	9
	9
	9
	9
	3
	1
	1
	3
	3
	3
	9

	Material Cost - Metal
	5
	 
	9
	9
	9
	 
	 
	3
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Material Cost - Energetic
	5
	 
	 
	 
	 
	 
	 
	 
	 
	9
	3
	3
	9
	 
	 
	 
	3
	 
	1
	 
	 
	 

	Material Cost - other
	5
	 
	1
	1
	1
	3
	3
	1
	 
	1
	1
	1
	3
	1
	1
	1
	 
	9
	1
	1
	9
	3

	Maintenance Cost
	 
	 
	3
	3
	3
	1
	3
	3
	 
	 
	3
	3
	9
	1
	1
	 
	 
	 
	1
	3
	1
	3

	Manufacturing Capacity
	5
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Target production rate XX per month
	5
	 
	9
	9
	9
	3
	3
	1
	 
	3
	9
	3
	3
	9
	9
	3
	3
	3
	9
	9
	3
	1

	Reliable Manufacture
	5
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Repeatable performance
	5
	 
	3
	9
	9
	3
	3
	3
	 
	 
	9
	9
	9
	9
	9
	3
	 
	 
	9
	9
	3
	9

	Effective Maintenance
	5
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Low system outage
	5
	 
	9
	9
	9
	3
	3
	 
	 
	 
	1
	3
	9
	3
	3
	3
	 
	 
	9
	9
	3
	9

	Quality
	5
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Defect Free
	5
	 
	3
	3
	9
	3
	3
	3
	 
	 
	9
	9
	9
	 
	 
	1
	1
	1
	 
	 
	3
	3

	Effective test and inspection
	5
	 
	9
	9
	9
	3
	3
	9
	 
	 
	9
	9
	9
	9
	9
	9
	3
	3
	9
	9
	3
	3

	Safety
	5
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Explosive
	5
	 
	 
	 
	 
	 
	 
	 
	 
	9
	9
	9
	9
	9
	9
	3
	1
	1
	3
	1
	 
	 

	Non-Explosive
	5
	 
	9
	9
	9
	3
	9
	1
	 
	 
	 
	 
	 
	3
	3
	 
	 
	 
	3
	3
	3
	3

	 
	5
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	5
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	5
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	5
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	 
	0
	310
	340
	370
	125
	255
	145
	0
	130
	400
	410
	480
	295
	295
	155
	70
	100
	300
	255
	175
	245
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	Function
	Means

	Case
	
	
	
	
	

	Shape case External
	Manual Lathe
	CNC Mill
	5 Axis CNC
	Manual Mill
	CNC Lathe

	Shape case internal
	Manual Lathe
	CNC Mill
	5 Axis CNC
	Manual Mill
	CNC Lathe

	create connectiong face - Case cap
	Manual Lathe
	CNC Mill
	5 Axis CNC
	Manual Mill
	CNC Lathe

	Clean Case
	Ultrasonic Bath
	Brush and Blow
	Bath clean
	Vacuum
	

	Coat Internal
	Line
	Plastic
	PTFE
	Polyethlyene
	

	Surface Finish
	Grind
	Mill
	Machined Finish
	
	

	Fill
	
	
	
	
	

	Unpackage PE-8
	Hand
	
	
	
	

	Manufacture Lead Azide Primary
	Cast Curing
	Pressing
	Extrusion
	
	

	Manufacture PETN Booster
	Cast Curing
	Pressing
	Extrusion
	
	

	Shape PE-8
	Hand Shape
	Extrude
	Press
	
	

	Fit Booster
	Hand Assembly
	Robotic Assembly
	Push Fit
	
	

	Fit Primary
	Hand Assembly
	Robotic Assembly
	Push Fit
	
	

	Seal Warhead
	Loctite
	PTFE
	
	
	

	Source Igniter
	COTS
	
	
	
	

	Source Drone
	COTS
	
	
	
	

	Assemble Lethal Package
	Hand Assembly
	
	
	
	

	Assemble System
	Hand Assembly
	Robotic Assembly
	
	
	

	Package
	Wooden Box
	Metal Container
	Foam Insters
	Antistatic bag
	Bubble Wrap

	Identify
	
	
	
	
	









[bookmark: _Toc203606256]Table 21 - Manufacturing QFD2
	Design feature
	Importance
	CNC Lathe
	Ultrasonic bath
	PTFE
	Lathe machined Finish
	Hand Unpacking
	pressing
	Extrusion
	hand Assembly
	PTFE tape
	COTS
	Metal Container
	Foam Inserts
	Pad Printer

	Functionality
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Shape case External
	5.5166175
	9
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Shape case internal
	6.4799235
	9
	 
	1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	create connectiong face - Case cap
	5.5166175
	9
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Clean Case
	2.8979099
	 
	9
	1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Coat Internal
	4.8621391
	 
	3
	9
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Surface Finish
	3.0337646
	 
	 
	 
	9
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Unpackage PE-8
	4.7548451
	 
	 
	 
	 
	9
	 
	9
	 
	 
	 
	 
	 
	 

	Manufacture Lead Azide Primary
	12.220729
	 
	 
	 
	 
	 
	9
	 
	 
	 
	 
	 
	 
	 

	Manufacture PETN Booster
	10.403995
	 
	 
	 
	 
	 
	9
	 
	 
	 
	 
	 
	 
	 

	Shape PE-8
	11.951052
	 
	 
	 
	 
	 
	 
	9
	 
	 
	 
	 
	 
	 

	Insert Boosster Pellet
	4.0934065
	 
	 
	 
	 
	 
	1
	3
	9
	 
	 
	 
	 
	 

	Insert Primary explosive
	4.3872045
	 
	 
	 
	 
	 
	1
	3
	9
	 
	 
	 
	 
	 

	Seal Warhead
	5.3948811
	 
	 
	 
	 
	 
	 
	3
	 
	9
	 
	 
	 
	 

	Source Igniter
	3.4529539
	 
	 
	 
	 
	 
	 
	 
	 
	 
	9
	 
	 
	 

	Source Drone
	3.2217199
	 
	 
	 
	 
	 
	 
	 
	 
	 
	9
	 
	 
	 

	Assemble Lethal Package
	7.1101518
	 
	 
	 
	 
	 
	 
	 
	 
	 
	9
	 
	 
	 

	Assemble System
	4.7020893
	 
	 
	 
	 
	 
	 
	 
	 
	 
	9
	 
	 
	 

	Package
	2.1477408
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	9
	9
	 

	Identify
	3.2840925
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	9

	 
	 
	158
	41
	53
	27
	43
	212
	192
	76
	49
	166
	19
	19
	30
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[bookmark: _Toc203606234]Figure 29 - Manufacturing P-diagram
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[bookmark: _Toc203606235]Figure 30 - Manufacturing What/ Why Table


The system shall be capable of traveling a minimum distance of 100 meters to reach the target.	The system shall be capable of traveling upwards by at least two stories (~8 meters) to reach the second-floor target.	The system shall be able to accurately penetrate a 2m x 1m window	The system shall be able to penetrate external cavity block wall to enter the designated room.	The system may avoid environmental obstructions in path to target	The system may include a targeting mechanism (e.g., laser guidance, GPS, or inertial navigation) to improve accuracy over the required range.	The system shall neutralize communication capabilities within the entire 10m x 8m x 4m target area.	The system should be designed so that its effect is limited to the target room and does not impact adjacent rooms.	The system may be designed so that injuries to occupants are minimised.	The system may operate in a covert manor	The system should be designed to produce the same effect each time it is deployed under identical conditions	The system shall function as an OME device, utilizing an explosive event to achieve the desired effect.	The system shall detonate as intended when initiated	The system shall include safeguards to prevent accidental initiation during its lifecycle	The system shall remain stable under expected environmental conditions	The system shall comply with handling 	&	 storage regulations	The system shall be man portable	6.75321250502091	6.75321250502091	7.7482106134411977	7.7482106134411977	2.1462025724387312	4.5006675414201966	11.491352819436727	3.7071031059215711	1.9311231920669729	1.2795886586344121	4.7302397750324108	3.842148592609655	9.0210254234223104	10.399597772629047	6.4085390037529137	9.7830474189582617	1.7565178867525806	


QFD 1 Results - Functional Importance Graph


Identify system	Unpack system 	Assemble system	Activate system 	Provide motive force 	Regulate motive force	Initiate targeting system	Verify targeting output	Track to target 	Arm system	Enter target room 	Initiate OME device	Deliver Effect	237.34593205273973	243.5265452414786	492.02904342543513	672.02988196033857	362.99940675389223	245.59786801274231	290.17224930286426	274.88177894010425	423.86806970423527	500.81342705100786	616.81902998375995	458.1256219305597	419.71838365411281	


QFD2 Issue 2 Results - Feature Importances


Colour Code	Markings on Case	Case	Manual Unpacking	Locks	Collapsable Unit	Operator Manual Assembly	Modular System	Switch (ON / OFF)	Multiple Quadcopters	Electric Motor Variation (Motive Force)	Throttle	GPS	Operator Designation	Visual (verifying target)	Operator Controlled	Proximity (Arming)	Electric Bridgewire	Blast 	Fragmentation	361.22005187509626	262.81424319000928	290.37767033315265	926.67523845608719	366.78260374496125	1026.0858281460521	2809.2998389716686	1576.3493317381697	1963.5672102608612	2694.062977710937	2425.3401882097637	591.09292761021356	1797.7500774821508	1938.1207412310223	1651.765985619764	2556.7558554391294	1381.553901671987	1565.7909840964251	1115.0588997505181	744.96748176026222	


Control Factors
Material properties	Dimensions 	Processes (SOPS, User guides etc)	SQEP	Power consumption	Throttle control	Mounting mechanism 	Signal strength and freq	Explosive type and config	Collision avoidance	1107	702	513	576	48	810	18	603	81	381	#REF!	


Noise Factors
Variation of interval time	Variation of amount of PE8	Variation of delay time	Variation o propeller dimensions	Material impurities	Manufacturing defects	Software variability	Battery degradation	Ageing of explosive 	Ageing of initiation system	Debris build up 	Component wear / fatigue	Calibration errors	Material degradation	Wind	Rain	Humidity	Temperature	Small particulates (Dust, Sand etc)	Electromagnetic interference	Terrain	Wildlife	Assembly error	Unpacking error	Activation error	Firing error	Controller error	153	213	180	225	117	90	117	171	108	81	198	117	135	108	225	198	66	39	243	279	324	171	282	270	171	171	387	#REF!	


Technique Importance

Receipt inspection	Portioning of PE-8	Hopper Feeding	Screw Extrude	Cut to length	Visually Inspect	X- Ray	Store	Hand Assemble in warhead	108	27	27	189	189	108	135	27	63	


QFD 4 Importance Charts

Material Sampling	Maintenance	SQEP	Factory cleaning	Humidty Control	Ventilation	Temperature Control	Robust SOP	X-ray inspection	Visual inspection	Personell Training	4860	3645	2187	4617	1701	243	2916	6561	2187	1458	3645	


Pair Wise Comparison Results

Shape case External	Shape case internal	create connectiong face - Case cap	Clean Case	Coat Internal	Surface Finish	Unpackage PE-8	Manufacture Lead Azide Primary	Manufacture PETN Booster	Shape PE-8	Insert Booster Pellet	Insert Primary explosive	Seal Warhead	Source Igniter	Source Drone	Assemble Lethal Package	Assemble System	Package	Identify	5.5166175431294056	6.4799234679314868	5.5166175431294056	2.8979098726581967	4.8621390573146162	3.0337645684301915	4.754845109360387	12.220729382063176	10.40399480527314	11.951051718214952	4.0934064960626477	4.3872044538536183	5.394881066945028	3.4529538798963548	3.2217198881983218	7.1101518391777363	4.7020893083613409	2.1477408370341173	3.284092471738286	


Process Importance Chart

Case	Shape case External	Shape case internal	create connectiong face - Case cap	Clean Case	Coat Internal	Surface Finish	Fill	Unpackage PE-8	Manufacture Lead Azide Primary	Manufacture PETN Booster	Shape PE-8	Insert Boosster Pellet	Insert Primary explosive	Seal Warhead	Source Igniter	Source Drone	Assemble Lethal Package	Assemble System	Package	Identify	0	310	340	370	125	255	145	0	130	400	410	480	295	295	155	70	100	300	255	175	245	


Means Importance

CNC Lathe	Ultrasonic bath	PTFE	Lathe machined Finish	Hand Unpacking	pressing	Extrusion	hand Assembly	PTFE tape	COTS	Metal Container	Foam Inserts	Pad Printer	157.61842698771267	40.66760602586762	53.137084856421225	27.303881115871725	42.793605984243484	212.10312863594314	191.97954749876197	76.32549854924639	48.553929602505249	166.38223424070378	19.329667533307056	19.329667533307056	29.556832245644575	
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