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1. [bookmark: _Toc228435126]Abstract
A report considering the implementation of a systems engineering approach to the design of a mine clearance device, considering research & development, safety and manufacturing, before handing over to trials & evaluation and disposal teams for product consideration & qualification throughout its lifecycle. An investigation into emerging systems engineering approaches & toolsets informs the strategy & workflow for the programme through a systems engineering toolset, resulting in a suitable product.
2. [bookmark: _Toc228435127]Introduction
[bookmark: _Toc228435128]	2.1 Project Task
The design brief required the development of a mine clearance device to support the passage of a medical supply convoy through adverse desert terrain. The team was required to develop a system up to a manufacturing ready maturity, with a full plan for trials and evaluation to suitably qualify the product for deployment. This report focuses on the utilization of the systems engineering toolkit, focusing on the manufacturing area, while considering the implementation throughout the development.
2.2 [bookmark: _Toc228435129]Systems Engineering
[bookmark: _Toc228435130]2.2.1 Overview
Systems engineering is a transdisciplinary approach utilised to enable the realisation of requirements throughout the lifecycle of both products and processes, by utilising a number of tools to both develop solutions & confirm their compliance with the requirement [1]. By breaking down complex systems into their constituent subsystems, their interactions & functions can be better understood & the scope of work can be clearly communicated to all involved parties [1]. The systems engineering methodology is depicted in figure one, this report shall follow the development of a product through to system validation, along with a manufacturing process required for the product.
[image: ]
Figure 1 – Systems Engineering Methodology V-Diagram [1].


[bookmark: _Toc228435131]2.2.2 Quality Function Deployment
A quality function deployment (QFD) is a tool which is utilized to translate customer requirements into engineering characteristics [2]. A number of QFDs are undertaken to create a house of quality (HOQ), which effectively considers the requirements, needs, solutions, suitability and prioritisation of such too provide a big picture of the system [3]. This can be utilised throughout the system lifecycle. The QFD & HOQ approach is the basis of the systems engineering approach used in this report.
The QFD approach, however, does have weaknesses in that it relies on subject matter experts (SME) & their knowledge, can be subjective depending on its implementation & finally can become overly complicated when considering complex systems [2]. The latter can be overcome by breaking the system into subsystems throughout analysis. The development of ordinal priority approach (OPA) methodology & it’s implementation into the QFD method offers an improvement, effectively considering the customer requirements (CRs) relationship with each other as well as the engineering aspects- removing the need for pairwise comparisons & fuzzy probability approaches [2]. This approach shall be considered in future studies.
[bookmark: _Toc228435132]2.2.3 Comparison & Prioritisation
As discussed previously, systems engineering allows the effective prioritisation of CRs and other engineering aspects, this is achieved by utilising pairwise comparisons & Pugh matrices. Pairwise comparisons consider several values against each other, utilising a mathematical model to “score” each value, providing an order of values [4]. This can be utilized in several ways, in this report it shall be primarily utilized to compare customer requirements to determine their “rank” of importance within the system utilizing a multinomial model [5]. Several different algorithms exist for considering these values against each other, including the Bradely-Terry-Lee model & the more advanced rank centrality algorithm [5].
A Pugh Matrix is a weighted comparative matrix, similar to the pairwise comparison, it is primarily used to consider the suitability of concepts against requirements in this study. It allows the user to score several concepts based upon their suitability, versus other concepts or existing solutions [6]. 
[bookmark: _Toc228435133]2.2.4 Functional Decomposition
A functional decomposition (FD) is a process by which the relationship between core functions & their sub-functions is determined [7], primarily used to describe the functions within a system, it may also be used to determine the required functionality of primary functions to better understand the required functions within the system to fulfil its design requirements [8].
[bookmark: _Toc228435134]2.2.5 Noises & Controls
A noise is an variance which is seen within or imparted on a system which is undesirable. Where a variable is measured, noise can be described as the variation in this signal which is affects it’s accuracy [9]. Considering noise is critical to ensuring that a system functions effectively, a number of tools are available for this use, including P-Diagrams [10], Failure modes and effects analysis (FMEA) [11] & Physics of Failure (PoF) [12]. The latter two tools are not aimed at considering noise but shall consider them as part of their wider usage.
[bookmark: _Toc228435135]2.2.6 Summary
In summary, systems engineering is a multidisciplined approach to developing and managing products or processes. In this report, the toolsets used and workflow taken shall be as shown in appendix A.



3. [bookmark: _Toc228435136]Research & Development
[bookmark: _Toc228435137]3.1 Requirements
The first stage of the programme involved developing formal requirements from the design brief, this was undertaken by the design team, by considering the specific requirements of the brief, and the secondary requirements needed to fulfil these requirements. Once determined, a pairwise comparison was utilized to determine the importance of these requirements (Appendix B). This information was used to inform the development of the product & process. 
3.2 [bookmark: _Toc228435138]Functionality
The next stage is to consider the functionality required to enable these requirements to be satisfied, a use case – which is a tool used to develop functions by considering the actions required in product usage [13] – was utilised to determine the core functions necessary to fulfil the product requirements. These were then further developed utilising an FD to determine the secondary functions required to perform the core functionality. A QFD (Appendix C) was then utilized to determine the importance of the finalised list of functions in satisfying the requirements – allowing the functions importance to be prioritised & their role in satisfying the requirements to be considered.
3.3 [bookmark: _Toc228435139]Development
[bookmark: _Toc228435140]3.3.1 – Function Means Analysis
The next phase is to develop means to perform the functions identified; to perform this task a function means analysis is performed. A function means analysis is a method where several means for achieving a function are identified within a table against a specific function [14]. These means can be identified through several pathways- consultation with SMEs, research & brainstorming activities. Once identified, they are compared against one another and ranked in terms of feasibility & suitability. This is used to feed the concept development stage. The function means analysis generated for the project is available in appendix D.
[bookmark: _Toc228435141]3.3.2 – Concept Development & Selection
Based upon the outputs from the function means analysis, two concepts were developed by the team – Rocket rake V1 (Appendix E) & V2 (Appendix F). Both systems share a truck bed mounted launch system, which propels a device to a suitable range, at which point it extends into a large rake, which – attached by a cable – is dragged by the truck to trigger any mines in the vicinity. The version 2 system also incorporates a drone-based ground penetrating radar (GPR), used to detect & map mine fields, as well as a drone mounted warhead (UAV-WH) for use against mines which are fuzed as not to be triggered by the rake.
A Pugh matrix (Appendix G) was then used to compare these solutions, and several existing solutions to determine their suitability & reflection of requirements. The Rocket Rake V2 concept scored the highest in the Pugh Matrix, rating it as the most suitable concept in reflection of the requirements, thus this was down selected & the development proceeded through to the manufacturing phase.
Finally, a second QFD (Appendix H) was undertaken to consider the importance of the concept design features to the required functionality. This flows down from the requirements set, effectively confirming the suitability of the concept.



4. [bookmark: _Toc228435142]Manufacturing
[bookmark: _Toc228435143]4.1 Requirements
The manufacturing requirements were developed based upon the applicable legislation, manufacturing considerations and the full system requirements. These were then rationalized into sub-headings by the manufacturing team, which is reflected in figure four. These requirements were compared using a pairwise comparison to understand their importance (Appendix I).
4.2 [bookmark: _Toc228435144]Process Mapping
The next phase includes considering the manufacturing plan for the product. It was determined that the product shall be mostly manufactured using common of the shelf components (COTS), and where not available off the shelf (OTS) products shall be manufactured by sub-contractors to specifications produced by the manufacturing team. The booster pellet within the UAV-WH shall be manufactured in house, due to the lack of a suitable product supplier, with final assembly being undertaken by a sub-contractor to reduce the capital expenditure (CAPEX) of creating a specific facility. The initial process map (Figure two) was developed as a draft of the manufacturing process, to provide a baseline which could be developed upon utilising the systems engineering approach. A short research study was utilised to inform the processes required for manufacturing.
[image: ]
Figure 2 – Baseline Process Flow for Booster Pellet Manufacture.
4.3 [bookmark: _Toc228435145]Manufacturing Development
4.3.1 [bookmark: _Toc228435146]– Manufacturing Functionality
Building upon the baseline process flow, a functional decomposition was undertaken to determine the required functionality for the manufacturing process, shown in figure three below. These were then subjected to a QFD (Appendix J) to compare them to the manufacturing requirements, ensuring that they fulfil the requirements.


4.3.2 [bookmark: _Toc228435147]– Process Function Means Analysis
The next phase consisted of a research study into existing process equipment was undertaken to consider the options available for manufacture of the booster pellet, this was used to create a function means analysis (Appendix K). Several candidate manufacturing solutions were determined, and proceeded through to process comparison, this report shows the down selected solution, with the required functionality & means to achieve it shown in figure three below.
	Function
	Means

	Blend Explosive
	Resonant Acoustic Mixer

	QC Sampling
	Inline Fourier Transform Infrared Spectroscopy (FTIR)

	Weigh Increments
	Digital Scales

	Load Press
	Auto Doser (Mass)

	Press Consolidation Increment
	Servo Press

	Press Final Increment
	Servo Press

	Eject Pressed Pellet
	Automated Vision System & Robotic Arm

	Measure Pellets
	Automated Metrology

	Check Pellet Finish
	Automated Metrology

	Package Pellets
	Robotic Arm

	Check Pellet Density
	Digital Scales & Automated Metrology

	Convey Powder
	Positive Pressure Powder Transfer System (PTS)

	Convey Pellets
	Robotic Arm


Figure 3 – Selected Functions & Their Means
4.3.3 [bookmark: _Toc228435148]– Manufacturing Features & Process Comparison
A QFD (Appendix L) was then undertaken to consider the importance of these means (features) to achieving the required functionality, and thus their compliance to the manufacturing requirements as part of the HOQ. Finally, a Pugh Matrix (Appendix M) was utilized to down select the most suitable manufacturing process from the available options, comparing the process proposed throughout this section against a pressing only process, where pre-mixed material is procured OTS to reduce the CAPEX & an existing semi-automated facility. The fully automated version presented the best option, due to the need to protect personnel from explosive hazards. 

Figure 4- Process Pugh Results
[bookmark: _Toc228435149]4.4 Process Considerations
[bookmark: _Toc228435150]4.4.1 Processing Technique Importance
The next stage in the process is to consider the importance of the process techniques, to determine this, the important design features are identified utilising a short research study & information from the design QFD-1, followed by another QFD (Appendix N) which ranks the importance of the processing techniques to achieving these design features. The results show that the servo pressing is the most important technique, this is due to the nature of pellets – achieving the correct density, which is achieved via pressure if loading mass is correct, is critical to product function.
[bookmark: _Toc228435151]4.4.2 Noises & Controls
Once the process is defined, the noises must be identified to understand the controls required to limit their effect on the process. This is achieved by utilising a P-Diagram (Appendix O) to consider the potential external, deterioration related & unit to unit noise factors, as well as the planned control factors. The results of the P-Diagram analysis are further analysed using a “what why” (Appendix P) analysis to consider which noises have the largest impact on the process, and which controls play the largest role. This allows the design team to consider which noises may potentially have the largest impact, allowing controls to be considered which may further mitigate them.
[bookmark: _Toc228435152]4.4.3 – Importance of Controls
To further understand the process, a QFD analysis (Appendix Q) is used to consider the importance of the process controls in achieving the designed process parameters. This analysis also undertakes an operational assessment, considering the difficulty of achieving the process parameters, the frequency, severity and detectability of failing to achieve these parameters. The resulting importances allow the manufacturing team to consider which controls will require the most maintenance or consideration during manufacturing. Figure five shows the results, with inline quality control scoring as the most important control.

Figure 5 – Importance of Process Controls.
5. [bookmark: _Toc228435153]Process Control & Failure Modes
[bookmark: _Toc228435154]5.1 Process Failure Mode & Effects Analysis
Building upon the noises and controls analysis, a process failure mode & effects analysis (PFMEA) is undertaken to understand the safety & quality effects of a processing failure, as well as considering the severity of the effects, the probability of occurrence & the detectability of the failure mode. The results are used to inform both the basis of safety & to look to implement improvements, where the risk probability number (RPN) is too large to be acceptable. In terms of the final pressing increment, the largest RPN is linked to over pressure or over speed of the press during the operation, due to the potential of an ignition and a large severity as a result. Failure mode & effects analysis (FMEA) may be undertaken for the design to better understand it’s failure modes also.
[image: ]
Figure 6 – Process Failure Mode & Effects Analysis – Final Pressing Increment.
5.2 [bookmark: _Toc228435155]Process Control Plan
The process control plan builds upon the “what why” analysis & controls importance study, effectively considering the process step by step; what is required, what plant & tooling is used, the required characteristics, the criticality of the feature, the tolerance & methods of detection & control. Finally, a reaction plan for failure is included, for usage in the result of a failure. This allows for a more in depth understanding of the process & its controls.
[image: ]
Figure 7 – Process Control Plan – Auto Dosing of Material Feedstocks.


6. [bookmark: _Toc228435156]Implementation
Systems engineering is a toolkit which, when implemented correctly, results in a much larger proportion of programmes producing suitable solutions for their requirements. Due to its nature, the requirements are considered throughout the process, and adherence is regularly confirmed, with pathways to rework solutions where they do not comply, this results in a more efficient & effective approach to product & process lifecycle. Systems engineering is implemented in a number of high risk fields, including space exploration with NASA pioneering a number of systems engineering techniques & implementation [15] and Rolls Royce [16].
There are challenges related with the implementation of systems engineering, the largest being the additional workload associated with utilising the toolkit, however it can be argued that this is overcome via the work saved by producing a suitable solution, in fewer iterations.
7. [bookmark: _Toc228435157]Conclusions
[bookmark: _Toc228435158]7.1 Conclusion
In conclusion, the usage of the systems engineering toolkit allowed the design team to truly consider the solution throughout the development programme, reworking the solution where it did not truly suit the requirements. The usage of the manufacturing toolset resulted in a more effective process than could’ve been realised without.
7.2 [bookmark: _Toc228435159]Reflection
In reflection, the design team could’ve implemented additional toolsets to improve the solution, such as a FMEA for the design solution, which would’ve likely shown flaws in the solution which could’ve been reconsidered.
The usage supported the manufacturing team to truly consider the complexity & scope of the process in a feasible way, where – due to the complexity – key considerations may have been missed in a traditional approach.
The implementation of PoF studies may allow the investigation of failures in the mixing element of the process, considering the interaction of the two feedstock materials. This should be implemented in future programmes.
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Process Comparison

Full-Automatic	Semi-Automatic Existing	Full-Auto No BLEND	20	8	16	


Process Controls Importance

PLC Control	Operator Training	Use of Servo Press	Auto Eject	Auto Dosing	Receipt Inspection	Raw Material Specification	SQA	Plant Calibration	Tooling Calibration	Preventative Maintenance	Startup and Shutdown Process	Inline QC Sampling	6237	243	1620	567	3834	2673	2187	1215	6399	2673	6561	1890	6831	


QFD 1 Part 2 - Functional Importances
Transport system to minefield	Ensure safety of transportation	deploy the system	Select deployment location	unstow system	initialise system	Detect Mines	Define search area	conduct search	Filter anomalies	Defeat Mines	begin the mine defeating protocol	defeat mine	prevent unwanted initiation of mine	manage failure-to-defeat	Confirm Clearance	Verify via detection process	Operator decision of confirmation	Mark Cleared Area	Prepare Marking system	Deploy marking system	Record mark locations	Share mark locations	Undeploy System	de-initialise system	stow system	Secure System	Transport system to minefield	Ensure safety of transportation	deploy the system	Select deployment location	unstow system	initialise system	Detect Mines	Define search area	conduct search	Filter anomalies	Defeat Mines	begin the mine defeating protocol	defeat mine	prevent unwanted initiation of mine	manage failure-to-defeat	Confirm Clearance	Verify via detection process	Operator decision of confirmation	Mark Cleared Area	Prepare Marking system	Deploy marking system	Record mark locations	Share mark locations	Undeploy System	de-initialise system	stow system	Secure System	145.72638360800872	119.68788632087956	124.28714464239455	62.080266185908698	61.418683358189242	48.56477396694693	493.9679609901666	238.87594118111858	468.65468503535556	335.51044867711664	584.66112456123153	253.68461876181016	490.21669349102399	207.46377413527222	431.06812262073231	422.12881533631401	544.77858834980634	125.66505227939606	212.95380431192109	139.51651348430954	212.95380431192109	55.795934014159208	14.305721444677479	107.69904055933949	59.712701800979886	69.499890706726774	69.499890706726774	


Importance of Requirements

Labour	Equipment capital cost	Service / Operating Cost	Set up cost	Material Cost - Metal Bits	Material Cost - Energetic Bits	Material Cost - other	Maintenance Cost	Target production rate XX per month	Repeatable performance	Effective Maintenance	Low system outage	Defect Free	Effective test and inspection	Explosive	Non-Explosive	4.0967355515305934	3.5627377880787696	4.5399076439680881	3.3949989879306139	3.1153701272025844	6.5020026406600042	3.3907638641305167	6.8102852139409826	4.9745852477154218	9.8882725960205171	6.5745149837153027	7.2402263128814592	9.3466919493088874	8.2799239980860229	10.675544502004627	7.6074385928256119	


Process Importances Chart

Blend Explosive	QC Sampling	Weigh Increments	Load Press	Press Consolidation Increment	Press final Increment	Eject Pressed Pellet	Measure Pellets	Check Pellet Finish	Package Pellets	Check Pellet Density	Convey Powder	Convey Pellets	110	95	90	125	85	115	55	85	75	45	80	100	100	0	0	0	


Process Means Importance

Resonant Acoustic Mixer	Inline FTIR	Digital Scales	Servo Press	AVS	Robotic Arm	Automated Metrology	Automated Mathematical Density	Positive Pressure PTS	Autodose (Mass)	1385	1155	2210	1800	975	2425	2160	1200	900	1395	


Technique Importances Chart

Resonant Acoustic Mixer	Inline FTIR	Digital Scales	Servo Press	AVS	Robotic Arm	Automated Metrology	Automated Mathematical Density	Positive Pressure PTS	Autodose (Mass)	3360	3290	1020	4560	630	0	3890	1800	900	3670	


Importance of Noise Factors

Press Travel	Press Speed	Press Dwell	Press Pressure	Dimensions of Press Tool	RAM Mix Power	Auto Dosing Qty	Press Load Mass	RDX/WAX PSD Variation	ZS PSD Variation	RDX/WAX Sensitivity Variation	RDX/WAX Ratio Variation	Wear on press tool	Wear on powder transfer sys	Wear on robotic arms	Damage to AMS	RAM Calibration	FTIR Calibration	Auto Doser Calibration	Damage to AVS	Temp	Humidity	135	135	135	135	99	126	117	153	108	81	126	108	126	135	90	54	108	108	135	54	117	117	


Importance of Design Controls

Press Travel Monitoring	Press Speed Monitoring	Press Pressure Monitoring	Press Dwell Monitoring	Tooling Calibration	Plant Calibration	Routine Cleaning	EMTAP Testing	Feedstock PSA	Feedstock lab FTIR	Preventative Maintenance	Facility HVAC	Humidity Monitoring	Temparature Monitoring	99	99	117	90	243	765	72	108	198	90	324	189	54	54	
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