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[bookmark: _Toc228797454]Abstract 
This report relates the role of a manufacturing engineer to the design, using systems engineering, of a drone-based mine detection and neutralisation system. The team worked together to develop a rapid solution that would allow humanitarian recourses to be delivered through a hostile environment. Tools such as the QFD matrix were utilised. A reflection addressing any issues within the teams structure and communication was also conducted. 






















1. [bookmark: _Toc228797455]Introduction
The issue given to the team was that a convoy carrying medical supplies needed to be transported through a desert. The approved route was via a mined area. A steep-walled pass contained the area, preventing go-around. The use of a persistent ground-to- air MANPAD meant that it was too risky to fly a helicopter carrying supplies in. So, a mine detection and clearance device needed to be designed. The use of the mine clearance tool called Python was prohibited due to its vulnerability to bullet and fragment attack, as well as the risk of hostiles or civilians being furnished with explosives due to any misfires. There is also an issue with transporting heavy vehicles through the area; considerations regarding this were made by the design team.  
2. [bookmark: _Toc228797456]Key Requirements and Design 
[bookmark: _Toc228797457]2.1 Requirement Selection 
Together, the team derived a set of requirements that would meet the needs of each stakeholder. The main stakeholders were identified as the user, the customer, the manufacturer, the legislative body, logistics, and the government. The requirements selected are as follows:
· The user requires that the system shall be simple to use.
· The user requires that the system shall be safe to use.
· The user requires that the system should be easy to maintain.
· The logistics team requires that the system should be of manageable size and weight when packaged for transport.
· The customer requires that the system shall operate in a desert environment.
· The customer requires that the system shall withstand bullet and fragment attack.
· The environmental impact of the manufacturing process must be kept to a minimum.
· The environmental impact of the disposal of the system must be kept to a minimum.
· The legislative body requires that the system must conform to all the relevant standards.
· The system shall be disposed of in accordance with the relevant standards.
· The legislative body requires that the transportation and storage of the system shall conform to all the relevant standards.
· The legislative body requires that the manufacturing process shall conform to all the relevant standards.
The team then performed a pairwise analysis to rank the importance of the requirements. The results of the pairwise analysis can be seen in Figure 1.

[bookmark: _Ref228554958][bookmark: _Toc228797441]Figure 1 – Requirement Importance Graph
[bookmark: _Toc228797458]2.2 Function Derivation
The team generated a list of the required functionality for the device.  
· Deploy into operational area
· Operate in desert environment
· Withstand kinetic attack
· Interface with energy source
· Receive commands
· Move
· Identify mines
· Communicate location of mines
· Neutralise mine
· Support system recovery
· Allow safe disposal
[bookmark: _Toc228797459]2.3 Concept Generation
Using the above functions, a brainstorming activity (a Function Means Analysis (FMA)) took place to generate means of achieving them. The team developed 3 concepts from the FMA. This was done as a team activity since, during the conceptual stage of design, the success of the design is often heavily weighted on personal experience [1]. This meant that each member of the design team, from the research to disposal, could add features using their diverse knowledge in the early stages of design that would benefit their area of work. 
[bookmark: _Toc228797460]2.4 Concept Selection 
Using a Pugh matrix, it was concluded that the proposed design that fit the requirements best was a drone-based system with a shaped charge subsystem for mine neutralisation. Therefore, this was what the team started working on.
2.4.1 Concept Change
The test and evaluation engineer had a conversation with an Explosive Ordnance Disposal (EOD) Subject Matter Expert (SME). During this, the engineer told the SME about our design. The SME suggested that instead of using an explosive shaped charge to neutralise mines, we, instead, use a thermite composition. This idea was presented to the team, with time given to research the benefits. The team decided that the safety benefits gained by removing explosives from the situation outweighed the loss of the hours of work already conducted researching shaped charges, their manufacture, and their disposal.
3. [bookmark: _Toc228797461]Manufacturer’s Role and Communications with Team
Each team member had a specific role. It was required that these roles work together by communicating their specialised knowledge with one another. The team utilised a shared folder in which collaborative working could take place. As well as this, weekly meetings were held to discuss progress and explore any issues. 
[bookmark: _Toc228797462]3.1 Manufacturing Engineer’s Role 
The manufacturing engineer’s focus was on creating a process for manufacturing the thermite composition used in the mine neutralising sub-system of the device. 
[bookmark: _Toc228797463]3.2 Communication with Research and Development (R&D)
The manufacturing engineer communicated with both the drone R&D team and the thermite R&D team. 
[bookmark: _Toc228797464]3.2.1 Communication with Drone R&D
Conversations surrounding how the thermite would interface with the drone system were had. It was concluded that the thermite would be carried in a bag, with the igniter, and attached to the drone. The drone R&D team found a device that could release the bag on command (over the mine). The gravity of the drop would then actuate the igniter as the bag of powder fell onto the mine.
[bookmark: _Toc228797465]3.2.2 Communication with Thermite R&D
Manufacturing required answers to the research surrounding the optimal metals and ratios for thermite. The R&D team communicated that iron oxide and aluminium were the best metals to use, with a weight ratio of 3:1, respectively. The R&D engineer informed manufacturing that they were in discussions with the T&E engineer to plan and initiate trials that would assess material characterisation, charge evaluation, and ignition under stimulus. 
[bookmark: _Toc228797466]3.3 Communication with Test and Evaluation (T&E)
The manufacturing engineer required a test specification for the material testing of each new batch of metal. The T&E engineer and manufacturing engineer generated a plan for process testing. The testing that was suggested to get the process fully running included pilot runs. It was decided that these pilot runs could take place during the initial research and development phase of the product. Factory Acceptance Testing (FAT) was required to verify the process performance and ensure that no further controls needed to be added. It was also agreed that continued process testing would take place once the process was fully signed off for production. 
[bookmark: _Toc228797467]3.4 Communication with Safety 
Manufacturing worked with the safety team to ensure that safety legislation was followed during the manufacturing process. Discussions were had surrounding the storage and transportation of the metals as well as the hazard classes. Safety suggested that sending incremental bags of powder, weighed in the correct ratios, would be the safest method for manufacturing. This way, no thermite would be present in processing and transportation. It also meant that if the enemy intercepted materials, they were only in possession of metal powders rather than a pyrotechnic composition.
[bookmark: _Toc228797468]4.5 Communication with Breakdown and Disposal 
Manufacturing spoke to the disposal team and required that they produce a disposal route for rejected powders as well as PPE. It was important that the team had a disposal route for the manufacturing plant for when the process became obsolete. 
4. [bookmark: _Toc228797469]Output to Team 
[bookmark: _Toc228797470]4.1 Manufacturing Research 
The manufacturing engineer conducted research to ensure that the proposed manufacturing process would produce quality goods without harming operators or the environment. 
[bookmark: _Toc228797471]4.1.1 Process Quality Research
Despite the task of thermite research being assigned to the thermite R&D team, this portion of research had not been conducted/communicated in time for the development of the manufacturing process thus, the manufacturing engineer conducted their own research to keep the project on track. 
4.1.1.1 Granular Size
Rate of reaction is dependent on particle size, as reaction takes place on the surface area of solids. Ensuring that the granules are the correct size is essential to the quality of the product. A brass sieve with the correct hole size will need to be procured to ensure this.
4.1.1.2 Storage and Transport
The HSE guidance on the storage and transport of thermite states that:
· “Thermites and thermite containing articles should not be consigned or accepted for carriage by road or rail without having been assigned an appropriate classification by the Competent Authority of a contracting party to ADR.” [2]
· “Thermites and thermite containing articles should be manufactured and stored in accordance with the requirements of the Explosives Regulations 2014.” [2]
· “Thermites and thermite containing articles should be manufactured and stored tin accordance with the requirements of the Explosives Regulations 2014.” [2]
To ensure safety, thermites are not to be mixed until after transportation to the field. Therefore, a storage and transport plan must be designed for both the iron oxide powder and the aluminium powder. Both facilities will be kept in a good condition to prevent any ingress into the powders. The areas will be dry and have temperature and humidity controls to prevent moisture accumulation. Any electrical equipment, including lights, will be earthed to prevent sparking and powder ignition. Each batch of metal should be dated and must be inspected post-storage to inspect if any oxidisation occurred.
4.1.1.2.1 Aluminium Powder Storage
Due to aluminium powder being vulnerable to ignition and explosion care must be taken during storage (see Appendix A for explosibility characteristics of specific Al powders). It should be stored in its original shipping containers and kept tightly sealed [3]. Therefore, for storage prior to processing, the powder will stay in its original packaging. Once it has been processed, it will be stored in its transport packaging, ready to be sent to the customer. 
4.1.1.2.2 Iron Oxide Storage 
Iron oxide is not classified as a hazardous substance or mixture according to Regulation (EC) No. 1272/2008 [4]. Therefore, special measures for storage do not need to be implemented, however, good practice would be to store it in its transport vessel.
[bookmark: _Toc228797472]4.1.2 Process Safety Research 
4.1.1 Personal Protective Equipment (PPE)
The Safety Data Sheet (SDS) for granulated aluminium suggests that the following PPE be worn during processing:
[bookmark: _Toc228797449]Table 1- PPE Required for Al Processing 
	Eye/face Protection
	Wear appropriate protective eyeglasses or chemical safety goggles as described by OSHA's eye and face protection regulations in 29 CFR 1910.133 or European Standard EN166.

	Skin and body protection
	Wear appropriate protective gloves and clothing to prevent skin exposure

	Respiratory Protection
	No protective equipment is needed under normal use conditions

	Hygiene Measures
	Handle in accordance with good industrial hygiene and safety practice.


The Safety Data Sheet (SDS) for iron oxide suggests that the following PPE be worn during processing:
[bookmark: _Toc228797450]Table 2 – PPE Required for Fe2O3 Processing 
	Eye/face Protection
	Use equipment for eye protection tested and approved under appropriate government standards such as NIOSH (US) or EN 166(EU). Safety glasses

	Skin and body protection
	Full contact Material: Nitrile rubber Minimum layer thickness: 0.11 mm Break through time: 480 min

	Respiratory Protection
	Required when dusts are generated. Recommendations on filtering respiratory protection are based on the following standards: DIN EN 143, DIN 14387 and other accompanying standards relating to the used respiratory protection system. Recommended Filter type: Filter type P2

	Control of environmental exposure
	No special precautionary measures necessary.


[bookmark: _Toc228797473]4.2 Manufacturing Process 
The manufacturing process was designed using the Quality Function Deployment (QFD) matrix. (See Appendix B for the full results of the QFD.
[bookmark: _Toc228797474]4.2.1 Manufacturing Requirements 
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[bookmark: _Toc228797442]Figure 2 – Manufacturing Requirements 
The requirements that were regarded most important for the process were low implementation cost, reliability/repeatability and process safety.
[bookmark: _Toc228797475]4.2.2 Process Deliverables 
The final deliverable of the process is a safe, repeatable process that produces a product our customers can rely on. To complete this, other deliverables must be met. For example, material testing and material certificates for each batch must be obtained. Weight verification sheets for each batch will be required. As well as transport and handling documents being necessary.
[bookmark: _Toc228797476]4.2.3 Process Trade-Offs and Design Selection 
Two concepts were initially designed. One being an automated procedure in which a single operator could oversee multiple processes. The second involved every task being completed manually by an operator. Due to the time and cost required to implement an automated process, it was decided that, because of the urgency of the project, a manual process would be more efficient. Another factor that had to be decided was whether to sieve finely or coarsely. A finer grain would allow for a better thermite burn yet coarser sieving would improve throughput of the process. It was decided that more research into granular sizes is required to find the optimal rate that still allows a steady throughput of product. The decision was made that the metals would be mixed once in the desert. This trade-off was made as limiting workers’ exposure to hazardous materials was something that the team valued. It also allowed for greater flexibility and reduced waste as unused metals could be repurposed. Figure 2 illustrates the steps of the manufacturing procedure proposed by the manufacturing engineer.
[image: ]
[bookmark: _Ref228720189][bookmark: _Toc228797443]Figure 3 – Manufacturing Process

[bookmark: _Toc228797477]4.2.4 Critical Process Steps
The manufacturing QFDs identified that the most critical process step was mixing the metals in the bag. This was as expected, as if this step is done incorrectly, the thermite has no chance of burning and thus no chance of neutralising the mines. Figure 4 quantifies the importance of each process step.

[bookmark: _Ref228794191][bookmark: _Toc228797444]Figure 4  - Process Technique Importnace Chart 
[bookmark: _Toc228797478]4.2.5 Process Control Plan 
For safety reasons, it was proposed that the metals were processed in separate facilities. It was chosen to provide 10% extra of each powder per bag. This was due to identifying, within the Process Failure Mode and Effects Analysis (PFMEA), that a catastrophic failure may occur if too little thermite is used (see Appendix B for full PFMEA). The controls that were required can be seen in Figure 5 and the weighting of how critical they are to the process has been evaluated. Figure 5 illustrates that supervision is the most important control factor for the process.

[bookmark: _Ref228794248][bookmark: _Toc228797445]Figure 5 – Process Controls 
5. [bookmark: _Toc228797479]Reflection and Response Feedback 
[bookmark: _Toc228797480]5.1 Feedback Response
After this concept was proposed, questions were raised. The following is a response to the feedback. 
[bookmark: _Toc228797481]5.1.1 Team Feedback
Questions surrounding the cost of the system were raised. The cost of the drone alone is around £20,000, however multiple would be required for a more efficient search and neutralisation mission. The cost of the exact cost of the metals is not yet known, however, due to the simplicity of the manufacturing process a large mark up on the cost would not be required. 
Another query was regarding trials to highlight human mistakes. The trials that should be conducted to do this include workload trials and after-action reviews.
A suggestion was made regarding including a binder in the thermite, this was not thought of by the team and is something to be looked in to. This may help to control the effects of wind on the lose powders. This is something that the team may have picked up once trials were taking place.
5.1.2 [bookmark: _Toc228797482]Manufacturing Feedback
It was questioned again as to whether the addition of a binder would be beneficial to the manufacturing process. At this stage, without the trials having been conducted, it cannot be said whether this would at all improve the product or process. As it was suggested that material testing be done for each batch of materials, a question was raised regarding which tests would be conducted. Tests including density tests to prove consistency between lots, moisture tests (such as Karl-Fisher) to verify storage stability and particle size distribution to ensure that the powder is a consistent size throughout.
[bookmark: _Toc228797483]5.2 Reflection 
Upon reflection, more research needed to go into thermite and thermite manufacture. For the team this was not possible before presenting due to time restrictions. Since the initial concept had been selected as a shaped charge, work was delivered regarding this concept. The last minute design change meant that this work was no longer required and, in effect, was wasted. The team worked well with what time they had left to design a product and process that would work and would be a lot safer.
6 [bookmark: _Toc228797484]Conclusion
To conclude, by completing this project, the group developed a deep understanding of the controls and measures required when designing a product and developing a manufacturing process. Collaborative working allowed the team to pull on the strengths and knowledge of each individual. Meaning that this project not only developed our knowledge on systems engineering and mine detection and neutralising but also developed our soft skills of working as part of a larger team.
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[bookmark: _Toc228797446]Figure 6 – Al Powder Explosibility Characteristics [3]
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[bookmark: _Toc228797448]Figure 8 – PFMEA 
Requirement Importance Graph 
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Process Techniques
FLT	Thermometer and Hygrometer 	Dressing self	By hand using specific granular size sieve	hand weighed on 2d.p balance	In dry area 	In transport vessles 	Shake in a bag 	Hand Assembly	40	50	45	80	80	110	125	140	75	


Key Controls

Regular Training 	Supervision 	Equipment Calibration	Shift Hand over	Regular cleaning 	Temperatur and humidity check	Work load assessments 	weight reconfermation 	Material testing 	Planned Maintenance 	145	325	90	230	150	155	165	65	90	145	#REF!	


Process Importances Chart
Recieve Goods	Transfer to storage	Move materials to process building 	Check temp and humidity of  building 	Put on PPE	Sieve Metals 	Weigh out metal	Package for transport	Store	Transport	Mix in field	Assemble 	273	126	181	83	123	235	363	173	67	93	151	281	0	0	0	0	#REF!	


Means
FLT	Thermometer and Hygrometer 	Dressing self	By hand using specific granular size sieve	hand weighed on 2d.p balance	In dry area 	In transport vessles 	Shake in a bag 	Hand Assembly	582.29999999999995	166.8	110.7	357.3	434.1	149.69999999999999	312.00000000000006	330.90000000000003	304.90000000000003	0	0	0	0	0	
Process Techniques
FLT	Thermometer and Hygrometer 	Dressing self	By hand using specific granular size sieve	hand weighed on 2d.p balance	In dry area 	In transport vessles 	Shake in a bag 	Hand Assembly	40	50	45	80	80	110	125	140	75	


QFD4 Importances Chart
Regular Training 	Supervision 	Equipment Calibration	Shift Hand over	Regular cleaning 	Temperatur and humidity check	Work load assessments 	weight reconfermation 	Material testing 	Planned Maintenance 	2403	135	972	108	81	972	351	972	81	243	0	0	0	0	0	0	0	#REF!	
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EXPLOSIBILITY CHARACTERISTICS FOR VARIOUS TYPES OF GRANULAR ALUMINUM POWDER
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