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1. [bookmark: _Toc228029651]Abstract
A design report considering the implementation of a manufacturing process for a mine clearance device, utilizing a systems engineering approach to develop a manufacturing solution, considering emerging industry technologies to implement a cost-effective solution which fulfils both product, wider industry & regulatory requirements, culminating in a presentation to industry subject matter experts in which the concept’s feasibility is considered & feedback received before further maturity is developed.
2. [bookmark: _Toc228029652]Introduction
[bookmark: _Toc228029653]2.1 Introduction
The design team was supplied with a requirement to develop 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 manufacturing team’s work on the development of the product’s manufacturing process, as well as their work with the other teams within the wider design team.
[bookmark: _Toc228029654]2.2 Initial Development
The research & development team worked with the wider design team to consider the requirements provided, as well as additional environmental, safety and regulatory requirements. A pairwise matrix was utilised to consider the importance of these requirements and prioritise them (Available in Appendix A). They continued to progress their development through the systems engineering process to produce several concepts using a function means analysis to produce several concepts, which the wider design team met to discuss until a concept – The Rocket rake system - was firmly selected. At this stage, the product design was handed over to the manufacturing team to determine a suitable manufacturing process, which shall be discussed in this report.
[bookmark: _Toc228029655]2.3 Concept Definition
The concept selected consists of a rocket propelled mine raking system combined with a drone-based detection & explosively formed penetrator defeat system for redundancy, mounted upon a light vehicle. The vehicle, drone & ground penetrating radar used for detection are off the shelf systems. The rake, rocket propulsion, armouring and drone warhead are specific designs required to be manufactured.
[image: A green truck with a machine on the back

AI-generated content may be incorrect.]
Figure 1 – Rocket Rake Mine Defeat System [1].
[bookmark: _Toc228029656]2.4 Research
[bookmark: _Toc228029657]2.4.1 – Applicable Legislation
Legislation are laws which must be followed, in terms of manufacturing, the primary legislation is the explosive regulations 2014 [2]. These regulations build upon the manufacture and storage of explosive regulations 2005 which regulates safety, licencing & security [3] to incorporate further regulation around the traceability of explosives [2]. These regulations state that the storage and processing of explosives must be licenced and regulated to prevent accidents [2].
In addition to these explosive specific regulations, due to the hazards presented by explosives manufacture, the control of major accident hazards regulations 2015 also apply [4]. The purpose of these regulations is to ensure that a suitable basis of safety is established, which encompasses a number of assessments and control measure plans to ensure that the risk of a major accident occurring is minimised to an as low as reasonably practicable stand point [4]. The basis of safety also considers potential hazards posed to involved persons during manufacture, such as those posed by hazardous materials, which are regulated by the control of substances hazardous to health 2002 [5] and aims to mitigate them to an “as low as reasonably practicable” state.
Within process areas, an explosive atmosphere may be present during manufacture, so the dangerous substances and explosive atmosphere regulations 2002 [6], which requires the assessment of areas in which an explosive atmosphere may be present, and the implementation of mitigation measures to reduce the likelihood of an ignition resulting in an accident [6].
[bookmark: _Toc228029658]2.4.2 – Supply Chain & Procurement
Raw energetics shall be procured from several suppliers across Europe, some components are procured as premade of the shelf (OTS) sub-systems, which are manufactured by sub-contractors to design specification or commercial of the shelf products (COTS) which are commercially available products. These shall then be integrated into the final system at the manufacturing facility which is being designed. The booster shall be manufactured from a raw energetic, due to the composition specified. Figure two describes the procurement routes for each of the sub-systems. Metals & polymers shall be manufactured by sub-contractors within Europe, these supply chains are less vulnerable to change, so other suppliers may be used where required.
	Sub-System
	Base Energetics
	Procure / Manufacture
	Supplier

	Rocket Motor & Initiator
	Nitrocellulose, Nitro-glycerine [7]
	Procure COTS Sub-System
	Chemring [7].

	Warhead (Main Fill)
	PE-4 [8].
	Procure OTS Sub-System
	Eurenco [8] & Alfords Technologies [9].

	Warhead
(Booster)
	Composition A7 [8]. 
	Procure OTS Energetic ONLY
	Eurenco [8].

	Warhead (Fuze)
	HNS-IV & PBXN-5 [10]
	Procure OTS Sub-System
	Teledyne Energetics [10].

	Metallic Components
	-
	Procure COTS (Sub-Contract)
	Pegasus Precision [11] or OTHER.

	Polymer Components
	-
	Procure COTS (Sub-Contract)
	Rutland Plastics [12] or OTHER.


Figure 2 – Supply Chain for Sub-systems.
[bookmark: _Toc228029659]3 Project Team
[bookmark: _Toc228029660]3.1 Team Structure
The design team was divided into research & development, manufacturing, safety, test & evaluation and breakdown & disposal. These teams focused on individual areas of the product development & lifecycle, working together where areas overlap, or have impacts upon one another. The manufacturing team utilised a RACI Matrix [13] too better define the scope of each team & where their work interacted.
	Project Activity
	Research & Development
	Manufacturing
	Safety
	Test and Evaluation
	Breakdown & Disposal

	System Requirements Gathering & Prioritisation
	R
	C
	C
	C
	C

	System Concept Development
	R
	C
	C
	C
	C

	Product Concept Down selection
	R
	C
	C
	C
	C

	Manufacturing Requirements
	C
	R
	C
	C
	C

	Manufacturing Concept
	C
	R
	C
	C
	C

	Process Safety
	I
	R
	C
	I
	I

	Manufacturing Validation
	I
	R
	C
	C
	I

	Manufacturing Trials
	I
	R
	C
	C
	I

	System Trials
	I
	I
	C
	R
	I

	System Qualification
	C
	C
	C
	R
	C

	Disposal Planning
	C
	C
	C
	I
	R

	Disposal Trials
	I
	I
	C
	C
	R

	Disposal
	I
	C
	C
	C
	R


Figure 3 – Project RACI Matrix, where R is responsible, C is consulted and I is informed.
[bookmark: _Toc228029661]3.2 Project Strategy
During development, recurring catch-up meetings were setup, at which each team would present their current work and consider its implications on other areas. This allowed sight on most of the work undertaken, allowing the teams to effectively consider the work they were undertaking and ensuring that it aligned with the wider project.
Project work was shared using Microsoft teams, with all files stored within a team. This allowed joint working on live documents, streamlining the workflow of the team. This also allowed different teams to contribute notes to other team’s areas, without requiring a formal meeting for every discussion.
[bookmark: _Toc228029662]4  Process Requirements & Design
[bookmark: _Toc228029663]4.1 Requirements
[bookmark: _Toc228029664]4.1.1 – System Requirements
To develop the system requirements, all teams met to discuss the brief and consider the system. This was undertaken to understand the requirements of the wider teams & the effects which they would have on their focus areas and to allow effective usage of subject matter experts within different areas of the system. These requirements were then subjected to a pairwise comparison (Appendix A) before progressing through the systems process.
[bookmark: _Toc228029665]4.1.2 – Manufacturing Requirements
The manufacturing requirements were developed based upon the legislation considered in section 2.3.1 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 B).

Figure 4 – Importances of Manufacturing Requirements.


[bookmark: _Toc228029666]5. Manufacturing Solution
[bookmark: _Toc228029667]5.1 Process
[bookmark: _Toc228029668]5.1.1 – Overview
For the manufacture of the booster pellet, two main processes are required: firstly, the blending of the energetic to incorporate the processing aid zinc stearate, and secondly the pressing of the pellet before packing ready for assembly into the warhead in a different facility. The baseline process flow is shown in figure five below. A research study into existing process equipment was undertaken to consider the options available for manufacture of the booster pellet, this was used to inform a function means analysis which provided several concepts for the design team to agree upon. The development process throughout followed the structure of the design book, passing through QFDs 1 - 3 & a what why analysis (Available in Appendices D, E, F, H). Appendix E details the function means analysis based upon the research undertaken in 5.1.2.
[image: ]
Figure 5 – Baseline Process Flow, booster pellet pressing.
[bookmark: _Toc228029669]5.1.2 – Process Method Research
5.1.2.1 - Pressing
The pressing operation consolidates the raw powdered energetics into a solid form, by applying force onto the powder held within a pressing die [14]. Key variables include the pressure & dwell time, while operationally, the lifespan of the tooling & automated operation is key due to the high hazard nature of the process. Two techniques were explored to best consider the available options.
Hydraulic presses are the most commonly used technique in pressing and forming applications due to the amount of pressure they can provide and their repeatability once setup [15]. They consist of a hydraulic engine, which applies pressure to an incompressible fluid, which forces a hydraulic cylinder to move and exert pressure [15]. The major advantage is that the hydraulic engine can be in a non-explosive area, with energy sent through pressure in hydraulic lines, the press itself does not require any electrical parts, excluding those to monitor its position and end-stops – but these may be replaced with pneumatic controls. The largest drawback is the lack of precision; these presses have more room for variation in mass manufacture – being most suitable for providing larger pressures than a precise force.
A servo press is based upon an electric servo motor, whereby a motor drives a gearset, which drives the cylinder to press [16]. They offer a greater degree of precision over the hydraulic options available, due to their structure, and offer a lower operating cost while costing more at initial investment. Inbuilt monitoring equipment confirms the pressures & dwell times, reducing the number of rejects – however these are additional calibration items. Press cycle time may also be reduced, due to the greater degree of control of the rate of movement, allowing a faster movement while performing non-hazardous movements – such as tool travel post pressing. A large downside is the lack of an off the shelf option suitable for use in explosive atmospheres, instead requiring the addition of a pressurised cabinet to prevent dust ingress into the tooling and achieve a suitable ATEX rating [17] – an additional layer of complexity.
5.1.2.2 – Material Blending
Blending is a process where powders are mixed until a homogenous mixture is achieved. This is achieved in several ways, with conventional mixing methods including ribbon blenders & plough mixers [18]. These methods are established in industry, however due to the nature of energetics, there is a risk of nipping from moving parts leading to ignition.
Resonant acoustic mixing offers a lower risk alternative for powder blending, with no moving parts within the mixer, it uses sound waves instead of blades to achieve a homogenous mixture, in a reduced timescale while compared to bladed mixers [19]. The lack of blades also results in simpler cleaning, and a reduction in wastage.
5.1.2.3 – Inline Quality Control
Inline quality control enables continuous monitoring of the product to ensure it meets specification. The two key areas to monitor are the energetic, post blending, where the mixture ratio is checked & the pressed pellet, where the density and dimensions are checked. The mixture must be within tolerance to ensure that the pellet is mechanically strong & contains enough energetic to provide takeover. The density provides an indication as to cavities within the pellet, as well as ensuring that enough material is present to sustain a suitable takeover.
In terms of the mixture, a reasonable tolerance is available, so Fourier-transform infrared spectroscopy (FTIR) provides a suitable level of accuracy for measuring the quantitative components within the mixture, based upon the peaks read for the RDX & zinc stearate. High performance liquid chromatography offers a more precise result but is not suitable for in-line powder scenarios [20].
For the density & dimensionality quality control, an automated metrology system provides a suitable solution for measuring the dimensions of the pellet with minimal impact to production speed, however it cannot by itself measure density [21]. This could then be paired with an automated density scale to confirm the density of the pellet.


[bookmark: _Toc228029670]5.2 Output to Team
[bookmark: _Toc228029671]5.2.1 – Manufacturing Solution
5.2.1.1 – Process Definition
Based upon the prior research, three processes were proposed. These were then rated using a Pugh matrix (available in Appendix G) to down select the best fit for the requirements. The result is the process defined in figure six (full process flow available in appendix C), which features several of the technologies discussed in the research section, along with supporting processes such as the material transfer systems. This solution was then handed over to the wider design team to allow them to proceed with development.
[image: ]
Figure 6 – Process Definition.
5.2.1.2 – Noises & Controls – Process Control Plan
A quality function derivation was undertaken to determine the importance of each processing technique, which was combined with the results of the P-Diagram, “What Why” analysis and QFD-4 to inform the development of a process control plan (Available in Appendices I & J), which states the potential impacts which noises could have, and the controls used to mitigate or prevent their impact.
[bookmark: _Toc228029672]5.2.2 – Feedback to Team
To support the safety team with their work, a process failure modes evaluation analysis was undertaken to better understand the results of potential failure modes within the process, and their impact on safety during manufacturing to inform both the process safety, and product safety case where manufacturing defects could result in product non-conformances.
[bookmark: _Toc228029673]5.3 Presentation
A presentation was prepared to detail the development work undertaken and the resulting system for wider stakeholder engagement, each team created a section for their work detailing the key aspects for a panel. Once presented, several questions were answered by the individual teams. This activity allowed the individual teams to demonstrate their work and receive feedback from industry specialists to develop it further before moving into production.
The manufacturing team received feedback upon the FTIR utilized as inline quality control, with a subject matter expert suggesting that it may not require the level of accuracy required.
6. [bookmark: _Toc228029674]Conclusions
[bookmark: _Toc228029675]6.1 Conclusion
In conclusion, the design teams successfully worked together to develop a concept solution which fulfilled the requirements of the design brief. The manufacturing team utilized a systems engineering approach, supported with by a research study, to develop several manufacturing solutions for the product concept, utilizing a research informed approach to down select suitable means for explosive processing. The resulting process achieves an equivalent too RIBA stage two maturity, defining a reasonably mature concept, where qualification and plant design specification is yet to be undertaken [22].
6.2 [bookmark: _Toc228029676]Recommendations
The manufacturing team recommends that a full feasibility study is undertaken before maturing the design, including consideration of the processing steps required for all up-product assembly (warhead, fuze, booster). In addition, a study into more suitable means for inline product mixture ratio quality control, as FTIR was identified as being a potential weakness of the process during the presentation, due to its nature. 
7. [bookmark: _Toc228029677]Reflection
Upon reflection, the research & development team overcomplicated their solution despite feedback from other design teams stating so, resulting in an overly sophisticated system, with multiple different defeat mechanisms for mines, where only one would have been required reasonably.
Communication breakdown throughout the project resulted in individual teams developing their work before the prior work was formalised, resulting in the need to revisit work multiple times where only one pass was required. In future, better communication would be possible by continuing the recurring meetings and inviting all design teams to share their progress.
The project presentation was successful, however the manufacturing team could’ve taken more time to practise beforehand, as they required notes to prompt them.
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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	


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	Powder Transfer System	Pellet Transfer System	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	


Process Comparison

NEW Automated Pellet Pressing	Semi-Automatic (Facility X)	NEW Externally sourced blended material (APP minus blend)	20	8	16	


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	


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	
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