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[bookmark: _Toc229376800]Abstract
This report presents the design and development of TruePath, a lightweight humanitarian mine clearance system intended to enable the safe passage of a medical supply convoy through a mine-contaminated desert pass.
Structured systems engineering matrixes were employed throughout the design process. Customer requirements were identified and prioritised using requirements set. These defined requirements where then processed through a pairwise comparison and a series of Quality Function Deployment matrices to cover all the system, subsystem, and manufacturing levels. A function means analysis was used to evaluate competing design solutions at each level, with commercial off-the-shelf components selected where possible to minimise cost and complexity.
The resulting system utilises an unmanned aerial vehicle platform to deliver precision-placed shaped explosive charges onto identified landmines, keeping human operators entirely removed from the hazard area.
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[bookmark: _Toc51833421][bookmark: _Toc229376804]Introduction
The goal of the project was to design a mine cleaning solution that can be used for a humanitarian mission. The brief outlined that a medical supply convoy must transit a narrow desert pass containing land mines. The proposed solution should not use any heavy clearance vehicles due to environmental survivability issue and as such should be able to be transported by a standard 4x4 pickup truck. No large quantity of explosives allowed either due to the possibility terrorist capture, which meant common military solutions such as MICLIC or Python could not be used either. The full outline of the design brief can be found in Appendix 1. 
The team was split into five separate roles in order to capture all aspects of the design and manufacturing process. They were research and development, manufacturing, test and evaluation, disposal, and safety. Several engineering tools were used in order to design a solution to the design brief including Quality Function Deployment (QFD) matrixes. These differ from other systems engineering toolsets such as Model-Based Systems Engineering (MBSE) [1] as it ensures that customer requirements are thoroughly understood and prioritized thought the design process. By developing and using the QFD matrixes, the team was able to develop a system that was able to meet the customer requirements called TruePath. 



[bookmark: _Toc299631424][bookmark: _Toc299631486][bookmark: _Toc299631576][bookmark: _Toc299631652][bookmark: _Toc229376805]Identifying key customer requirements.
[image: ]The first step that was used to identify the key customer requirements was to create requirements set. The requirements set laid out the high-level criteria identified by the team from the design brief. From this subcategory’s where then identified to make each high level goal was achievable Table 1. These subcategories would make up the requirements set of the project going forward.  This is done at the start of the process as the customer knows what their desired outcome is, they do not know the full set of engining challenges that the design must overcome. The process also ensures that everyone understands what's actually being asked for before any time or cost is spent on the design. [bookmark: _Ref229303955][bookmark: _Toc229374766]Table 1 - Requirements set

An example of this from the design brief was the following. ‘’There is also an issue with transporting heavy vehicles to the location. There’s a driveshaft/gearbox issue with the low loaders required to bring heavy vehicles forward.’’ From this we were able to identify the high-level criteria of the system being easily deployable and the stakeholder for this requiring would be the Ministry of Defence (MoD). It was then identified that the sub criteria in order to make this achievable in the final design was to ensure the system was under three tonnes to allow it to be towed by a commercial 4x4 truck. This is a quantitative and measurable requirement for which a solution can be engineered towards
[bookmark: _Toc299631425][bookmark: _Toc299631487][bookmark: _Toc299631577][bookmark: _Toc299631653][bookmark: _Toc229376806]Critical system functionality 
So that the importance of each requiring could be compared to one another, a pairwise comparison was done for the high-level requirements (Table 2). A pairwise comparison is used to evaluate the importance of each requirement in relation to one another. While all of the requirements would be incorporated into the final design, an importance ranking is useful to show which requirements are best to be prioritised for research and development.  
[image: ]
[bookmark: _Ref229304059][bookmark: _Toc229374767]Table 2 - Pairwise comparison
Figure 1 below shows the results from the pairwise comparison. It can be seen that the survivability of the system was determined to be the most important requirement, and fast implementation was the least import. While this may seem contradictory to the initial design brief at first, due to the design brief specifying a time constraint due to medial supply deterioration. However, if the system destroying the mines where to itself be disabled or destroyed in the process, then the whole operation would fail regardless. As such it was useful to see that the pairwise produced logical results and further showed that the [image: ]identified critical systems where likely correct.
[bookmark: _Ref229304155][bookmark: _Toc229374762]Figure 1 - Pairwise comparison results
[image: ]The importance’s can also be used as weighting values in a QFD 1 analysis. This analysis method is a process that defines the customer requirements and converts them into a detailed engineering plan. QFD1 is used for the overall systems, with sub-assemblies and compost details being looked in to in further QFD’s later into the process. [bookmark: _Ref229304301][bookmark: _Toc229374768]Table 3 - QFD 1

[image: ]Table 3 shows QFD 1 for the systems. The system functions across the top of the table were created earlier in the design process and are how the design teams believes that they will be able to achieve the goals set by the design brief. Figure 2 below shows the QFD1 functional importance rankings. The resulting score indicates the relative importance of each function. These priority’s can then further guide design focus by highlighting what aspects are most important to the customer.[bookmark: _Ref229374602][bookmark: _Toc229374763]Figure 2 - QFD 1 Functorial importance

 As the system involves a large number of system functions if there was no formal method for establishing the relative importance of these functions from the customer's perspective, there would be the risk that the team would distribute effort evenly across areas. This could lead to sub systems critical to mission success and safety being under designed. QFD 1 addressed this by weighting each requirement and assessing how strongly each engineering characteristic contributed to satisfying each requirement. This process ensures that the most critical functions are identified as early in the design process as possible so that time and money is not wasted .


[bookmark: _Toc229376807]Research and development
[image: ]A function means analysis (FMA) was created and used at both system level and subsystem level to compare different approaches or each required function Table 5 shows the full function means analysis with the chosen design solutions highlighted. The purpose of the table was to break down each of the projects engineering objectives, with multiple solutions found for each. A comparison was then completed for each of the of the design solutions. Table 4 shows an example of one of the subsystem comparisons for selecting the appropriate commercial off the shelf (COTS) drone to carry the mine detecting equipment detecting equipment.   
[image: ][bookmark: _Ref229374731][bookmark: _Toc229374769]Table 4 - Subsystem comparisons
[bookmark: _Ref229374672][bookmark: _Toc229374770]Table 5 - Function means analysis
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[bookmark: _Toc229376808]Manufacturing & Integration Overview
[image: ][image: ]Several high-level requirements were identified for manufacturing, including low-cost manufacture though the use of predominantly COTS items, rapid manufacturing with minimal part count as well as simple and easily repairable assembly. The manufacturing QFD table (Table 7) translated the specific manufacturing requires into key design drivers which where modular payload integration and safety in the payload handling. While every subsystem would have a system level function means analysis completed for it, as the explosive charge was identified in QFD 3 to be the most important part of the system, this was focused on going forward.[bookmark: _Ref229306771][bookmark: _Toc229374772]Table 7 - Manufacturing QFD 3
[bookmark: _Ref229306781][bookmark: _Toc229374771]Table 6 - explosive charge functions means analysis

Safety was of high importance in the design, with isolated the detonator intentionally being designed to fit separately for maximum safety during transportation. Table 6 shows the system level FMA for the shaped charge, with all the considered options. The QFD process was then competed again for manufacturing the component, with processes evaluated and chosen for each step of mixing and filling the explosive charge. [image: ][bookmark: _Ref229306963][bookmark: _Toc229374764]Figure 3 - QFD 4 manufacturing importance results

Even production of the charge case is produced by precision stamping and verified using go/no-go gauge inspection. The explosive fill is then added using a semi-solid melt cast TNT process, which allows the explosive to fil the casing uninformedly and achieve a consistence density between units. The weight of the cast and visual inspection used to verify each charge before acceptance. These controls are captured in a process control plan derived from the QFD 4 results (Figure 3), which also governs the broader manufacturing process sequence from materials through to final assembly 

.
[bookmark: _Toc229376809]Waste and end of life disposal
Disposal planning for TruePath was integrated into the design process from an early stage, with QFD 2 specifically highlighting the need for drone reusability. This moved the design away from a single-use kamikaze drone concept, which would have left the cleared route contaminated with explosively debris. This would have presented both environmental and human health risks due to long term exposure to toxic chemical as well as being costly and logistically challenging to clean in a hostile environment.
There was two main disposal pathways identified early into the project in order to comply with JSP 762 [2]. They were the disposal of the high explosive shaped charges, and the disposal of the drones and associated support equipment. 
The saftest and most cost-effective way of disposing of the high explosive charge is though it is functioning in its designed mode, detonating on top of a mine. However, this is not always possible as the explosive may be approaching end of life or have defective packaging that requires it to be disposed of in a different method. 
The Manufacturing to Target Disposal Sequence (MTDS) as defined in the Defence Code of Practice (DCOP) 104 [3] will outline the disposal sequence for munitions that have not yet been deployed from storage. This is most likely to be burning at a designated Mod contracted site, such as the Disposal Service Authority (DSA). 
During the test and evaluation stage of the project, the explosive may require x-rays or the charge being cut. As a result, the safest way of disposing of this partial explosive will be chemical destruction via dilution [4]. In contrast open theatre burnings are the saftest way of disposing of the charges after they have been transported into theatre. The goal of both of these methods is to render the explosive inert without the need for transportation to proper disposal facility, as once they have been removed from there packaging, they can no longer be safety transported.
Non-explosive equipment, including drone airframes and support systems, is easier to dispose of and can be handled through the DSA. There may be unintentional contamination with explosive residue and a Certified Free From Explosives (CFFE) certification may be required before transportation back to the UK [5].



[bookmark: _Toc229376810]Design safety 
Safety is treated as a primary design driver throughout all phases of the design. The safety management framework is created from a wide array of safety focused documentation such as the Health and Safety at Work Act 1974 [6] and the Control of Substances Hazardous to Health Regulations 2002 (COSHH) [7]. Military explosive regulations have also be used with STANAG 4586 [8], DEF STAN 00-56 [9] being major driving factors.  As the project is humanitarian focused as well civil standards such as the International Mine Action Standards IMAS 04.10 [10] were also referenced. 
Hazard identification was conducted for each phase of the project lifecycle. Each hazard was assessed against the National Armaments Director (NAD) Group risk matrix in the R&D phase, the highest-rated hazards were human exposure to TNT vapours and fragmentation during proof-of-concept testing, both assessed at the maximum rating of 25 prior to the application of controls. In order to lower the risks a bowtie diagram was created to visualise the risk event and critical testing controls where implemented. 
In the example of TNT exposure, Figure 4 shows residue exposure as the main hazard event. The threats that can case the exposer where poor lab hygiene as well as direct handling of the high explosive. Using the bowtie diagram, the controls of using fume hoods and using appropriate PPE while handling the explosives were able to be identified as controls and put into place. As accidents could still occur, the mitigations of having nearby wash stations and regular medical checkups were decided to be included in the testing process in order to reduce rusk further. 
[image: ]The overarching safety philosophy for the system is encapsulated in the concept of ensuring the system is Safe and Suitable for Service (S3). This is achieved through a hierarchy of controls that begins with elimination. This is achieved as human operators are entirely removed from the minefield through the use of UAV systems. This is then followed by engineering controls such as sensor redundancy by having multiple mine detection systems to reduce the chances of a false negative. A Failure Mode and Effects Analysis (FMEA) was conducted to systematically identify failure modes across all key system functions such as premature or failed charge initiation, loss of drone flight control over the minefield, incorrect lane marking, and missed devices during the verification sweep. Every failure mode is linked to its root cause and corresponding mitigation measure in order to provide a traceable safety argument for the system design.[bookmark: _Ref229305804][bookmark: _Toc229374765]Figure 4 - Safety in R&D bowtie diagram






[bookmark: _Toc229376811]Conclusion 
The TruePath system demonstrates how a structured systems engineering approach can be applied to a complex humanitarian challenge. By employing a suite of formal design tools including QFD matrices, pairwise comparisons, and function means analysis the team was able to translate high-level mission requirements into a manufacturable, and safe engineering solution.
The use of QFD at multiple levels of the design process proved valuable ensuring that customer priorities were captured at the outset but also remained central throughout development. Safety was consideration as a primary design driver thought the project as well. The removal of human operators from the minefield through UAV deployment while a technical engineering challenge significantly reduced the risks for personal involved. 

[bookmark: _Toc51833419]Overall, TruePath represents a viable solution that meets the constraints of the design brief while prioritising the safety as well as the customer’s needs. The project also demonstrates the broader value of formal systems engineering methodologies in managing complex. 
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[bookmark: _Toc229376814]Design Brief presented by Dave Holley
The design scenario is that we have a column of supplies (Medical) traversing desert terrain. The approved route will come across a mined area.
The mined area is within a steep walled pass. Go-around is difficult, if not impossible. A persistent ground to air MANPAD threat makes helicopter use too risky.  As we need to open up the route for civilian medical transport for subsequent convoys the road route is much preferred. 
Time on the operation is critical. The emphasis is on a rapid move in, clear the objects and move on.
The indigenous population do not have easy access to helicopter transport. The mission is the get the convoy. (Nothing heavier than a Land Rovers or ubiquitous Toyota trucks) carrying their delicate cargo through the mined area and leave the area clear for subsequent transport.
I will present several mine clearing options as a functional guide. The grand Panjandrum, the progression from Conger to Viper to Python, flails, and rollers. 
Unfortunately, the use of Python is banned because there is a perceived vulnerability against bullet / fragment attack and also that misfires or capture would afford the opportunity of furnishing any hostiles with explosive resources. 
There is also an issue with transporting heavy vehicles to the location. There’s a driveshaft/gearbox issue with the low loaders required to bring heavy vehicles forward. Someone forgot to fit the gaiters that keep the dust out. Most of the fleet is awaiting spare parts or have been reserved for combat missions rather than humanitarian exercises. 
The teams are required to design a portable (Land Rover or Hi-Lux) mine detection, clearing and marking system to ensure safe passage for this and future convoys. 
The customer needs to know design, functionality, subcomponent design, critical feature identification, critical manufacturing process controls, (Or what is it?  What does it do? Can you make it? What are the tricky bits? How are you going to make sure it works?) 
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