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1.0 Introduction	
Throughout this portfolio a systems engineer looks at an example case study of an OME Concept and design and subjects it to a selection of system engineering tools to assist in the solving some of the issues that it has. For this portfolio the requirements, function and solutions have already been selected and will predominantly focus on the manufacturing tools and processes.  [1]
These tools include [2]:
Quality function deployment 2 (Design)
Breaking the design down into its Architecture
P diagram of the component 
What why 
Manufacturing requirements
Process maps
Quality function deployment 1 (manufacturing)
Process FMA
Quality function deployment 2 (manufacturing)
Quality function deployment 3 (manufacturing)
1st P diagram and what why (manufacturing)
1st Quality function deployment 4 (manufacturing)
2nd P diagram and what why (manufacturing)
2nd Quality function deployment 4 (manufacturing)

The portfolio will demonstrate how these tools will highlight: Potential failure modes; Critical design features; Manufacturing processes involved; critical process steps; process control measures. [2]Using the system tools the above design issues will be found earlier in the manufacturing design process and lowering the chances of finding issues when manufacturing begins. This is completed by left shifting the discovery of issues earlier and earlier as the sooner they are discovered the cheaper and more economical they are to resolve.



1.1 Aims & Objectives	
The OME design chosen for this particular portfolio is a 12 gauge shotgun shell. This commonly used piece of OME is regularly used in recreation, pest control and self-defence. Despite no exact figure multiple sources claim that just in the UK millions of shotgun shells are fired each year. Unfortunately there are components with shotgun shells which are not biodegradable or toxic and can have a negative impact on the environment and/or people. In particular the Hull of the shotgun shell, Wadding and the lead styphnate [3] in the primer caps.
The aim of this portfolio is to demonstrate the tools mentioned in Chapter 1.0 but the purpose of the design is to replace the non-biodegradable components within the shotgun shell and replace any toxic elements as well.    

2.0 Background Information	
The current design of shotgun shells have had very little deviation since the 1870s when complete brass cartridges were replaced. The architecture of the shells have not changed since then. The basic breakdown of a shotgun shell includes a Base, Fuselage and Hull. These sub systems can then be broken down to the further subsystems or to the component level. Each subsystem breakdown is shown below.

2.1 Base
The base consists two components and a subsystem. The Subsystem is what initiates the shotgun shell and is called the primer. The Primer subsystem can consist of either two or three parts. The two critical parts include the capsule that creates the primers structure and allows for the second component the primer mixture to be poured into. The additional part of this subsystem is the inclusion of a sealant however that is only included for use in harsh conditions and if the tolerances of the primer cap are poor and don’t provide a sufficient environmental seal.

Joined to the capsule is the case head together they allow for the storage of propellant and help provide rear obturation when inside the shotgun barrel. The function of the base once assembled with the rest of the shotgun shell is to provide a seal protecting the propellant and initiating mixture from the environment; to provide structure to the munition so it can be transported; to ensure the munition can be correctly loaded into the shotgun barrel and provide rear obturation alongside the barrel.


What are the components made of?
The capsule is usually made of brass this is because it is a malleable material which can easily be manufactured; is readily available; does not react with many organic compounds and is relatively inexpensive.
The primer composition is a mixture of lead Styphnate, Barium nitrate and Antimony Sulphide. These are all toxic however are selected for the initiating mixture as they create hot gases with minimal input such as impact from a firing pin.
The sealant is less frequently used as it is an additional process and cost which can provide really little improvement to the munition. Its purpose is to prevent ingress of moisture to the primer composition and the propellant with the base. This is achieved by creating a seal between the capsule and the case head with wax.
The base head is most commonly made out of brass for the same reasons as the capsule. The material properties of brass also suit the additional functions of the base head the ductility creates a better seal and additionally does not react with the brass from the capsule and the propellant.
Propellant in shotguns has had recent changes from a shift from gunpowder to smokeless alternatives that are Reach compliant. This is a step towards a less toxic solution which the design in this portfolio wants to highlight. 

 
2.2 Fuselage
All shotgun fuselages always consist of the same critical components and that is the wadding. Wadding provides the forward obturation in the system and provides many other critical functions that include preventing propellant from mixing with the shot; transporting the shot through the barrel and beyond to ensure the shot can be delivered to its target. Without wadding the gases produced from the propellant burning would escape past the shot and no payload would hit the target.
Wadding can vary in design with some being in multiple pieces to improve distance achieved by the shot as the greater mass of the payload is affected less by the air resistance and the longer the shot remains together the greater the mass. Wadding can vary in shape as well but the most common is a Cup shape design that allows for easy manufacture as shot is filled into the cup and prevents shot from escaping.
The other critical component is the payload itself without it and there would be no requirement to fire a shotgun. The design of the payload can vary depending on the intended target. Most payloads are spherical balls between 1mm to 9mm in diameter. The smaller the shot pellet the larger quantity can be stored within the fuselage. The alternative payload is a slug which is a single piece of metal which provides much greater penetration over a greater distance however has no scatter pattern like other shotgun payloads.

What is the fuselage made of?
Most current wadding designs consist of non-biodegradable plastic. Wadding is also projected from the shotgun so it more difficult to collect and dispose of correctly. Most wadding remains in the environment to either be consumed whole or when they breakdown into micro plastics. 
All shotgun shells are made of metal however different metals are selected for different reasons. Lead historically has been the most common choice as it is dense and as a result can travel further in the air with better ballistic properties. It is also readily available and simple to manufacture. Drawbacks of lead are that it can contaminate the meat from the animal killed. Despite relatively small impact on adults the lead contamination can affect small children, babies as well other animals that consume the meat. As a result steel shot has become more preferable to use. Steel does not contaminate any meat and is nontoxic. This has resulted in prices of steel shot dropping and at times becoming cheaper than lead. The largest drawback on steel shot is the lethality which is as a result of being less dense than lead.    This can be improved by using larger shot.
  

2.3 Hull
The simplest piece of architecture consisting of just one component which is the Hull. This is joined to the Base and prevents the propellant and fuselage from separating from the cartridge. This is achieved by crimping the end of the hull at the forward end of the munition and providing and environmental seal. A failure of the Hull prior to firing would lead to ingress of moisture and potentially FOD resulting in massive decreased performance as many propellants are hygroscopic. The Hull is what makes a shotgun shell easy to use and transport as it provides the structure for the munition making it a single piece rather than a complicated multistep loading process like a musket. 

What is the Hull made of? 
There have been 3 main material choices for the hull material throughout the shotgun design history. The first being a brass Hull attached to the Base. This was a single piece of brass and provided an excellent seal protecting the propellant from the outside climatic conditions. This also was made in a single production process making reducing the chances on failure. This design also allowed for the cartridge to be reused which is better for the environment. This design however was replaced with cheaper alternatives such as paper and then plastic as it allowed for lower cost per unit without affecting the performance and function of the gun. Paper Hulls are made of laminating paper and wax together despite not being reusable paper hulls do decompose in the environment relatively quickly having a reduced impact to surrounding wildlife. Plastic hulls however do not despite some being made of biodegradable plastic these still leave behind micro plastic which can be suspended within water and contaminate the water.      






3.0 System Tools
Once the basic design features of Shotguns was understood the portfolio can now look at how the system engineering approach can be implemented into the design and manufacturing process.  
To begin the requirements have to be determined. This would involve breaking down who are the stakeholders for this item and what do they require. From there the system and non-functional requirements can be chosen. For this particular case study these requirements were not focused on as they were excluded from the brief. Despite this the system requirement is useful to highlight the purpose of the design in this case the system requirement is to implement an environmentally friendly alternative to the current Shotgun shell design. The required functionality has also been determined as this is the required input for the below tools. This has been achieved by completing a functional decomposition and use case from other similar OME designs.  With this information means to complete these functions have also been selected with this thee two pieces of information Quality function deployment 2 can commence. 

3.1 Design tools
This portfolio will start the systems approach at Quality function deployment 2 of the design. This is where the required functions are placed on one axis of the table and the Means to complete those functions on the top. The performance requirements for the requirements are placed opposite to the functions to describe to what extent the functions need to be met.
[image: ]  Table 1
This is the first completed tool in the systems approach for this portfolio. To make the best use of this tool importance values are assigned to each function. This can be achieved by 2 different means the first being a pairwise comparison which ranks each requirement and then completing QFD 1 (design). Alternatively, the method selected in this portfolio is by using knowledge and judgment from the systems engineer.  By filling out the matrix with values between 0 and 9 the systems engineer can determine the most important features. 
Figure 1
From QFD 2 a figure importance graph can be created. As seen in figure 1 this graph clearly highlights the most important features within the system and they are the Shot, Base and the Shotgun. 
This first QFD 2 has been completed for the whole system including the Shotgun which fires the shell so that the most important subsystem or component can be selected. From the Graph the systems engineer has selected the most important subsystem of the shotgun shell the Base. The base will be investigated further into the design and manufacturing process. 
 
A P diagram of the shotgun shell will be completed first this tool looks at what potential noises can affect the performance of the Shotgun Shell. From these noises it will also look at the control factors required to control and minimise those noises where possible. 
[image: ]
Figure 2 

The P diagram above shows how Noise factors are broken down into External, Unit to unit and deterioration. External noise factors are variables within the environment that it operates in that cannot be controlled such as humidity and temperature. Unit to unit variation differs from each shotgun shell and will usually differ as a result of manufacture. These can be controlled to meet a required standard. Finally Deterioration are noise factors that are not issues when manufactured however occur throughout the life cycle of the munition. These can be mitigated against by control factors as well.

The outcome of this tool is to be able to feed the control and noise factors into a “what why” table.  This “what why” table ranks the control factors and noises by assessing the relationship between the noise and control factor and giving it a score between 0 and 9. This is shown in table 2 below. 
[image: ] 
Table 2
   
Figure 3 
Figure two shows the importance of each of the control factors and the larger the score the more Noises that control factor reduces. In the case of this example the Base seal was the critical control factor which also confirms that the critical part selected in QFD 2 and the system architecture is the Base of the Shotgun shell. 
[image: How Do Shotgun Shells Work? | What Are Shotgun Shells Filled With?] [1]
Figure 4
3.2 The Critical part
The system engineering approach will now focus on the critical part of the design. This is important as this part will have the greatest effect on meeting the requirements if it does not work. The following tools and processes used would be used on other parts of the design however for the purpose of this portfolio will not be completed. 
To start, another functional means analysis will be completed to select the means of completing the functions of that critical part. 
[image: ]
Table 3
To determine the functions of the part a functional decomposition was completed and those functions filled into the left hand side column.  In each corresponding row solutions are proposed to try and meet those functions. The solutions were proposed background investigations completed in Chapter 2.0. The Highlighted solutions are the means that will be taken through the rest of the design processes. They were chosen to best meet the functions and as a result the requirements determined at the start of the design process. 
These means are the breakdown of the subsystem into the component level. 
For this Design the components of the base are the:
Primer Capsule, Brass casing (head), pyrodex propellant [4] and potassium 5,7-dinitro-[2,1,3]-benzoxadiazol-4-olate 3-oxide (KDNP) initiator composition.  

With this information a secondary QFD 2 can be completed on these parts of the critical component.  As part of the QFD the functionality remains on the left hand columns and the solutions on the top row. By filling out the matrix with value between 0 and 9 depending on the means and the solution another functional means importance graph can be created. [image: ]
Table 4 
[image: ]
Figure 5
From the functional importance graph the most critical part of the most critical subsystem has been determined. 
A final set of P diagrams and “what why” tables will be completed before the design of the manufacturing begins. [image: ]
Figure 6
[image: ]
Table 5 
These tools were completed in a similar method to the earlier tools completed for the whole subsystem of the shotgun shell. The P diagram highlights External, Unit to unit and deterioration noises and proposed control factors and the “what why” table compared the relationships between the two to create importance graphs that 
[image: ]
Figure 7
From this a critical control factor is determined which will play a pivotal part in the design of the manufacturing process next.

3.3 Manufacturing 
The start of the manufacturing process begins just like the start of the design process by determining (Manufacturing) requirements. This is achieved by talking to the stakeholders who specify their requirements. In this particular example the systems engineer has determined the requirements by investigating and completed a kind of use case of other manufacturing facilities. [4] [7]
As well as the requirements the processes needed to make the components through to the system need to be planned. This will be determined later in the manufacturing design process however the process functions of these process need to planned in a process flow.
[image: ]
Figure 8
The process flow of the whole system is shown in figure 8. If the systems engineer was to complete the full manufacturing design process they would use both the Requirements and the process functions to complete the 1st Manufacturing QFD. In this case just the process functions for the Base have been selected to be investigated to demonstrate how the tools are used.
[image: ] 
Table 6
The QFD tool works by creating importance values for each manufacturing requirement from 1 – 5 and then comparing the relationship of the process functions with those requirements.  Additionally performance requirements are added to the right hand side of the table to guide the decision making process. The most important part of any tool is by getting a useful output. In this case the output is a process important graph that highlights the most critical manufacturing process that if it was to fail would have the largest impact on meeting the manufacturing requirements. 

This critical process however has to be assessed with the critical part found in the design process tools earlier. This shows the need for both designers and manufacturers to interact and develop the munition together as otherwise critical components and processes could be missed. For this particular example the critical subsystem is the base; critical component is the base head and the critical process is filling the primer capsule with initiator composition as shown in figure 8.
[image: ]
Figure 9

With these understood a process means analysis can be completed to decide on how to make the components with the critical sub system. 
[image: ]
Table 7 
The means are laid out in corresponding rows to the process functions. Each means will then be investigated so that the best can be selected. They are chosen based off how well each means meet the manufacturing and design requirements. In table 7 the chosen means have been highlighted. These have been selected as these means are the same means used in current production processes of shotgun shells.  This greatly reduces set up costs, training required and meets the performance requirements found in table 6.  
[image: ]
Table 8

The design process functions are then reviewed alongside the Means that have been selected. This is so that relationships between the two can be found. Positively the outcome of this tool shows how the strongest relationship between the critical process function and the means chosen to complete it. 
[image: ]
Figure 10
Figure 10 visually confirms the outcome of the QFD 2 process.  

A Process Pugh analysis would now usually be completed to compare the different assembly processes and determine the best method.  This would work alongside the process means analysis to select the means. For this example however, it was not completed due to being obsolete as the systems engineer had already selected to keep the same manufacturing processes already in use predominantly due to cost.  
This would have come out in the Process Pugh as well as comparing the means to other manufacturing requirements. 
Once complete QFD 3 can now commence this is where the manufacturing tools interact and join with the design tools earlier in the systems engineering approach. Where design features from QFD 2 (design) and weighted and considered alongside the process steps determined from the earlier stages of the manufacturing tools. The matrix that is completed in table 10 is the result of comparing the process steps with the functions of the shotgun Base and the relationship that they have with meeting the desired performance. For example if the coining of the brass sheet was to fail it would negatively impact the ability of the shotgun bases to hold the primer capsule in position. 
[image: ]
 Table 9
The outcome of the above table is presented in a process importance graph which shows the critical processes for the manufacturing of the shotgun base.
[image: ]
Figure 11 
This Graph shows the 2 critical process are the coining manufacturing of the capsule of the primer and the coining process of the base head. With this information these critical processes can be further analysed later using the QFD 4 tool. 
First, the assembly process of the base subsystem will be looked at overall as part of the first QFD 4 but to achieve that a further P diagram and “what why” has to be completed first. The purpose of these two tools is to track noise factors and control factors and then the relationship between the two to determine critical noises and control factors which allows for the system engineer to focus and reduce the chances of the manufacturing process failing. 
[image: ]
Figure 12
[image: ]The P diagram breakdowns the noise factors the same as in the design process into external, unit to unit and deterioration. External factors for manufacturing are sources of variability outside of the manufacturing process for example temperature and humidity. Unlike external noise factors during the design process these noise factors can be controlled or monitored under the control factors. Unit to unit and deterioration remain similar being sources of variability from within the manufacturing process over time.  
Table 10

[image: ]
Figure 13
Both table 10 and figure 13 highlight key noise factors and control factors which need to be implement with the greatest importance. The greatest Noise factor for example is the wear of the press tool. The corresponding key control factor is ensuring the dimensions of the press tool is correct. By ensuring these match up the tools have been completed correctly and no control factors or noise factors have been missed. These also are part of the critical process found earlier. 
Once the critical factors have been identified solutions have to be proposed to resolve them. This is pivotal for what makes the systems engineering approach succeed by left shifting the discovery and solution of issues earlier into the design process. To complete this the critical process are placed on the left hand side of a table are given an importance value depending on frequency, severity, difficulty to resolve and detectability. These values assist the systems engineer in determining the most important process steps. This is completed through the first QFD process shown below in table 11. [image: ]
Table 11
The otcome of QFD 4 is an importance graph. [image: ] 
Figure 14
The graph shows how receipt inspecting is the most important process in assuring the critical factors of the base are met. Receipt inspections are an effective way of identifying issues once they have occurred. Receipt inspections however have to be completed at critical stages in the design to be the most efficient and cost effective approach. In this example it would not financially be possible to meet the manufacturing requirements if receipt inspections were completed after every process. They would likely also be obsolete as certain process are less critical than others. The extra additional challenge is the quantity of shotgun bases being made per month as outline in the manufacturing requirements as well. This presents a cost benefit analysis situation where the systems engineer has to decide on how many inspections need to be completed. 
For the example of the shotgun making process the inspection point have been identified as being completed after the base has been manufactured as this is a critical sub systems additionally as the critical part of that sub system the base head could also be inspected.

The systems engineering approach is an iterative methodology which has been demonstrated throughout this process the final iteration is using the P diagram, “what why” and QFD 4 toolset a final time to investigate the critical component and ensure that noise factors have been identified with corresponding control factors and rank these to ensure the most important solutions are implemented. 
[image: ]  
Figure 15
[image: ]
Table 12
Figure 16

Figure 15, 16 and table 12 show how an individual process can be selected and complete the systems tools. This process has been selected as the most critical however these tools can be completed on other process than also have a high importance and for other sub systems. In particular in areas of that have known to create issues in the past or that have been highlighted in the systems tools could undergo this toolset. The result of these tools is to select critical process parameters and submit them into the QFD 4 tool below.
[image: ]
Table 13




[image: ]
Figure 17
Table 14 and figure 17 highlight the importance of completing maintenance on the coining machine used in the manufacturing process. With this in consideration the systems engineer can implement an effective maintenance regime which should ensure the compliant production of the base head. 

4 Conclusion
Throughout this portfolio the systems engineer has investigated the current design and manufacturing process of shotgun ammunition. This has helped guide decisions throughout the systems engineering approach. The knowledge and understanding of the system has allowed the systems engineer to select the system architecture and it down into subsystems. The critical subsystem was then developed to demonstrate how the system engineering toolset could look at the requirement analysis process allowing for function derivation. Once the functions were derived the means to meet those functions could be selected. The critical process step was then selected to develop further using the system toolset to investigate how the control factor, noises and control measure could influence the design and create an importance graph so that the most critical control measures can be implemented successfully.
As for the design the non-toxic and reusable alternatives have been considered and implemented to meet the system requirement outline in the beginning. If this was a full systems approach the design requirements would have been a considerable process as the most important purpose of systems engineering is to design the right thing before design and manufacturing it right.
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Feature Importances
Cardboard storage box	Gun Operator	Shotgun 	Capsule	Primer cap	Base	Pyrodex powder	Carton	Extra Wad	Obturator	Main Wad	Crimp	Paper Hull	Shot	69	176	266	33	66	270	185	123	159	159	219	27	222	279	


Control Factors
thickness of Hull	Size of prop	size of shot	quantity of prop	quantiy of shot	Cartidge length 	Condition of primer	Barrel condition	Wadding size	Paper hull density	size of base	obturation quality	Lid seal	Base seal	0	432	495	57	513	216	306	111	84	156	99	69	414	576	621	0	0	#REF!	
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