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[bookmark: _Toc195100046]Introduction
[bookmark: _Toc195100047]What is systems engineering?
Systems engineering is a multidisciplinary holistic methodology enabling the successful realisation of a system early in development [1]. Its focus is on designing, analysing, and managing the system throughout its entire life cycle from conception to retirement, focusing on the entire system rather than components in isolation. As the world becomes a more complex place, systems engineering has become increasing more popular as it is effective in handling risks and complexity and ensures the final product was the right thing to be designed and it was designed right. For a system to be designed right it must satisfy the needs of the customer, users, and any other stakeholders [2].
Using a systems engineering approach, complex systems and their interdependencies can be broken down into less complex subsystems making it considerably easier to solve any challenges in the design process, reducing risk throughout the entire project. 
This report aims to explore, through a case study of a missile (fin), how the manufacturing stages of the systems engineering function. 
[bookmark: _Toc195100048]Rapier Missile System
The Rapier missile system is a short-range surface to air missile system. It has been used extensively in conflict and has been subject to multiple design iterations since it came into service. The system can hold up to eight missiles, positioned on launcher rails attached to a moving turret, allowing it to respond to a threat from any direction. Figure 1 shows one of the earlier versions of the Rapier missile system with the eight missiles positioned on the turret. It can rapidly and accurately counter low-level, fast-moving threats. It is mobile and can be towed behind a medium sized vehicle. No other external supporting infrastructure is needed. [3], [4]
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[bookmark: _Ref194523549][bookmark: _Toc195100015]Figure 1 An early version of the Rapier missile system [5]
The sketch in Figure 2 highlights some of the sub-systems of the Rapier missile. The fins, used as an example in this report, are located at the rear of the missile - labelled “4 control surfaces”.
[image: A diagram of a missile
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[bookmark: _Ref194523631][bookmark: _Toc195100016]Figure 2 Rapier missile sketch showing some key sub-systems [6]













[bookmark: _Toc195100049]Systems Engineering – Design
[bookmark: _Toc195100050]Requirements
The systems engineering process starts with gathering requirements from the customers and stakeholders. These are the needs, expectations and constraints that will be placed on the system.
Requirements can be broken down into three parts, with non-functional requirements being broken down into further subsections:
· Operational requirements 
· Functional requirement 
· Non-functional requirements
· Non-functional performance requirements
· Non-functional system requirements
· Non-functional implementation requirements
Operational requirements define the purpose of the system and any key constraints which define the context of the systems. Burge, in his “Introduction to Systems Engineering”, discusses the importance of the operational requirements of the overall system, and how these set the direction and outcome of the project [7]. 
The functional requirements explain what capabilities a system must have to meet its operational requirements. It is here where sub-processes can be identified. Verb-noun phrases tend to be used to design functional requirements – this is defining an action on an object. Using the missile fin as an example, a functional requirement might be “steer missile”. 
Non-functional requirements define how well an action is to be done, or how the action is to be done. This section is broken down into three subsections.
· Non-function performance requirements have an associated functional requirement. It will define how well that function must perform.
· Non-function system requirements define constraints on the system, such as its size, dependability, and performance.
· Non-functional implementation requirements define how the system must be built and relates to technology, legislation and solutions required by the customer.
[bookmark: _Toc195100051]Stakeholders and the Influence Map
A stakeholder can be defined as anyone who might have an interest in the system. Fully understanding the views of all stakeholder groups is important to the systems engineering process. The stakeholders may be groups of people or individuals not previously identified when gathering requirements. It would therefore be sensible to revisit system requirements once any new stakeholders have been identified. The stakeholder influence map is generated from this accumulated information [8]. Figure 3 provides an example of a stakeholder influence map, with stakeholders in boxes and arrows showing influences.
[image: A diagram of a company's flow
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[bookmark: _Ref165388615][bookmark: _Toc195100017]Figure 3 Stakeholder Influence Map [9]
[bookmark: _Toc195100052]Voice of the Customer
When deciding what is vital to the project, the voice of the customer is an excellent tool. The ‘voice’ comes from feedback forms, complaints, interviews, compliments, Gemba visits, and general enquiries. It will provide information on wants, needs, likes, and dislikes. Using the voice of the customer helps a system be designed that is focused on customer [10].
[bookmark: _Toc195100053]Requirements Set
The functional requirements defined earlier in the process need to be translated into clear specifications. This pulls together information generated in the previous steps, providing specific details to the currently very general existing requirements. A quality control check is then performed on the requirements by way of validating the concept(s) [11].
[bookmark: _Toc195100054]Quality Function Deployment (QFD)
QFDs organise thoughts on a particular system. It enables the flow down of customer requirements to functions to subsystems to manufacturing processes and finally to production requirements, while enabling traceability and progress monitoring back up the steps. This is shown in Figure 4 below. A separate QFD set can be used to decompose into sub-components using system architecture [12]. 
[image: A diagram of a process
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[bookmark: _Ref165584730][bookmark: _Toc195100018]Figure 4 The four phase of Quality Function Deployment (QFD)  [13].
By following these processes complete requirements traceability from manufacture through to customer requirements can be provided. For each stage, the ‘hows’ are generated from that stage’s ‘whats’, and these are in turn passed to the next stage as the new ‘whats’ [13] [14]. 
[bookmark: _Toc195100055]QFD1
QFD1 details relationships between the customers’ needs and measurable technical requirements – the “how”. Getting this stage right is important for the rest of the process [12]. QFDs produce functional importance graphs, enabling resources to be assigned based on importance.
[bookmark: _Toc195100056]Pairwise, Function Means Analysis and the Pugh Matrix
A pairwise comparison of the importance of the customer requirements may now be conducted. Followed by a Function Means Analysis (FMA) where the possible design concepts for the whole system are collated in a table and winning solutions are chosen. It is possible to have multiple winning concepts from the FMA, which can be compared in a Pugh Matrix to see which set best meet the requirements [15]. 
[bookmark: _Toc195100057]FMA and QFD2
Design requirements need consideration, to ensure subcomponents have a function related to the customer’s needs. Information from QFD1 is transferred to QFD2 and the design features are transferred from the FMA shown in Figure 5. Figure 6 shows the design QFD2 for the Rapier missile system. 
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[bookmark: _Ref194526922][bookmark: _Toc195100019]Figure 5 FMA Fin
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[bookmark: _Ref193112467][bookmark: _Toc195100020]Figure 6 Design QFD2 missile
Using Figure 7 it is easy to select the most important features and architecture. The radio link, Safe Arm Unit (SAU) and the solid propellant motor are the three most important sub-components on the missile. Whilst the fins are not the most important sub-component on the missile, they were selected as a sub-component to take forward in this report.
[image: ]
[bookmark: _Ref193112791][bookmark: _Toc195100021]Figure 7 Feature Importances for QFD2 Design missile

[bookmark: _Ref166177829][bookmark: _Toc195100058]Architecture and N2
The architecture of a system refers to its fundamental structure and its organisation. It is the relationship between components and subcomponents and their interactions with each other. By understanding the architecture, it becomes possible to generate different designs and ensure there are no missing or redundant functions in a system [16].
Architectural functionality describes the functions required to hold the entire system together, be that a physical or software-based system. It is used to identify, define, and analyse the functions that a system must performs to meet user needs and requirements. This information is revealed by performing a functional analysis. A functional analysis can also reveal:
· Emergent functionality – manages undesirable emergent behaviour.
· Solution dependant functionality – functions which are dependent on the chosen solution.
· Architectural functionality – the parts holding the system together.
· Legislative – functions which are required by law [16] [17] [18].
This divides complex parts into smaller, simpler components, also allowing for a quick response to technological developments, or changes to legislation [19]. Used appropriately, system architecture can help improve the development time and quality of a system, whilst also reducing risk in the process [20].
Using N2 and functions from the function flow earlier in the process, interactions between the functionality can be understood and natural groups of functions will become apparent [21]. It is a complex process, and as such hasn’t been performed in this case study.
[bookmark: _Toc195100059]The Case Study – A Missile Fin
The rapier missile has a number of critical systems to ensure its functionality, as identified in Figure 6.  The critical subsystem focused on for this report is the control fins located to the rear of the missile. The missile is fitted with four such fins, and example of which can be seen in Figure 8 to Figure 10. Each fin is fixed to an actuator by a lug and two screws, shown in Figure 9. The fins move to change the flight path of the missile as it is guided to the target. These fins must be able to move extremely quickly and withstand significant forces. The fins must all be identical in shape and cross-sectional area otherwise an asymmetric force will be applied when a control input is made, potentially destabilising the missile and making it less accurate and less safe. The fin is a critical sub system, should any one of the control fins fail, the missile will quickly tumble – resulting in failure.
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[bookmark: _Ref194497774][bookmark: _Toc195100022]Figure 8 Rapier missile fin - photo by the author
[image: A close-up of a metal object
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[bookmark: _Ref194497839][bookmark: _Toc195100023]Figure 9 Rapier missile fin - photo by the author
[image: A ruler and triangle on a table
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[bookmark: _Ref194497790][bookmark: _Toc195100024]Figure 10 Rapier missile fin - photo by the author

[bookmark: _Toc195100060]Functional Decomposition
The overall function of the fin is to maintain missile stability and allow directional control during flight. Breaking this function down into high and lower lever functions, Table 1 is produced and provides the functionality required for a FMA and a QFD2 for the fin.
[bookmark: _Ref194348935]Table 1 Functional decomposition of a missile fin
[image: A close up of a sign
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[bookmark: _Toc195100061]FMA and QFD2 – Fin
A FMA was used to generate solutions to design requirements (Figure 11), which were then taken forward into a QFD2 (Figure 12).
[image: A screenshot of a computer
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[bookmark: _Ref194526527][bookmark: _Toc195100025]Figure 11 FMA for a fin showing a selection design options
Selection and deselection criteria was used to determine the best means to achieve the functions. The criteria included considerations such as:
· Weight of material including potentially altering the centre of gravity of the missile
· Cost of material
· Availability of material
· Required contact with missile/actuators
· Suitability of parts and materials in the operational environment
· Trade off cosiderations between complexitity/simplicity and suitability.
With the functionality from the functional decomposition, and chosen design options from the FMA, a QFD2 was used to find the most important aspect of the fin. Figure 12 below highlighted the aerofoil shape at the most important design feature of the fin. In the “Textbook of Ballistics and Gunnery”, the author notes that fins with a truncated triangular shape, with large sweep-back and slightly thicker root perform well compared with other designs. It is no coincidence that the real Rapier fin matches these descriptors  [22].
[image: A diagram of a fire extinguisher
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[bookmark: _Ref194349453][bookmark: _Ref194349437][bookmark: _Toc195100026]Figure 12 QFD2 for a fin
The data from the QFD2 can be viewed in an importances chart; however, it has not been included here as results can clearly been seen above.
[bookmark: _Toc195100062]Parameter (P) diagram and What-why
A P-diagram (Figure 13) was used to identify noises and controls in the manufacture of the fin. These were taken forward to a what-why table, shown in Figure 14, to identify which noises most significantly affect performance and which of the controls are most effective. The most significant noise factor was variation in fin area, and the most effective control factor was material quality, closely followed by fin geometry.
[image: A diagram of a function
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[bookmark: _Ref194527354][bookmark: _Toc195100027]Figure 13 P-diagram showing noise factors for the fin and what needs to be controlled

[image: A chart with text and numbers
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[bookmark: _Ref194527383][bookmark: _Toc195100028]Figure 14 What-why table
The output graphs in Figure 15 and Figure 16, provide a clear visualisation of the results from the what-why table.
[image: A graph of control factors

AI-generated content may be incorrect.]
[bookmark: _Ref194527421][bookmark: _Toc195100029]Figure 15 Control factor importances from the what-why table

[image: A graph showing the number of noise factors
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[bookmark: _Ref194527431][bookmark: _Toc195100030]Figure 16 Noise factors importances from the what-why table
[bookmark: _Toc195100063]Manufacturing requirements, Process Flow and Failure Modes
Figure 17 below notes the manufacturing requirements. The chart has been partially filled, with the full requirements shown in Figure 19.
The requirements for the manufacturing processes would be gathered by: 
· identifying the stakeholders.
· market analysis of similar existing systems. 
· visits to existing factories.
· visits to suppliers (machinery, materials).
· product specification documentation.
· regulatory requirements. 
· engineering analysis including tolerances, material specifications and assembly procedures.
· supplier and material requirements.
· manufacturing capabilities.
· risk and failure analysis.

[image: A diagram of a company
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[bookmark: _Ref192968304][bookmark: _Toc195100031]Figure 17 Example of the manufacturing requirements.
The manufacturing processes for a missile fin should now be considered using a process flow diagram, shown in Figure 18. 
[image: A screenshot of a cell phone
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[bookmark: _Ref172893872][bookmark: _Toc195100032]Figure 18 Process Flow diagram

Using the process flow, failure modes at each step of the manufacturing process may also be identified. To help understand the potential failures, questions such as the following could be useful to answer:
· What could go wrong at this step?
· What are the consequences of that failure?
· How could the failure be detected?
· How can the failure be prevented or controlled?
· How can we do this safely?
· How can will quantity produces affect the process?
Once the failure modes have been identified, the effects of the failure and the causes must be identified, followed by understanding the current detection methods, if there are any. Using a risk assessment method and a scale of 1-10, the rate of ‘probability of occurrence’ and the ‘severity and probability of detection’ are calculated and used to determine the ‘risk priority number’ [23].
Using this tool will help prevent design failures and may identify “delighters” for the customer, when utilised early in the process, by introducing mitigation factors into the design itself. This is about preventing a failure rather than correcting one, after it has occurred [24]. Preventing failure improves:
· Safety
· Reliability of a system
· Company success
· Concept to market time
· Customers’ satisfaction [25] [26].
The choice of manufacturing means will be determined by the ability to produce the fins safely. It has been assumed the requirement for producing fins is using safe materials for the individual process steps. However, the safety of material used to coat the fins would need to be thoroughly investigated if this process is taken outside the exploratory stage. Quality, quantity, and cost would also need to be considered. A large quantity of extremely high-quality products, manufactured using expensive techniques may not be the most suitable method or a requirement from the customer.
[bookmark: _Toc195100064]Manufacturing QFD1 - Subcomponent
For each subcomponent, a new QFD series is started. The manufacturing QFD1 requires the list of manufacturing requirements to analyse against the manufacturing functionality, taken from the process flow – Dave Holley’s spreadsheets were used for the manufacturing requirements [27]. This provides an outcome of manufacturing process importances. The manufacturing QFD1 can be seen in Figure 19 and the data is shown in the key importances graph in Figure 20. Producing the fin shape is the most important, followed by quality control. Obtaining the material resulted as the least important. It is logical that creating the correct fin shape is the most important process. If this is incorrect the missile will not function as intended. This could ultimately cost lives on the battlefield. 
[image: ]
[bookmark: _Ref166267143][bookmark: _Toc195100033]Figure 19 Manufacturing QFD 1

[image: ]
[bookmark: _Ref166267177][bookmark: _Toc195100034]Figure 20 Outcome of manufacturing QFD1 - Process Importances

[bookmark: _Ref166268093][bookmark: _Toc195100065]Process Function Means Analysis (PFMA)
PFMA will establish the specific techniques that will be used in the manufacture of the subcomponent. Different means of achieving each of the processes are generated and added to the table for analysis. And as is always the case with systems engineering, suitably experienced people must be involved. This is of particular importance when considering specialised processes and tools. Viable option/s are selected from each row. The viable options are highlighted in blue in Figure 21.

[image: A table with text and images
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[bookmark: _Ref166267771][bookmark: _Toc195100035]Figure 21 Process function means analysis
The selection and deselection criteria for each stage assumes that:
· all material is safe to use.
· all processes are safe.
· a large quantity of fins would need to be produced.
· high precision and low tolerances.
· processes do not introduce the potential for injury.
The only realistic way to obtain the aluminium sheet would be to purchase this in appropriately sized sheets. For all machining operations, computer numerical controlling (CNC) milling has been selected. The use of well-maintained CNC machines, when combined with adequate operator training and proper quality control, allows for production of parts in larger volumes, with suitable levels of uniformity between parts. The use of complex modern CNC equipment, with self-changing tool heads allows virtually all the machining operations for this process to be completed in a single step. CNC machines are also able to produce a large volume of fins in a safe manner. If the process of manual milling or hand drilling was selected, there is the danger of repetitive strain on an individual and much more chance of human error. Manual machining can deliver excellent results in small batches; however, it is slow and requires skilled operators. Surface grinding (particularly in the case of CNC grinding machines) can allow for very accurate machining but is slow and expensive – it is not suitable for creating whole parts. Stamping or forging is fast and cheap to run (despite initial high setup costs), however it has material limitations and when compared to CNC machining will not produce parts to anywhere near the same tolerances. [28] [29] [30].
A protective coating will be applied in a spray booth, in batches. Dip coating is considered unnecessary, the thickness of a powder coat is undesirable, and the uniformity of a brushed-on finish is not acceptable, it would increase production time considerably and create a huge amount of unit-to-unit variation. 
Quality control (QC) is essential, especially in high-volume production where consistent mistakes may go unnoticed because every single part in a batch contains the same defect. Visual inspection is the first step to spotting these errors, but a coordinate measuring machine (CMM) will also be used to check a number of parts per batch of fins. This requires less specialist measurement tooling as one single machine and probe can measure the entire fin, much faster and more accurately than any human. It is likely a custom clamp will be used to hold the part in the CMM to enable accurate measurements to be taken [31] [32] [33]. 
Further non-destructive testing is considered unnecessary, as the missile will only be used once and that will be the one and only time it will experience the high load it was designed for - right before it is destroyed. 
[bookmark: _Toc195100066]Manufacturing QFD2
Manufacturing functionality is considered next in QFD2, shown in Figure 22, with respect to manufacturing means selected in 2.10.6 – PFMA. The most important means from this analysis is the CNC machine. If the fin is not shaped precisely, consistently, and accurately, it is likely there will be catastrophic errors during operation. The holes on the fin attach the fin to the missile. If these are not made exactly to standard, the fin may not attach to the body of the actuator unit, again potentially introducing delays to the project - as unfinished missiles cannot be shipped. Figure 23 shows the output of QFD2 - a means importance graph, highlighting that CNC milling is the most important manufacturing process. 
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[bookmark: _Ref166268492][bookmark: _Toc195100036]Figure 22 Manufacturing QFD2
[image: A graph with purple bars

AI-generated content may be incorrect.]
[bookmark: _Ref172815048][bookmark: _Ref194583456][bookmark: _Toc195100037]	Figure 23 Means importances graph from QFD2

[bookmark: _Toc195100067]QFD3 Manufacturing
The QFD3 in Figure 24, identifies the most important manufacturing process from the chosen solutions. As CNC machining is used for much of the fin making process, it is logical this process was the most important here.
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[bookmark: _Ref194519727][bookmark: _Toc195100038]Figure 24 Manufacturing QFD3
[bookmark: _Toc195100068]P-Diagram – CNC milling
A P-diagram may now be used to consider noise and controls on a system with respect to the input and required output. This is a useful tool to help design a system that will be resistant to noise, that is, anything outside of the system which has potential to influence the output of that system. It produces unwanted system variability. By establishing the noise factors of the system, it is possible to determine control factors needed for the system. These control factors will provide the repeatable performance outputs the customer is expecting. [34] [35].
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[bookmark: _Ref166269774][bookmark: _Toc195100039]Figure 25 P Diagram for CNC milling
The control factors identified are taken forward into a what-why table. Noise from tool speed, material quality and feed rate are a few of the many noises identified. Control factors include monitoring the material quality and wear on the tools used. The full lists of noises and controls can be seen in Figure 25.
[bookmark: _Toc195100069]What-Why Table
To highlighting the noise and control factors which are of the greatest importance and where the relationships between them can be considered a what-why table was used [36]. This data is summarised in easy-to-read graphs, shown in Figure 26 (what-why table), Figure 28 (noises) and Figure 28 (key controls). Feed rate (of the material or tools) was shown to be the biggest noise factor. Tooling wear on the cutting inserts was the second biggest factor. The top four noises from the what-why table were used in a QFD4. 
[image: A close-up of a chart
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[bookmark: _Ref172820777][bookmark: _Toc195100040]Figure 26 What-why table.
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[bookmark: _Toc195100041]Figure 27 Key noise from what-why table
The key noises in the manufacturing process are:
· Feed rate
· Tooling wear
· Tool speed
· Cutting insert quality

[image: A graph with purple lines
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[bookmark: _Ref166352212][bookmark: _Toc195100042]Figure 28 Key controls from what-why table

Figure 28 is a key controls chart generated from the what-why table in Figure 26. It shows the four key controls are:
· Operator competence
· Tooling monitoring
· Feed rate
· Tool speed. 
Operator competence could affect many of the manufacturing steps, hence it being the key control. By ensuring the operators are competent, this potential noise can be controlled. Up to date operating procedures could assist in this area, alongside regular refresher training and second person checks before operation begins. This is commonly used in research laboratories and is essentially an independent check that setup has been performed correctly before proceeding. It is a quick, simple and cheap method of checking operator competence.
To monitor tool usage, age and deterioration, monitoring systems can be implemented. This would allow for any tooling coming to the end of its life, or tools that have developed faults to be replaced in a timely manner prior to it affecting fin production. This may focus on condition monitoring, including gradual tool wear. The monitoring systems include:
· Tool usage tracking [37]
· Measures the amount of time each tool has been used, allowing for easy identification and replacement of tools that are approaching the end of their scheduled life.
· Spindle load monitoring [38] [39]
· Measures the load on the machine spindle – a higher than expected load could be indicative of a blunt cutting tool, wrong tool speed or feed rate, or the use of a material with the incorrect properties.
· Digital probing of tools [37]
· Accurately tracks the wear on each individual tool – rate of wear may be higher or lower than that specified by the Original Equipment Manufacturer (OEM).
It is also advisable for any replacement tools to be supplied by the OEM or authorised supplier. This would ensure genuine parts are obtained and provide a route for quality assurance [40], [41].
Errors in feed rate and the tool speed could be minimised through regular calibration of the CNC machine, and suitable operator training, again considering an independent check [42], [43].	
[bookmark: _Toc195100070]QFD4
For QFD4, shown in Figure 29, the manufacturing requirements produced in QFD3 are considered with the production requirements, defining the production control measures. Operating procedures was the most important process control, with training close behind. 
Using Risk Priority Numbers (RPN) numbers obtained in a FMEA, process control measures can be assigned a rank. This looks at the impact of a failure on the quality of the fin, the likelihood of a failure occurring during manufacture and how easily the failure can be detected. The values produced here will vary between teams if asked to assess the same situations. This is the result of the unique and individual experience of failure [23]. High values here indicate a critical process. The output of the QFD4, another importances graph, shows which of the process control measures are the most significant. In this instance, operating procedures are the most important control. 
At this stage, a repeat of the P diagram, using the production control measures, could be performed, followed by a What-Why table. This would enable a greater understanding of noise and controls in the manufacturing processes and tools. Finally concluding the entire process with a second QFD4.
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[bookmark: _Ref166352214][bookmark: _Toc195100043]Figure 29 Manufacturing QFD4
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[bookmark: _Toc195100044]Figure 30 Importances from QFD4

Proper procedures, machine maintenance, and training are absolutely key to this process, followed shortly by spindle load monitoring, digital tool probing and usage tracking. These controls and what they entail are discussed in section 2.10.10. 











[bookmark: _Toc195100071]Discussion
Utilising a systems engineering methodology enabled a design and manufacturing route for a missile fin to be selected based on winning concepts and ideas which fulfilled the customer requirements, rather than a method being chosen because “we’ve always done it that way” or an incorrect method being chosen due to lost focus on the customer needs. 
At the end of the systems engineering process there will be a series of component and subcomponent QFDs which come together to form an entire well designed and manufactured system [44]. This process of looking at complex systems, and analysing its subsystems and components benefits all stakeholders and keeps projects viable. Systems are manufactured to do what they were originally intended to do, and costs are kept to a minimum by realising errors early on, before any actual manufacturing has taken place. 
There are many different tools available in the systems engineering toolbox. Not all were addressed here and depending on the project some elements of the toolbox may be used to help other methodologies achieve their goals. Ionica, et al, for example, considered the benefits of the QFD tool in the context of the New Product Framework, noting QFD is beneficial in preventing the development of an unsuccessful product and reducing development costs [45]. Ullah, et al, performed a Failure Mode and Effects Analysis (FMEA) on a hospital rapid response system to identify and mitigate failure in that system as a way of preventing patient deaths. They were able to make recommendations based on their analysis and the use of systems engineering tools [46].
Despite many arguments for the benefits of Systems Engineering, there are also some obvious drawbacks. Firstly, many of the tools rely upon having a team with varied expert knowledge and experiences. This is not always going to be the case – as seen for this report. The quality of the output for any of the tools is also dependant on the experience of the team. Good data will only be generated from the tools if all the required information is inputted. Missing or inadequate data will limit and potentially cause the project to fail. For example, undertaking a process means without the knowledge of the manufacturing industry is going to produce a poor list of solutions, many of which may be inefficient, unsafe, or costly. An expert team with an understanding of systems engineering, the system to be designed and with the ability to systems think are the basis for a successful project.
Poor communication between project managers, teams, and stakeholders will limit the success of the project massively. In a short article by Jastram in 2020, he discusses stakeholders and communication, with an emphasis on systems engineering relying heavily on good communication between all parties [47]. Emes et al, discusses the need to collaboration between the project manager and the systems engineer, highlighting the guidance each can provide to the other to understand the implications of their decisions in relation to cost, budget and delivered performance [48].
In 1995, The Standish Group, conducted a study into the reasons why software projects fail. The responses from their market research indicated that “lack of user input”, “incomplete requirements and specifications”, and “changing requirements and specifications” are the top three reasons why respondents believed projects faced challenges. All of which can be turned around and a positive for each achieved if a robust systems engineering approach is followed - with good communications and a suitable level of validation and verification. The report also published the project success factors that were highlighted by the respondents. The top three were user involvement, executive management support, and a clear statement of requirements. Two of these reflect the failure factors but executive management support was 4th in the failure factors, compared with 2nd in the success factors [49]. While executive management support is not a principle of systems engineering, it could be surmised that for a robust systems engineering approach to be followed, it will need support from senior management for time and costs to be allocated to early-stage processes required in the systems engineering framework to ensure that the right thing is designed, and the thing is designed right. Systems engineering does take time, and that time must be planned into project costs, but spending time and money here means spending less money redesigning the system with the correct features, that would have been designed the first time around if there was a focus on users and requirements rather than completing the project.
Hallegan, in 2020, wrote a brief article on why QFD is a poor tool. The article discusses the benefit of QFD in getting teams thinking and communicating ideas, but ultimately, he notes there are better ways to achieve customer satisfaction [50]. However, he doesn’t discuss what these might be so further research is needed.
Systems thinking techniques are essential for systems engineering. It can be used to help understand situations and issues. As this is not a natural way of thinking and generally will require guidance for new users. This is also true for new users to systems engineering tools who will require training to use the process to its full potential. The systems thinker will require an understanding of the system’s properties and component interactions and the systems engineer will require the ability to systems think [51] [52] [53]. A well-known engineering failure, caused by a lack of systems thinking is the Tacoma Narrows Bridge collapse in 1940. Component interactions were not adequately defined and as such a money saving measure was implemented which resulted in its collapse due to high winds shortly after it was constructed. This incident also highlights the importance of learning from past mistakes, whether these are yours or someone else’s. Similar oscillating bridge incidents had been observed prior to the design and construction of the Tacoma Narrows Bridge [54]. Analysing failure gives a perfect opportunity to generate knowledge and understanding of systems and functions. Systems engineering provides the opportunity for the integration of lessons learned from past failures and successes to facilitate the design and manufacture of a new reliable system.









[bookmark: _Toc195100072]Conclusion
A systems engineering approach was used to identify a key subcomponent of a Rapier missile and to demonstrate an understanding of the requirements to successfully manufacture that part with minimal noise and with suitable control factors. The tools could perhaps have been performed more accurately but the purpose of this paper is to demonstrate the process rather focus on a perfect outcome. To gain a detailed understanding of the process and outcome with reference to the missile fin, an expert team consisting of both missile and manufacturing SMEs would be used in any future work, and visits to manufacturing sites would be conducted. Nonetheless, areas of critical importance and suitable controls have been identified. 
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