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Introduction
[bookmark: _Toc176788216]Introduction to Systems Engineering
Systems engineering is a multidisciplinary field that has become increasingly crucial in our complex, interconnected world. It focuses on the design, integration, and management of complex systems throughout their entire life cycles. By combining principles from engineering, management, and systems science, systems engineering ensures that all aspects of a system work together to achieve desired objectives efficiently and effectively. It is used across many different industries, and proves vital for ensuring timely delivery and producing the best product possible. An example of a large government entity utilising systems engineering  would be the US Department of Defence (DoD) [1].
[bookmark: _Toc176788217]Definition and Scope
Systems engineering can be defined as an interdisciplinary approach and means for enabling the realization of successful systems. It focuses on defining customer needs and required functionality early in the development cycle, documenting requirements, and then proceeding with design synthesis and system validation while considering the complete problem: operations, cost, schedule, performance, training and support, test, manufacturing, and disposal.
[bookmark: _Toc176788218]Historical Application
The Apollo space program is often heralded as one of the greatest achievements in human history, not just for its technological accomplishments but also for its pioneering use of systems engineering [2]. Systems engineering played a critical role in managing the complexity and ensuring the success of the Apollo missions, from initial concept through to execution and post-mission analysis.
During the Apollo program, systems engineering processes were implemented across NASA Headquarters and all its field centres. These processes varied in formality but were universally practiced, ensuring a cohesive approach to managing the program's myriad components. The integration of systems engineering practices helped sustain a vibrant and effective organization throughout the design, development, and operational phases of the Apollo missions. 
One of the key aspects of systems engineering in Apollo was the rigorous management of requirements and design. Systems engineers were responsible for defining, verifying, and controlling top-level program requirements, ensuring that all subsystems and components met the mission's stringent criteria. This involved continuous trade-offs among cost, schedule, and performance to achieve a balanced and feasible solution. 
Effective risk management was crucial for the Apollo missions, given the high stakes and the immovable schedule. Systems engineers employed comprehensive risk management strategies to identify, assess, and mitigate potential risks throughout the mission lifecycle. This approach was essential for managing the technical and organizational complexities and ensuring mission success [3]. 
The Apollo program required the integration of numerous advanced technologies, including the Command Service Module (CSM), Lunar Excursion Module (LEM), and various ground support systems. Systems engineers coordinated the development and integration of these technologies, ensuring they worked seamlessly together. This included managing the data systems, telemetry, and command capabilities necessary for mission control and communication.
The success of the Apollo program demonstrated the power and necessity of systems engineering in managing complex, large-scale projects. The program's achievements had far-reaching impacts, including advancements in science and education, the development of a skilled aerospace workforce, and the establishment of systems engineering as a critical discipline within NASA and beyond.
[bookmark: _Toc176788219]This assignment
For this assignment, I will be conducting the various stages of the overall design process, to ratify the design of a frying pan. This object was chosen, as it is a regular everyday option, that will keep the various stages of Quality Function Deployment simple, but allows the author to demonstrate an understanding of each of the key sections. 
For the structure of this assignment, I will break down each individual phase of the design process. One section will focus on the importance of the design tool, then the second will focus on steps taken, and though process behind the design of the frying pan.  Although customer research has not been carried out in this design process, in designing a real product, it is critical to ensure that the generated design fits the necessary requirements. The assignment will discuss the following aspects of the design process from the perspective having done customer research, to make it as realistic as possible to the real process.
[bookmark: _Toc176788220]Step 1 – Requirements Set
The first section will briefly break down the different aspects that requirements are important for, when considering a design process.
1. Customer Focus
Setting requirements ensures that customer needs are directly translated into specific, actionable product specifications. This keeps the entire development process focused on delivering value to the customer. 
2. Prioritization
By establishing clear requirements, the QFD process allows teams to prioritize which product features and characteristics are most critical to meeting customer expectations. This helps allocate resources efficiently. 
3. Measurable Goals
Requirements provide concrete, measurable targets for the person doing the development to work towards. Without determining performance goals, there's no way to objectively assess how well the product is fulfilling customer needs. 
4. Design Direction
Requirements derived from customer needs give clear direction to the design and engineering teams on what technical specifications and features to incorporate. 
5. Quality Assurance
Having defined requirements allows for the creation of appropriate quality control measures and tests to verify that the final product meets customer expectations. 
6. Competitive Advantage
By systematically translating customer needs into technical requirements, companies can develop products that are better tailored to market demands compared to competitors. Setting clear, customer-driven requirements through the QFD process ultimately leads to more efficient product development, higher quality outcomes, and increased customer satisfaction. It provides the essential foundation for delivering products that truly resonate with customers and stand out in the marketplace.
[bookmark: _Toc176788221]First stages
The first stage of the overall systems engineering design process will be to generate a stakeholder map for the frying pan. While the exercise has not been completed in this design process, this section will highlight it’s purpose, and why it is important. The stakeholder map is very important in systems engineering as it helps manage the complexity of an initial design. you start by theorising all the relevant parties surrounding the application (e.g. the frying pan) and then you would map how they influence each other. For example, how the manufacturer will influence the supplier. It is fundamentally used to determine the requirement gathering strategy. As there will be no company engagement for deciding upon the requirements, a stakeholder map has not been developed. The headings of each stakeholder will then be grouped together in an Affinity diagram, to assess the stakeholder groupings, and their influence on the requirement. Finally, a tree diagram can be generated which will breakdown one of the groupings from the affinity diagram into critical requirement sections.
Table 1 below shows the requirements that have been set, using the excel workbook tool provided in the online material. As can be seen from the table, the requirements have been broken down into 3 distinct categories. These are Performance, User friendly and safety. Clearly, a frying pan will need to be able to form its most basic function of cooking food, but the performance aspects of the customers needs come from more specific parts of this thought process. The fact that the frying pan needs to be non-stick highlights need beyond simply cooking the food, and adds and extra layer of complexity to the situation. The second point of the pan distributing the heat evenly  further adds to the fact that the customer want the pan to cook food, but with specific needs surrounding the operation.
User friendly aspects of the design also form an important requirement. Customers want the pan to be easy to handle, and so reducing the risk of burns, or any spilled food. Cleaning the pan is another essential task surrounding frying pan design. Being able to easily clean the cooked food substances from the pan after use, goes a long way in appreciating the quality of the product. Finally, the safety aspect of hazardous chemicals not leaking into the food when cooking is a modern requirement that more companies will have to think about adopting for their future products.  Forever chemicals  have been a cause for concern in recent years, with documentaries, such as   “The Forever Chemical Scandal | Bloomberg Investigates”  [4] highlighting their adverse health effects. There is also a significant amount of literature in this area, highlighting how they can be damaging for human health [5]  [6]. There is currently contention  around whether certain non-stick coatings fall into this category, and the fact that the customer requirement wants to avoid this possibility, steers the design away from any unnecessary use. As with all purchased good, the cost of the item that is  being purchased is an important consideration. The customers want the pan to be relatively cheap to buy, which usually means that a relatively cheap manufacturing process must be followed, to ensure that the company can still make money from selling the item.
[bookmark: _Toc176788222]Failure Mode Analysis (FMEA)
Another important part of the design process is failure mode analysis. There are several different types of FME, depending on which stage in the QFD process you are at. For example, during the manufacturing phase you could have process failure mode analysis. At this stage of the design process however, we are starting to develop the functionality of the frying pan, and so would perform functional failure mode analysis. The process locates the potential failure mode of the design (e.g. the pan melting as it is being heated), and maps it against the effect that this would have on the customer (in this case, an effect could be customer dissatisfaction or damage to the hob). The cause of the failure will then be established (e.g. poor quality control or incorrect material choice), and the steps that need to be put in place that will prevent this failure from happening. As there is numerical data that goes into performing an FMEA it allows us to rank order the how likely an error is to occur, and how severe it would be, eventually allowing for minimal impact on the user / customer.
Although an FMEA has not been completed for this systems engineering design phase, when producing a real product, it is a critical step that will minimise impact on the customer / user, and so deliver a better product.


	Level 1
	Originator
	Level 2
	Level 3

	Performance
	User
	 
	 

	 
	 
	The user requires that the frying pan is non stick
	NFS

	 
	 
	The user requires that the frying pan distributes heat evenly
	NFS

	 
	 
	The user requires that the pan should be resistant to wear and tear
	NFS

	User friendly
	User
	 
	 

	 
	 
	The user requires that the pan is light enough to easily handle
	NFS

	 
	 
	The user requires that the pan is easy to clean effectively
	NFS

	 
	 
	The user requires that the pan is oven proof 
	NFS

	Safety
	User
	 
	 

	 
	 
	The user requires that the pan shall not 'leak' any hazardous chemicals when heated
	NFS

	 Manufacture
	User
	 
	 

	
	
	The customer requires that the pan is cheap to make, and is therefore relatively cheap to buy
	


Table 1 - Requirements
The next 
The next stage was to complete a pairwise comparison for the customer requirements, which can be seen in table 2 below. Pairwise comparison in systems engineering is a decision-making technique used to prioritize or rank alternatives, criteria, or components by comparing them in pairs. The primary purpose of this approach is to break down complex decision-making problems into simpler comparisons, which can then be aggregated to inform a more comprehensive decision. It helps to provide a quantitative number to an otherwise qualitative exercise. It also allows you to see which requirements are the most important to take forward in the design. Figure 1 shows a graphical representation of this pairwise comparison, and it useful for quickly visualising the most important customer requirements. As can be seen from the graph, the fact that the pan is non-stick is the most important customer requirement, and that the  pan distributes the heat evenly is the second most important requirement. This is because, in order for food to be cooked effectively in the pan, all parts of the cooking surface will need to be at the same temperature, to ensure that the food is cooked evenly.
	
	
	 
	 
	 
	 
	 
	 
	 
	 
	
	
	

	 
	 
	1
	2
	3
	4
	5
	6
	7
	8
	Calc
	 
	Calc

	 
	Pairwise comparison of requirements

1 = No Preference, Reciprocal = 1
2 = Slight Preference, Reciprocal = 0.5
5 = Preference, Reciprocal = 0.2
9 = Strong preference = 0.11
	The user requires that the frying pan is non stick
	The user requires that the frying pan distributes heat evenly
	The user requires that the pan should be resistant to wear and tear
	The user requires that the pan is light enough to easily handle
	The user requires that the pan is easy to clean effectively
	The user requires that the pan is oven proof 
	The user requires that the pan shall not 'leak' any hazardous chemicals when heated
	The manufacturer requires that the pan is cost effective to make
	Row Product
	nth root of row product
	Total Normalised

	1
	The user requires that the frying pan is non stick
	1
	5
	5
	9
	9
	9
	9
	9
	1476225
	2.034
	23.204

	2
	The user requires that the frying pan distributes heat evenly
	0.2
	1
	2
	5
	5
	9
	9
	5
	4050
	1.515
	17.277

	3
	The user requires that the pan should be resistant to wear and tear
	0.2
	0.5
	1
	5
	5
	5
	9
	5
	562.5
	1.372
	15.653

	4
	The user requires that the pan is light enough to easily handle
	0.11
	0.2
	0.2
	1
	2
	5
	5
	5
	1.1
	1.005
	11.460

	5
	The user requires that the pan is easy to clean effectively
	0.11
	0.2
	0.2
	0.5
	1
	5
	5
	5
	0.275
	0.937
	10.692

	6
	The user requires that the pan is oven proof 
	0.11
	0.11
	0.2
	0.2
	0.2
	1
	5
	5
	0.00242
	0.740
	8.439

	7
	The user requires that the pan shall not 'leak' any hazardous chemicals when heated
	0.11
	0.11
	0.11
	0.2
	0.2
	0.2
	1
	5
	0.00005324
	0.611
	6.973

	8
	The manufacturer requires that the pan is cost effective to make
	0.11
	0.2
	0.2
	0.2
	0.2
	0.2
	0.2
	1
	0.00000704
	0.553
	6.302


Table 2 - Pairwise Comparison



Graph 1 - Pairwise Comparison of Requriements
[bookmark: _Toc176788223]Functionality
Now that a pairwise comparison had been completed, the next stage was to decide upon the functionality of the pan. Functionality in systems engineering refers to the particular tasks, actions, or operations that a system is supposed to carry out in order to fulfil its intended purpose. It includes all of the attributes, functions, and actions that a system must possess in order to satisfy the demands and specifications of the customers that have been previously mentioned. Functionality, as opposed to implementation and design details, describes what a system is capable of doing, instead of how it achieves the target goals.
The list of functions that were generated for the design process of this frying pan were as follows:
1. Heat transfer
2. Cooking lubricant containment
3. Food substance containment
4. Maintain cooking temperature
5. Respond to decrease in temperature
6. Removable food
7. Removable cooking lubricant
8. Cleanable 
9. Storable 
As the action of using a frying pan requires an operator, the actual practice of using the frying pan has been included within the functionality.
[bookmark: _Toc176788224]Quality Function Deployment (QFD) 1 
The next stage of the process was to begin QFD 1. It takes the rationalised requirements from the pairwise comparison, then compares it with the functionality of the object in question, that has been decided from the earlier steps in the design process. The importance of a given requirement is weighed against the how relevant it is to a part of the functionality. This relevancy score can either be 0, 1, 3 or 9, with 9 being the most relevant. QFD 1 for the design of the frying pan can be seen in table 3 below. Graph 2 below that shows the importance of the functions that have been generated in a graphical form.











	How
	Importance
	Heat Transfer
	Cooking Lubricant Containment
	Food Substance containment
	Maintain Cooking temperature
	Respond to decrease in temperature
	Removeable food
	Removable cooking lubricant
	Cleanable
	Storable

	Requirements
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	The user requires that the frying pan is non stick
	23.204
	 
	3
	9
	1
	1
	9
	3
	9
	 

	The user requires that the frying pan distributes heat evenly
	17.277
	9
	9
	9
	9
	9
	 
	 
	 
	 

	The user requires that the pan should be resistant to wear and tear
	15.653
	3
	1
	3
	9
	 
	 
	 
	9
	3

	The user requires that the pan is light enough to easily handle
	11.46
	 
	 
	 
	 
	 
	 
	 
	3
	9

	The user requires that the pan is easy to clean effectively
	10.692
	 
	 
	3
	 
	1
	9
	 
	9
	1

	The user requires that the pan is oven proof 
	8.439
	9
	1
	 
	3
	3
	 
	 
	 
	 

	The user requires that the pan shall not 'leak' any hazardous chemicals when heated
	6.973
	9
	3
	3
	3
	9
	1
	 
	1
	 

	The manufacturer requires that the pan is cost effective to make
	6.302
	 
	 
	 
	1
	 
	 
	 
	3
	3

	
	 
	341
	270
	464
	372
	277
	312
	70
	506
	180


Table 3 - QFD 1

Graph 2 - QFD 1 Functional Importance
There are too many datapoints in table 3 to narrate how a decision was made for each numerical input, however a few will be discussed to highlight the thought process behind using the tool to perform QFD 1. One example would be the 9 where the functionality is removable food, and the requirement is the user requires that the pan is easy to clean effectively. This was given a 9 because if the food sticks to the surface of the pan, then the pan has not met it’s given function. When coming to clean the stuck food substances out of the pan, this could prove to ne a difficult process. Therefore the function is highly relevant to the requirement. A secondary example would be where the functionalist is maintain cooking temperature, and the requirement is that the manufacturer requires that the pan is cost effective to make. This was given a score of 1 because the material that the pan is made out of will affect how well it retains the heat. To ensure that the item is cost effective to build, the material choice will play an important factor. While these two scenarios are not directly linked, they will still have a slight effect, hence why the value of 1 was given in the table. 
Graph 2 clearly shows that the pan being cleanable is the most important output from QFD 1. This is likely because the degree to which the pan is easy to clean is impacted in some way by a significant number of the customer requirements. The least important part of the functionality, according to this dataset is the removal of the cooking lubricant. This is a minor part of a typical frying pans function, and somewhat overlaps with the cleanable function. As a frying pan is a relatively simple object to complete the design process for, it makes keeping the less important customer requirements in the final design a much easier process. If there were a large number of functions, then trade-offs would have to be made in the design process, meaning that it is possible that some of the customers requirements are not as effectively met. This is an important consideration to keep in mind when undergoing a design / systems engineering process. It is possible to over-engineer a solution, and lose some of the basic customer requirements that were found in the first stages. It is often best to keep a design as simple as possible. However, if the systems engineering design process is followed, then it is easy to relate back to the original steps in the process, and ensure that key requirements are not being deviated from too heavily.
[bookmark: _Toc176788225]Functional metrics
The next stage in the systems engineering design process was to complete the functional metrics of the frying pan. The initial user requirements were compared against a series of devised tests (for the purpose of this piece of work, the tests were made up, and do not represent real tests that would be performed by industry). These can be seen in table 4 below. The relationship has been set for 9 for all of the tests devised, because they are of equal importance. From the results, it is clear that the stick test being passed has the most  impact on the initial customer requirement.  There is a 9  in ‘The user requires that the pan is easy to clean’, and the ‘stick test’ because if food stuffs are stuck to the pan during cleaning, then this can reduce how easy the pan is to clean.  Another example of the thought process conducted in this functional metric assessment would be the 1 in ‘The user requires that the pan should be resistant to wear’ and tear vs ‘smell test’. If during manufacturing, there have been chemical layers added to the pan for design processes, then overtime as the pan has seen a lot of use, these chemicals could start to leech out the pan, which could cause an adverse smell. As this is not guaranteed to happen, the value of 1 was chosen for this datapoint. An example  of reasoning behind a 3 would be the user requires that the pan is oven proof vs even heat test. If the pan is placed into the oven, it is not just the pan that is cooking the food, it is the heat  of the air inside the oven also. In contrast, if the pan is on the hob, the degree to which the food is being cooked is solely dependent on  the heat transfer from the hob to the pan.  This fact is why the cell was given a value of 3 in  table 4.
The fact that the stick test was deemed to be the most important test matches up well with the result from the QFD 1 process that the most important part of the pans functionality is to be cleanable. The food colour test is more of an aesthetic consideration, and as none of the pans functionality is for a primarily aesthetic reason, it makes sense that this metric is the least important when compared against the customers requirements. In retrospect, as the pan is an item that is being sold, perhaps more emphasis should be placed on the way the pan looks, as means of getting more people to buy it. This thought process has not been implemented in the design process outlined in this assignment. However, if the pan was to be made, and not sell, it could be an important consideration for future designs.


	Function:- (Insert Specific function here)

Test method and relationship to requirements
	Importance
	Relationships
	Even Heat test
	Food Colour Test
	Smell Test
	Taste Test
	Stick Test

	Requirements
	 
	 
	 
	 
	 
	 
	 

	The user requires that the frying pan is non stick
	23.2
	9
	 
	3
	3
	9
	9

	The user requires that the frying pan distributes heat evenly
	17.3
	9
	9
	 
	 
	 
	 

	The user requires that the pan should be resistant to wear and tear
	15.7
	9
	3
	 
	1
	 
	 

	The user requires that the pan is light enough to easily handle
	11.5
	9
	 
	 
	 
	 
	9

	The user requires that the pan is easy to clean effectively
	10.7
	9
	 
	 
	1
	 
	9

	The user requires that the pan is oven proof 
	8.44
	9
	3
	 
	 
	1
	3

	The user requires that the pan shall not 'leak' any hazardous chemicals when heated
	6.97
	9
	 
	3
	3
	3
	1

	The manufacturer requires that the pan is cost effective to make
	6.3
	9
	1
	1
	 
	 
	3

	 
	 
	900
	234
	97
	117
	238
	459


Table 4 - Functional Metrics

[bookmark: _Toc176788226]Function Means Analysis
After the functional metrics had been assessed, the next stage in the process was to conduct a functional means analysis using the design workbook tool. The functional means analysis takes the functions that we have previously derived, and pits them against the means of achieving this function. This is an important step in systems engineering, and the design process in general, as it gives developers the chance to figure out the most efficient way, or most appropriate way of delivering the functionality of the design into practice, and will therefore influence the rest of the design process heavily going forward. 
	Function
	Means

	Heat Transfer
	Self heating technology
	On the hob
	In the oven

	Cooking Lubricant Containment
	Side walls
	Manually turn pan
	 

	Food Substance Containment
	Side walls
	Manually turn pan
	 

	Maintain Cooking temperature
	Retain heat well
	Generate own heat source
	 

	Respond to decrease in temperature
	Naturally cool with lower temperature heat source
	Built in cooling mechanism
	 

	Removeable Food
	Manual task
	Ejection system
	 

	Removeable Cooking Lubricant
	Round edge
	Funnel point
	 

	Cleanable
	Manual task
	Self cleaning material
	 

	Storable
	Stackable design
	Fold up design
	 


Table 5 - Function Means Analysis
Table 5 above shows the function means analysis that was carried out in this systems engineering process. Clearly, there are a couple of suitable methods for achieving heat transfer, and having both of these present in the final design will greatly improve the useability of the pan. If it were limited to just ‘On the hob’ then it is likely to miss out on a significant part of the target audience that would only buy a pan that can do both.
As using the pan requires the input of person, it’s use cases have been included within the functionality of the design. For example, the removeable food section will require the user to use appropriate kitchen appliances to remove the cooked food stuffs from the pan. An ejection system included within the pans design would not be appropriate for a couple of reasons. One would be the cost of the implementation process. Given that low cost was a customer requirement early on, it is important to keep that in mind, and not add unnecessary features to the design the would rapidly increase cost. Another reason why a self included food ejection system has not been taken forward for the rest of the design process would be safety aspects. Food that comes out of a frying pan tends to be of considerably high temperature. Having this food fly out of the pan, and across the kitchen is a serious healthy and safety hazard, especially for those customers which do not take care of their cooking utensils in general. The possibility of hot oil ejecting from the pan also needs to be considered, as this is a fire risk and could have devasting consequences. 
The funnel point for cooking lubrication removal in contrast to the food ejection system in a very cheap implementation. There will have to be a manufacturing step that changes it from a uniform shape the whole way around (e.g. a circle) to add a small funnel point somewhere along the edge. This is a very simple altercation to make in principle, and feed directly into the main functional importance from QFD 1, making the pan easier to clean.
[bookmark: _Toc176788227]System Pugh
Next, a system Pugh Matrix was setup. It is a decision-making tool used in systems engineering and other fields to evaluate multiple design alternatives or solutions based on a set of criteria. This compares different overarching appropriate design choices for the pan. It takes the original customers requirements, and their importance, as generated by the pairwise comparison discussed earlier. A value of -2, -1, 0, 1 or 2 can then be assigned to that requirement, with -2 being the worst performing, and 2 being the best. The current design is assigned as 0 as a baseline, and the other design options are compared against these 0’s. It was decided that the most important factor for the pan design would be the choice of material it is made out of, when other factors are kept constant (e.g. size).  Figure 6 below shows the Pugh matrix for this design process. Clearly, cast iron is the preferred design choice for this frying pan. This material will therefore be carried forward into the rest of the design process. 
The reason that cast iron was chosen was because once the seasoning has been obtained on the surface of the pan, it beats all the other design choices by a significant margin, hence rendering the appropriate choice to take forward.


	 
	 
	Relative Importance Equal
	Relative importance Weighted
	Current Design
	Non Stick Coating
	Cast Iron 
	Carbon Steel

	WHATs - Customer Requirements
	How much:- From QFD 1 
	 
	 
	 
	 
	 
	 

	The user requries that the frying pan is non stick
	 
	5
	23.204
	0
	2
	1
	-1

	The user requries that the frying pan distributes heat evenly
	 
	5
	17.277
	0
	1
	2
	1

	The user requires that the pan should be resistant to wear and tear
	 
	5
	15.653
	0
	-2
	2
	1

	The user requires that the pan is light enough to easily handle
	 
	5
	11.46
	0
	2
	1
	1

	The user requires that the pan is easy to clean effectively
	 
	5
	10.692
	0
	2
	2
	-1

	The user requires that the pan is oven proof 
	 
	5
	8.439
	0
	-2
	2
	1

	The user requires that the pan shall not 'leak' any hazardous chemicals when heated
	 
	5
	6.973
	0
	-1
	2
	2

	The manufacturer requires that the pan is cost effective to make
	 
	5
	6.302
	0
	1
	2
	-1

	Development Cost
	 
	5
	10
	0
	1
	1
	-1

	Unit cost
	 
	5
	10
	0
	1
	2
	-1

	Refit cost
	 
	5
	10
	0
	1
	1
	1

	 
	 
	 
	 
	0
	30
	90
	10

	 
	 
	 
	 
	0
	89.134
	205.336
	16.577

	Ranking
	 
	100
	 
	0
	-59.134
	-115.336
	-6.577


Table 6 – Pugh Matrix
[bookmark: _Toc176788228]QFD 2
At this point, it was time to move onto QFD 2. This the logical continuation in the QFD process, aims to translate the product functionality into component characteristics. It achieves this by comparing the functionality, including the importance numbers associated with the function from QFD 1, and compares it against the decided design choices from the functional means analysis. QFD 2 for this design process can be seen in table 6 below.
	Design feature
	Importance
	 
	Importance
	On the Hob
	In the Oven
	Manually apply the cooking lubricant
	Manually add the food to the pan
	Retain heat well
	Naturally cool with respect to heating source
	Manually remove cooked food
	Funnel point on rim of pan
	Manually clean the pan
	Stackable Design

	Functionality
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Heat Pan
	341
	10
	34.1
	9
	9
	 
	 
	3
	3
	1
	 
	1
	 

	Apply cooking lubricant to pan
	270
	10
	27
	1
	1
	9
	3
	 
	1
	1
	3
	1
	 

	Apply Food to pan
	464
	10
	46.4
	1
	1
	 
	9
	 
	 
	 
	1
	 
	 

	Maintain temperature without damage
	247
	10
	24.7
	9
	9
	 
	 
	9
	3
	 
	 
	 
	 

	Reduce temperature if food is burning
	277
	10
	27.7
	3
	3
	 
	 
	9
	9
	 
	 
	 
	 

	Remove cooked food
	312
	10
	31.2
	3
	3
	 
	3
	9
	1
	9
	 
	 
	 

	Pour out cooking lubricant
	70
	10
	7
	3
	1
	 
	 
	 
	 
	1
	9
	3
	 

	Clean Pan
	506
	10
	50.6
	 
	 
	 
	 
	1
	1
	9
	3
	9
	 

	Store Pan
	180
	10
	18
	 
	 
	 
	 
	 
	 
	 
	 
	 
	9

	 
	 
	 
	 
	800
	786
	243
	592
	905
	535
	804
	342
	538
	162


Table 7 - QFD 2

Graph 3 - Feature Importances

Graph 3 shows that retaining heal well in the most important feature in the design process. This has naturally come out of the design process, and makes sense – as the main application for using a frying pan is to cook food. Clearly, the heat transfer from the source to the pan, and the pan being able to retain this heat is critical not only for cooking the food, but also for allowing the user to easily control the rate to which the food is cooked at. It therefore also makes sense that the two heat transfer options of ‘In the oven’ and ‘On the hob’ also appear highly on the list. Manually removing the cooked food also has a high relative importance. As the most important factor from the pairwise comparison was that the pan was non-stick, and hence making it easy to remove the food, it also makes sense that this feature is high on the list. It also demonstrates that the customer requirements have been kept in mind through the various design stages, which is vital for producing a good product.
[bookmark: _Toc176788229]Prime P Diagram
The next step was to complete a Prime P diagram. This is the starting point for planning the manufacturing stage of the design. it help the designer visualise the interactions between the system that is being design, and the surrounding  environment (in the form of noise factors). There are external noise factors, that cannot be controlled, unit to unit noise factors which form the basis of the control factors of the design, and deterioration noise factors which highlight potential  things that could go wrong after repeated use. There are also signal factors, which are the inputs, as well as outputs. Figure 1 below shows the prime P diagram that has been generated for the frying pan.
[image: A screenshot of a computer screen

Description automatically generated]
Figure 1 - Prime P Diagram
[bookmark: _Toc176788230]Prime “What Why” and resulting charts
The Prime P diagram gives the foundations for building the prime what why process. The design control factors are pitted against all of the noise factors that occur. A weighting is assigned to each control factor based on their relative importance to the overall process, which allows the relative importance of the noise factor, in meeting performance via the control factors to be assessed. Typically, with a more complex design, this process would be broken down into the various sub systems. As this work is just a demonstration that the whole QFD process has been understood, the design has been kept simple, and so there is no need for the sub-system breakdown process
Table 8 (split into two diagrams) below shows the prime what why for the design of this frying pan. Along the bottom, the pink boxes show the critical noise parameters, and the grey vertical boxes show the critical control factors. This data has also been extracted in  graphs 4 and 5 below. These factors can now be used for prioritisation for the rest of the design process. For example, the material of the pan is the most important control factor, and it has been decided during a previous process that the pan will be cast iron, as this was the ‘best’ choice from the function means analysis. This therefore means that the control factor will be met,  and so following the systems engineering design process.
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Table 8 - Prime What Why


Graph 4 - Control Factors



Graph 5 - Noise Factors
[bookmark: _Toc176788231]Further stages
[bookmark: _Toc176788232]QFD 3 
As the author of this project does not have the knowledge to give accurate, and relevant discussions on manufacturing aspects of the design process, the rest of this report, and any subsequent sections will highlight the aspects that would be required to complete the process. But the steps have not been completed within the tools provided of the design book, due to the lack of knowledge previously mentioned.
With this is mind, QFD 3 would use the design solutions that were present in the QFD 2 process, but instead of having them along the top of the grid (or x-axis), they would be on the vertical (or y-axis) section of the diagram. Instead of comparing these design solutions with the functional requirements, they would now be compared against manufacturing solutions. These manufacturing solutions would be developed in a very similar way to the initial functions. Instead of the steps generating the functionality, it would instead load to the process steps of the manufacturing process. Another function means analysis would be carried out, to give us the most method of processing. For example, the top row could be 3D print, or machine against the process of generating the pan shape. The function means analysis for the processes will be used for the next phase of the QFD process, and would be the manufacturing solutions that were proposed previously. Completing the QFD 3 grid will output the target process controls, and the target specification. In summary, QFD can be thought of as process planning for the manufacturing phase, and determines the key manufacturing processes to produce the parts that have been design in QFD 2
[bookmark: _Toc176788233]QFD 4
QFD 4 is the final stage of the design / systems engineering process, and focusses on the quality control of the final object, and it’s production. The main tasks to complete the process will require revisitation of other steps that have been seen previously, but now with the focus of the production planning. For a complex system, another set of P-diagrams would be completed to bring out the control and noise factors associated with the manufacturing steps. This would lead another ‘What Why’ table, as seen in table 8. The control factors for this exercise however would be things such as dimensions and weight. The subsequent graphs on the most important control factors and noise factors would again be generated. These would then be rank ordered, and the most significant factors could be incorporated into the actual manufacturing process. With the relative importance of each of these control measures now mapped, process controls for the actual manufacture of the design can be implemented, for example tolerance ranges that will be appropriate in the thickness of the metal on the pan.
[bookmark: _Toc176788234]Concluding Remarks
To conclude, the design process from QFD 1 – 4 has been covered. Rationale behind some of the decisions that have been made have been discussed, to prove that the author has understood the overall systems engineering process. Additionally, the importance of the different design steps has also been explained, further adding to the knowledge of the overall process.
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Control Factors
Heat source quality	Availablity of suitable storage conditions	Type of food stuff applied to the pan	Quality of the cleaning regime applied to the pan	Dimension of cooking surface	Dimension of handle	Material of Pan	396	39	168	174	171	87	486	#REF!	


Noise Factors
Variation in heat source quality	Variation in the availability of suitable storage conditions	Varioation in the quality of the food stuff applied to the pan	Variation in the quality of the cleaning regime applied to the pan	Dimension of cooking surface	Variation in the dimension of handle	Variation in the material of pan	Surface finish	Seasoning	Chips / scratches	Integrity of handle	Heat damage	Air humidity	Heating device efficiency	Operator competence 	Operator Care	Availablity of Food	Storage conditions	126	45	54	132	162	51	145	0	0	180	144	42	55	108	0	0	0	117	73	48	27	12	#REF!	


Pairwise

The user requries that the frying pan is non stick	The user requries that the frying pan distributes heat evenly	The user requires that the pan should be resistant to wear and tear	The user requires that the pan is light enough to easily handle	The user requires that the pan is easy to clean effectively	The user requires that the pan is oven proof 	The user requires that the pan shall not 'leak' any hazardous chemicals when heated	The manufacturer requires that the pan is cost effective to make	23.203750193336219	17.277197772822507	15.653327794373183	11.459619236360671	10.692202817974342	8.4390065079857628	6.9728842480116029	6.302011429135705	


QFD 1 Functional Importances
Heat Transfer	Cooking Lubricant Containment	Food Substance containment	Maintain Cooking temperature	Respond to decrease in temperature	Removeable food	Removable cooking lubricant	Cleanable	Storeable	341.16	270.11599999999999	464.28300000000002	372.11200000000002	277.46300000000002	312.03700000000003	69.611999999999995	506.20000000000005	179.69700000000003	#REF!	


Feature Importances
On the Hob	In the Oven	Manually apply the cooking lubricant	Manually add the food to the pan	Retain heat well	Naturally cool with respect to heating source	Manually remove cooked food	Funnel point on rim of pan	Manually clean the pan	Stackable Design	800.30000000000007	786.30000000000007	243	592.19999999999993	905.30000000000007	534.5	804.30000000000007	342.20000000000005	537.5	162	
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