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[bookmark: _Toc166495557]Introduction
	In this assignment, the subject will demonstrate their knowledge and understanding of systems engineering. The brief for this task is to use several systems engineering tools to design a better household device. By using these tools, the subject should be able to show how they came to their conclusion on the final product. The systems engineering carried out will show design improvements to better the device/appliance in question.
	The appliance that will undergo systems engineering by the subject will be an electric toaster. This appliance has been selected as they believe it is the one everyday appliance which could have several improvements made to it.
	The systems engineering tools that the subject will be using to re-engineer the toast are as follows: Design QFD1, functional importance, functional metrics functional means analysis system Pugh and design QFD2. The subject will explain how each tool is used and show how they are used on their chosen product. They will also give examples of other products/appliances where systems engineering was carried out. By doing so we can see how many improvements and what improvements were made to the existing design.
	The subject will take into consideration: Potential failure modes, key customer requirements, critical design features, concept derivation and design choices and critical system functionality.
	The subject will demonstrate their understanding of systems engineering by giving examples of where it is used. Explanation of Systems, subsystems, sub-components, and subsystems will follow. Examples of each will also be given.
	The research will be carried out to aid the subject in the development of their appliance. References will accompany any quotations, images or research gathered.
[bookmark: _Toc166495558]What is systems engineering?
	Systems engineering is the process of incorporating technological advancements into the system's design and development phases by utilising information from several engineering and scientific disciplines. Subcomponents, subsystems, and components all make up one singular system. They are all defined by the following: A component is “a part that combines with other parts to form something bigger that is part of a larger component” [1]. A subsystem is defined as “a system that forms part of a larger system” [2]. A component is defined as a part that combines with other parts to form something bigger (a system) [3]. Finally, a system is defined as a set of connected things (components and subsystems) or devices that operate together [4]. 
An example of a system is an 81mm mortar. In this example of a system the subsystem here would be the mortar round and the mortar barrel. A component in this system would be represented as a primer cartridge (found in the mortar round) or an augmentable cartridge. And finally, a subcomponent in this example is a capped holder containing the primary explosive.
Another example of a system is a SA80 rifle. Where a subsystem would be a firing cartridge or magazine, the component would be a firing pin. A sub-component would be a primer within the firing cartridge.
There are various industries that are using systems engineering. A few examples are defence & aerospace, healthcare, manufacturing & industrial engineering and finally automotive [5]. These industries will hire systems engineers whose role will be to analyse current systems and ways of working and develop them to become more efficient, whilst still meeting stakeholder requirements. Spacecraft design, bridge building, and circuit boards are a few other examples (outside of defence) of where systems engineering is used.
[bookmark: _Toc166495559]Electric toaster
	As previously stated in the introduction the household appliance that the subject has decided to system engineer is an electrical toaster. The reason for this selection is that they believe that many improvements can be made to the electrical toaster. Both in the design and how the electrical toaster works.
	A common problem the subject runs into when toasting bread is that sometimes the bread is either barely cooked or overcooked (burnt). Upon research, it is also apparent that many other people encounter similar problems when toasting bread. This source states “They don’t cook the bread evenly – Some toasters don’t cook the top of the bread enough, and others cook the crust more than the rest of the bread. Also, new toasters have plenty of different settings for how long to cook the bread and for different types of bread, but no one really knows how to use them. You either put the setting in the middle for regular toast or to the extremes for barely toasted or nearly burnt. Does anyone use the settings between the middle and the extremes? Who takes the time to figure that out? It’s just toast” [6]. The subject also believes that it is very difficult to see when bread has been toasted perfectly. This is down to toasters having a metal case or body. However, this metal case is a safety feature. The metal cases can withstand heat far better than other materials and should not deform because of heat. Another known problem with toasters is that they can be difficult to clean after several uses. Crumbs occasionally gather at the bottom of the toaster and along the side, making it difficult to clean.
[bookmark: _Toc166495560]Requirements Set

	One of the first things the subject must do is work out is work out who or what dictates the requirements for the toaster. In this case, the key originators are three home occupants and one legal requirement. They are labelled Home Occupant 1, Home Occupant 2, Home Occupant 3 and Legal 1. A total of ten requirements were gathered.
	Home occupant 1 requirements are as follows: They require that the toaster is easily cleanable, and waste crumbs can easily be removed from the toaster. That the toaster can hold 4 slices of bread to toast at the same time. Finally, the Requires that the toaster can cook the bread to their desired level of medium brown (the perfect level of toast).
	Home occupant 2 requirements are as follows: They Require the toaster can toast other bread-based foods and not just white bread. The toaster is fully automatic, here the occupant doesn’t have to rely on keeping a set of eyes on their toast. The toaster is not to burn their toast.
	Home occupant 3 requirements are as follows: Requires the toaster to be operated with minimum human operation. The toaster is still safe to use. Finally, the toaster can defrost bread-based products.
	Finally, the subject must consider that the new design of the toaster follows the current legal guidelines. Therefore, there is a requirement that the toaster complies with current electrical appliance legislation. The requirements are recorded in the design book which will then be in a pairwise comparator. Figure 1 shows [image: A screenshot of a computer

Description automatically generated]the recorded requirements in the design book.Figure 1: Recorded requirements.

[bookmark: _Toc166495561]Rationalised Requirements – Pairwise Comparator
	The next tool that the subject uses is a pairwise comparator. This works by comparing all the gathered requirements (as found above) against each other. By carrying out this task the subject can determine which requirements are the most important and which are the most desirable. By using numbers and formulas in Excel the subject can generate a graph to visualise the results from the Pairwise comparator. As seen below in the table, the subject is comparing each requirement against another. A series of numbers is used to represent their preference. For example: number 1 represents “no preference”. 2 represents “slight preference”. 5 represents a “preference”. Finally, 9 represents a “strong preference”. For example, if having a toaster that followed UK electrical appliance legislation was a more desirable preference than having a toaster not burn the occupants’ toast, the subject would highlight this as 9 (strong preference). Another example would be: “Requires the toaster is able to toast other bread-based foods and not just white bread”. This requirement was marked as a preference (number 5). Over “Requires that the toaster is able to cook the bread to their desired level of a medium brown (the perfect level of toast)”. Each preference has a reciprocal which aids the formula in Excel. The pairwise comparator can be seen in figure 2 below.
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Figure 2: Pairwise comparator table.
By inputting and completing the comparator the subject is now given a visual representation of the results. These results are viewable as a bar chart clearly showing which of the requirements have a stronger preference over others. By viewing the table, the subject can see the most preferred functionality is for the toaster to comply with current UK electrical legislation. The other requirements are listed from most preferred to leased preferred in the following order: toaster is safe to use, toaster does not burn toast, toaster to be operated with minimum human operation toaster is able to defrost. The results can be seen in figure 3 below.
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Figure 3: Graph from the rationalized requirements.
Once the subject has completed the rationalized requirements; they must now move on to the required functionality. Here they log the required function of the toaster, the process and how they’re going to do it. Also, what specific functions they will use to meet their goal of a redesigned toaster. Here the subject can easily see the breakdown of requirements and functions for their design. As seen in the workbook the requirement is “To toast bread-based food products in a toaster with minimum human input and operation required. Whilst following current UK electrical safety and legislation”. From this requirement we move onto the processes e.g. “Preparing the Toaster / Bread based product” and finally a function which could be “monitor browning”. This is logged on their workbook as seen below in Figure 4. 
Figure 4: Required functionality.

[bookmark: _Toc166495562]QFD 1
	This is a Quality Function Matrix (QFD). A QFD1 matrix helps capture and structure requirements during engineering projects. It is a systematic approach to translate customer requirements (or product attributes) into engineering requirements. The QFD1 method is especially useful when the opportunity for commercial success is significant and there is a need for rigour in mapping the project requirements [7]. By using a formula, the values that were obtained from the pairwise comparator, are copied over to the QFD1 sheet. Here the subject compares the “requirements” against its “importance”. The requirements were gathered at the very start using the “requirements set” sheet. The importance is taken from the “required functionality” sheet. Three numbers are used to rate its importance against the requirement. These numbers are 1,3, & 9. Number 1 represents a low importance. Number 3 represents important. And number 9 represents very important. Blank spaces are used for no importance to requirement. These numbers are also colour coded yellow, orange, and red to help in identification. Figure 5 below shows the completed QFD 1 table.
Figure 5: QFD 1 table.

On Figure 5 we can see the subject has successfully completed the QFD 1 table Requirements can be found along the left-hand column with the importance across the top. An example of a requirement and its importance are as follows. “Power supply” & the requirement “…safe to use” is directly related therefore it is marked “9”. Similarly to “…current electrical appliance legislation”. The way in which the appliance is powered has got to be following current legislation therefore it is marled a “9”. Another example would be: “… minimum human operation” & “monitor the browning”. This was also graded a “9” as the requirement is to have an automated system where this is minimal human operation. Once completing the QFD 1 table, a table is created to visualise the results. This can be seen below in Figure 6. 


Figure 6: QFD 1 table.

	From this table we can see that the top three importance (in order) are “power supply”, “generate heat”, and “apply heat to both sides of the bread”. The remaining importance are as follows: control the browning, remove the toast, monitor the browning, defrost the bread, load the bread, and remove heat from toast. This chart generated from the QFD table shows what the important functions of the system are. And for a toaster it is logical. This QFD graph would assist a project manager as to where to prioritise funds. The formulas and mathematics used in this sheet will assist the subject in carrying out a QFD 2. After completing QFD 1 the subject must now move onto a functional means analysis.
[bookmark: _Toc166495563]Functional means Analysis
A functional means analysis is a systematic procedure used in systems engineering to comprehend the roles played by various system components and how they interact to meet the system's ultimate goals. “It can be used to help establish the overall concept through to the detailed design of individual components. Function Means Analysis lends itself to top-down design through the decomposition of system functionality. This starts with the identification of the system functions at the highest level. The various means of achieving them are identified” [8]. In the Functional means the subject lists all the functions and come up with potential design solutions as to how the function will work. Once the table is complete it will show the subject all the potential design solutions to each function. Figure 7 below shows the subjects completed Functional Means Analysis.[image: A colorful rectangular object with text
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Figure 7: Functional Means Analysis
In Figure 7 above it is clear that the subject has successfully completed the Functional means analysis. The far-left columns contain a list of all the functions of a toaster. Drawing of each function are the different solutions as to how the function can be achieved. For example, “Monitor browning” contains 6 potential solutions. These are: camera, visually (looking at bread from time to time), visually (see through toaster), calibrated timer (timer is calibrated to certain bread products), roughness detector and AI (machine learning). From this list the subject then colours codes each solution to one of the 4 options. Established, cost/time, effective, step-change and No-go. This colour coded key is applied to all the solutions for each functions. This helps the subject visualise which solutions are practical and cost effective.
[bookmark: _Toc166495564]Functional Metrics
	In the functional metrics the subject explains what tests are carried out for each function that will be implemented. As there are a number of different functions that the subject has come up with, they have given an example on just one. This is for the function of “controlling the browning”. The reason why this was selected was because it had a great relationship this the other requirements. The tests that would be carried out against this function and its requirements are as follows: temperature, taste, colour, electrical, aroma, and average time tests. These would then be graded 1, 3 & 9. These valued would then validate the need for the test to be carried out. Figure 8 below shows the functional metrics table the subject has created.[image: A screenshot of a test
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Figure 8: Functional Metrics table.
[bookmark: _Toc166495565]Systems Pugh
	A Systems Pugh is used to compare and calculate the design options when designing a product. This will lead to the final design of the product meeting the best set of criteria. By using a formula and mathematics the subject can mark and record which design options are the best for their final design. The Systems Pugh is used widely as it allows the subject to visually see and compare through numbers, which design option is better and how it may compare to already existing designs. It works well as the user can compare each individual function to another design without being distracted by the overall picture. For example, by grading each individual function across a whole system they are given a number which the will compared to other numbers in a similar system. The reason why the Systems Pugh is used widely across the systems engineering field is because it is easy to use and very user friendly. It should be used whenever an individual or team need to decide between several design options or alternatives. The subjects systems Pugh Can be found below in Figure 9.
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Figure 9: Systems Pugh Table.

	From Figure 9 you can see that the subject has listed all the requirements in the left column. Along the rows at the top can be found the three design options. The three design options that will be compared against each other are as follows. Automatic (computer controlled), conveyor toaster and open flame & toasting fork. These three designs are all compared against each other and the standard 4 slot toaster. The standard toaster is graded as 0 against each requirement. 
The first toaster to be graded is the Automatic (computer controlled) smart toaster. This is done by using either 0,1, or 2. 0 Means the design does not meet the requirement, 1 means the design meets the requirement, and 2 means the design meets the requirement very well or better than others. For example, the subject has marked “2” next to the requirement “requires the toaster to be fully automatic”. Whereas the toasting fork would be marked as “0” because it has no automatic features. This grading is carried out against every requirement.
The next toaster to be graded is the conveyor toaster. This is again graded against the same requirements using the same grading system. For example, the toaster is graded a 0 to the requirement “…toaster is easily cleanable, waste crumbs can easily be removed from the toaster”. This is because of the size and design complexity of the toaster. This makes it very difficult to clean and maintain.
The next toaster to be graded is the open flame and toasting fork. Like the previous toasters it is graded the same way. An example of grading is as follows: “1”, against the requirement “…does not burn toast”. This is because the user can easily change how quickly the toast is cooked.
Outside of the customer requirements there are also three other factors to be considered. These are development cost, purchase cost and availability. These requirements get graded a similar way however the subject now uses 0, -1, and -2. These values represent either a neutral or a negative connotation. For example, if costs are low for development this would be represented as a “0”. Whereas if costs for development were very hight this would be represented as “2”.
By analysing the results from the Systems Pugh, the subject can see that the best design to come out on top was the Automatic (computer-controlled toaster). This is because this appliance got the highest score in the Systems Pugh table with a score of 103. In comparison, the conveyor toaster had a score of 75, and the open flame & toasting fork had a score of 94.
[bookmark: _Toc166495566]QFD 2
	QFD 2 is the second Quality Function Matrix to be carried out in the systems engineering process. QFD2 matrix represents a systematic approach to translate engineering requirements (or product functions) into product parts. It provides an understanding of the correlation between functions and product parts. The QFD2 method is especially useful when there is need for a rigorous mapping between product functions and parts. Where QFD 1 focused on the product planning, QFD 2 focuses more on the Design deployment [9]. Here the subject investigates the parts of the functioning toaster. From the QFD 2 table a feature importance chart is generated again. The subjects QFD 2 can be found below in Figure 10.
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Figure 10: QFD 2
	In the left column is can be found the functionality previously used on the top rows of the QFD 1. In QFD 2 the subject is rating the importance against the previously obtained functions in the Functional Means Analysis. They focused on the Automatic Smart Toaster as this obtained the highest score in the Systems Pugh. They used the “Step Change” functions from the Functional Means Analysis to design the automatic toaster. The number rating system (using 1,3 &9) is used the same way as QFD 1. The values obtained from QFD 1 are also used in the QFD 2 as seen in the column next to the functionality. Formulas are used to incorporate these values into the new Feature Importance Graph.
	An example from the QFD 2 table is as follows: “4 slots to old bread” was rated 3 against “load bread” & “defrost the bread”. It was also rated a 9 against “apply heat to both sides…”. Another example is “calibrated computer” this was rated a 9 against five different functions. These include “control the browning” & “monitor the browning”. It was also rated a 1 against “generate heat”. The “how much” can be found at the bottom of QFD 2. This is the target values where the subject states what legislation they must follow and how it will operate and what each function should feature. For example, the “how much” for the electrical element is “BS EN IEC 60335-2-9:2023+A11:2023”. This is the BS number for household and similar electrical appliances. Safety – particular requirements for grills, toasters, and similar portable cooing appliances. On the right-hand side is the functionality detail. Here the subject states the tests which can be carried out for each function. For example, a colour comparison test would be used to monitor the browning. These were previously mentioned in the functional metrics.
	From the QFD 2 table, a feature importance graph is generated just as QFD 1. This graph will display the results from the QFD 2 table. The feature importance graph is found below in Figure 11.
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Figure 11: Feature importance of QFD 2
	By analysing this graph, the subject can see which functions are the most important to consider. Here they can see that the electrical element, calibrated computer, and the 13A plug are the most important functions to consider. The other functions to consider (in order) are as follows: “4 slots to hold bread”, “manually remove”, “Auto Lift”, “defrost setting”, “auto lower”, manual load, and “Removeable crumb tray”. This QFD graph would assist a project manager as to where to prioritise funds.
[bookmark: _Toc166495567]DFMEA
A DFMEA is a Design Failure Mode and Effect Analysis. Here the subject carry’s out an analysis of potential failure modes. The three functions which have been analysed are as follows: heating element, auto lift and Calibrated computer system. They consider the function, Failure mode, system effect, effect seen by user, severity grade, cause, mechanism, occurrence grade, Detection / prevention, and detectability grade. By using this tool, the subject can investigate what could go wrong with the appliance. Three examples of the DFMEA can be found below in Figure 12.[image: A table of information with text

Description automatically generated with medium confidence]
Figure 12: DFMEA toaster.
	Figure 12 displays the completed DFMEA table. The three examples shown is the Electrical element, Auto lift and Calibrated computer. By following the grading system on the DFMEA sheet the subject can grade accurately the severity and detectability occurrence accordingly. DFMEA shows the subject what they should consider when designing the toaster from a safety and functioning point of view.
[bookmark: _Toc166495568]Conclusion
	This assignment has given the opportunity for the subject to demonstrate their understanding of systems engineering and the tools in which to use. They have used a series of different systems engineering tools to re-design a toaster to suit the requirements of the user. These tools consisted of rationalised requirements, required functionality, QFD1, functional means analysis, functional metrics, Systems Pugh, and QFD 2. This task was carried out on an excel document where screenshots were taken as evidence of the work they have carried out. Along with the evidence was an explanation of what each task / tool would consist of and how it would affect the final product.
	By doing this task the subject successfully carried out systems engineering of the electrical toaster. It was determined that the Smart toaster (computer controlled) was the best solution when I came to meeting the requirements of the customer.
	The subject also used references for research and supporting information to aid them in this task.
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