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[bookmark: _Toc219208749]Introduction
Systems engineering is a complex function to allow for the development, design and then integration of systems which are encompassed in a more complex system [1]. The ‘system’ itself can be viewed in multiple different ways; however, it can be defined as an assemblage of multiple components which are designed to interact together cohesively to perform a given function [2]. This means that all the separate components must function correctly and as designed otherwise the desired output cannot be achieved.
The implementation of the system engineering approach is very important as it ensures that all components are compatible with each other, the identification of stakeholder’s requirements alongside the customer requirements and ensuring that they are defined translated to technical requirements which can be met and any associated risks are mitigated where possible.  This approach allows for mistakes or changes which need to be made are identified early in the process to prevent an entire rebuild from being required resulting in projects missing deadlines and increasing the overall cost.
In this report the learner will discuss how the systems engineering tool set has been utilised to propose an improved design of a set of kitchen scales which has been compared to previous designs which are already on market and is tailored to better suit the key customer requirements. 
[bookmark: _Toc219208750]History of scales 
The digital weight scales which are present in households today have evolved throughout history from a very simple scale system which were used. Weight scales which were used in ancient civilisation by the Egyptians [8] simply relied on balance - it consisted of a bean with a pivot point and two pans at each end, if the objects in the pans balanced then this signified that the items were of equal weight. Innovation through history allowed for more accurate scales to be developed as were used across the trade industry heavily. This took form in the use of the steelyard scale which was portable single arm balance with a sliding weight [9].  Fost forward to the twenty first century the strain-gauge and electronic scales which are heavily used today have improved drastically in comparison to the more old-fashioned traditional measuring techniques. This has allowed for greater accuracy in measurements that are being taken, and the calibration tolerances have improved ensuring that the scales can be used in multiple different variations depending on the system requirements. Not only are they used in the kitchen for portion control and ingredient accuracy,  they are also used in; laboratories to ensure micro-gram precision and also in manufacturing settings for batch and mixing systems to ensure correct ratios, verifying the masses to prevent overloading of shipping container are just a few examples of different settings in which the simple implementation of an accurate measuring medium is critical.
[bookmark: _Toc219208751]Key customer requirements
Figure one outlines the requirement set proposed considering the different individuals which will be using the system and how their needs vary; the operator who is the main user of the system, the newbie and the simpleton also have requirements and should also be considered when conducting the pair wise of the requirements. It is important to capture all the requirements as these express a need from the customer which provides a basis for design and also provides confirmation if something has been done correctly. The comparison should be undertaken without bias allowing for the benefits from the application of the system engineering approach to be maximised.
[bookmark: _Toc219208766][image: A close-up of a text

AI-generated content may be incorrect.]Figure 1 Requirement set
Once the customer requirements have been established this allows for the boundaries of the system to be outlined as seen in Figure two, which helps to establish what other subsystems are present within the weight scales system and concepts which could be incorporated within the design phase to ensure that all the subsystem interact together correctly to carry out the intended purpose. This is also important as it allows the lifecycle of the system to be determined and helps to differentiate the customers from the stakeholders. For more complex systems it would be beneficial to compile a stakeholder influence map which ensures that all potentials stakeholders alongside regulatory bodied are identified- whilst capturing their requirements which share similarities and identifying any interactions between them. This is important for more complicated systems as these often have some limitations and boundaries which need to be adhered to ensure compliance of safety legislations for example. The learner decided that the use of this tool would not be appropriate due to the simplistic nature of the system the potential stake holders are a lot less and also there are not external regulators who need to be satisfied that the system is compliant with the relevant legislations. 
[image: A screenshot of a computer screen

AI-generated content may be incorrect.]












[bookmark: _Toc219208767]Figure 2 System boundaries
Another technique which can help extract unspoken requirements is a Gemba visit these can be non-functional or functional requirements. From conducting a Gemba visits it was apparent that when the newbie began to operate the scales, they would place the measuring instrument on them after turning them on- The newbie highlighted that the location of the tare button was important to allow for them to return the display to zero with weight already being on the scale. When observing the use of the current weight scales it was crucial to be an unobstructive observer, this is because if the influence of the hawthorns effect which states that if a person is being observed their behaviour can be impacted [3]. This technique does however have its benefits as it provides an opportunity for teaching approach to be implemented to reduce the system itself being operated incorrectly if it is observed that operators are being inconsistent or misusing the system without realising.
[bookmark: _Toc219208752]Critical system functionality 
Once the requirements have been established it is important to conduct appropriate analysis to ensure that any unspoken requirements have been captured, this prevents mistakes being spotted in later stages such as design and even manufacture which will result in projects being pushed to the right and increasing the costs unnecessarily. Each system has a functionality which will need to be executed for it to fulfil its intended purpose which can be view as a generic system functionality and will be the same for systems which share the same purpose. By Conducting market research of different variations of kitchen scales and speaking to the customers themselves allows for multiple issues surrounding the design to be raised.
· Precision of the scale results in small increments being missed and requires multiple sets of scales depending on what is being measured (salt vs potatoes)
·  Scales often do not always have a tare function allowing the user to subtract weight which is problematic when attempt to weight things such as peanut butter. 
· The buttons to operate the scales stop working or often get small particles stuck in them.
· The display can be hard to see and measuring bowl can obscure the display entirely.
 This allowed for a rationalised requirements pair wise (Figure 3) to be conducted to compare the customers’ requirements against each other to determine which was the most important aspect of the system in comparison to the issues which were raised in the research phase.
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[bookmark: _Toc219208768]Figure 3 Rationalised Requirements PW
The pairwise allows for the requirements to be prioritised by comparing them two at a time. The data gathered from this can then be displayed on a visual manner as displayed in Figure 4 allowing for the data to be easily understood. The graph is helpful to act as a visual aid in determining which requirement is most important in a straightforward manner which is simple for all stake holders to understand and makes the justification for these requirements easier. The technique is also a good tool to minimise the bias in favouring certain requirements dependent on where the ideas have originated from.
[bookmark: _Toc219208769]Figure 4 Pairwise requirements graph[image: A graph with red squares
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Figure 4 depicts that the most important requirement surrounds the accuracy and precision of the system opposed to the simplicity of the design, this is because the accuracy of the scales is an operational functional requirement opposed to a non-functional requirement. An operational requirement can be defined as a requirement that the system must be able to perform to fulfil its intended purpose- the non-functional requirements can be viewed as additional functions which are nice to have but will not impact the intended purpose of the system [4].
From the pairwise comparison there is now a vague understanding of the customers’ requirements, and which of the requirements are the most important meaning, the Quality Function Deployment (QFD) can now be developed. This is a methodology which is a structured systematic way of translating the customers’ requirements into something which is measurable often referred to as technical requirements [5]. These technical requirements ensure the requirements are complete and consistent to ensure the operation is fulfilled as well as minimising the system being over engineered.
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[bookmark: _Toc219208770]Figure 5 QFD 1
From completing QFD 1 as seen in Figure 5 the most critical requirement is the accuracy and precision of the system which links strongly to most of its intended functions receiving scores 9 for the majority of them. This links to the importance value calculated in figure 3. However, requirements relating to the tare function, ease of use and the ease of interpreting date were all linked closely as the tare function is an essential aspect of the system.  There should be considerations surrounding how the operator intends to use the system because if the user is unable to use the system because the system itself lacks simplicity it reduces the suitability of the system entirely. It is also displayed there are missing requirements surrounding the finish of the system and the contamination risk as this requirement did not have strong relationship with most of the requirements- upon reflection the customer made assumptions that the material used for the system would be of a high-quality minimising the contamination risk and have an aesthetic finish.
The relationship strength between the customer requirements and the functionality was determined by giving is 1 = weak relationship, 3 = moderate relationship and 9 = strong relationship.  The requirements which had the strongest relationship indicated the most important requirements.
[bookmark: _Toc219208753]Concept derivation and design choices 
Following the QFD 1 (Figure 5) being completed and the core requirements have been determined and clarified the functional mean analysis is conducted to break down specific functions which the system must be able to complete to allow the requirements to be satisfied fully. Figure 6 depicts different options for ways in which the function satisfies the customer requirements of the system whilst ensuring there is no ambiguity surrounding the option space of the design. It is common for people to attempt to jump straight to providing solutions for the requirements opposed to considering all potential design choices. The functional analysis allows for all avenues to be explored even extremely far-fetched options can be suggested and evaluated. This is important as the current technology might not allow for that idea to be implemented in the current system however, future developments and advancements in the capability could allow for that innovate design option to be utilised. Correct documentation also ensure that in the future previous designs can be reviewed appropriately to ensure that there is enough information to provide justification into why certain design choices were made.
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[bookmark: _Toc219208771]Figure 6 Functional Means Analysis
Following the functional mean analysis it has enabled a comparison of different design options and then evaluating if each option would completely satisfy the customers’ requirements. For example, the difference in options for sensing weight were using a spring which would reduce the manufacturing costs however, the accuracy is not as good when comparing it to strain-gauge or electromagnetic force mechanisms. QFD 1 determined that the accuracy and precision of the system was the driving requirement of the system, therefore implementing a measuring mechanism which is more accurate and precise opposed to cheaper would satisfy that requirement better- This is reflected by there being a strong relationship and the functionality.
It became clear after the completion of the functional analysis that there were requirements that had been missed. Whilst the customer had considered how they wanted the system to operate, they hadn’t thought about how the system would be powered in term of is was by  battery or plugged in to the mains- this would be a vital design feature as if the customer required for the system to be portable and could be used anywhere then the form of power source would be important if the scales needed to be plugged in then the scales can only be used in an environment where this was possible reducing how versatile the system is.
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[bookmark: _Toc219208772]Figure 7 QFD 2
QFD 2 differs from QFD1 as it looks at the requirements for how the functionality is going to be completed in terms of the subsystems for the different parts opposed the requirements from the design [5]. Figure 7 depicts that there is a strong correlation in sensing the correct weight and weighing out eh ingredients which are the most critical functions of this system due to the operator’s need for precision.  As shown in figure 7 the electromagnetic force would be good design choice for this as it allows for levels of accuracy for the system opposed to other moderate contributors such as the strain-gauge cell which would be more accurate than simple mechanical spring mechanism but less impactful than the electromagnetic force.
From the evaluation of QFD2 and the functional means analysis this has allowed a good insight into the design features which would improve the system. For example, it has been determined that precision is at the forefront of the design for this system, therefor scales containing electromagnetic force, and LED display with an auto-tracking means for calibration would be preferred opposed to a scale which was mechanical and reliable on spring mechanism. The same way in which requirements were evaluated in QFD 1 is done in QFD 2 in termed of establishing the relationship strengths.
[bookmark: _Toc219208754]Potential failure modes 
All systems have problems which will occur during its life cycle which have not been thought about during the initial design phase which can render the system useless. This is why utilising failure modes and effect analysis (FMEA) is useful systematic technique which can be implemented during the design phase to identify and prevent these problems before they occur [6]. The FMEA technique has been used in various forms across multiple different industries since 1949 and had been developed since then to be a proactive tool to be utilised through the entire lifecycle of the system to prevent problems occurring by the implementation of different mitigation options [7].
Failure modes can be broken down into five universal sections:
· Over function
· Under function
· No function
· Intermittent function 
· Unintended function

	Step/Component 
	Function
	Potential failure modes
	Potential effects 

	Turn on scale 
	Providing power to the system 
	· Battery corrosion 

	· Power loss
· Broken circuit 

	Sense weight/ weigh ingredients 
	Accurately detect and qualify applied load 
	· Scale under reads or doesn’t detect small weights
· Read lags when weight is added or removed 
	· Electromagnetic coil wear
· Overloading of load cell
· 

	Display
	Present clear correct weight to operator
	· Dim flickering display
· Incorrect value displayed
	· LCD/LED display degradation 
· Condensation

	Tare scale
	Subtract mass and reset to zero
	· Tare button does nothing 
· Zero point wrongly identified – accumulative error
	· Tare applied when scale unstable 
· Tare button broken 

	Maintaining calibration 
	Keeping accuracy over time
	· Calibration drift 
· Auto-zero malfunction 
	· Temperature change
· Poor algorithm 



The above table highlights some of the different functions and the potential failure modes which could affect the system alongside how this would impact the system as a whole. The ability to tare the scale has been highlighted as one important requirement- if the tare button is broken or the zero point has been wrongly identified can dramatically affect the performance and accuracy of the system this would be classified as Intermittent function or no function. 
Another important factor is the kitchen environment itself that the system will be operated because the atmosphere can impact how the system behaves. This is because the humidity from the climate cause slow degradation which can impact multiple different components. Moisture ingress will change the electrical resistance experienced by the load cell and cause issue with the display where it becomes cloudy and or flickers due to condensation accumulation. To avoid moisture or water ingress occurring the electrical components could be coated in a form of sealant which is hydrophobic to provide an additional barrier against the water effect the component.
Alternatively, the manner in which the operator handles the system also can have an impact the accuracy of it. For example, if the operator handles the system recklessly and often drops it can result in the internal components which are very delicate and sensitive being damaged. The electronics within the scales to conduct auto- tracking calibration could malfunction resulting in the tare function being inaccurate as well as the general measures which would be displayed. This suggests that that the durability of the system needs to be considered to prevent damage being caused to the system from operator complacency with handling procedures.
[bookmark: _Toc219208755]Conclusion
By using the systems engineering tool set and applying the key principles in suggesting improvements in the redesign of a household kitchen scale has allowed the demonstration of how these structured analytical tools can be utilised to truly understand a everyday item which is often overlooked as an appliance into evaluating how it can be broken down into multiple sub systems to reflect the needs of the customer. Ensuring that the customer requirements are captured in a manner which allows them to be achievable and transfer to technical requirements is an important part of the process to capture the customers voice and try and uncover unspoken customer requirements which can often be overlooked. Understanding the different stakeholders which are involved with the different system is also important as this provides more information into any additional considerations which need to be expressed.
Despite the limitation of requirements sets being missed it was apparent that the customer valued the accuracy and a reliable tare function as vital functionalities of the system performance mechanism. Techniques such as the pairwise comparison, QFD1, and functional means analysis allowed for the wants of the customer translated into technical requirements which were measurable. This helped make sure the design decisions reflected those requirements and were not based on assumptions.
Through this systematic evaluation, it became apparent the high precision design features such as electromagnetic force technology to sense the weight of ingredients had a strong correlation with the operational functionality of the system. QFD2 also reinforced this narrative, by demonstrating that there was evident alignment between precision and the systems outputs. The functional analysis did highlight overlooked requirements which were not voiced by the customer (unspoken requirements) such as the power source being a battery or the system being powered by the mains highlights the value of the implementation of the system engineering toolset preventing design oversight occurring during the manufacture which would negatively impact the delivery time scales and incur unnecessary costs.
Finally, exploring the different failure modes for the multiple components and subsystem emphasised the importance of ensuring that the system is robust, reliable and fit for purpose whilst exploring the lifecycle considerations. An example of this would be environments where water or moisture ingress, temperature variations can result in mechanical wear and degradation of internal components within the system which would negatively impact the performance and the accuracy of the system. By establishing these potential failure mechanisms before physical designs are completed it allows for additional countermeasure to be implemented to mitigate these vulnerabilities and enhance the long-term usability of the system.
Overall, this paper illustrates how the implementation of system engineering thinking can be applied to simple household objects opposed to more complex larger systems. By developing structured requirements and analysing different functionals which would satisfy the customers original ask allowed for the proposed design features to reflect that.  The design achieves high levels of accuracy whilst ensuring good usability in comparison to current market alternatives providing the cost of the system wasn’t the deciding factor. 
From following the systems engineering toolset the are some features which could be implemented to improve current designs on the market which do not have a tare function and are unable to accurately measure ingredients within a specific tolerance. From the QFD1 and QFD 2 if the main requirement from the customer is precision, then the scale should have an electromagnetic for technology opposed to a strain gauge system. This is because is provided high levels of accuracy and will not be affect my mechanical degradation in the same way. It also has a high repeatability rate and is extremely consistent between measurements. 
The next most important design feature from this study was the system’s ability to maintain calibration by utilising manufacturer calibration and auto-tracking to ensure calibration is maintained throughout the life cycle of the system. The scales being is also an important factor which needs to ensure that the data can be displayed by a LED screen which is back lit. The finish and contamination concerns were not function requirements but were non-functional requirements which following the analysis were not as important for the customer. The scales would need to made from material which are durable and robust in nature, this acts a form of mitigation to minimise some of the failure modes which have been discussed. 
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