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[bookmark: _Toc218714475]Abstract
This report takes and systems engineering approach to the improvement of the Sage Barista Touch. The coffee machine reviewed is a modern household espresso machine that integrates digital controls with automated milk and water heating technology to produce barista level coffee. The key customer requirements are identified and then linked to system functions through the lecturer provided design spreadsheet booklet. Throughout the report the spreadsheet evaluates the machine’s major subsystems to highlight its strength and weakness in usability, speed, and beverage consistency. Several limitations are identified and explored to further improve the customer key requirements. A comparative assessment using a Pugh matrix shows the improved concept outperforms the base across all key requirements further demonstrating the value of system engineering in improving product development in all industries.
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[bookmark: _Toc218714480]Introduction
Household appliances have under a significant transformation since the early 2000s, being driven by advancements in automation, material engineering with a focus on a consumer centred design. The Sage Barista Touch the chosen coffee machine in this report represents an example of this evolution in household appliances. The demand for barista level coffee from the convenience of home expect a consistence but customisable coffee, the sage barista touch is a high-end household espresso machine with a built-in milk steamer. unlike industrial systems the household devices are operated by non-skilled people in uncontrolled environments further the importance of robust design with intuitive functions [1] [2].
An espresso machine is an ideal case study for this report due to their being thousands of designs and still evolving due to the consumers changing expectations [3]. Due to this long history and many evolutionary designs over the past 30 years the Sage Barista Touch is suitable, modern and high-end product, to be developed further by using Systems Engineering (SE) analysis. 
This report applies a comprehensive systems engineering spreadsheet, structed method for understanding the complex systems, identify user requirements and analysis the functional behaviours while evaluating design alternatives. These whole systems engineering approach is for the purpose of better espresso machine. The analysis draws upon academic literature presented in lectures to help produce an academically grounded evaluation, ensuring the design decisions are traceable justified and optimised [1] [4].

[bookmark: _Toc218714481]History
The earliest household espresso devices were simple manual systems, such as stovetop percolators and filter drippers. These devices required significant user effort and attention, with little control over brew consistency. Functionality was minimal; however, the reliability was high due to mechanical simplicity.[10]. The introduction of electric drip coffee machines marked a major step in effort-saving household design. Automated heating and water transfer reduced user involvement, while thermostatic control improved safety. However, early electric machines still lacked precision in temperature regulation, directly affecting flavour extraction and user satisfaction [3].
The 2000s saw a rinse in fully automatic bean to cup systems with ingrate grinders, digital controls, and automated milk frothing. These major sun systems were aimed to help reduce user skill while improving consistency. The Sage Barista Touch represents a hybrid between semi-automatic and fully automatic systems including,
· Thermo jet heating system
· Integrated conical burr grinder
· Automatic milk texturing 
· Touch screen interface
These features align with what modern consumer expects in terms of convenience, speed, and customisation. However, this does present opportunities for improvement in reliability, maintainability, and system integration.
With the major of modern systems using a version of the sub systems and hardware found in the Barista Touch these systems have introduced more complexity, maintenance challenges, and some environmental concerns, with pod-based systems [REFERNCE 11]. These trade-offs show the need for a structured systems engineering approach to improve and balance customer requirements.
[bookmark: _Toc218714482]Systems Engineering Approach
Systems Engineering provides a structure framework for managing complex products and processes throughout their lifecycle [REFERNECE 1]. The lecturer provided Excel spreadsheet lays out a standard systems workflow consisting of:
· Requirements definition and rationalisation
· Functional analysis and decomposition
· Concept generation using function–means mapping
· Concept evaluation and selection
This workflow will ensure that the espresso machine is designed to be optimal at a system level rather than just isolated components improvement. [2] 
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[bookmark: _Toc218714483]Key Customer Requirements Analysis
[bookmark: _Toc218714484]Key Customer Requirements 
Identifying and defining customer requirements is a foundational step in systems engineering. Using the lecturer provide design booklet and a user survey the follow Key Customer Requirements (KCR) emerged.
[image: ]
[bookmark: _Toc218714512]Figure 1 - Key Customer Requirements
These key customer requirements capture the functional, user, and align with research showing that consumers prioritise beverage quality, speed, and automation in modern coffee machine. These key customer requirements ensure that the final product is held to a measurable standard, compared to the standard Sage barista Touch which was set as a baseline. Some measurable examples consist of:
· Consistent brewing quality
· Minimising user effort
· Ensuring electrical and thermal safety
· Reducing energy consumption

[bookmark: _Toc218714485]Rationalised Customer Requirements
After having found the key customer requirements the list will have a level of importance to the customer which may be hard to fully understand as many user requirements will not be listed when asked due to some being assumed due to its basic nature, while some will be difficult to articulated. Due to this lack of clarity rationalising the key customer requirements allows the consumer to give clear priority to more appealing and not leaving the consumer disappointed by requirements that were assumed but not requested.
[image: ]
[bookmark: _Toc218714513]Figure 2 - Rationalised Key Customer Requirements
[image: ]
[bookmark: _Toc218714514]Figure 3 - Bar Chart with Rationalised Requirements
Figure 2 shows how the key customer requirements are prioritised, showing consumer expectations require and prefer an easy-to-use, consistence, and customisable espresso machine. Although speed, low maintenance, and durability rank some of the lowest there are still important due to the machine operation, it all well and good to have a very easy-to-use machine how every if it takes 5 minutes to make and only could produce 10 espressos before needing cleaning the overall consumer satisfaction will be unsavable. 
In effort to combat this, the systems engineering analysis will try and improve certain aspects of the coffee machine to ensure consumer satisfaction. Before improving sub systems first there must be identified for its use and what other sub systems it interacts with, therefore leadings to a functional analysis where improvements or changes will be concepted. Once concepted the new ideas will need to prove why it is better for certain key customer requirements.
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[bookmark: _Toc218714486]System Functionality
[bookmark: _Toc218714487]Primary Function
The Primary function of the Barista Touch is:
‘To produce high-quality espresso-based beverages with minimal user effort.’ [5]
Which perfectly sums up and aligns with the device market position and user expectations.
Functional analysis breaks down the systems purpose into lower-level functions, separating what the system must do from how it does that certain sub systems function. The espresso machine can achieve this function it would requires precise control over:
· Grinding beans
· Dosing grounds
· Tamping grounds
· Water temperature
· Extraction pressure
· Milk texturing
These variables that are significant to influence the espresso-based beverage quality, and therefore enables an alternative technical solution to some of the issue which the espresso machine has, all while not limiting further innovation prematurely. 

[bookmark: _Toc218714488]Secondary Functions 
To support the primary function, the systems must perform several secondary functions:
· Grind coffee beans to a user‑specified fineness.
· Dose and deliver ground coffee into the portafilter.
· Heat water to precise extraction temperature.
· Regulate water pressure.
· Steam and texture milk automatically to user‑selected temperature and texture.
· Provide a user interface for drink selection and customisation.
· Guide the user through cleaning and maintenance.
[image: ]
[bookmark: _Toc218714515]Figure 4 - Required Functionality List
These functions will collectively form the system’s operational sub systems. The functions can be used as instructions on how to carry out the process. By knowing how the process is completed the requirement functional list is easier to understand, and therefore to suggest suitable and realistic improvements to the espresso machine process. 
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[bookmark: _Toc218714489]Quality Function Deployment 1 (QFD)
To further understand the importance of the functions a Quality Function Deployment (QFD) Matrix was used to help translate the customer requirements into a quantitate characteristic. This helps the engineer what technical decisions will directly support the consumer expectations [6]. QFD 1 sheet has strong correlations which in turn indicate areas were engineering improvements will deliver higher consumer value, while the weak correlations prevent over-engineering.
[image: ]
[bookmark: _Toc218714516]Figure 5 - First Quality Function Deployment Matrix – key customer requirements against Functionality produced via a Use Case
[image: ]
[bookmark: _Toc218714517]Figure 6 - Bar Chart showing the importance of the Functionality to hit the key customer requirements from QFD 1
QFD 1 and the derived functional importance graph outlines clearly that providing an easy to use and consistence espresso machine is critical to producing a product which aligns with the key customer requirements. The QFD reveals that a touch screen has extreme strong usability further improving ease of use, and customisation hitting very key customer requirements. The grinder performance, temperature stability, and milk texturing, score some of the highest in the technical importance also hitting key customer requirements in speed, customisation.
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[bookmark: _Toc218714490]Functional-Means Analysis 
The Required Functionality List was determined by breaking down the sub systems into their key functional responsibilities in the overall system to produce the beverage. The functional analysis broke the system into more logical and quantitative functions, to identify the interactions between subsystems. 
The systems engineering approach ensued that all the user requirements could be traced and then measured to see where certain functions fall in ranking due to poor design of the individual sub systems. 
This systematic link throughout the functions allowed each function to linked to potential solutions. As an example:
· Heating water – resistive heater, thermoblock, boiler
· Delivering water – vibration pump, rotary pump, gravity feed
This structured exploration for the potential solutions ensures that the design decisions remain functional rather than just technology driven. The technology driven way of design is a common failure in many consumers product development throughout many industries [4].
[image: ]
[bookmark: _Toc218714518]Figure 7 - Functional Mean Analysis Task
By comparing alternative functional systems, the weakness in the Sage Barista Touch, such as excessive noise, and manual cleaning of drip trays and portafilters become evident. This highlighting of opportunities for improvement is where systems engineering approach to product/process development excels.
The functional means analysis allowed the user to conceptualize ideas on how to improve the product, furthermore after identifying weaknesses and problems in the current hardware research was done into each functional weakness that presented itself.
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[bookmark: _Toc218714491]Concept Selection Using Pugh Matrices
A Pugh matrix provided a structed method for comparing design concepts against the Sage Barista Touch a using a weighted criterion [4]. The Pugh matrix evaluates the alternative espresso machine concepts based against the customer requirements.
[image: ]
[bookmark: _Toc218714519]Figure 8 - Pugh Matrix evaluating the reference design against the concepts
This comparison reduced the subjective bias and encouraged a balanced decision-making, which is essential in systems engineering, when evaluating the alternative espresso machine concepts. This allowed for the best product design while limiting trade-offs, such as volume and cost, which will help create a smaller espresso machine while trading the size for less capacity and removal of extra sub systems such an internal milk steamer.
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[bookmark: _Toc218714492]Quality Function Deployment 2 (QFD)
The second QFD shows required functionality compared to a design feature. Once again strong links shown in red show subsystems aligning with component-level specifications too show overall design intent. This allows a clear hierarchical pattern to emerge, which proved particularly effective in the improvement of the Sage Barista Touch, with multiple interacting subsystems [3].
[image: ]
[bookmark: _Toc218714520]Figure 9 - Second Quality Function Deployment Matrix – Functionality against Design feature 
[image: ]
[bookmark: _Toc218714521]Figure 10 - Bar Chat of Functionality against Design feature

Analysis of the QFD showed that’s functions associated with the consumer interaction including the user interface, selecting coffee, and bean type. These design features are strongly correlated with the LED-based menu systems and automated systems. The same features also dominate in figure 10, showing the alignment confirms that an intuitive user interaction is a primary driver of the systems value and directly which influences consumers perceived product quality in household appliances [7].
Overall QFD 2 reveals a clear hierarchy within the system, identifying user interface, thermal control, and automated handling subsystems as a dominant contributor to functionality. The strong correlation on QFD 2 helps to validates the effectiveness of the systems engineering booklet. It shows the guiding design decisions and ensures alignment between the consumer needs and technical implementation [3]

The prioritisation established through QFD 2 directly informs the subsequent failure modes analysis by identifying the subsystems with the greatest influence on the overall performance and user satisfaction. This integration ensures that risk management efforts are focused on high-value functions rather than uniformly across the system. Doing this reinforcing a robust, systems engineering led design [1] [8].
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[bookmark: _Toc218714493]Potential Failure Modes
[bookmark: _Toc218714494]Introduction Failure Modes
All household appliances are required to operate safely and reliably over its life cycle, all while being subject to wide variations of different user behaviours and environmental conditions. As a result of the wide spread of conditions the machine, it is key to identifying and mitigating the potential failure modes is critical. Some sub systems need specialty engineering and robust design [1] [8]. Failure Modes and Effects Analysis (FMEA) is a widely used structed method used to anticipate how a system might fail and then assess the consequences due to the failure. This can then be used to prioritise design to help reduce risk.
For an espresso machine, failures can affect not only the performance but also the user satisfaction. Having a satisfied consumer is crucial to how successful a product/process is it its life cycle. Integrating failure mode analysis at the design stage reduces the overall cost and helps to improve product reliability [2] [9].
[bookmark: _Toc218714495]Identification of Key Failure Modes 
Using the functional mean analysis in section 6, potential failure modes can be identified at both a system and sub system level.
[bookmark: _Toc218714496]Heating System Failure
Failure Mode: Heating element or thermoblock fails to reach or maintain target temperature. Some potential causes:
· Element degradation due to thermal cycling
· Limescale build-up from hard water
· Control sensor drift or failure
This will affect the coffee extraction leading to, inconsistence tasting coffee, and increased brew time leading to user dissatisfaction. The heating system failure will lead to the design concept to not achieving the key customer requirements.
[bookmark: _Toc218714497]Pump and Fluid Delivery Failure
Failure Mode: Pump delivers incorrect flow rate or fails entirely. Some potential causes:
· Mechanical wear
· Blockages caused by coffee residue
· Electrical faults
This will affect the coffee extraction, leading to inconsistent brew volume, increased noise or vibration, and complete loss of functionality. To mitigation the failure modes with flowrate monitoring via sensors, and improved sealing and filtration. The pump selection informed by the QFD priorities for noise and reliability will not conform to the customer requirements.
[bookmark: _Toc218714498]User Interface and Control Failure
Failure Mode: Buttons, touch interfaces, or control logic malfunction. Some potential causes:
· Moisture ingress
· Software faults
· Excessive user force
The failure modes will cause incorrect operation, user frustration, and increased support and warranty claims leading to the design suffering for high maintenance directly effecting the customer requirements. To help mitigation this effect there will be environmental sealing of the interfaces to further prevent wear and tear. Also, a simplified control logic will help the User-centred design. All this mitigation will reduce the chance of misuse leading to easier human interaction.
[bookmark: _Toc218714499]Leakage and Seal Failure
Failure Mode: Water or steam leakage from seals or joints. Some potential causes:
· Material degradation
· Assembly tolerances
· Repeated thermal expansion
The effects for these problems could be Electrical safety hazards, Damage to internal components, and reduced product lifespan. All these problems will lead to an unsuccessful design and then product. To mitigate this problem, leak testing during manufacturing will catch the problem early in the product manufacture allowing engineers to systematically approach the probably to find a solution. This could be done by designing for manufacturability to control tolerances and by selecting heat-resistant sealing materials.


[bookmark: _Toc218714500]Waste Handling & Hygiene Failure
Failure Mode: Blockage or contamination in waste coffee or drip tray system. Some potential causes:
· Poor drainage design
· Infrequent user cleaning
· Biofilm growth
Finally, this will affect hygiene potential leading to people become ill due to bacteria. With this bacterial environment unpleasant odours could form and lead to reduced user acceptance of the product. If unable to solve this problem the lack of low maintenance and basic safety concerns from global health regulations would ban the product. To mitigation this potential catastrophe easy-access, removable waste components, clear user feedback and maintenance prompts, and materials selected for cleanability, and durability could solve the problem. It the chosen concept design this failure mode has been significantly reduce due to the fully plumbed in system, leading to lower maintenance and more consistence cleaning.
[bookmark: _Toc218714501]Failure Mode Prioritisation
In a full industrial FMEA, failure modes would be ranked using Severity, Occurrence and Detection (SOD) criteria to calculate a Risk Priority Number (RPN). However, this report while prioritise by 
· Safety impact
· Effect on core functionality
· Frequency of occurrence
· Ease of detection by the user
Failures related to heating, leakage, and electrical safety are prioritised highest due to their potential safety implications and aligning with regulation and quality management requirements [10] [5].
[bookmark: _Toc218714502]Integration with Concept Design
Any failure mode analysis will complement a conceptual design, this is because by linking failure modes to certain factors and functions the design can be modified to reduce sensitivity to variable sources, helping to not react only after a failure has occurred [8]. An example is a variability in water ‘hardness’ which can directly lead to heating and pump failures. Addressing this failure mode through filtration and adaptive control can both improve robustness and reliability of the espresso machine.
[bookmark: _Toc218714503]Benefits of Early Failure Mode Analysis
Incorporating failure modes early in the design process provides several advantages such as:
· Reduced warranty and lifecycle costs
· Improved user safety and trust
· Increased robustness across operating environments
· Better alignment with manufacturing and quality systems
For the Sage Barista Touch where margin is tight, and user expectations are high, early failure mode analysis is a key tool of help create a successful product [1] [2].
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[bookmark: _Toc218714504]Critical Design Features
[bookmark: _Toc218714505]Improvements
The new design concept has an improved thermal control unit using feedback-regulated heating, help to lower the time in between drinks. The simplified user interface was chosen due to ease-of-use for all demographics, increasing the target market. The main change is an extra bean hopper so multiple strength coffee beans can be used to create a perfect strength for different consumer households. This increase in customisation aligns with the original key customer requirements which is an improvement or the original Sage Barista Touch.
[bookmark: _Toc218714506]Drawbacks
Firstly, the main drawback is the addition size of an extra bean hopper, however I believe this to be a trade-off instead due to the added customisation one of the key customer requirements outlined in section 3.1.
Secondly a fully plumbed in coffee machine will enhance sustainability due to the decrease in maintenance and increase energy-efficiency, due to the lack of waste and the recycling of used grounds.
Overall, the main drawback is the increase footprint of the machine compared to the Sage Barista Touch. Also, the need for addition hardline plumbing systems and electrical systems 
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[bookmark: _Toc218714507]Discussion & Conclusion 
[bookmark: _Toc218714508]Discussion
The case study demonstrates that even familiar household objects such as an espresso machine and heavy benefit from a diligent system engineering methodology. The functional analysis exposed hidden design weakness and the QFDs were used to ensure improvement aligned with real consumer needs rather than assumed preferences [3] [6].
The lecturer provide Excel-based system engineering design booklet enabled a clear and decisive guide to produce the relevant figures. These figures show how the design choices were validated and that the most supported iteration of design was chosen.
[bookmark: _Toc218714509]Conclusion
To conclude this report demonstrated how a system engineering toolset can be used to improve the functionality and design of a household appliance. By systematically progressing through the provided spreadsheet, a full systems breakdown into 
· Requirements
· Functions
· Concept selection 
All done by a functional analysis, which influenced the design decision. Each step of the system approach was justified and consumer focused, with the end goal to produce an improved concept of the Sage Barista Touch. The use of the design booklet ensured that each choice was traceable, in which decreased the risk of failure and increase the support for development of a product. In which all key consumer requirements were balanced to produce maximum performance usability, and sustainability all while decrease cost over the products lifetime.
This system engineering approach highlights how the continued relevance of improvement with systems methods is used in all the most relevant and revolutionary products and processes in the modern era.
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