[image: ]
Design Portfolio for an American Football Helmet
Author: Joshua Luke Evans (2011912)
Course: BEng, Ordnance, Munitions, and Explosives – Level 5 Systems Engineering (ACDA5021)
Faculty of Architecture, Computing and Engineering
Date of submission: July 2024 (11th September hand-in date)
Word Count: (excluding appendices and references)



[bookmark: _Toc176203358]Executive Summary
This report outlines the application of Systems Engineering methodologies to the design of an American football helmet, addressing the critical issue of traumatic brain injuries among players. The Systems Engineering process begins with a thorough requirements capture, identifying and prioritising the needs of diverse stakeholders, including players, medical staff, league governing bodies, and manufacturers.
The report then delves into the Quality Functional Deployment (QFD) process, which is used to translate these requirements into functions and design features. QFD 1 identifies and prioritises the key functions the solution must perform, such as impact absorption and data capture. Through this analysis, the most crucial functions were highlighted, guiding the subsequent design efforts.
Building on QFD 1, QFD 2 mapped these critical functions to specific design features, such as the honeycomb structure for impact absorption and the embedded sensors for data capture. This stage also incorporates tools such as P-diagrams and What-Why tables to analyse and refine the design, ensuring that all potential issues are addressed and the helmet is robust in real-world conditions. The iterative process of QFD 2 helps balance competing requirements, such as improving ventilation without compromising impact protection.
Although not undertaken fully in this case study, the report then covers the process for QFD 3 and 4 where focus shifts to manufacturing and process controls, identifying features that can be difficult, but are critical to regulate and ensures that the final product meets the stringent standards established during the design phase. 
This report demonstrates how Systems Engineering and the QFD principles can be effectively applied to develop a vital piece of safety equipment, addressing user and system requirements to reduce the risk of head injuries in American football.
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1. [bookmark: _Toc176203361]Introduction
The Systems Engineering module at the University of Wales Trinity Saint David (UWTSD) provides students with the opportunity to apply the process of systems thinking to a real-world case study. Using suitable engineering design methods, this report will cover the design of a safe and robust solution to a defined set of requirements. By applying the underlying concepts and principles of systems engineering, the process, design methods and tools used in the development of the solution shall be justified herein.
Systems Engineering is a toolset of thought-provoking practices that act as a handrail for users to deep dive into the problem, solution and design space of a given system to ensure that as many critical aspects of the case study have been considered in the final design. Systems engineering is a methodology that can be applied to not only products, but teams and processes as well. Humans are systems as well as the majority of things we come into contact with on a daily basis, and understanding the ins and outs enables us to continually innovate.
The truth is that when things go wrong with a system, it is usually the case that this could have been designed out during the design process. 
2. [bookmark: _Toc176203362]Case Study
The Author has selected an American Football case study to apply Systems Engineering practices to within this report. A topical conversation point amongst American Football fans, professionals and amateur players, and medical staff is the high rate of traumatic brain injuries suffered by many American Football players, over the course of their careers. In 2023 [1], the Boston University CTE Center announced that out of 376 former NFL players studied, 345 (91.7%) were diagnosed with chronic traumatic encephalopathy (CTE). There have been several Hollywood movies and documentaries in recent years that have helped to bring these concerning statistics into the limelight [2] [3] [4].
The pressure exerted on the NFL and other professional football bodies since the revelations surfaced have led to significant changes to the rules of the game to reduce players’ exposure to traumatic head injuries, starting at the youth level. Additionally, there have been big leaps in technology integrated by safety equipment manufacturers as the league has brought in more extensive qualification processes. In the last seven years the NFL have used trackers in safety equipment so that they can continue to improve safety gear and identify areas of the game that need to be adjusted to further reduce the risk of injury [5].
3. [bookmark: _Toc176203363]Requirements
Requirements capture is a critical phase in the design and development of any product. The final solution has to meet the needs and expectations of all relevant stakeholders to be considered a successful solution. The requirements process involves systematically gathering, analysing, and prioritising the requirements that the solution must fulfil.
The first stage of this, therefore requires the correct stakeholders to be identified and involved in the generation of user/system requirements. For this study, the key stakeholders included:
· Players – the primary users of the helmet, concerned with comfort, fit, protection and performance during games and practice.
· Coaching staff – Responsible for the overall safety and well-being of players.
· Medical staff – focussed on injury prevention and treatment. Medical staff can provide insights into effectiveness of safety equipment.
· Player unions – represent the interests of players, ensuring equipment provides maximum protection.
· League governing bodies – set and enforce the rules of the game, including equipment standards.
· Fans – invested in player safety and integrity of the sport. Expectation on teams and leagues to prioritise player health.
· Team owners – concerned with financial implications of player safety including cost of equipment, potential liabilities, and insurance premiums.
· Researchers and academics – conduct studies into the design and effectiveness of safety equipment.
· Pressure groups – advocate for stricter safety standards and better protection for players.
· Insurance companies – assess the risk associated with player injuries and may offer premium reductions based on the use of improved safety equipment.
· Legal professionals – ensure that helmets meet legal requirements to minimise risk of litigation for teams, manufacturers, and leagues.
· General public – expectations for player safety to be prioritised.
With a comprehensive list of stakeholders identified, it was important to rank the importance of each stakeholder’s input. To do this, a stakeholder influence table was generated (see Error! Reference source not found.) to consider factors such as the stakeholder’s level of influence over the project and the criticality of their needs. With this information, the potential influence of the stakeholder’s impact on the solution’s success could be estimated. The stakeholder influence table is a simplified approach to the stakeholder influence map [6] which provides further context of the system’s market environment. It identifies the links between stakeholders providing evidence of their importance to the system, rather than assuming their relevance. Where this tends to be an optional task in the systems engineering process, the table provided below is a more streamlined approach that enables users to focus time on other areas of the problem space.
[bookmark: _Toc176203381]Table 1 - stakeholder influence table
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The next step undertaken was to capture the requirements from the perspective of each stakeholder. At this stage, a subset of the identified stakeholders was selected and several requirements were gathered from each group. The requirements can be seen in Appendix A. The first level of the requirements capture activity identifies the basic needs. More detail is then added to the requirements to ascertain how the requirement needs to be met.
An important aspect to consider when going through this process is to identify how requirements will be elicited from the stakeholders [7]. Choosing to capture requirements from individuals or groups has pros and cons to both approaches. Gathering requirements from individuals can provide more comprehensive requirements, but is more time consuming and only provides the opinion of one individual (unless more individuals are approached – adding to the time taken). Gathering requirements from a group is more efficient but it can be more difficult to get honest and detailed views.
With the requirements captured, it was essential to rank them in terms of importance when compared to other requirements. A pair-wise analysis was conducted to achieve this, which requires the user to provide a preference for each requirement, when compared against another. Figure 1 below shows the results of the rationalised requirements.

[bookmark: _Ref176158843][bookmark: _Toc176203378]Figure 1 - Rationalised requirements
The rationalised requirements allow the user to identify the critical aspects of the problem space that will most likely lead to the design of a successful product. From this use case, it is clear to see that requirements surrounding the safety of players are the most important. Not just the inclusion of safety features, but also the evidence to show that these features improve player safety is critical too. 
4. [bookmark: _Toc176203364]Quality Functional Deployment 1
The first of four Quality Functional Deployment (QFD) stages identifies the system functions that are most important in meeting the user requirements of the system [8]. This is achieved by scoring a set of functions against the requirement set. First of all, the functions needed to be captured. The method used to achieve that was an Example Use Case (Appendix B) which draws out the functions that may need to be achieved by the solution. In this use case, an American Football game or practice session was used. The “Basic Flow” of the system is captured which describes the steps the actor(s) should take to successfully accomplish their goal. The Use Case methodology also captures “Alternative” and “Exemption” flows which identify other interactions or issues that may arise when using the solution that need to be addressed in the design. As a result of the Use Case process, the following functions were identified:
1. Inspect safety equipment for damage
2. Don the safety equipment
3. Adjust the fit of the safety equipment to suit the player
4. Secure the safety gear
5. Verify the fit of the safety gear
6. Participate in the game/practice session
7. Absorb impact(s)
8. Capture data on impact(s)
9. Continue participation in game/practice session
With the functions defined, it was possible to carry out QFD 1. Similar to the pairwise process followed in the requirement setting phase, QFD 1 scores each function against the requirement set to identify which are the most important functions to achieving a successful design. It carries forward the importance weighting of the rationalised requirements so that functions that are more relevant to the critical requirements score higher marks. The outcome of QFD 1 graded the functions relating to impacts as the most important. This makes sense as the critical requirements were related to player safety. Interestingly, the fitting of the equipment was less vital to the success of the solution. Upon reflection however, the options for fitting are fairly basic (e.g. securing straps) and so these functions may require less attention to solve compared to absorbing impacts and capturing data on impacts.
It's not just important to look at the importance of each function independently. The QFD tool is able to identify other trends and patterns that provide valuable insights into the system. These trends help to identify potential issues, prioritise design efforts, and ensure the final product meets all necessary requirements. An example are functions that show a strong correlation with multiple requirements. In the case of the American football helmet, the capture data function showed strong or medium correlation with the majority of requirements. This type of trend identifies critical features as they influence several aspects of the product’s performance and should therefore be prioritised in the design process.
On the other hand, requirements that have weak or no correlations with functions could indicate that customer needs are not being addressed by the current design. In the use case here, one example requirement was “must include stringent quality assurance processes”. Upon reflection of this requirement, it is difficult to meet this requirement in the design stage. It is more likely that quality assurance can be addressed in QFD 3 and 4, where manufacturing and process control can be assessed.

[bookmark: _Toc176203379]Figure 2 – Functional importance graph
Furthermore, QFD 1 identifies target metrics and values for requirements and functions. These establish how the solution will be expected to meet a requirement/function. This enables the user to begin thinking of means to achieving the target values. This is the beginning of the process that deals with the solution space.
At this stage, it’s important to note that these initial functions that have been identified are typically considered as “generic functionality”. These are the functions that have been identified through the requirement set, but as the solution develops, further functionality may be identified that is equally important to product success. Solution-dependant functionality refers to functions of a system that are directly influenced by the specific design approach chosen for the system. These functionalities are not intrinsic to the system’s basic purpose but emerge as a result of the particular design choice. For example, if smart technology was included in the design, a function could be to collect real-time impact data. This functionality is solution-dependant.
Architectural functionality refers to core functions that are defined by the system’s overall architecture. They’re essential for the system to fulfil its intended purpose, and they guide the structure and organisation of the system as a whole. An example of this has already been captured in the functionality. An architectural function would be to protect the player’s head from impacts. It’s an integral function of the solution and would influence the overall design, such as the need for an impact-resistant outer casing and energy-absorbing material.
There is a balance to be struck between the number of requirements/functions that are used within the QFD process. The larger the list, the longer these systems engineering tools can take to complete. Identifying the critical requirements and functions that will have the most influence on design can help to streamline this process, but users run the risk of key aspects of the system being missed when exhaustive lists are not captured. The earlier work conducted during the requirement setting stage (i.e. the stakeholder influence table) can streamline this part of the process by identifying which stakeholder requirements are the most critical to satisfy.
10. [bookmark: _Toc176203365]Concept
After completing the QFD 1 matrix and ranking the importance of the functions, a solid foundation has been created for moving into the concepting phase of the product development process. This phase is critical as it translates the prioritised technical requirements into tangible design solutions. The concepting phase leverages the insights gained from the QFD 1 matrix to generate innovative and feasible concepts that address the identified functions.
To begin the concepting process, a function means analysis was conducted to identify potential solutions for each of the critical functions identified in the QFD 1 matrix [9]. For each function, multiple means are explored, ranging from traditional methods to innovative approaches. The goal of this process is to create a wide range of potential solutions that can be further refined and evaluated. To aid in this process, the solutions were colour coded by feasibility. Feasibility was defined in this case not only by being technically feasible, but also being affordable, as this was one of the user requirements. The function means analysis is available in Appendix D.
The function means analysis was then used to conduct a morphological analysis. This technique involves breaking down the product into its essential functions and then systematically exploring combinations of means for each function. The FMA table displays the solution space for the system, allowing for different combinations of solutions to be tried before committing to a final optimised concept.
To identify a suitable option, three initial solutions were derived through FMA and morphological analysis. Having three different options to compare identified the strengths and weaknesses of each design. These were compared against a baseline solution, which was based on a current example of the solution being employed for this application. To compare the performance of each solution, a System Pugh [9] was used. This table compares the “means” for each function across the various solutions and the user is required to rank whether the means is preferable to the baseline solution. The positive and negative scores are collected to give an overall score, with the highest score identifying the most appropriate solution. The System Pugh provides weighted and unweighted scores based on the importance of each function, further reducing the risk of the solution being unsuccessful.
After the initial pass in the System Pugh, a combined solution was generated using the best features from the original four options (the baseline solution was included in this). It was critical to repeat this process once more information had been gathered on the solutions to ensure the best final solution was put forward. More details on the solutions can be found in Table 1, whilst the System Pugh can be found in Appendix E. 
[bookmark: _Toc176203382]Table 2 – Solution Options
	Function
	Baseline
	Solution 1
	Solution 2
	Solution 3
	Combined Solution

	Inspect for damage
	Visual inspection by Kit Manager
	Colour changing material
	Integrated sensors with mobile app
	Smart helmet display
	Colour changing material

	Don safety gear
	Manual donning of helmet by player
	Magnetic locking system
	Expandable helmet liner
	Helmet docking station
	Expandable helmet liner

	Adjust fit
	Manually adjustable straps and padding system
	Ratchet-based adjustment
	Memory foam liner
	Self-adjusting fit
	Ratchet-based adjustment

	Secure fit
	4-point chin strap and jaw pads
	Magnetic fastening system
	Quick-release buckle with automatic lock
	Gel-based grip pads
	Quick-release buckle with automatic lock

	Verify fit
	Visual inspection by Kit Manager / Coach
	Colour-coded fit indicators
	Fit verification app
	Pressure sensors
	Colour-coded fit indicators and pressure sensors

	Participate in game/practice
	durable materials and/or ventilation design
	Lightweight composite materials
	Enhanced ventilation design
	Integrated cooling system
	Enhanced ventilation design

	Absorb impact
	Impact foam / honeycomb structure
	Honeycomb structure
	Multi-layered impact foam
	Liquid-filled bladders
	Honeycomb structure

	Capture data on impact
	Embedded sensors
	Visual impact indicators
	Embedded accelerometers and gyroscopes
	Cloud-connected data logging
	Embedded sensors

	Continue participation in game/practice
	Durable design and manual inspection.
	Adaptive padding system
	Real-time fit adjustment
	Battery-assisted cooling
	Adaptive padding system


11. [bookmark: _Toc176203366]Quality Functional Deployment 2
QFD 2 is a critical step in the design space of the systems engineering process. Building on the insights gained from QFD 1, which focuses on translating customer requirements into engineering characteristics, QFD 2 (which can be found in Appendices E and H) delves deeper into the relationships between these characteristics and the specific components or processes that will achieve them [9]. For the use case, QFD 2 is essential for refining design decisions and ensuring that the helmet meets the stringent requirements set by stakeholders.
The QFD 2 process begins by taking the prioritised functionality identified in QFD 1 and mapping them to specific parts, materials, or design features of the solution. For instance, in the context of a football helmet, critical characteristics such as impact absorption and comfort must be linked to tangible design features like the honeycomb structure, or ratchet-based adjustment mechanisms. This mapping helps to ensure that each component of the helmet is design with the ultimate goal of meeting the customer’s needs and regulatory standards.
A key aspect of QFD 2 is to establish the relationship between functions and the means. This involves detailed analysis to determine which features contribute most significantly to achieving the desired performance outcomes. For example, how does the choice of padding material affect both impact absorption and long-term durability? Or, how does the design of the ventilation system influence both comfort and weight? The answers to these questions are crucial for optimising the helmet’s design.
The primary output of QFD 2 is a comprehensive matrix that clearly links the critical design features to the functions they influence. This matrix allows the design team to prioritise resources and attention on the features that have the most significant impact on the helmet’s performance. Another key output is the identification of potential trade-offs between different design features. For example, improving ventilation might lead to a reduction in impact absorption unless carefully managed. QFD 2 helps balance these competing requirements to achieve the best overall product performance.
The QFD 2 matrix also produces a set of targets, benchmarks, and ideal values for each design feature. These metrics are similar to QFD 1, but are looking at the metrics at a lower level of the design, now taking an interest in how the design features will be expected to perform in order to meet the required functions.
After the initial pass of QFD 2, deeper analysis of the design is required to assure the results gathered in the first pass of QFD 2. To do this, P-diagrams and What-Why tables are used to refine and validate the design [10]. P-diagrams help identify and analyse the noise factors, control factors, and signal factors that affect the performance of each design feature. For example, in the context of the helmet’s fit adjustment mechanism, a P-diagram might identify environmental temperature as a noise factor that could affect material flexibility, while the ratchet system’s precision might be a control factor. By systematically analysing these factors, the user can predict potential issues and optimise the design accordingly.
What-Why tables are used to explore the underlying reasons for design choices and to ensure that every feature is justified and aligned with the customer’s needs. For instance, why is a quick-release buckle with an automatic lock necessary? The What-Why table explored the need for fast donning and doffing in high-pressure situations, such as when a player needs to be treated for an injury quickly. This analysis ensures that every design feature is purposeful and contributes to the helmet’s overall effectiveness.
The second iteration of QFD 2 integrates the insights gained from the P-diagrams and what-why tables. This iteration is about refining the design based on a deeper understanding of the interactions between different factors. For example, after analysing the impact of noise factors like environmental conditions, the user might decide to select materials that are less sensitive to temperature fluctuations, thereby improving the helmet’s performance consistency.
This iterative process in QFD 2 ensures that the final design is not only theoretically sound but also robust in real-world conditions. By continuously refining the relationships between design features and functions the second iteration of QFD 2 helps to ensure that the helmet will perform as expected in the demanding environment of American football, providing protection and comfort in all conditions.

[bookmark: _Toc176203380]Figure 3 – Feature importance chart
12. [bookmark: _Toc176203367]Manufacture and process control
QFD 1 and 2 have been focused around refining the requirement set and coming up with an appropriate solution to meet those requirements and functions. As the process moves into QFD 3, the user becomes more focused on the design of the manufacturing process to produce the desired product. The approach for defining the manufacturing process is the same as the design of the product, with a few extra tools [11].
This process starts right at the beginning, by capturing the stakeholder requirements for the manufacturing process. This needs to be repeated as the stakeholders could be very different from the product level requirements previously captured. For instance, safety auditors may be more relevant in the manufacturing process compared to the final design of the product, as they will be concerned about worker’s safety.
The manufacturing functions also need to be captured, which can be done using a sequence diagram [11]. This tool defines the order of activities needed to convert an input into an output. Using verbs to list the activities in a chronological order enables the user to define the manufacturing functions – in a similar way to the Use Case method applied in Appendix B. Examples of some of the verbs used during the manufacture of an American football helmet would be “shape helmet shell”, “form/machine foam inserts”, “apply team branding”, etc. By conducting this exercise, a QFD 1 for the manufacturing phase can be conducted to ensure all requirements are being met and any critical functions have been identified.
Once the manufacturing QFD 1 has been completed, QFD 3 can be conducted. This process combines the critical parameters from QFD 2, P-diagrams and What-Why tables from the product perspective, against the manufacturing process parameters identified through manufacturing QFD 1. As explained in Section 11, the P-diagrams and What-Why tables should be conducted for sub-systems and individual components to identify as many critical product parameters as possible. This can be a lengthy task, but at the QFD 3 stage, it ensures that noise in the design can be manufactured out. Typically, some requirements are filtered from QFD 2 before going into QFD 3. Those that make it through the filter are requirements relating to:
· New design features (e.g. colour changing material and data capture)
· Important features that are sensitive to variation (e.g. sensors, padding configuration)
· Features that have proven difficult to control during manufacture of existing solutions (e.g. honeycomb liner)
 As a result of QFD 3, the critical manufacturing steps will be identified. The most important steps should be assessed further, as these are typically the processes that require tighter control as they may lead to the widest variation in product output, providing the customer with an inferior product. As per the QFD 2 stage during the design phase, P-diagrams and What-Why tables are useful tools for delving deeper into these aspects. The aim of QFD 3 is to set the manufacturing tolerances based on the critical design characteristics.
QFD 4 is aimed at identifying process controls in the manufacturing phase to ensure that the identified critical process parameters (from QFD 3) can be met [11]. These tolerances are the means to achieving the desired system output. There are three steps to QFD 4:
1. List the process parameters and target values
2. Evaluate ability to achieve process parameters
3. Plan the process control requirements
The results from this provide the rationale for the process control plan which is the final step in the QFD process. However, systems engineering is an iterative methodology. As new information becomes available or on a routine basis, the information within the QFD process needs to be updated. User requirements can and new technology can be introduced that brings about new challenges that need to be considered. In the case of an American football helmet, new designs are released on a yearly basis and so there is a fast turnaround time, but other use cases in military applications can take several years to bring products into service. In these applications, it is vital to review and iterate the system to ensure that the product is successful upon delivery to the customer and even throughout its expected life, through to disposal.
13. [bookmark: _Toc176203368]Conclusion
This report has detailed the application of Systems Engineering methodologies to the development of an American football helmet, with the primary goal of enhancing player safety and reducing the risk of traumatic brain injuries. Through a structured QFD approach that also included a requirements capture and the use of analytical tools like P-diagrams and What-Why tables, the report demonstrates how complex design challenges can be systematically addressed to produce a robust product.
The initial phase focused on identifying and prioritising stakeholder requirements, ensuring that the design would meet the most critical needs of players, coaches, medical staff and other key stakeholders. This thorough understanding of the problem space informed the subsequent QFD processes, where these requirements were translated into specific functions and design features.
QFD 1 highlighted the important functions for this design, namely impact absorption and data capture, guiding the design team to prioritise these areas in the development process. QFD 2 then mapped the functions to specific design features, ensuring that each component of the helmet was designed with the critical requirement in mind. The iterative approach provided by QFD 2, supported by P-diagrams and What-Why tables, allowed for the refinement of design choices before confirming a final solution.
QFD 3 and 4 were considered as the next steps in the Systems Engineering approach but were not applied fully in this use case. These QFDs are centred around manufacturing and process controls, respectively. The report outlined that by identifying the necessary manufacturing tolerances and the means for control the most critical processes, the final product would not only perform well theoretically, but could also deliver consistent safety and comfort in real-world use.
In summary, this report demonstrates the effectiveness of the Systems Engineering approach in developing safety equipment for American football. By systematically addressing each phase of the design and manufacturing process, the report ensures that the final helmet design will meet the rigorous requirements of the stakeholders, providing players with the highest level of protection against head injuries. 
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[bookmark: _Toc176203383]Table 3 - Requirements Set
	Level 1
	Originator
	Level 2
	Level 3

	
	Players
	
	

	Comfort and fit
	
	Shall provide a secure, comfortable fit without causing discomfort during periods of long use
	Functional Requirement

	Visibility
	
	should not obstruct the player’s vision, ensuring clear sightlines in all directions
	Functional Requirement

	Breathability
	
	must have adequate ventilation to prevent overheating
	NFS

	Weight
	
	should be lightweight to minimise fatigue
	NFS

	
	Coaching staff
	
	

	Ease of use
	
	easy to put on, adjust, and remove quickly
	Functional Requirement

	Durability
	
	must withstand repeated impacts and usage over a long season without significant wear
	Functional Requirement – shall pass NFL & NFLPA helmet laboratory testing

	Maintenance
	
	should be easy to clean and maintain
	NFS

	
	Team management and owners
	
	

	Cost-effectiveness
	
	affordable without compromising on safety and performance
	NFS – shall pass NFL & NFLPA helmet laboratory testing

	Player safety
	
	must significantly reduce the risk of head injuries
	NFS – shall pass NFL & NFLPA helmet laboratory testing

	Branding
	
	shall allow for team colours and logos without degrading the material
	NFS

	
	Parents and guardians
	
	

	Safety certification
	
	must meet or exceed all relevant safety standards
	NFS

	Proven effectiveness
	
	demonstrated through testing to prevent injuries
	NFS

	Communication
	
	clear information on the safety features and benefits
	NFS

	
	League and governing bodies
	
	

	Compliance
	
	must meet all league safety standards and regulations
	NFS – shall pass NFL & NFLPA helmet laboratory testing

	Innovation
	
	incorporate the latest safety technologies
	Functional Requirement

	Tracking
	
	ability to monitor and report on injury statistics
	Functional Requirement

	
	Medical professionals
	
	

	Impact protection
	
	must provide high levels of protection against concussions and other head injuries
	NFS – shall pass NFL & NFLPA helmet laboratory testing

	Data integration
	
	ability to integrate with health monitoring systems to track impacts
	Functional Requirement

	injury provention
	
	must include features that prevent common head injuries
	NFS – shall pass NFL & NFLPA helmet laboratory testing

	
	Manufacturers and suppliers
	
	

	manufacturability
	
	design should be feasible for mass production with high quality
	NFS

	material availability
	
	should use readily available materials
	NFS

	quality control
	
	must include stringent quality assurance processes
	NFS

	
	insurance companies
	
	

	risk mitigation
	
	demonstrably reduces injury risk, potentially lowering insurance premiums
	NFS – shall pass NFL & NFLPA helmet laboratory testing

	testability
	
	provide data showing reduced injury rates
	Functional Requirement

	publication
	
	balances safety improvements with cost considerations
	NFS

	
	regulatory bodies
	
	

	standards compliance
	
	must comply with all relevant standards and protocols
	NFS – shall pass NFL & NFLPA helmet laboratory testing

	testing protocols
	
	must pass all required testing procedures
	NFS – shall pass NFL & NFLPA helmet laboratory testing

	documentation
	
	provide thorough documentation of testing and compliance
	NFS

	
	legal professionals
	
	

	liability protection
	
	reduces potential legal liabilities related to injuries
	NFS

	compliance documentaiton
	
	detailed records of compliance with safety standards
	NFS

	Risk management
	
	incorporates features that address common legal concerns about player safety
	Functional Requirement




[bookmark: _Toc176203371]Appendix B – Use Case: Protect Player’s Head During Game
	Use Case: A clear verb/noun or actor/verb/noun that communicates the scope of the use Case
Use case for protecting a player’s head during a game or practice session of American Football

	Author: Joshua Evans
	Issue 1
	Reviewed 
	Date: 06/08/2024

	Actors:- A list of actors who can engage in the activities described in the use case:-
· Player: The individual wearing the helmet.
· Equipment Manager: Responsible for fitting and maintaining the helmet.
· Coach: Ensures players are using equipment correctly.
· Referee: Ensures players wear helmets during the game.
· Medical staff: Monitor for injuries and ensures the helmet’s effectiveness


	Pre-conditions:- Anything that can be assumed to be true when the use case begins :-
· The player is participating in an American football game or practice.
· The helmet is properly fitted and secured to the player’s head.
· The helmet has been inspected and maintained according to safety standards.
· The player is wearing all other required protective gear.


	Post-Conditions:- Anything that must be true when the use case is complete.
· The player’s head is protected from impacts during the game or practice.
· The helmet remains securely in place and functional throughout use.
· Any impacts are absorbed or mitigated to prevent serious injury.
· The player does not experience severe head injury or concussion from the impacts received.


	Basic Flow:- The set of steps the actors take to accomplish the goal of the Use Case. A clear description of what the system does in response to each user action.
1. Player puts on helmet: The player dons the helmet, ensuring it fits securely.
2. Helmet check by equipment manager: The equipment manager verifies that the helmet is correctly fitted and in good condition.
3. Coach and referee verification: the coach and referee confirm the player is wearing the helmet before allowing participation.
4. Player participates in game: the player engages in the game or practice.
5. Helmet absorbs impact: when the player encounters impacts (e.g. from tackles or falls), the helmet absorbs and distributes the force.
6. Player continues play: the player continues participation without serious injury.


	Alternative Flow:- Captures alternative user/system interactions, such as what happens if data is entered incorrectly.
· Incorrect fit detected:
· Equipment Manager: Adjusts the helmet or replaces it if it’s not fitting correctly.
· Player: Ensures the helmet feels comfortable and secure after adjustments.
· Helmet damage detected:
· Equipment Manager: Replaces the helmet if damage is detected during pre-game checks.
· Player: Wears the new helmet and continues with the game.
· 
· Additional players involved in a tackle:
· Helmet integrity: The helmet must absorb and distribute multiple impact from different directions.
· Player assessment: Coaches or Medical staff may perform a quick assessment to ensure the player is not disoriented or injured.
· Extreme temperatures (hot or cold):
· Helmet performance: the helmet materials must maintain their protective qualities despite temperature variations.
· Player comfort: additional considerations for ventilation in hot weather or warmth in could weather. Players and Coaches may adjust hydration and breaks accordingly.
· Tackle difficulty (routine tackle not executed as expected):
· Helmet performance: The helmet must still provide adequate protection despite the awkward or unplanned impact.
· Player assessment: Coaches, referees, and medical staff may observe the player for any signs of injury or disorientation, ensuring they can continue safely.


	Exception Flow :- The things that can happen to prevent the user from reaching their goal.
· Helmet dislodges during play:
· System response: play is stopped, and the player is required to leave the field.
· Equipment Manager: Checks helmet for damage or improper fit.
· Player: Does not return to play until the helmet is secure and safe.
· Player suffers head injury:
· Medical staff: immediately assesses the player for head injury or concussion.
· Player: removed from play and follows medical protocol.
· Helmet analysis: The helmet is checked for defects or issues that could have contributed to the injury.
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	How
	Importance
	inspect for damage
	don safety gear
	adjust fit
	secure fit
	verify fit
	participate in game/practice
	absorb impact
	capture data on impact
	continue participation in game/practice
	

	Requirements
	
	
	
	
	
	
	
	
	
	
	Requirement details

	Shall provide a secure, comfortable fit without causing discomfort during periods of long use
	1.42
	1
	9
	9
	9
	1
	9
	3
	3
	9
	The equipment must ensure a snug fit that adapts to various head shaped and sizes, using a combination of padding and straps. Comfort must be maintained throughout extended use, particularly during game and practices lasting over two hours. The design should prevent pressure point and allow for even distribution of weight, avoiding any tightness or discomfort that could distract the player.

	Should not obstruct the player’s vision, ensuring clear sightlines in all directions
	1.27
	
	3
	9
	3
	1
	9
	1
	3
	9
	The design must accommodate peripheral vision, with an emphasis on unobstructed sightlines horizontally and vertically. Eye protection features, if included, should be anti-glare and resistant to fogging. Face masks should be designed to minimise obstruction while still providing adequate protection.

	Must have adequate ventilation to prevent overheating
	1.5
	
	3
	3
	3
	1
	9
	
	3
	9
	The equipment should facilitate airflow, reducing the likelihood of overheating during high-intensity activities. Ventilation must be effective in both hot and humid environments. Materials should be moisture-wicking to manage sweat and heat build-up.

	Should be lightweight to minimise fatigue
	1.5
	
	3
	3
	3
	1
	9
	1
	3
	9
	The total weight of the equipment must be kept to a minimum, ideally under a specific target, while still providing protection. The use of materials such as carbon fibre or other composites should be explored to achieve balance between weight and robustness.

	Easy to put on, adjust, and remove quickly
	1.37
	1
	9
	9
	9
	3
	9
	3
	3
	9
	the equipment should feature a quick-release system and adjustable components that allow players to don, adjust, and remove the equipment efficiently, even when wearing gloves. The adjustment mechanisms should be intuitive and reliable, ensuring a secure fit with minimal effort.

	Must withstand repeated impacts and usage over a long season without significant wear
	6.75
	9
	1
	1
	1
	1
	9
	9
	3
	9
	the equipment must maintain its structural integrity and protective qualities over an entire season, which could involve hundreds of impacts. The materials used should resist cracking, denting, or deforming, and all components (including straps and padding) should remain functional without excessive wear.

	Should be easy to clean and maintain
	0.88
	3
	1
	
	
	
	3
	
	3
	3
	the design should allow for easy disassembly for cleaning, with components that are washable or wipeable. Anti-microbial linings or coating could be included to prevent the buildup of bacteria and odors. Maintenance tasks, such as padding replacement or strap adjustment, should be straightforward and require minimal tooling.

	Affordable without compromising on safety and performance
	3.59
	1
	1
	1
	1
	1
	1
	3
	3
	1
	

	must significantly reduce the risk of head injuries
	6.98
	1
	3
	1
	1
	1
	9
	9
	3
	9
	

	shall allow for team colours and logos without degrading the material
	0.81
	
	
	
	
	
	9
	
	1
	9
	

	must meet or exceed all relevant safety standards
	6.51
	3
	1
	1
	1
	3
	3
	9
	3
	3
	

	demonstrated through testing to prevent injuries
	6.53
	
	
	1
	1
	3
	3
	9
	3
	3
	

	clear information on the safety features and benefits
	2.75
	
	1
	1
	1
	1
	
	3
	3
	
	

	incorporate the latest safety technologies
	4.12
	1
	3
	3
	3
	3
	3
	9
	9
	3
	

	ability to monitor and report on injury statistics
	2.9
	3
	
	
	1
	1
	3
	3
	9
	3
	

	must provide high levels of protection against concussions and other head injuries
	6.98
	3
	3
	3
	3
	3
	9
	9
	3
	9
	

	design should be feasible for mass production with high quality
	4.05
	1
	
	
	
	
	3
	1
	3
	3
	

	should use readily available materials
	4.28
	
	1
	1
	1
	1
	3
	1
	3
	3
	

	must include stringent quality assurance processes
	3.53
	3
	
	
	1
	3
	1
	1
	1
	1
	

	demonstrably reduces injury risk, potentially lowering insurance premiums
	6.24
	1
	1
	1
	1
	1
	3
	9
	9
	3
	

	provide data showing reduced injury rates
	3.53
	1
	1
	1
	1
	1
	3
	3
	9
	3
	

	must pass all required testing procedures
	6.66
	3
	1
	1
	1
	3
	1
	3
	3
	1
	

	provide thorough documentation of testing and compliance
	4.09
	3
	1
	1
	1
	3
	1
	3
	3
	1
	

	reduces potential legal liabilities related to injuries
	5.19
	3
	1
	1
	1
	3
	3
	9
	9
	3
	

	incorporates features that address common legal concerns about player safety
	6.6
	1
	3
	3
	3
	3
	3
	9
	9
	3
	

	
	
	208.85
	162.33
	161.65
	160.46
	197.38
	427.49
	596.58
	462.79
	427.49
	

	Target
	
	95%
	15 seconds
	15 seconds
	15 seconds
	90%
	8/10
	> 30%
	95%
	8/10
	

	Benchmark
	
	85%
	20 seconds
	20 seconds
	20 seconds
	80%
	7/10
	> 25%
	85%
	7/10
	

	Ideal Value
	
	100%
	10 seconds
	10 seconds
	10 seconds
	100%
	10/10
	>40%
	100%
	10/10
	

	How Much??? Derive target values for each function. This will determine how well the existing design performs and how well our modified version will perform
	
	percentage of detectable damage
	time to don and adjust
	time to don and adjust
	time to don and adjust
	Fit accuracy
	Comfort rating (after 2 hours)
	Impact force reduction (compared to not wearing a helmet)
	Impact detection accuracy
	Comfort rating (after 2 hours)
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	Function
	Means

	inspect for damage
	colour changing material
	integrated sensors
	mobile app
	smart helmet display

	don safety gear
	one-piece slip-on design
	magnetic locking system
	expandable helmet liner
	Helmet docking station

	adjust fit
	self-adjusting fit
	air cushion lining
	ratchet-based adjustment
	memory foam liner

	secure fit
	quick-release buckle with automatic lock
	gel-based grip pads
	4-point chin strap
	magnetic fastening system

	verify fit
	fit verification app
	pressure sensors
	colour-coded fit indicators
	smart helmet liner

	participate in game/practice
	enhanced ventilation design
	lightweight composite materials
	integrated cooling system
	wearable technology integration

	absorb impact
	multi-layered impact foam
	rotational energy management system
	honeycomb structure
	liquid-filled bladders

	capture data on impact
	embedded accelerometers and gyroscopes
	cloud-connected data logging
	visual impact indicators
	smart helmet with RFID technology

	continue participation in game/practice
	Adaptive padding system
	Impact-resistant shell with memory reset
	real-time fit adjustment
	battery-assisted cooling
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	Relative Importance Equal
	Relative importance Weighted
	current solution
	new solution 1
	new solution 2
	new solution 3
	New Solution Combined
	Combined Solution – Means


	Functions
	How much:- From QFD 1
	
	
	
	
	
	
	
	

	inspect for damage
	
	1
	20.884614
	1
	2
	2
	-2
	2
	1

	don safety gear
	
	1
	16.232909
	1
	1
	2
	-2
	2
	2

	adjust fit
	
	1
	16.164784
	1
	2
	-2
	2
	2
	1

	secure fit
	
	1
	16.045791
	1
	1
	2
	-2
	-2
	2

	verify fit
	
	1
	19.73762
	1
	2
	-2
	2
	2
	1 and 3

	participate in game/practice
	
	1
	42.749297
	1
	1
	2
	-2
	2
	2

	absorb impact
	
	1
	59.658206
	1
	1
	1
	1
	1
	1

	capture data on impact
	
	1
	46.279199
	1
	-2
	1
	1
	1
	B

	continue participation in game/practice
	
	1
	42.749297
	1
	2
	2
	-2
	2
	1

	
	
	
	
	9
	10
	8
	-4
	12
	

	
	
	
	
	267.1461378
	224.3844749
	294.9661545
	-85.07826145
	368.451285
	

	Ranking
	
	100
	
	-258.1461378
	-214.3844749
	-286.9661545
	81.07826145
	-356.451285
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	Design feature
	Importance
	
	Importance
	Colour changing material
	expandable helmet liner
	ratchet-based adjustment
	quick-release buckle with automatic lock
	colour-coded fit indicators
	pressure sensors
	enhanced ventilation design
	honeycomb structure
	embedded sensors
	adaptive padding system
	

	Functionality
	
	
	
	
	
	
	
	
	
	
	
	
	
	Functionality Detail

	inspect for damage
	208.8
	10
	20.88
	9
	
	
	
	3
	9
	
	
	3
	
	Detect structural damage that might compromise its integrity (e.g. cracks, dents, wear)

	don safety gear
	162.3
	10
	16.23
	1
	9
	3
	9
	3
	1
	
	1
	1
	3
	Ensures helmet can be easily and quickly donned. Time and effort needs to be minimised whilst ensuring a snug and comfortable fit.

	adjust fit
	161.6
	10
	16.16
	3
	9
	9
	9
	9
	1
	
	1
	1
	3
	Tuning the fit to conform to the player’s head shape for optimal comfort and safety.

	secure fit
	160.5
	10
	16.05
	3
	3
	9
	9
	1
	1
	
	1
	1
	3
	Ensuring the helmet remains firmly in place during gameplay. Goal is to maintain helmet stability to ensure maximum protection.

	verify fit
	197.4
	10
	19.74
	9
	1
	1
	1
	9
	9
	1
	1
	3
	1
	Checking that the helmet is properly adjusted and securely in place before use.

	participate in game/practice
	427.5
	10
	42.75
	1
	3
	3
	3
	3
	3
	9
	9
	1
	9
	Encompasses comfort, visibility, ventilation, and impact protection. Player needs to be able to perform to highest levels while also protecting from head injuries.

	absorb impact
	596.6
	10
	59.66
	1
	3
	3
	3
	
	1
	3
	9
	1
	9
	Critical function for reducing the force transmitted to the player’s head during collisions. Goal is to minimise risk of concussions and other head injuring by reducing the impact force.

	capture data on impact
	462.8
	10
	46.28
	3
	
	
	
	
	9
	
	1
	9
	1
	Data collected will be used to monitor injury risk. Goal is to provide real-time insights into the player’s exposure to head impacts, supporting injury prevention.

	continue participation in game/practice
	427.5
	10
	42.75
	1
	3
	3
	3
	3
	3
	9
	9
	1
	9
	Helmet shall remain effective throughout the entire game/practice session, maintaining protective qualities and comfort over time. It includes ability to withstand multiple impacts as well as durability of materials.

	
	
	
	
	762
	795
	794
	891
	707
	1147
	968
	1421
	732
	1518
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Target
	
	
	
	5
	± 10%
	95%
	< 2
	5
	95%
	< 5
	30%
	95%
	< 1
	

	Benchmark
	
	
	
	3
	± 7%
	85%
	3
	3
	90%
	< 7
	20%
	90%
	2
	

	Ideal Value
	
	
	
	10
	± 15%
	100%
	< 1
	10
	100%
	< 3
	40%
	100%
	instant
	

	How Much???
	
	
	
	Colour contrast visibility (metres)
	Head size adjustability (percentage variation in head size)
	Adjustment stability over time
	operation time (seconds)
	Colour contrast visibility (metres)
	Data accuracy
	Internal temperature rise (degrees above ambient)
	Reduction in impact force
	Data accuracy
	response time for padding adjustment (seconds)
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Feature Importance Chart

Colour changing material	expandable helmet liner	ratchet-based adjustment	quick-release buckle with automatic lock	colour-coded fit indicators	pressure sensors	enhanced ventilation design	honeycomb structure	embedded sensors	adaptive padding system	762.45914701820129	794.92464133431872	793.80193542006509	891.19939027854662	707.01579028657352	1146.7103794110949	968.19959323065211	1420.8715158594659	731.97978215135015	1517.758486106075	Design Feature


Importance Score



Rationalised Requirements

Shall provide a secure, comfortable fit without causing discomfort during periods of long use	should not obstruct the player's vision, ensuring clear sightlines in all directions	must have adequate ventilation to prevent overheating	should be lightweight to minimise fatigue	easy to put on, adjust, and remove quickly	must withstand repeated impacts and usage over a long season without significant wear	should be easy to clean and maintain	affordable without compromising on safety and performance	must significantly reduce the risk of head injuries	shall allow for team colours and logos without degrading the material	must meet or exceed all relevant safety standards	demonstrated through testing to prevent injuries	clear information on the safety features and benefits	incorporate the latest safety technologies	ability to monitor and report on injury statistics	must provide high levels of protection against concussions and other head injuries	design should be feasible for mass production with high quality	should use readily available materials	must include stringent quality assurance processes	demonstrably reduces injury risk, potentially lowering insurance premiums	provide data showing reduced injury rates	must pass all required testing procedures	provide thorough documentation of testing and compliance	reduces potential legal liabilities related to injuries	incorporates features that address common legal concerns about player safety	1.4185992852842677	1.2696819259299228	1.4980632083247054	1.4980632083247054	1.3662498840324215	6.7548768986829097	0.87726328083215444	3.5884933081745776	6.9775786350073448	0.8134254701956114	6.5056072389247506	6.5330824596612729	2.7465565240504244	4.1181877419663584	2.9031597953428556	6.9775786350073448	4.0491637369575866	4.2800391191511054	3.5250017720866667	6.2420053844984587	3.5250017720866667	6.657067171805001	4.0854673051230961	5.1918739378536163	6.5979123006961462	Requirement


Importance Score



Functional Importance Graph

inspect for damage	don safety gear	adjust fit	secure fit	verify fit	participate in game/practice	absorb impact	capture data on impact	continue participation in game/practice	208.84614154777645	162.32909143080258	161.6478448951965	160.45791490704647	197.37620440632793	427.4929742182054	596.58206399083178	462.79199111010007	427.4929742182054	Function


Importance Score
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