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Executive Summary

The purpose of this report is to analyse and apply tools and techniques that are used under the umbrella of design for excellence. Problems that exist in today’s world is that traditional manufacturing process can mean large inventory requirements to make parts, the process can often be lengthy and produce large amounts of waste. There is now a growing trend of manufacturers and customers who demand cheaper, quicker and more sustainable solutions to that of traditional manufacturing processes. 
Design for excellence or DfX is a set of approaches that are used to help analyse how a product has been designed and produced. The Additive manufacturing process is an ever increasingly popular choice and is seen as an improved means of producing components that are more cost effective, reduce waste from manufacturing process and can incorporate more complex geometries and intricate designs than that of more traditional manufacturing methods. The specific optimisation of new and existing parts can be made possible by newer technologies of that of additive manufacturing, design for additive manufacturing has been applied in the analysis and redesign of a common part of a road bicycle that uses less material whilst strength is still retained and produced a shape or geometry that is aesthetically pleasing for customers.
Further research on upscaling production from a prototype wind turbine to full scale production has also been analysed. Design for assembly has been applied for this case. Because manufacturing accounts for a sizable amount of a product’s cost, design for assembly is crucial. The production and assembly can take a long time, and the process, if labour intensive or involves many manufacturing steps or stations whilst in production could also lead to quality issues. Applying design for assembly tools can optimise time, complexity, cost, and quality.
By using design for excellence, it allows for new and existing designs to be optimised, reduce cost and the potential of new markets and customer base to be expanded, the journey of a finished product should not stand still or may become obsolete, companies should continue to use the design for excellence tools and techniques to stay successful and ahead of the market by remaining competitive.
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Introduction  

“Peter Drucker once said, ‘Quality in a service or product is not what you put into it. It is what the client or customer gets out of it’”. This can be applied when a product or part(s) are produced in manufacturing. There are many considerations that designers and engineers should use to enable a successful outcome for customer satisfaction; design for excellence ‘X’ or DFX can be applied as a systematic approach to achieving this goal. The ‘X’ is interchangeable and represents the objective being approached, Design for assembly, design for manufacture, and design for reliability, to name a few. The analysis discussed in the report will focus on the plan for the additive manufacturing process on a selected part chosen as a road bike stem that is a standard manufactured part for bicycles. Research and development into this original part to study and apply auto CAD techniques, using tools such as topology, finite element analysis and generative design tools and techniques to design and create a new part for manufacture. After the design selection has been finalised, a new manufacturing process will be selected for the production of the redesigned product and explore why this has been chosen to take forward as the preferred manufacturing process.
The wind turbine task will examine concept design appraisal and how it can be vital at the beginning of a design process. A manufacturing process proposal has been selected from various manufacturing processes to allow upscaling from a prototype's current 3D printing process to full-scale production. The manufacturing process of injection moulding will be discussed on selection criteria and why this is a good choice for manufacturing the wind turbine, along with disadvantages that need to be considered by the company. 
“Shigeru Mizuno states that ‘Quality needs to be constantly improved, but it is just as necessary to ensure that quality never deteriorates’”. Companies use Quality Functional deployment charts to ensure that they develop and manufacture products that customers and the market desire. A QFD chart has been created for a wind turbine redevelopment and analysed along with a design specification chart, a tool that can be used in conjunction with the manufacturing process and product that can be applied to the design stage of the development and captures critical requirements such as materials used, aesthetics, cost and environmental factors that can all be considered before final production is in full motion. A design for assembly technique looks at how the Lucas method can be applied to improve design efficiency and address essential and non-essential parts that could be eliminated or improved to reduce parts and the overall cost of a design or redesign.
Main Findings – Task 1

Additive manufacturing is a process that can significantly reduce the time taken for component design and development. There are two stages of additive manufacturing, 1st stage is a component or part developed using CAD software; this is then transferred into a complete product using the CAD data, which is assigned to any additive manufacturing machine without the use of any tools or work holding devices .
In the additive manufacturing process, parts are created by adding small layers (layer-by-layer) to produce a component or assembly. This gives the AM process more freedom than conventional manufacturing processes. Because of AM technologies' distinctive features, there are more possibilities for customisation, better product performance, multifunctionality, and cheaper total manufacturing costs. Since additive manufacturing (AM) is layer-based, almost any part shape can be produced without hard toolings, such as moulds, dies, or fixtures.  Economical fabrication of individually tailored geometries is possible.  Using cellular structures (honeycombs, lattices, and foams) or more generic structures allows for creating of highly complex geometric constructs. Frequently, a single part, or a smaller number of pieces, that is geometrically more complicated than the parts being replaced can replace several conventionally made parts .
A part has been selected to apply design for additive manufacturing tools and techniques. The chosen part is a standard stock stem on a road bike. The stem connects the handlebars to the frame (head). Figure 1 shows the classic design before the design for additive manufacturing was applied.



Figure 1 - Road bike stem design before any tools and techniques applied and analysed.

Topology optimisation
Topology Optimization (TO) is a method that enhances the layout and structure of materials within a 3D design space based on specific rules set by the designer. The goal is to improve part performance by mathematically modelling and optimising factors like external forces, load conditions, boundary conditions, constraints, and material properties within the design envelope .
The bike stem model shown in Figure 1  was built in the CAD package Solidworks. Once the part was completed, a topology study was constructed to show how this tool and technique could be applied to a part(s). The best stiffness-to-weight ratio was selected for the goals and constraints parameters.
Figure 2 shows the first topology study that was completed. Although completed, the first attempt at the analysis turned out differently than expected. Figure 2 shows very little material was removed from the part, but what was removed would not have been able to be manufactured due to the clamp bolt-hole section of the head stem on the head side of the stem (that attaches to the bike frame) had been completely removed, rendering the part useless. 


Figure 2 - First Topology study created in Solidworks

After further research on topology studies from engineers’ rule  a further topology study was required, and an improved part would be created. Preserved regions were applied via the manufacturing controls and re-apply the expected loads. It was completed after rerunning the topology study; although much improved, it was not aesthetically pleasing or symmetrical.  Figure 3 shows the second attempt at a topology study for the original road bike stem.
 
Figure 3 - second topology study

A third topology study would be required to improve the previous two attempts. For the third topology study, symmetry control will be applied to the model. This would run the topology study on the selected symmetry plane. The result of study number three is shown in Figure 5. The topology goals, constraints and forces are also included in Figure 4. The recommended mesh was applied before running the study, the mesh control was a finer mesh which would provide more accurate results, but this does take longer to solve by the CAD program.

Figure 4 - Mesh control applied before running the topology study

Figure 5 - third and final topology study result
Figure 6 shows the definitive topology study from a different angle. 

Figure 6 - final topology result from a different view

After the third study was completed and analysed, it was accepted as a good topology study. The part was further enhanced by editing appearances added to the finished topology result to visually show how the part could look after manufacturing a prototype piece. Figure 7 shows the finished study.

Figure 7 - topology results after rendering and appearance editing

Finite Element Analysis
Solidworks Simulation utilises FEA (Finite Element Analysis) techniques to determine how parts or assemblies respond when subjected to a load. The load may include pressure, force, temperature, gravity, centrifugal force, or loads imported from previous simulation studies. The outcome is then presented as stress, displacement, or strain . 
Autodesk  a global leader in the design and make technology, informs the user that the analysis simulation software result is used to predict how the product (like the road bike stem modelled for the analysis) would react to real-world forces vibration, heat, fluid flow plus other physical effects and whether it will deform, wear out or break the way the product is designed based on inputted simulation parameters. The results will be shown visually, as shown in a screenshot of the simulation model run for the study of the road bike stem Figure 8. shown can then provide designers and engineers with crucial data if a product can withstand such forces, stress, heat etc. or if the part of the product will need redesigning to meet the customer requirements specification. The colour scale of the study shown on the right-hand side of Figure 8 will be shown in areas of the varying parameters selected under the results tab on the left-hand side bottom section of Figure 8, which can be chosen for stress, strain, and displacement.

Figure 8 - FEA simulation analysis in Solidworks CAD system

Generative Design
Generative design is a computer-aided design package that is today’s cutting-edge technology. It uses complex algorithms and machine learning to create complex and efficient design geometries that would be difficult or impossible to achieve through traditional design methods. Designers input specific design parameters, constraints, and parameters and then run the study. The software will then run several iterations in the background that can produce various design options, which the designers and engineers can select to explore further for manufacture .
To generate the generative design options, Fusion360 from the Autodesk software company was used to create the generative design models for the road bike stem. To complete this task, the Solidworks CAD model used to create the original road bike stem, as shown in Figure 1, was saved as a STEP file. STEP files are used as they are a great way to share 3D model designs across various CAD platforms. They are a standardised file format that makes sharing much easier . Once the CAD design has been loaded into Fusion360 software, the STEP file is opened, and the design is copied across into the fusion360 software. 
The steps that are involved in the generative design creation process as listed by Engineering product design :
Define design goals: This 1st stage is about clearly defining the goals, including performance criteria, functional requirements, and constraints. 
Input parameters: The generative design software requires input parameters that include material properties, manufacturing methods, and geometric constraints. These parameters are defined and entered into the software.
Generate design options: The software for generative design produces numerous options for designs by considering the input parameters and desired design objectives.
Several additional steps should be completed after Step 3, but no further step requirements were taken forward for the analysis conducted. The stages, in brief, are evaluating design options, selecting the optimal design, fabricating and test and iterating. Figure 9 shows the road bike stem in the form before the study is run. For the analysis completed, only sections one to three have been done. In Figure 9, Yellow is the starting shape (existing model), green is to preserve geometry and will be incorporated into the final form of the design, and red is for obstacle geometry and, in this case, is selected for the bolts for the assembly and will prevent the structure from covering or changing this section. 
Once the study was completed, the final design choice was selected, as shown in the Figure 10 pictures. The final design was analysed and chosen based on aesthetics, further iterations were available, but due to customer requirements of the part having to meet the specification of being aesthetically pleasing, Figure 10 fitted the customer’s needs. 
Figure 11 shows the completed generative design edited with appearances and could be used to show the customer multiple different colour or appearance preferences before manufacturing begins.




Figure 9 - Road bike stem analysis in fusion 360



Figure 10 - completed Generative design selection screen grabs

 
Figure 11 - Rendered Generative final design of road bike stem

The Final generative design can now be taken forward to the next stage, manufacture. An additive manufacturing process has been selected to produce the parts. The process that has been researched and analysed is powder bed fusion technology, in which there are several options which could be chosen within this process: Selective beam sintering (SLS), Electron beam method (EBM), Selective laser melting (SLM), Direct laser metal sintering .
Electron beam melting has been selected out of the above techniques listed. During this process, a powerful beam of electrons is emitted from a cathode or filament, which could be tungsten is controlled by the computer software from the uploaded digital CAD model to create a 3D object from metal powder. The metal powder used to produce the road bike stem has been chosen as titanium, but aluminium would also be a suitable metal choice. 
The process is repeated by adding layer upon layer of metal powder preheated to desired temp before the electron beam melts the powder with precision. This process is repeated until the product is completed. According to  using electron beam melting technology with titanium can give better results in a much faster time but also reduce costs by up to 35% when compared to different manufacturing methods that could be used in place of EBM.
The completed parts would need further processing after manufacture, in which any loose powder or support structures required to build the product are removed; the support structures are often provided by the sintered powder, eliminating any mechanical support structures needed. The recovered metal powder and solid waste are then recovered and re-cycled, which means they are re-used to produce new parts; research shows  that around 95-98% of the unmolten powder can be reused for new products; selecting this process is not only recyclable but sustainable due to very low waste produced making it an attractive choice for customers and the environment .

















Main Findings – Task 2 Wind turbine

Concept Design Appraisal
Design concept appraisal or evaluation often plays a vital part in the early stages of product development or redesign. The process can have a substantial impact when applied to downstream development processes and how well the created product does. Design idea evaluation is fundamentally a sophisticated multi-criteria decision-making process incorporating significant data and subject matter expertise .
As part of the development, a Quality function deployment and a product design specification chart have been completed as part of the design appraisal process. 
All the specifications, limitations and requirements that must be followed for the re-design and manufacture should be listed in a document called a product design specification (PDS). Every part of the design brief should be listed with detailed information .

Product Design Specification for portable wind turbine Re-design
Introduction 
A portable wind turbine prototype is currently being produced at low production volumes. To allow for larger production volumes (1000 – 2000 units per week) and optimise the current wind turbine prototype to suit customer requirements and reach a more extensive customer base. 
Basic Operation & Purpose  
The wind turbine has been manufactured as a portable device that must fold easily for transportation and can be carried by a single person. The set-up and use for generating small amounts of electricity for portable units such as mobile phones, lights, and radios by use of a generator driven by a natural resource, wind. Some of the expected requirements that the customers have specified will need to be taken into the design considerations for re-manufacturing and upscaling the prototype.
The product design specification created for the wind turbine redesign is shown in Table 1.




Table 1 - Product design specification
Quality function deployment
Dr Yoji Akao created the quality function deployment in Japan in 1966. The quality function deployment (QFD) procedure enlists team members from all departments within the supplier organisation to create a product or service based on customer needs. It transforms the needs of the client or the client's voice into the proper technical requirements for each stage. QFD is divided into four stages, Stage 1 – product planning, Stage 2 – Product design, Stage 3 – Process design and Stage 4 – Process control (quality) .
A House of Quality is a product planning matrix developed to show customer requirements and how they directly relate to actions that will be taken to achieve the requirements. A house of quality should be the primary tool in quality function deployment and will serve as a roadmap for describing the product’s journey from the start to the finished product . 

The voice of the customer (VOC) or customer needs has been populated for the wind turbine redevelopment, as shown in Figure 11 under the demanded quality line items. The customer feedback consists of the customer’s needs and requirements; each item will have a weight/importance populated down the column sections. The scoring for this section has been set from a scoring system of 1-10, 1 being the lowest priority and 10 scoring the maximum value and showing this as the customer’s highest priority need. Once this has been captured, the listed product features are populated in the functional requirements heading from left to right; these can be referred to as critical to customer-defined attributes. The section on the direction of improvement describes how a product feature may be enhanced and is either minimised, maximised or targeted to be selected, as shown in the key in Figure 11. For example, maximising the product feature for being lightweight might meet the customer’s need for being portable, but it could also hurt another customer’s needs in which durability could be affected as an example .




Figure 11 - Voice of the customer

The relationship section of the quality function deployment house is used to map the substitute quality characteristics on the one hand against the customer requirements on the one hand and benefits on the other. Each cell will represent a judgement made by the development team. During this ranking process, four possibilities can be selected: A strong relationship, a moderate relationship, a weak relationship or not linked . The bottom section of the house of quality represents the weighted importance of the customers’ requirements versus characteristics, as is shown in Figure 11 the highest weight/importance is shown as lightweight and the material of construction and highlights the areas the team should focus the design requirements around, this also confirms that addressing these should also meet one of the top customer requirements that have been identified . 

Manufacturing Process Proposal
A new manufacturing process has been identified and selected to upscale the wind turbine prototype from its current method of manufacturing 3D printing. An injection moulding manufacturing process has been chosen to enable higher weekly production volumes, as 3D printing is generally unsuitable for higher production volumes. However, most parts for wind turbine manufacture would be suitable and manufactured from the injection moulding or moulded process. Sub Parts for the assembly, such as the motor, gearbox, switches, Gears and screws, would most likely be made from other manufacturing processes such as Diecast, sintering, pressed, machined parts and headed and rolled.
The injection moulding process, as stated by  ‘Is probably the most used technique for the quantity production of plastic parts. It is a versatile process capable of producing intricate parts at fast production rates with good dimensional accuracy. Moulds can be costly, which limits this manufacturing process to high production volumes. 
The plastic injection moulding process analysis has several advantages which are desirable for the company and its need to change the manufacturing process from the current 3D printing prototype process. The benefits of the manufacturing process selection are:
Precision – The process is perfect for very intricate parts; the moulding allows for small tolerances and incorporates many features within the design .
High repeatability – Once the tool mould has been fabricated, it will produce identical parts repeatedly. The tool’s life expectancy tends to be long .
Low cost per unit – Tool investment tends to be high initially, but once manufacturing starts, the cost per part is very low. Other plastic processing techniques may require multiple operations to produce a part(s), for example, polishing .
Fast – cycle times can be as low as 10 seconds, meaning parts can be made quickly on a large-scale production .
Material choice – A vast selection of materials is available for the injection moulding process, different types of plastic, including High-Density Polyethylene (HDPE) which the company is looking to select for upscaling production.
Surface finish & features – Many different colours can be used for the manufacturing process giving a wide selection of choices and possibilities. The tooling can also allow for surface finishes such as a high shine, leather look, and soft touch. If required, the logo could also be built into the injection mould .
· Waste – A significant advantage of this manufacturing process is that it will produce little waste from the product. Any sprues or runners left over by the manufacturing process can be reground and re-used in the manufacturing processes. As waste products can be recycled and reused, injection moulding’s environmental impact is low (plastics, 2023).
As with any advantages, some disadvantages must be considered before finalising the manufacturing selection process. These are factors such as:
· Initial High cost – The most expensive part of injection moulding is the sophisticated mould tool, which requires a lot of labour, materials and machining time to create (plastics, 2023).
· Careful design required – Plastic mouldings need the meticulous design to prevent tooling problems like undercuts (which will significantly increase tooling costs), locked-in features, and inadequate draught. The wall design must consider the material and temperature, or the mould may not completely fill. To guarantee that the product is aesthetically pleasing, which the company strives to achieve for the wind turbine, the positioning of ejectors and cooling lines must be considered (plastics, 2023).

Design and Development work undertaken
Design for ‘X’ in manufacturing was developed by several companies as early as the 1960s for use during the product design phase as manufacturing guidelines. DFX has many concepts and applications (Kuo, Huang, & Zhang, 2001).
As discussed by ( (Zhai, Khoo, & Zhong, 2009), (Sarmento, Marana, Batalha, & Stoeterau, 2011)) list some of the Design for X applications as:
· Design for assembly (DFA)
· Design for manufacture (DFM)
· Design for disassembly and design for recyclability (DFRC)
· Design for environment (DFE)
· Design for life-cycle 
· Design for quality 
· Design for maintainability (DFM)
· Design for reliability (DFRI)
· Design for cost and design to cost (DFC) (Hessing, 2023)
· Design for testing/testability (Hessing, 2023)

Design for assembly (DfA) is a methodology used to improve the efficiency and ease of a product. As observed by Boothroyd-Dewhurst (Boothroyd, Dewhurst, & knight, 1994) state, the primary goal of using DFA is to reduce the number of parts and simplification of the product to save time and money during the manufacturing stage of the product. Boothroyd-Dewhurst uses time in motion studies to analyse timings on each of the handling and insertion motions of the product parts. A design efficiency calculated in percentage is then completed for the product. This can then be compared to the redesign to calculate the new design efficiency based on the old product versus the new redesigned model.
There is also another adopted method used in design for assembly which is the Lucas Design for assembly methodology. This was developed in the 1980s by the Lucas corporation in the U.K. As observed by (Sarmento, Marana, Batalha, & Stoeterau, 2011) the technique can be useful for both new and existing products. It can identify areas of improvement and help designers make the necessary changes to deliver an improved product; The Lucas method has the same intention as the Boothroyd-Dewhurst model of saving time and money.
The Lucas DFA method uses tables populated with number index selections for manual handling and manual fitting analysis (Chan & Salustri, 2005) and has been applied to the wind turbine design prototype design, which will be used as a document for review when completed by the team members with expertise such as engineers, designers, production personnel to allow for a complete redesign proposal on the wind turbine for manufacture. The tables used for the Lucas DFA method are captured in Figures 12-13. The analysis should identify which parts can be redesigned from the existing design. Using the populated table shown in Table 2, the elements with higher numbers in the total columns should be addressed. These are either complex to handle or are fasteners or fixings like screws, bolts and nuts that are theoretically not necessary, as agreed by (Boothroyd, Dewhurst, & knight, 1994) and the Lucas flowchart (Volotinen & Lohtander, 2018) for essential or non-essential parts which is shown in Figure 12. The Lucas flow chart was used to analyse the essential and non-essential parts of the wind turbine. These are populated as an “A” part, classified as an essential part, and a “B” part, classified as a non-essential part; the A/B criteria selected have been incorporated into Table 2 to aid in the redesign outcomes.
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[bookmark: _Toc139238135]Figure 12 - Lucas flowchart of essential and non-essential parts  (Volotinen & Lohtander, 2018)
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[bookmark: _Toc139238136]Figure 13 - Tables for Lucas DFA method (Chan & Salustri, 2005)
[image: ]
[bookmark: _Toc139238142]Table 2- The Lucas method applied for prototype wind turbine design

Once the grouping has been completed, functional analysis can be conducted on, firstly, the existing model of the wind turbine and then finished after the redesign has been completed. The design efficiency is calculated using the formula: DE = A/(A+B)*100
‘A’ is the number of essential components, and ‘B’ is the number of non-essential components. Applying this formula to the existing wind turbine, the design efficiency can be calculated as DE = 10/(10+14)*100, DE = 41.7%. (Chan & Salustri, 2005) confirm that a target of design efficiency of 60% should be targeted for initial designs. Further analysis of Table 2 ‘B’ non-essential components shows that many non-essential parts are fasteners or securing components which can be assessed further if these can be redesigned, improved or eliminated. If the product design team were to focus on just the highlighted non-essential parts, as shown in Table 3, the enhanced design efficiency based on the redesign is now recalculated to show: DE = 10/(10+4)*100, DE = 71.4%. This now exceeds the recommended minimum 60% design efficiency of the product but should also improve costs and manufacturability complexity (depending on the redesign).
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[bookmark: _Toc139238143]Table 3 - The Lucas method applied for wind turbine design on non-essential parts for design efficiency

Some simple redesign has been completed on the wind turbine design in Solidworks CAD package to illustrate that by looking at essential ‘A’ parts as listed in Table 2, that redesign is still also possible. For example, the wind turbine currently has a four-blade design, by eliminating a blade and making this design a three-blade option, cost can be reduced by using less material on the final product. By eliminating and incorporating the wind fin design into the main body component, this will again reduce a part, complexity on handling and assembly to simplify the overall design illustrated in Figure 14.
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[bookmark: _Toc139238137]Figure 14 - wind turbine simple redesign in Solidworks
Process failure mode effects analysis
According to (Braglia, Castellano, Gabbrielli, & Marranzzini, 2021) Process failure effects analysis (PFMEA) is a valuable tool that is used to ensure the reliability of a product or service during manufacturing and assembly processes. When implemented correctly, it can help to improve the manufacturing process and ensure that assembly operations are executed safely and reliably with minimal downtime, scrap, and rework. A PFMEA study has been compiled and analysed for the new manufacturing process selection of injection moulding, which has been selected for the main components of the wind turbine redesign; Table 3 shows how a process FMEA is structured. 
Many additional potential failure modes could have been included for an injection moulding process; it has been simplified by reducing the contents for research and analysis purposes of the report. PFMEA analysis is completed by first completing the function column; the purpose of an operation is its function. Failure modes can then be identified and recorded on how the process could fail to fulfil its intended function. A failure's "effect" is how it affects the system or the end user. The "cause" is the precise explanation for the failure, which is best discovered by repeatedly asking "why" until the underlying cause is identified. The manufacturing or assembly flaw that leads to the failure mode is the cause for PFMEAs (Braglia, Castellano, Gabbrielli, & Marranzzini, 2021).
RPN or risk priority number is a crucial part of the FMEA analysis. The RPN is calculated by populating the severity, occurrence, and detection numbers into the table per potential effects of the failure. This gives a calculated number by RPN = Severity x occurrence x Detection. The numbers and scaling system for each column are taken from a list shown in Figure 15 and used for the PFMEA analysis of the injection moulding process listed within the report.
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[bookmark: _Toc139238138]Figure 15 - Risk priority number tables and scaling  (DOW_BOSCH APQP4, 2001)

After the risk priority numbers are completed, the process should not be terminated. Still, the next phase of the analysis, in which actions are generated and completed, will reduce the RPN value downwards, which could reduce the likelihood of failure in that node. Table 4 has been constructed with additional actions in some failure nodes and the new RPN numbers generated for comparison on the effects of the scoring before and after actions have been completed (Giannetti, Gethin, Ransing, & Sienz, 2014).
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[bookmark: _Toc139238144]Table 4 - Process failure modes and effects analysis for injection moulding  (DMAICtools, 2023)
[bookmark: _Toc138706097][bookmark: _Toc139301741]Conclusion

Designing for excellence (DFX) requires a thorough understanding of the needs and preferences of the target audience. Teams of designers and engineers must consider factors such as functionality, usability, and aesthetics to create a product that is not only visually appealing but also practical and user-friendly. Collaborating with experts in the field can also help ensure that the design meets industry standards and best practices. Ultimately, a well-designed product can significantly impact the success and satisfaction of its users and good business for the suppliers. Tools applied in the research and development of both the road bike stem component and wind turbine design and manufacture have been used and can show what the tools under design for X can achieve to design for excellence standards.
By applying manufacturing methods such as Additive manufacturing, the time taken to design and produce manufactured parts can be significantly reduced by using CAD software alongside an additive manufacturing machine (Balasubramanian, senthilkumar, & Senthilvel, 2020). It can also be shown that from the use of generative design applications, much more complex and integrate shapes can be produced to enhance a product’s appeal to customers, the road bike component featured in Figure 11 has shown that the component will not only be lighter with less material but strength will not be compromised if the inputted parameters are correct and analysed to produce an aesthetically pleasing product (reference?)
The research and selection of additive manufacturing processes like the electron beam melting process taken forward to produce the bike part from the generative design tool can be affirmed as having better results whilst saving costs by 35% compared to other traditional manufacturing processes (Singh, et al., 2020) which makes this processes of manufacturing attractive by saving costs and reducing waste by recycling the waste product into new parts.
Design specifications are valuable documents that allow teams to document critical information and customer requirements into a simple chart that can be used by the technical team(s) to design or redesign products successfully by achieving the conditions at the start of the design process (Geddes, 2022). Quality function deployment tools can be followed on from design specifications; a house of quality matrix has captured the voice of the customer along with functional requirements for the wind turbine design. The house of quality serves as a road map for describing the product’s journey from start to finish (Feldman, 2018).
For upscaling production of the wind turbine, based on the design specification and quality function deployment results, the selection of injection moulding was selected to upscale production; However, disadvantages are always a challenge, especially costs for initial outlay for production, the many more advantages around waste and recyclability (plastics, 2023) were high drivers for customer needs along with high volume and repeatability made the manufacturing process an excellent choice for selection. 
A finished product’s journey does not have to stay stagnant forever; by using techniques like the Lucas method for design for assembly, a product can be stripped down into parts and analysed for essential and non-essential parts, and design efficiency calculations can be used for pre and post design to understand a products design efficiency improvement (Chan & Salustri, 2005). Manual handling assessments and manual fitting assessments (Figure 13) can help teams reduce the number of parts or consolidate into simpler combined components which can save money, reduce complexity, and speed up production whilst improving profit margins. 
Process failure mode effects analysis has shown how it can be applied to a process, in this case, injection moulding documenting various failure modes and documenting actions to take and implement to ensure reliability during the manufacturing process using injection moulding manufacturing can stay reliable (Braglia, Castellano, Gabbrielli, & Marranzzini, 2021).
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Key considerations Requirements Issues/challenges

Functional requirements

Material & Process

*Injection moulding manufacturing process to be adopted 

for upscaling prototype as seen as suitable for units 

required per week to be manufactured

*material use: HDPE (high density polyethylene)

Injection moulding process deemed 

suitable for choice of material and 

manufacturability and units produced 

per week for selected process

Weight

<10 kg to be carried in portable bag

HDPE is a suitbale leight weight 

material so no major issues forseen 

on weight

Dimensions

TBC but small enough to be portable and carried by 1 

person

Quantity 1000-2000 units per week

Lifespan on product

*>10 years 

*HDPE will oulast this with life expectancy of +50years

Maintenance

The wind turbine will need checking before use to ensure 

fixtures and fittings are connected, parts or not lose or will 

come off during use

Experience

Aesthetics

*product should be nice to look at but functional first and 

foremost, as this is a portable device, it will only be used 

on the go, travel etc…

*colour choice to bright colours especially rotating blades 

so they can be easily identified by persons coming into 

contact with rotating parts

*Material choice also lends itself to smooth look and finish 

which will be pleasing on the eye

Blades to be a suitable colour so that 

it does not affect colour persons with 

colour blindness, research into best 

colour combinatons that will fit this 

requirement

Ergonomics

*Connections to portable generator to be of a suitbale size 

for handling and not small that connections are to fiddly to 

connect

*foldable connections and lockout devices are easilt 

accesible and easy to use

*must be easily portable and able to be carried by 1 

person

Safety

Safery considerations

*A clear instruction manual on assembly and during use 

due to rotating equipment (blades)

*No sharp edges on blades to limit lacerations if body 

parts come into contact with moving blades

*no bare wires or connections accessible to stop 

exposure to electric shock

Safety standards Must comply with UK safety regulations

Testing

Must be tested after redesign to approve use before 

moving into mass production set-up

Transport

Packaging

*Packing to be adequate size for product and must be 

recyclable

Shipping

*shipped to customers, will ship in larger quantities to 

suppliers to keep transportation costs down, also reduce 

carbon footprint on transportation

*use haulier who is also driving Eco-friendly initives in 

there business and supply chain (eg: electric delivery 

vans or hybrid)

Environmenral

Recycling

*HDPE is readily recyclable making it a good choice of 

candidate for the material selection

*electrical components of the motor can be recyclced 

(copper)

must be approx. >90% of components 

to be recyclable after end of life 

Disposal

*Product to be disposed of in local ammenity waste 

disposal sites to allow for re-cycling of product when end 

of life. 

*Minimise parts that are not re-cyclable
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Tables for the Lucas DFA Method

Lucas DFA method - Manual Handling Analysis

Lucas DFA method - Manual Fitting Analysis

[Handling Index = A+B+C+D
One of the following
Very small - requires
tools
Convenient - hands only 1
Large and/or heavy 1.5
requires more than 1
hand
Large and/or heavy
requires hoist or 2
people

15

A. Size & Weight of Part

B. Handling difficulties

All that apply
Delicate

Flexible

Sticky

Tangible

Severely nest
Sharp/Abrasive
Untouchable

Gripping problem /

slippery
No han

g difficulties

0.4
0.6
0.5
0.8
0.7
0.3
0.5
0.2

0

C. Orientation of Part
One of the followi

Symmetrical, no
orientation req'd

End to end, easy to see 0.1
End to end, not visile 0.5

ID. Rotational Orientation of

Part

One of the following
Rotational Symmetry
Rotational Orientation,
easy to see

Rotational Orientation,
hard to see

0
0.2

0.4

Fitting Index = A+B+C+D+E+F

A. Part Placing and

One of the following

D. Access and/or
Vision
One of the following

Self-holding orientation 1.0 [Direct )
Requires holding 2.0 Restricted 15
Plus 1 of the following
Self-securing (i.e. 13
snaps)
Screwing 4.0
Riveting 4.0
Bending 4.0
B. Process Direction E. Alignment
One of the following | One of the following
Straight line from above 0 [Easy to align )
0.1 Difficult to align 0.7
Not a straight line 16

C. Inser

One of the following

Single 0
Multiple insertions 07
Simultaneous multiple 1.2

insertions

F. Insertion Force
One of the following
No resistance to

insertion °
Resistance to
insertion 06
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Components Each item

Essential (A)

Non essential (B)

A - Size & 

weight

B - handling 

difficulties

C - 

Orientation 

of part

D - 

Rotational 

orientation

Total

A - Part 

placing

B - Process 

direction

C - Insertion

D - Access 

& /or Vision

E - 

Alignment

F - Insertion 

force

Total

Blades for wind turbine 4 A 1 0 0.1 0.2 5.20 6 0.1 0.7 0 0 0.2 7.00

Blade locator sleeve 4 B 1 0 0.1 0.2 5.20 6 0.1 0.7 0 0.2 0.2 7.20

Hex bolts to secure blades to sleeve locator 4 B 2.5 0.6 0.1 0.2 13.60 6 0.1 0.7 0.5 0.4 0.2 7.90

Nuts for blade bolts 4 B 2.5 0.6 0.1 0.2 13.60 6 0.1 0.7 0 0.2 0.2 7.20

blade hub connector 1 A 1 0.2 0.1 0.2 1.50 6 0.1 0.7 0 0 0 6.80

End cap on blade centre for hub 1 A 1 0 0.1 0.2 1.30 6 0.1 0 0 0 0 6.10

Motor 1 A 1.5 0.4 0.1 0.2 2.20 6 0.1 0.7 0 0.2 0.2 7.20

Motor holding bolts 4 B 2.5 0.6 0.1 0.2 13.60 6 0.1 0.7 0.5 0.2 0.2 7.70

Motor holding nuts 4 B 2.5 0.6 0.1 0.2 13.60 6 0.1 0.7 0.5 0.2 0.2 7.70

spacer between battery and generator 1 B 1 0 0 0 1.00 6 0.1 0 0 0 0 6.10

fixing down plate for battery to secure onto 1 B 2.5 0.6 0.1 0.2 3.40 1 0 0 0 0 0 1.00

screws to secure battery locator onto bed plate unit 4 B 2.5 0.6 0.1 0.2 13.60 6 0 0.7 0 0 0 6.70

battery convertor/storage unit  1 A 1 0 0.1 0.2 1.30 1 0.1 0 0 0 0 1.10

ball bearing for base swivel 1 A 1 0.2 0 0 1.20 1 0.1 0 0.5 0 0 1.60

Internal retaining clip 1 B 2.5 1.2 0 0 3.70 3.3 0.1 0 0.5 0.3 0.3 4.50

External retaining clip 1 B 2.5 1.2 0 0 3.70 3.3 0.1 0 0.5 0.3 0.3 4.50

fastener part for pin on base  1 B 1.5 0.4 0 0 1.90 1 0.1 0 0.5 0 0 1.60

Pin on base for securing ball bearing section 1 B 1.5 0.6 0.1 0.2 2.40 1 0.1 0 0.5 0 0 1.60

wind fin 1 A 1 0 0.1 0.2 1.30 1 0.1 0 0 0 0 1.10

tube for wind fin 1 A 1 0 0 0 1.00 1 0.1 0 0 0 0 1.10

securing pin through wind fin 1 A 1 0.2 0.1 0.2 1.50 6 0.1 0 0 0 0 6.10

fixing plate for wind fin and pin with bolt holes 1 A 1 0.6 0.1 0.2 1.90 6 0.1 0 0 0 0 6.10

hex bolts to secure fin to securing pin on tube 4 B 2.5 0.6 0.1 0.2 13.60 6 0.1 0.7 0.5 0.2 0.2 7.70

screw fitting for securing pin for wind fin 1 B 1 0.4 0.1 0.2 1.70 1 0.1 0 0 0 0 1.10

123.00 116.70

Manual Handling Index Manual Fitting analysis
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Components Each item

Essential (A)

Non essential (B)

A - Size & 

weight

B - handling 

difficulties

C - 

Orientation 

of part

D - 

Rotational 

orientation

Total

A - Part 

placing

B - Process 

direction

C - Insertion

D - Access 

& /or Vision

E - 

Alignment

F - Insertion 

force

Total

Blade locator sleeve 4 B 1 0 0.1 0.2 5.20 6 0.1 0.7 0 0.2 0.2 7.20

Hex bolts to secure blades to sleeve locator 4 B 2.5 0.6 0.1 0.2 13.60 6 0.1 0.7 0.5 0.4 0.2 7.90

Nuts for blade bolts 4 B 2.5 0.6 0.1 0.2 13.60 6 0.1 0.7 0 0.2 0.2 7.20

Motor holding bolts 4 B 2.5 0.6 0.1 0.2 13.60 6 0.1 0.7 0.5 0.2 0.2 7.70

Motor holding nuts 4 B 2.5 0.6 0.1 0.2 13.60 6 0.1 0.7 0.5 0.2 0.2 7.70

spacer between battery and generator 1 B 1 0 0 0 1.00 6 0.1 0 0 0 0 6.10

fixing down plate for battery to secure onto 1 B 2.5 0.6 0.1 0.2 3.40 1 0 0 0 0 0 1.00

screws to secure battery locator onto bed plate unit 4 B 2.5 0.6 0.1 0.2 13.60 6 0 0.7 0 0 0 6.70

Internal retaining clip 1 B 2.5 1.2 0 0 3.70 3.3 0.1 0 0.5 0.3 0.3 4.50

External retaining clip 1 B 2.5 1.2 0 0 3.70 3.3 0.1 0 0.5 0.3 0.3 4.50

fastener part for pin on base  1 B 1.5 0.4 0 0 1.90 1 0.1 0 0.5 0 0 1.60

Pin on base for securing ball bearing section 1 B 1.5 0.6 0.1 0.2 2.40 1 0.1 0 0.5 0 0 1.60

hex bolts to secure fin to securing pin on tube 4 B 2.5 0.6 0.1 0.2 13.60 6 0.1 0.7 0.5 0.2 0.2 7.70

screw fitting for securing pin for wind fin 1 B 1 0.4 0.1 0.2 1.70 1 0.1 0 0 0 0 1.10

Manual Handling Index Manual Fitting analysis
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ISEVERITY SCALE
10 Hazardous - wlo waming
Hazardous - w/ warning
Loss of primary function
Degradation of primary function
Loss of secondary function
Degradation of secondary function
100% rework in station
Moderate Disruption
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No discemible effect
|OCCURENCE SCALE
10 >1 Per 10
1 Per 20
1 per 50
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<1 Per 1,000,000
IDETECTION SCALE
10 Almost impossible / not checked
9 Very Remote / random audits
8 Remote / Post processing
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      POTENTIAL

FAILURE MODE AND EFFECTS ANALYSIS

Print # Rev.   (PROCESS FMEA) FMEA Number:

Item:   Process Responsibility: Prepared by:

Key Date Date (Orig.)

Core Team: Date (Rev.)

C O Current D

S l c Process e R.

e a c Controls t P. S O D R.

v s u      -Prevention e N. e c e P.

s r    -Detection c v c t N.

warping 4 Non uniform cooling of the 

mold material. Different 

cooling rates within the 

mold cause the plastic to 

cool differently and thus 

create internal stress

4 *adjust injection condition

*can be detected by IPQC

4 64

mold design to 

redesigned with 

reducd wall 

thickness and 

uniform design

4 2 4 32

sink mark 4 cooling insufficient for the 

plastic to fully cool and 

cure while in the mold

4 *adjust injection condition

*can be detected by IPQC

4 64

mold design to 

redesigned with 

reducd wall 

thickness and 

uniform design

4 2 4 32

cooling system sealing coolant leaked 7 *non uniform cooling of the 

mold

*operation area is dirty

3 *Test to the cooling system 

before setting the mold

*can be detected by 

technician while setting the 

mold

4 84 Ensure the cooling 

system is sealed

Ensure testing of 

cooling system 

is completed via 

a checksheet by 

technicions 

when setting up 

mold

7 2 2 28

cooling system /operation 

of cooling 

* Reducing the 

thickness of the 

thickest wall 

sections will also 

ensure faster 

cooling and help 

reduce the 

likelihood of sink 

marks

* Design the mold 

with uniform wall 

thickness and so 

that the plastic 

flows in a single 

direction.

* Select plastic 

materials that are 

less likely to 

shrink and 

deform. 

Semi�crystalline 

materials are 

generally more 

prone to warping

part Is deformed

Process 

Function/ 

Require- 

ments

Potential 

Failure 

Mode

Potential 

Effect(s) 

of Failure

Potential 

Causes(s)/ 

Mechanism(s) 

of Failure

Actions 

Taken

Recommended 

Action(s)

1

J.C-Davies

10/04/2023

Responsibility 

& Target 

Completion 

Date



Action Results

A

Portable Wind turbine parts by injection 

moulding



Jim Clemett-Davies
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Ejector pin broken *part incorrect shape

*production line stop



6 Caused by using the 

ejector pin for a long time 

causing wear and tear or 

the ejector pin is bending 

cause of a small pin

4 *Ensure the length of the 

ejector pin every time 

before setting the mold and 

after the mold completion

*can be detected by 

techician

5 120Ensure technicians 

are trained in 

checking ejector pin 

and spot failure(s)

create 

checksheet and 

tracking tool for 

ejector pin 

usage hrs so pin 

can be changed 

out on a PM set 

frequency

6 2 3 36

Ejector pin high *Mark of ejector pin deep 

into the part

*Part the wrong shape 

*Production line stop

4 2 *Ensure the length 

of the ejector pin 

every time before 

setting the mold and 

after used.

*can be detected by 

techician

5 40

No action required N/A N/A N/AN/AN/AN/A

Ejection system - operation 

of ejector pin


image29.emf
Degradation of materialImpact subsequent 

process and result in 

scraps of molded 

component as material is 

degraded

7 Temperature setting too 

high

3 Prevention

1. Master set-up sheet for 

machine

2. PM checklist for 

hydraulic injection machine

Detection

1. current run set-up sheet 

for machine

2. Process control checklist

3 63

No action required N/A N/A N/AN/AN/AN/A

High peak pressure 

which shortens the life 

span of the mold

Need to change cores 

and cavitities more often, 

resulting in high 

maintenance cost of 

downtime

6 melt temperature was not 

able to reach setting

3 Prevention

1. Master set-up sheet for 

machine

2. PM checklist for 

hydraulic injection machine

Detection

1. current run set-up sheet 

for machine

2. Process control checklist

3 54

No action required N/A N/A N/AN/AN/AN/A

short molding Impact subsequent 

process and result in 

scraps of molded 

component

7 Temperature setting too 

low

4 Prevention

1. Master set-up sheet for 

machine

2. PM checklist for 

hydraulic injection machine

Detection

1. current run set-up sheet 

for machine

2. Process control checklist

2 56

No action required N/A N/A N/AN/AN/AN/A

flashing Impact subsequent 

process and result in 

scraps of molded 

component

7 Temperature setting to High 4 Prevention

1. Master set-up sheet for 

machine

2. PM checklist for 

hydraulic injection machine

Detection

1. current run set-up sheet 

for machine

2. Process control checklist

2 56

No action required N/A N/A N/AN/AN/AN/A

Barrel heating - Aids in 

melting resins


image30.emf
Oil stains; black dots 1. Result in product 

failure that could impact 

health and safety.

2. Impact subsequent 

process and result in 

some scraps/waste of 

molded component(s) 

due to contamination

5 1. Oil residue from ejector 

pins, guide pins and return 

pins

2. Contamination of material

4 Prevention

1. Mold maintenance tool 

requisition

2. mold preventitive 

maintenance checklist

Detection

1. start-up inspection 

report

2. start-up in process 

inspection check sheet

3 60

No action required N/A N/A N/AN/AN/AN/A

Mix parts customer complaints 5 Poor line clearance 2 Prevention

1. Inspection plan

2. packaging spec sheet

Detection

1. start-up inspection 

report

2. start-up in process 

inspection check sheet

3 30 Ensure technicians 

are escalating and 

stopping production 

when machines not 

operating correctly 

and issues observed

Communication 

and trainig to all 

machine 

operators

5 2 2 20

Mass production - 

Production
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