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[bookmark: _Toc139135398]Introduction

Design for X is a process used to incorporate all factors to do with the design of a component. Design for X takes the following factors into account, these are: manufacturing, assembly, reliability, maintainability, serviceability, environmental factors, and life cycle cost. By incorporating these principles, it helps identify and overcome issues early in the design process, this could help minimise risks while improving overall product quality. With the help of this design approach, the final product is guaranteed to not only satisfy the desired functionality and aesthetics but also to be in line with the target market, production capacity, and environmental effect. Design for X's methodology allows designers to produce high-quality designs which last in production and in the field. 

Throughout task one, the use of design tools and techniques are used to improve the design of a component to make it suitable for Additive Manufacturing. There are a number of benefits to using additive manufacturing such as accelerating prototyping opportunities, improving supply chain issues and most importantly it enables freedom with components to improve functionality such as higher efficiency through light-weighting, or increased thermal control through complex internal and external geometric features (MTC, n.d.). To allow the chosen component to become suitable for additive manufacturing a Computer Aided Design package will be used to automate a design and then further use the generative design tool. In addition to Design for Additive Manufacturing (DfAM) principles will be involved and stated why these are beneficial to the design. Throughout the design process an additive manufacturing design process will be selected based on the design and material selection; this process will highlight all the benefits and procedures that need to be followed in relation to the additive manufacturing process. Once the design has been completed a reflection will be completed discussing the benefits of additive manufacturing for the component and if there are any drawbacks associated with the design. (HTDL, 2021)

Task 2 enables us to improve an assembly which has initially been designed for additive manufacturing on a small scale. The challenge allowed us to target the assembly to make it ready for mass production. Throughout this process, there were various factors that were investigated and improved. Firstly, we undertook a concept design appraisal which helped us create a product design specification which outlines all the customer requirements and design specifications. Following on from this I introduced the manufacturing process proposal; this consisted of all manufacturing methods for component piece parts and an assembly method which will result in high productivity and efficiency, therefore enabling the process to achieve the desired goal of 1000 – 2000 parts a week. Finally, I completed the design and development work which consisted of several design tools and techniques to improve the product. Some of the tools and techniques used consisted of DFMEA, Poke Yoke and Design for components to be multi-functional. 
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[bookmark: _Toc139135400]Additive Manufacturing

Using a CAD model additive manufacturing, commonly referred to as 3D printing, layers materials to produce an actual component. Contrary to subtractive manufacturing, which forms the finished object by removing material from a block, additive manufacturing involves the addition of pieces. Additive Manufacturing is used in various fields of work such as engineering, architecture, construction and the healthcare industry (Autodesk, 2020). 

There are a few different additive manufacturing processes that are currently available, these are: 
· Material Jetting
· Material Extrusion
· Binder Jetting
· Sheet Lamination
· Directed Energy Deposition
· Powder Bed Fusion

[image: ]Within my organisation (Renishaw) and more specifically within my department we are involved in the Additive Manufacturing Market as we manufacture the AM500ML Series. The AM 500ML Series consists of four 500W high-powered lasers with automatic powder and waste handling, in addition to this it offers precision digital optics. Within the machine there is also a Renishaw industry leading RESOLUTE optical encoder which has a 1nm axis resolution for high accuracy positional sensing (plc, 2022). 

	Fig 1a
There are several advantages to using powder bed fusion, firstly it is comparatively low cost as manufacturing costs have come down in recent years, it also requires minimal support as the powder acts as integrated support structures and finally the ability to recycle powder throughout the machine which results in protyping being generally cheaper in comparison to other manufacturing methods. On the other hand, there are also some disadvantages such as it is relatively slow and has long print times due to powder preheating and cooling time to be allowed, following on from this post processing is also required which adds time and cost to the process (Engineering Product Design, 2020).
 
[image: ]A case study where additive manufacturing was the use to create spinal implants using powder bed fusion in the health care industry. Renishaw and IMR and nTopology worked together to produce implants for the cervical spine that consisted of lattice structures using additive manufacturing. Once IMR decided the parameters then Renishaw worked closely with them to ensure the correct material was selected for the task and to ensure the design specification was met. Renishaw selected grade 23 titanium (Ti 6AI-4V ELI) as this meets the specification specified by the FDA. The project had 
successful results from this project and now are working on even more problems with IMR.                                                                                                       Fig 1b

[bookmark: _Toc139135401]Component of Choice

The component of choice I have decided to go with is a laser guide for the upcoming new Additive Manufacturing Machine being developed by Renishaw. The Laser guide is currently being machine out of aluminium however this could be improved using additive manufacturing. Images of the component are below:
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	Fig 2a                                                                          Fig 2b


It is vita; throughout the design process that the position and size of the guide remains the same as it is designed to fit snug in a tight space on the new upcoming machine to reduce the machine footprint. The dimension for the current component is 240mm x 220mm x 100mm; this is also suitable for additive manufacturing as the build plates are 250mm x 250mm x 350mm. 
  
The reasons I decided to go with this component varied. Firstly, in my opinion I thought this would be a great marketing strategy to push the sales of the AM machines as it builds parts on the machine to go on new Additive Manufacturing Machines, another reason is the reduction in supplier issues due to in house capability and finally the ability to save material due to generative design.
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The additive manufacturing method I have selected for my component is Powder Bed Fusion. powder bed fusion (PBF) additive manufacturing technique, which forms parts by adding material rather than by deleting it during traditional forming procedures like milling. A 3D CAD model is first created and then numerically "sliced" into a number of distinct layers to start the PBF process. Since the heat source is often an energy beam (such as a laser), a raster pattern is frequently used to define the border contour and fill sequence for each layer using the heat source scan path (TWI, n.d.). The machine I have based this choice off is the RenAM 500Q as this is what my organisation has access to. 

For material selection I have selected Aluminium, AlSi10Mg alloy as this is what we have access to in my organisation and more importantly it has all the required properties the component requires. The properties of the additively manufactured components are shown in the table below (plc, 2022). 
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Fig 3a
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There are number of design tools and techniques available to improve the design and make it suitable for additive manufacturing. To improve this component used in the AM machine I used generative design to improve the design to make it use less material however still maintaining its functionality and strength. 

[bookmark: _Toc139135404]Design for Additive Manufacturing (DfAM)

Design for additive manufacturing takes a lot of different factors into consideration. In contrast to traditional manufacturing, this additive design technique enables us to produce production parts with more complex designs while using less weight and material. 

Component consolidation

Component consolidation is a huge benefit which comes with additive manufacturing as it reduces the amount of parts of the assembly, therefore resulting in time saving which results in product cost saving and it also reduces the risk of poor-quality parts as there is a reduction in parts that could be affected. Component consolidation resulted to be beneficial for my design as the previous assembly was made up of a base plate and the laser guide itself, Additive manufacturing allows this component to be manufactured in 1 component. In addition to this component consolidation has improved my design by improving the performance of the parts as it has gained in strength to weight ratio and it also has used less material to be compared to the standard subtractive machining methods.  However, there is also some disadvantages to component consolidation such as it could affect serviceability due to a number of components being merged with additive manufacturing design tools (madhav, 2022).

When using additive manufacturing STL files are used. STL is an abbreviation for ‘Standard Tessellation Language’. The whole surface geometry of your model is encoded in STL files using a technique known as tessellation. The method of tessellation involves covering the surface of your object with geometric shapes, most frequently triangles, Fig XX shows an example of how tessellation works. Until it is required for the production run, the data for the geometric forms is kept in the file. Using a 3D slicing tool, you can take your model and extract the different layers to create a 2D image and you can adapt the tessellation to make it as smooth as possible. The GCode file is then updated with this image. The language that 3D printers use to produce the finished object is called GCode.   Almost all 3D printers can read the Standard Tessellation File, which is regarded as a universal language. You must know the 3D printer won't be able to print your file if it is damaged in any manner.  Finally, STP files can be converted into STL files, so it is always preferable to give a STP file so that we can convert it (Additive Manufacturing, 2022).
             
                                         [image: What Is an STL File? – The STL Format Simply Explained | All3DP]
Fig 4a
                                                                    
[bookmark: _Toc139135405]Generative Design Tools

Since AM machines are excellent at handling the intricate, organic shapes that frequently result from such algorithms, additive manufacturing (AM) and generative design (GD) technologies are sometimes considered as natural allies. Generative design is where we enter design objectives into the generative design programme together with variables like performance or space requirements, materials, manufacturing processes, and cost restrictions. The programme swiftly generates design options by exploring every variation of a potential solution. With each iteration, it tests new ideas and learns what works and what doesn't. The CAD software I have used throughout my generative design has been Autodesk Fusion 360 (Autodesk, 2018)/
Automated Design 

To begin the generative design process, I first had to create an automated model in the standard design package. I created this by designing all key features and mapping the paths of how I want the design to automate by selecting certain faces and specific bodies to avoid. Once the basic design was complete, I then automated the design, please see fig 6 below for the initial design.

                                     [image: A group of black pipes on graph paper
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	Fig 5a

From the image below Fig 7 it is visible that a lot of the material was lost throughout this stage however it may be an issue when it comes to strength and durability. The main objective at this stage was to ensure the design and automation was working how I desired it too. 
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	Fig 5b


Generative Design

To create the generative design, I required an add-on of Autodesk Fusion 360, this allowed me to take my automated design and turn it into generative. As part of the process, I had to apply all forces and loads to the specific area, this allowed for the generation to process with these loads and create a design to withstand such force. I also had to preserve all geometry that I wished to keep. The images below (Fig 8 & Fig 9 show the outcome from generative design.
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	Fig 6a                                                                                   Fig 6b


As shown generative design removes unwanted material required but it also maintains the same strength as the basic machined component and the automated design. The generative design can be related back to the QFD created above to ensure it meets the customers’ requirements and the design requirements. Due to the material selection the component maintains lightweight to enable easy fitment to the machine and allows for serviceability out in the field. In addition, this design is a set STL meaning the component will come out the same every time +- microns and by reducing the amount of material required per component this results in no waste material as it is all filtered back into the machines powder system, this also results in a lower product cost and helps the environment by reducing waste produced by standard subtractive machining methods. Powder Bed Fusion also mitigates the risk of shrinkage which other methods of additive manufacturing lacks in. 













Finite Element Analysis

The Finite Element Method, also known as FEM, is a numerical mathematical technique that is used to simulate physical phenomena in finite element analysis, or FEA. Mechanical engineering, as well as several other fields, are built around this process. It is one of the fundamental ideas guiding the creation of simulation software. These FEM can be used by engineers to reduce the number of actual prototypes and conduct virtual tests to improve their ideas (English, 2019).

FEA makes use of mathematical models to analyse and calculate how real-world circumstances affect a part or assembly. Using sophisticated software, these simulations enable engineers to identify potential issues in a design, such as stress points and weak places. Millions of smaller parts are woven together to form the geometry of the structure being evaluated in the simulations used in FEA. Each of these minute components is subjected to calculations, and the mesh adjustments together yield the overall structure's outcome. Values can be obtained at some but not all places because these approximations are often polynomial calculations with interpolations over the small elements. Nodal points are the locations where values can be calculated, and they are often located at an element's boundary (TWI, n.d.). 

To begin with I first created the mesh from the generative design as shown below. This will now allow me to complete the FEA within Fusion 360. 

                                                 [image: ]
	Fig 7a

To complete the study, I applied the same 1000Nm force to the model as I did in the generative design. From the results below it shows how strong the component is as it is hight on the safety factor sitting at around 8.5. This implies that strength of the component is suitable for its application.
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Fig 7b

In addition to the stress on the compoent we can look at the maximium displacement when under this Stress. Additive manufacturing can result in residual stress due to its abnormal thermal cycle, however there is very minimal displacement that can occur under this stress therefore the microstructure of the component shall remian in its normal shape. The images below show the displacement. 
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	Fig 8a                                                                                            Fig 8b


In my opinion Finite Element Analysis was a great tool to ensure that the part was structurally suitable for the application. FEA allowed us to visually see what was going to be the result of the forces applied to the design which results in a cost saving due to very minimal protyping required. Additive Manufacturing is still an upcoming production method, and the use of these other tools really helps the growth of the process.  FEA is currently used in various applications other than additive manufacturing for the same reason to reduce experimental costs. 
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[bookmark: _Toc139135407]Concept Design Appraisal

[bookmark: _Toc139135408]Design Specification

The portable wind turbine's main needs and features are outlined in this design specification, with an emphasis on power production, portability, durability, safety, cost effectiveness, and compatibility. The design and development process will be guided by these specifications to guarantee that the finished wind turbine meets or exceeds customer expectations in the target market. 

General Information:

Product Name: Portable Wind Turbine
Production Volume: 1000 – 2000 units per week

Design Requirements:

Power Generation: 
· The wind turbine should produce a significant amount of electricity in a variety of wind conditions and wind speeds.
· The power output should be sufficient for the customer.

[image: A close-up of a wind turbine

Description automatically generated with low confidence]Portability:
· The wind turbine should be compact and lightweight for easy transportation and installation.
· Quick setup and dismantling procedures should be easily completed without the requirement of specialised tools.

Durability and Reliability:
· The wind turbine should have a robust design and be able to withstand tough environments and conditions such as rain and strong winds.
· It should have a long operating life span.

Safety:
· The wind turbine should be safe to operate such as no sharp edges.
· It should comply with relevant safety regulations and standards.


	Fig 9a
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To begin with I used QFD which is a function which focuses on the voice of customer (voc) and then responding to those needs and expectations. The first step of QFD is commonly referred to as House of Quality (HoQ); this method focuses on the most important functionalities of the product, and these are then composed into wishes and vital functionalities (ASQ, 2019). 

The completed QFD for the design of the portable wind turbine is below (Fig 10a): 


[image: ]

	Fig 10a 

This QFD was beneficial to the design process as it highlights to us what the key customer requirements are. From this QFD we can then create quality characteristics for the product, these are then related together which highlights what characteristics can be achieved to solve multiple customer requirements at the same time. 
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The initial design for the portable wind turbine has been designed for additive manufacturing. To allow the portable wind turbine to be manufactured for high volume production it is noticed that the manufacturing process can be improved. There are several manufacturing processes that can be used to improve the speed of the process from piece part production all the way through to assembly production.

[bookmark: _Toc139135411]Injection Moulding:

A manufacturing technique that enables mass production of parts is injection moulding. It operates by injecting molten materials into a mould Usually, it is employed as a mass production technique to create thousands of similar goods. Although it is most frequently employed with thermoplastic and thermosetting polymers, injection moulding can also be utilised with metals, glassware, elastomers, and sweets. An example of where this could be used in the Wind turbine is the turbine blades and also the nose on the turbine, this would allow for reduction in material waste therefore resulting in a more profitable assembly (TWI, n.d.). 


[bookmark: _Toc139135412]CNC Machining:

CNC machining, it is a subtractive manufacturing process that typically uses computerised controls and machine tools to remove layers of material from a stock piece, also known as the "blank" or "workpiece," to create a custom-designed part. This method can be used for a variety of materials, including metals, plastics, wood, glass, foam, and composites. It is also useful for large CNC machining, producing prototypes and parts for the telecommunications industry, and CNC machining aerospace parts, which have tighter tolerance requirements than other parts of the economy. Some of the parts of that can adopt this manufacturing process is the centre body of the wind turbine as they require precision to ensure the fitment of the bearing housing is correct and along with all other mating components (Thomas, 2019).

[bookmark: _Toc139135413]Kanban Assembly Method:

An assembly method that I would adopt for the wind turbine would be the ‘Kanban Assembly Method’. This is where subassemblies are built in one section and then stored on a racking in a tray identified ‘complete’ for the next operator to complete the main assembly build. This is commonly used in several production facilities over the world (Bland, 2022).
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[bookmark: _Toc139135415]DFMEA

The initial design and development work started off with completing a DFMEA. design engineers employ the design failure mode and effects analysis (DFMEA) process to make sure that products fulfil user needs and carry out their intended functions. for the purpose of identifying potential failure modes and causes, DFMEA assesses the overall design of product systems and components. it includes suggested steps to prevent or reduce potential design failure consequences on customers. this method is an analysis of the causes, modes, and effects of design failure is particularly helpful in the manufacturing sector, where risk mitigation and failure avoidance are essential (Safety Culture, 2022). 

DFMEA is crucial because it aids engineers in identifying and fixing any design flaws early on, cutting down on the time and expense associated with product development. A more robust design with clearly defined criteria can be produced by using the DFMEA approach. For instance, a component shouldn't be included in the design if it serves no use.


[image: ]
	Fig 11a



[bookmark: _Toc139135416]Poka-Yoke

Poka-Yoke is a Japanese term that meaning to be error-proof or to avoid making mistakes. By error-proofing a procedure or activity, a lean technique will help to avoid mistakes and create a clear standardisation for the process. The whole idea of poka-yoke is to build quality control into the assembly process, this is done by by establishing a setting that includes every component needed for a process step to be completed correctly. Additionally, by creating processes that would detect errors as they happen, rather than after numerous process steps. Poka-Yoke implementation in these two forms improves a process' operational efficiency. It will assist in reshaping employees' behavioural habits by educating them to halt their job as soon as a mistake is discovered. This strategy may eventually lead people to prioritise quality above all else and develop it as a second nature (kanban tool, 2022). 

One way we implemented Poka-Yoke into the design was through the assembly process of the Turbine blade holder and the turbine blade itself. This small adjustment of a keyway assembly process follows the Poka-Yoke rule of making assembly error proof and builds in the quality gate to the assembly process. As shown in the image (Fig 12a & Fig 12b) below the turbine blade can now only be fitted the correct way. 
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	Fig 12a	Fig 12b


  In addition to this there are also some other benefits to using Poka-Yoke such as it increases safety when working with hazardous materials or in dangerous condition such as electricity and petrochemicals, another benefit is that by removing the quality steps in place previously it makes the process a lot less tedious in comparison to old process and finally confidence levels in the product are increased as management know these quality gates are put into the process (Latest Quality, 2017).





[bookmark: _Toc139135417]Design components to be multi-functional

Throughout the design it was noticed that there were multiple components that required fastening together to make up the assembly as full. Once way to simplify this is to design components in the assembly to make them multi-functional, in this assembly we have consolidated the spacer and bearing housing to make it multi-functional. In addition to this it also reduces the number of components in the assembly this will result in less chance of component defect and the time reduction in fastening these two components. Following on, this could also result in the use of standard components as this whole housing has been redesigned to use the same bolt used to fasten the turbine blade holder to the red fixture.
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Fig 13a
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In conclusion, the Design for X methodology is a thorough process that considers a range of elements, including manufacturing, assembly, dependability, maintainability, serviceability, environmental considerations, and life cycle cost. Potential problems can be found and resolved early on by applying these concepts to the design process, improving product quality, and lowering risks.

The use of additive manufacturing, sometimes referred to as 3D printing, has many advantages for component design and manufacture. It enables quicker prototyping, better supply chain management, and the creation of complicated geometries that improve performance and functionality. Powder Bed Fusion, the additive manufacturing method that was selected for the component, has benefits like cost effectiveness and powder recycling. It can have limitations, too, like the necessity for post-processing and longer print times.

To maximise the advantages of additive manufacturing, Design for Additive Manufacturing (DfAM) concepts were utilised throughout the design process. The number of pieces in the assembly was decreased by component consolidation, which also improved performance. The component's geometry was represented accurately and smoothly for 3D printing using tessellation and STL files.

The design of the component was first automated and then optimised with the help of generative design techniques. Generative design generated numerous design possibilities that complied with the product requirements and design specifications by considering design objectives, restrictions, and material qualities. Because Powder Bed Fusion manufacturing is standardised, the final design used less material, ensured lightweight and serviceability, and maintained constant quality.

To verify the component's structural integrity and performance, Finite Element Analysis (FEA) was used. The component's ability to bear the imposed forces and display little displacement, as shown by the FEA findings, confirmed its fitness for the intended use.

The portable wind turbine's design specification has given the development process a defined road map, guaranteeing that the finished product meets or surpasses customer expectations in the intended market. Power generation, mobility, durability, safety, cost effectiveness, and compatibility are some of the crucial requirements and features listed in the specification.

To translate the voice of the client into design needs, Quality Function Deployment (QFD) has proven crucial. The most crucial features were determined and given the appropriate priority thanks to the House of Quality (HoQ) approach in QFD. As a result, the design team was able to develop high-quality traits that simultaneously addressed several consumer criteria, resulting in a well-rounded product.

Several methods have been put forth to optimise the manufacturing process. Turbine blades and the turbine's snout might be produced using injection moulding, which would decrease material waste and increase profitability. Precision pieces like the centre body of a wind turbine have been shown to be appropriate for CNC machining, ensuring perfect installation of mate components. The overall assembly procedure has been decided to use the Kanban Assembly Method, which enables effective subassembly construction and reduces bottlenecks.

A Design Failure Mode and Effects Analysis (DFMEA) was carried out during the design and development process to find potential failure modes and causes. Engineers were able to resolve design faults early on thanks to this method, which cut down on both development time and expenses. The application of DFMEA allowed for the creation of a more reliable design with well specified criteria, ensuring that only useful components were included in the final design.

To prevent errors and enhance quality control, the assembly process now uses a technique called poka-yoke, or error-proofing. The operational effectiveness of the assembly line has increased thanks to the development of real-time mistake detection processes. Poka-Yoke has not only boosted safety and streamlined the process, but also improved quality, especially in the construction of turbine blades.

Additionally, the design strategy has placed a strong emphasis on making components multifunctional to facilitate assembly and decrease the number of parts. Component consolidation, like that of the spacer and bearing housing, has decreased the possibility of component flaws while simultaneously speeding up assembly. 
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