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This report will begin by researching a product which is currently used in the manufacturing facility Renishaw, based in Miskin, Wales. Renishaw is a global engineering company which prides itself in creating high precision metrology and healthcare equipment. (Renishaw plc, 2020). The area in which the design for additive manufacturing project will take place will be the encoder products division. In this section of the Engineering company, highly accurate encoder rings are made using a 10kW laser to ablate lines into the material.
The aim of the DFaM project is to research a potential design within the work area which may benefit from being additively manufactured. Certain considerations will be made when researching different products within the area. These will include: 
· The design of the product; can it be made with less material/made less clunky.
· Is the current product sustainable? Could an additive product replace it?
With these ideas in mind, a product will be chosen which could potentially benefit from additively manufacture.
The objective of this project is to find a product which would be suitable for additive manufacturing. A design will be created using a 3D CAD software package. This 3D model will undergo generative design which will apply certain constraints and forces to the design. Various constraints and factors will be discussed when considering the additive manufacture for a product. Some of these constraints/factors will be material selection, porosity, shrinkage and distortion, residual stresses and cost.
The second part to this report will be the research into how a portable wind turbine which is currently 3D printed can be re-designed so that the product can be mass produced to create around 1000-2000 units per week. To do this, multiple tools will be used, such as a product specification which will highlight what the product specification, manufacturing specifications and other factors which have been stated by the by the customer. Other tools such as a QFD (quality function deployment) FMEA and SCAMPER will be used to help re-design the wind turbine to make a fully functioning, manufacturable product which abides by the customer’s needs.
Using the CAD software Fusion 360, there will be a few re-designs of the current product which should hopefully help with the manufacturability of the overall product. Key ideas here will be to reduce the number of parts without changing the function of the tool and incorporate tools such a Poka-yoke which will allows assembly time of the product to decrease.




[bookmark: _Toc139211630]Task 1 – DfAM Case Study
Design for additive manufacture is an approach for developing, improving, or changing a part, assembly, or product's form and function to fully capitalise on the advantages of additive manufacturing technologies (Varotsis, 2022). 
[bookmark: _Toc139211631]Product Background
The part which was chosen for DfAM was found in the rotary encoder area of the Scale department. This department’s focus is to create a range of different sized encoder rings, from 52mm diameter upwards of 500mm. These rings are placed onto a spinstand which is essentially an air bearing which spins up to 550rpm. Once at this rotational speed, a 10kW laser is used to periodically fire through precise optics onto the ring, placing lines which are 20, 30 or 40 microns in pitch, depending on the customer requirements. These rings are then placed in highly accurate precision measurement equipment such as robotic arms (pick and place machines).
An example of what a finished encoder ring is seen below:
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Figure 1: Example of an Encoder ring
As seen in figure 1, the ring is 10mm thickness, and the ablation (or line length) is approximately 6mm. This is because the laser, which is fired through the optics, passes through a 6mm aperture before hitting the ring. This is to make sure that the strongest part of the beam (also known as the hotspot) is hitting the centre of the ring and the weaker part of the beam is cut off, leaving a defined top and bottom edge to the ablation. The two main reasons for a defined top and bottom line of ablation are firstly and most importantly the appearance. The ablation looks presentable which is key because “consumers love seeing things that are visually appealing” (Gordontredgold, 2022). 
The second reason is without a defined top and bottom line, it can be quite difficult to line up the readhead with the centre of the ablation. The readhead is used to read the lines on the ring and tell the system exactly what the position and direction of motion of the readhead relative to the scale (Renishaw plc, n.d.). If the readhead is not setup to the centre of the ablation, then there is a likelihood that the readhead does not read the scale optimally and potentially gives a poor result.
As stated earlier, the ablation is 6mm in length, and the width of the ring is 10mm. This means that if the ablation were in the very centre of the ring, then there would be a gap or “margins” either side of the ablation which are 2mm in width. This is not always the case as the setup is purely performed by eye by the operator of the machine, so it is common that the ablation is slightly off centre. There is a tolerance set by Renishaw that the maximum width one margin can be is 2.25mm meaning the other margin would then be 1.75mm. (0.25mm) tolerance. This does not affect the function of the ring, just the visual appearance. A trial ring also known as a coupon is ablated at the start of every batch of rings, it is here that the operator will visually check the margins and set the gantry height for the rest of the job. The height of the margins will also be checked using a tool which will be further explained later in this report.
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A design of the current product used to measure the height of the ablation has been created on the 3D CAD software Fusion 360 and can be seen below.

Figure 2: Image of 3D CAD design of the current tooling used to measure ablation height.
The design uses a stainless-steel base with a steel shaft threaded into the base. There is then a rectangular piece of stainless-steel metal bolted down onto the shaft. There is a cut out at the end of the rectangular workpiece (circled red in figure 2). The top ridge is placed on top of the encoder ring and the recess sits against the ablation of the ring. If the ablation does not line up with the recess or is too far away, then this shows that the ablation is off centre and not suitable to send to the customer.
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Generative design is a method that uses cloud computing and AI to develop and optimise 3D models. The model's specifications, such as the manufacturing procedures, loads, and constraints, are set up by the user, and the software then presents designs that adhere to those specifications (McClintock, 2023). 
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Figure 3: Image of the generative design
The generative design shows a massive change from the original design which is currently used by the production team in Renishaw. The original design is essentially a stand where the operators place the encoder ring against the recess in the top plate. This generative design shows the stand has been removed. Instead, the two “pincer” like structures at the end of the design will fit over the width of the ring. The inside of the “pincer” will sit against the ring, up against the ablation. The indent of the pincers is the same height as the ablation. This means that when the tool is placed against the ring, the ablation/lines should be exactly in line with the inside recess of the pincers. If it is not, then the ablation is off-centre and not suitable to be sent to the customer.
An issue which would happen quite often would be the need to check a ring’s ablation height which was still in the machine. With the current measuring design, the ring would have to be uninstalled, taken to the measuring equipment, then reinstalled on the machine once happy with the result. This generative design shows a handle at the back of the product which can be used to hold the tool to measure the ablation on the ring while it is still in the machine. This greatly increases the rate of production as the uninstallation and installation of an encoder ring from the machine in approximately six minutes in total. There are also indents halfway along the part (shown by an arrow in figure 3) to hold the product up to the ring if it has been uninstalled from the machine.
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Figure 4: Image of material outcomes for the generated design
The image above shows the recommended outcomes for the different types of materials this product could be successfully made from. The software identified three materials which it would recommend making this design out of. These three materials were: aluminium alloy, titanium and nylon.

[bookmark: _Toc139211635]AlSi10Mg for additive manufacturing
Aluminium for additive manufacturing uses direct metal laser sintering. This is where a fine metal powder is heated and melted with a laser to produce the design of the product one layer at a time until completion. Once finished, any potential supports structures are removed, and any unused powder is recycled for use on the next model. This is beneficial for this product as multiple tools will be needed (around 10) for the production team. The re-use of materials allows a sustainable and less wasteful process. 
The alloy is impermeable and produces a homogenous structure with nearly no pores. AlSi10Mg is a hard alloy which has a good dynamic strength. This alloy benefits in applications where low weight and strong mechanical characteristics are required. This would be ideal for the product shown in Figure 4 as it is a handheld product (www.3d-alchemy.co.uk, n.d.).
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The second material choice suggested by the 3D cad software was titanium. Titanium is a very common material used in additive manufacturing. This is because of its very high tensile strength (reaching over 1000Mpa after heat treatment) compared to its density. This means that a product can be extremely durable, but also very light in weight. Titanium 6Al-4v has a higher tensile strength at room temperature than that of AlSi10Mg, but it also has a higher density, so it is heavier in weight. This means that the titanium will withstand higher stress before ultimately reaching its ultimate tensile strength and failing. The drawback to using titanium for the product is the cost of materials being more expensive than the aluminium alloy (Saunders, 2018).
[bookmark: _Toc139211637]Nylon-12 for additive manufacturing
The last material suggested for the manufacture of this product was nylon-12. This is a lot different to the previous two suggestions as this is a thermoplastic, whereas titanium and aluminium are metals. The one key feature which is very important for this design is the fact that the tool will be placed up against the ablation or scale on the encoder ring. This means that for the titanium and the aluminium the tool and the ring are both metals, possibly being susceptible to scratches if not handled with care. This would not be as much of an issue with the nylon tool as it would be very difficult to scratch the stainless-steel encoder ring with a thermoplastic. 
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Overall, looking at the three materials suggested by the CAD software, all the materials would be suitable for the product. The material which would be chosen however would be the aluminium alloy AlSi10Mg. This is because of the critical factor that is the dimensional accuracy of the overall product. The “pincer” like parts at the end of the product act as a sort of go/no go gauge and they will be set to the exact dimensions for the height of the ablation. A potential constraint for this is the shrinkage, as the dimensional accuracy is very important, the shrinkage of the material when it cools after the AM process is very critical. Titanium 6Al-4v has a slightly higher shrinkage rate than the aluminium alloy which means the dimensional accuracy may be better with the aluminium alloy which is paramount for this product. (Hu et al., 2022)
The second constraint to consider when analysing the am process for the generation of a product is the porosity. The term "porosity" describes the degree of solidity attained in a metal product created by additive manufacturing, specifically whether there are cavities or holes between the layers of the object (Langnau, 2017). This is a potential issue with all three materials suggested for this product. To reduce the chances of porosity, the am machine should be prepped for the material required, i.e correct laser power used and laser spot. 

Support structures will need to be used in the am machine when the product is being created. All three designs will require these support structures, which once finished will most likely be placed in the bin as there is not a lot of use of the support structure anymore. As titanium is a lot more expensive than plastic and aluminium, there will be the same volume of waste material, but the cost will be a lot more for the titanium than the other two materials. The nylon material is very cheap so the disposal of the waste material will be almost negligible.
Overall, the best material for this product is the aluminium alloy because of its strength to weight ratio which is required as it is a handheld tool. The material is more expensive than the nylon but not as expensive as the titanium. The dimensional accuracy is key which the aluminium alloy can offer a good result. Lastly the am machines within the company would be able to create the product with the aluminium alloy powder, whereas the machines are not capable of running the other two materials so the product would have to be outsourced, increasing the cost drastically.
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FEA is a numerical technique for predicting how a part or assembly will behave under specific circumstances (SimScale, 2018). Below is a finite element analysis of the generated design.
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Figure 5: Image of FEA of generated design
The finite element analysis gives a visual representation of the product under the stresses and loads you believe it will undergo. For this product, the back of the product will act as a handle for the operators of the production team to place to hold the part up against the encoder ring when it is in the machine. The back end of the part will be pinched to hold it so the forces (shown by the blue arrows in figure 5) are acting inwards on the part. The maximum stress that this part can take is 24.53Mpa. The simulation of the part helps to visualise whether the part will work as expected before actually additively manufacturing it.
[bookmark: _Toc139211640]Task 2 – High Volume Production
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A product design specification (PDS) is a document that lists all the conditions, restrictions, and requirements that a new product must meet. It should be a concise list that includes all relevant information from the design brief and adhere to the SMART criteria (specific, measurable, attainable, realistic, and testable) (devsupport, 2022).
The product that this design specification will be based on is a portable wind turbine. The product specification will be focussing on the re-design of the wind turbine, attempting to create a product suitable for mass production. 
Design Requirements
· The first requirement is that the product should be developed so that it can be mass produced.
· The product should be re-designed in order to optimise the manufacturability of the system.
Manufacturing Requirements
· The design should be cost effective and production methods should be considered for affordability
· The materials used for the re-design of the model should be durable, cost effective and dependable.
· The assembly methods used should be considered to enable efficient mass production.
· The re-design should follow current standards and regulations.
Accessories and compatibility
· The re-design should reduce the number of parts needed to enable an easy way for mass production of the part
· The re-design should use less parts, but still achieve the same result. This should make it easier to assemble the part and increase manufacturability.
Portability
· The re-design of the product should not increase the size of the original design.
· The re-design of the product should be created to allow ease of portability.
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Quality Function Deployment is referred to as QFD. It is a structured process for converting customer needs into particular engineering qualities that is utilised in product development and quality management. QFD makes sure that quality is ingrained in the product from the beginning and assists in combining design and production processes with customer needs (www.sciencedirect.com, n.d.)

Key:
1 = Not important 5 = Very important
[image: A table with text on it
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The above table shows a very simplistic matrix of a QFD. The left column states the customer requirements, these are the factors which the customer expects from the product and must be considered when designing the product. The top row in the table is the functional requirements, these are the factors which must be considered to allow a fully functioning product.
The table shows scores ranging from 1-5. The number in each cell represents the relationship or correlation between the customer’s requirements and the functional requirements of the product. So, if there is a high score in the table, for example where “manufacturability” and “materials” meet there is a score of 5, this means that in order to meet the customer requirement of making sure the product can be manufactured, then the choice of materials will have a massive impact on this.
By applying this QFD matrix to the re-design of the wind turbine, the design team would be able to prioritise the design components according to their significance to the customer needs. The matrix will ensure that the final product meets the expectations of the customer (Quality-One International, n.d.).



[bookmark: _Toc139211643]Manufacturing process proposal 

The product specification states that the portable wind turbine should be re-designed so that its manufacturability increases. It also states that the current process of 3D printing will not be sufficient to create 1000-2000 units per week. There are many other ways that the parts for the wind turbine can be manufactured. These can include injection moulding, machining and stamping.
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 parts (www.twi-global.com, n.d.)
Machining
Machining is the removal of material to create a desired product such as a lathe. A CNC lathe will have a billet inserted into the machine with a program for a part already imported into the machine. The CNC machine will make as many parts needed if the material is supplied, and tools are not worn.
Stamping
The manufacturing technique of metal stamping is used to form flat metal sheets into desired forms. A range of metal forming processes, including punching, bending, and piercing (ESI Engineering Specialties Inc., 2018).

Manufacturing process choice
Injection moulding would most likely be the best manufacturing technique for this project. This is because a lot of the components are made of plastic and injection moulding supports a lot of different plastics. This means that product life cycles and sustainability can be one of the forefront variables when making a decision on the material used. Injection moulding plastics which have high durability and life cycles will allow the product to last longer. The plastics used should also be recyclable so that they do not end up in land fill or oceans. Once the moulds are set up the process is very quick, allowing the 1000–2000-unit target very easy to achieve. This is one of the reasons injection mouldings is beneficial over CNC machining as there is downtime with the machine if billets need to be added or tools changed. Machining will also take longer to make the parts as they will make each part one by one, whereas injection moulding can create multiple parts in each go. This means that the cost per part for CNC machining would be a lot more expensive that injection moulding due to the longer part cycle from start to finish. There would also need to be a larger workforce when CNC machining as operators will need to remover parts, change tools etc whereas this is not as much of an issue with injection moulding (www.xometry.com, 2022).

[bookmark: _Toc139211644]Design and development work undertaken

[bookmark: _Toc139211645]FMEA (Failure Mode Effective Analysis)
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Figure 6: Table displaying an FMEA for the wind turbine.
Figure 6 shows the FMEA created for the design of the current prototype for the wind turbine. There are a few potential failures to the product which have been picked up. These failures have been given a severity number and an occurrence number (how severe the failure will be and the chances of the failure happening). A number has also been given for the detection of the fault; this is how easy it is to see the failure. An RPN has been calculated to give an idea of how severe a potential failure is. Designers can use the FMEA to focus on the most severe potential failures in the product, and hopefully are able to resolve these issues before they can occur.
The table shows that the highest RPN value was given to the complete failure of the batteries. If this were to happen, the whole product would fail, so the severity is very high. The occurrence of this happening is quite low, but the detectability would be relatively high as the product would not work. To reduce the chances of this happening spare batteries could be supplied, or the current battery pack could be redesigned to ensure it is corrosive resistant so that the connection the batteries cannot be affected by water etc.
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The SCAMPER technique is a very popular technique used in design projects. It is a brainstorming tool used to develop, improve or re-design a product. SCAMPER stands for: Substitute, Combine, Adapt, Modify, Purpose, Eliminate, Rearrange (Cox, 2020). A brief SCAMPER technique was used for the re-design of the portable wind turbine.
Substitute
· The substitution of parts such as nuts, bolts and washers for interference/transition fits.
· The substitution of complex parts for more simple designs.
Combine
· This is like the substitution above. If possible, the combination of parts with the removal of nuts and bolts to make an easier assembly is the aim.
Adapt
· To adapt the product to the design specification. So, if possible, re-design the product so that its manufacturability is increased so that more units will be created each week.
Modify
· To modify the original design to make it easier to be assembled. For example, the use of Poka-Yoke to reduce the chance of error in assembly.
Purpose
· The purpose of the wind turbine is to be portable, so materials must be light in weight and where possible, reduce the number of parts without changing the function of the product.
Eliminate
· Eliminate the chance of failure when assembling the product. Applying poka-yoke to the redesign to aid this.
Rearrange
· Where possible, the design will be rearranged to make a better product that will be portable and easily manufacturable.
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Figure 7: Image of the Turbine blade and base
Figure 7 shows the first re-design for the product. The original design shows the turbine blade fitting into the base of the turbine with no orientation. This design above shows a simple fix to an issue which could be a common assembly issue with the original design. When assembling the design, there is no way of knowing which way to fit the turbine blade into the holder, there would be trial and error until the right orientation is complete. This re-design shows a “tooth” on the holder and a recess on the inside diameter of the turbine blade. This simple design shows the assembler that there is only one way that the turbine blade can fit into the holder, reducing the time taken to assemble the part.
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Figure 8: Redesign of the base of the assembly
The original design of the base assembly (shown in Figure 9) shows that there are two rectangular shapes placed on top of each other with four bolt holes at each corner to bolt the two pieces together. Figure 8 shows the re-design of these pieces to eliminate the use of nuts, bolts and washers. The bottom base has been designed so that the top part can fit over it with a transition fit, the right picture in figure 8 illustrates this. This is a very good design as it removes the time taken for the four bolts to be tightened. For example, if it takes ten seconds to insert the bolt into one of the holes, place a nut at the other end and tighten together, then this is forty seconds of labour time to secure the two parts together. It will only take a maximum of ten seconds to fit the two parts together with the re-design, meaning a total time saved of thirty seconds per assembly. The design specification states that 1000-2000 units will be assembled each week. This means that there would be approximately 8-16 hours of labour time reduced just from this simple change. These extra hours saved could be invested into more research and development to make the product more assembly friendly.
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Figure 9: Current design of the base assembly
[bookmark: _Toc139211650]Poka-yoke

Poka-yoke is a phrase from the Japanese language which translates to "mistake-proofing”. It refers to any device or system that prevents someone from performing an action incorrectly. Poka-yoke is used to reduce waste, usually by getting rid of or minimising errors in quality that result in rework and scrap as well as getting rid of any safety hazards (Cyger, 2018)
For the re-design of the product, the first change is a great example of poke-yoke. The original design does not give the assembler an instruction or direction which way to put the propeller blade into the base of the mechanism, leaving a lot of room for error before obtaining the correct orientation. The re-design however gives the assembler no choice but to place the blade into the base of the assembly the correct way. This gives less chance of the parts being damaged or scrapped due to operators forcing parts together which are not meant to fit with each other. It also reduces the amount of “thinking time” as there is only one option the part can fit into the other part, so the assembly time of the product should drastically decrease.
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To conclude, the product design created in task 1 was a success. The aim of the task was to identify a product in the workplace which would benefit from additive manufacturing. The overall product created from generative design showed a hand held device which could be used to measure the margins of an encoder ring. One of the issues which production have with the current design is the need to remover the encoder ring from the machine in order to measure the margins of the scale ablated. This new generated design removed this issues as it has an extended handle which allows the tool to be placed into the machine to measure the margins while the encoder ring is still setup. This drastically reduces the time needed to measure and re-install the ring, meaning that more encoder rings can be ablated and sent to the customer, ultimately increasing profits for the company. Currently there is only one tool to measure the margin of the encoder rings which is situated in a communal area. If this new tool could be placed into each individual laser lab, then there would be less downtime of the machine to go retrieve the measurement device to measure the margins. A material selection was identified for the product and a conclusion was made for the material which would be ideal for this process, which would be able to be made in house in the factory, reducing overall cost of the tool.
Secondly, task 2 was also a success as the wind turbine, which was once 3D printed can now be made using injection moulding. Using the CAD software Fusion 360, a couple of re-designs of the current product allowed for a more simple and easier design to assemble. These small differences would make a large impact in the overall mass manufacture of the product as they have been “dummy proofed” to allow parts to be assembled much quicker. Injection moulding allows the product to use sustainable materials which will be durable and long lasting. They will also be recyclable, which is important due to the rise in climate change and global warming.
One main improvement for next time would be the time management for the generative design. The design took a long time to generate each time, and with small changes required after each generate, the time racked up fast. So, if this project were to be completed again, a lot more time would be given to do the generative design.
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