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Introduction

Design for Additive Manufacturing (DfAM) has evolved as a game-changing strategy to fully utilise Additive Manufacturing (AM) technology, enabling the development of novel and complex components with improved functionality and performance. To demonstrate the whole spectrum of DfAM concepts and design tools, this case study intends to apply DfAM principles to optimise the design of a Bearing Block, a crucial component frequently encountered in mechanical systems.
Due to the Bearing Block's importance in several sectors, including the automotive, aerospace, and industrial machinery, it was chosen as the focal component. It is the perfect candidate to explore the potential of AM and show how DfAM concepts can be efficiently applied to create superior results due to its complex geometry and functional requirements.
The objective is to redesign the Bearing Block using DfAM principles while considering its functioning and intrinsic complexity. Diverse DfAM principles, such as component consolidation, internal structures (such lattice or cellular), multi-material design, tessellation, mass customization, and build volume optimisation, will be carefully considered. Some of these ideas will be included in the redesign procedure, demonstrating its advantages and overall influence on the final design.
Using CAD software, the study's conclusion will result in the creation of 3D solid models that clearly depict the final DfAM-optimized Bearing Block design. The results of this case study will help us comprehend how DfAM may revolutionise conventional design and production techniques, opening the door for more effective and creative technical solutions.
A portable wind turbine requires to be mass produced and varying tools and techniques to influence the redesign of the wind turbine will influence this. To simplify product designs and cut costs, design for assembly (DfA) and design for manufacturing (DfM) methodologies are being investigated. Component consolidation and "Lightweight and Portable Design" are given top priority in Quality Function Deployment (QFD) study. Casting and injection moulding are two alternate production techniques that save costs and streamline assembly. Turbine reliability and safety are guaranteed through Failure Mode and Effect Analysis (FMEA). To simplify assembly, decrease parts and component consolidation, such as integrating the turbine blade and anchor is used. To address the growing need for mass production, portable wind turbine manufacturing processes are to be improved through alternative manufacturing methods and the report discusses these alternatives.

Design for Additive Manufacturing

Component Selection 

A Bearing Bracket Block structure has been chosen to be applied with Design for Additive Manufacturing (DfAM) principles. The Bearing Bracket is used within Renishaw workplace and is a part in various industries and can showcase several DfAM concepts effectively. The original CAD model of the Bracket Block is shown below:










Figure 1. Original Bearing Bracket Block model design.
Source. Barclay (2023).

The Bearing Bracket Block shown above is a simple design and can be significantly improved by using Additive Manufacturing. Complex geometries and organic structures that couldn't be produced using conventional manufacturing processes can now be made with Additive Manufacturing. With DfAM, the design of the bracket can be improved utilising topology optimisation, resulting in a reduction in material consumption while maintaining or even improving mechanical qualities. Lightweight and strong brackets can be produced using this method. The Bearing Bracket Block can be re-designed easily to fit a particular need or application within the workplace and by incorporating it into DfAM, custom and unusual designs can be created. 



Material Selection and AM Process

Additive Manufacturing (AM) is suitable for complex geometries and offers good accuracy and material properties. The material for the Bearing Block will be an aluminium alloy (e.g., 6061 alloy) as the material is lightweight and the mechanical properties of the material will be ideal for the Bearing Block. A versatile material with a great blend of strength, formability, and corrosion. In many different industries, including automotive, aircraft, building, electronics, and more, it is a popular option for brackets. When correctly designed and manufactured, 6061 aluminium brackets may perform with reliability and effectiveness while conserving weight and being more affordable than many other materials. To make sure the chosen alloy satisfies the essential performance requirements, it's crucial to consider the unique needs and operating conditions of the bracket, as with the selection of any material (Nuclear Power, 2023).
Powder Bed Fusion (PBF) with Selective Laser Melting is a method frequently employed by Renishaw on their RenAM SLM machines, this will be the AM process to be used. According to the given 3D CAD data, the Powder Bed Fusion technique involves using a high-energy laser or electron beam to selectively melt or sinter the powder in the cross-section of the item. A fresh layer of powder is applied on top of the previously fused layer as the build platform descends. The process is repeated until the complete item is produced (TWI, 2023). As the Bearing Bracket is a small component, multiple Bearing Brackets can be added to the AM build resulting in a high volume of parts built from one process build.
As with all processes, there are pros and cons to Powder Bed Fusion (Loughborough University, 2023 and Joseph, 2022):
Pros of PBF - 
PBF enables the production of extremely intricate and complicated designs, such as internal channels and lattice structures, that would be challenging to produce using conventional techniques.
Wide Material Selection: PBF offers versatility for many applications because it can operate with a range of materials, including metals, polymers, and ceramics.
High Accuracy and Precision: PBF can produce parts with high levels of dimensional accuracy, making it ideal for applications requiring close tolerances.
Excellent Mechanical Properties: The parts that are produced frequently have mechanical qualities that are on par with those of components that are typically created.
Rapid Prototyping and Production: PBF can be used for both low-volume production and rapid prototyping, allowing for quicker product development and customisation.
Cons of PBF:
Expensive Equipment: The initial cost for AM machines, particularly those equipped to process metal materials, can be substantial.
Limited Build Volume: AM machines typically have a smaller build volume than other AM processes, which limits the size of the pieces that may be manufactured.
Post-Processing Complexity: Although PBF lessens the need for support structures, post-processing procedures may still be necessary to get the correct surface finishes and remove extra powder.
Thermal Stress and Warping: The rapid heating and cooling that occurs throughout the printing process can result in thermal stress and warping in the completed pieces, which may result in dimensional errors.

DfAM Principles and Techniques

DfAM principles will provide an improvement on the current design of the Bearing Block by looking and incorporating the following principles:
Topology Study: The shape and arrangement of the bracket must be maximised to maximise performance while utilising the least amount of material. During the topology study, various load scenarios and stress distributions are simulated and analysed using software tools like Solidworks. The software will automatically generate and alter the design of the bracket, usually through iterative simulations, by removing material from low-stress areas and strengthening high-stress areas. With this strategy, the bracket will have a lightweight, optimal design that ensures it can support the necessary loads while using the least amount of material (Munk, D.J., Auld, D.J., Steven, G.P. et al., 2019).
The structural behaviour of the bracket is examined using the simulation technique known as Finite Element Analysis (FEA). The use of finite element analysis (FEA) lets the user make well-informed design decisions and confirms the structural integrity of the optimised topology created by the topology study as well as how the bracket will react to various forces. It's crucial for ensuring that the final bracket design meets performance and safety requirements. 
Generative design is a cutting-edge method that uses algorithms and artificial intelligence to explore a wide range of potential designs in accordance with predetermined limitations and goals. In the context of the bearing bracket, generative design can assist in exploring a variety of bearing bracket design options. The software will automatically develop various design alternatives, each optimised for a distinct scenario after the specification of design parameters and performance requirements. Then, it can be assessed through generated designs, the more effective one chosen, and possibly mix concepts from many iterations to create the final bracket design.

Finite Element Analysis (FEA)

To assess and improve the structural performance of 3D-printed components, additive manufacturing (AM) uses an effective simulation approach known as finite element analysis (FEA). Engineers can analyse a component's behaviour under various loading circumstances and precisely predict stress distributions, deformations, and failure locations using FEA, which divides complex geometries into finite elements.
As it relates to AM, FEA is essential to both the design and production processes. FEA assists in locating potential design errors and weak spots in the component during the design phase. Engineers may evaluate how the component will behave to mechanical stresses and make informed design decisions to enhance its performance by simulating various loading scenarios (Autodesk, 2023).
After the component design has been optimised, FEA is used to check the design's integrity prior to physical manufacturing. FEA assures that the 3D-printed item will meet the necessary safety and performance criteria by subjecting the virtual model to realistic loads and limitations.
An FEA was produced for the original Bearing Bracket design, and this is as shown below in Figure 2:

















Figure 2. Bearing Bracket Stress Analysis
Source. Barclay (2023).

As shown in Figure 2, the stress is high within the Bearing bore hole which is where the 1000N external force has been placed. This is due to the constant cyclic load put on the bore hole when the component is in use. The Ultimate Tensile Strength of Aluminium 6061 is 290 MPa and the study shows that the component has a max of 6.339x10^5 N/m^2 which converts to 0.6339 MPa which is significantly lower than the materials UTS (Ultimate Tensile Strength). The Yield Strength of the part is 5.575x10^7 N/m^2 which converts to 55.75 MPa which is its maximum Yield Strength.
The following Figure 3, Shows the Resultant Displacement of the component from the FEA. 




















Figure 3. Bearing Bracket Resultant Displacement Analysis
Source. Barclay (2023).

The maximum displacement of the component is 0.0001574mm which is a significantly small value and will not affect the component. The Factor of Safety below shows that the entirety of the component is over-engineered, and a significant amount of material can be removed. The unnecessary material can increase cost per each part manufactured and is not efficient regarding engineering and manufacturing.  



















Figure 4. Bearing Block Safety Factor Analysis
Source. Barclay (2023).

Topology Study

Topology optimisation is a sophisticated structural design process that was created to produce new, lightweight, high-performance arrangements that are challenging to achieve with traditional concepts (Zhu, et al. 2021). Topology optimisation is a method that makes use of the design flexibility of 3D printing. By strategically eliminating material from low-stress locations and strengthening high-stress places, it aims to build lightweight, highly durable, and reasonably priced components.
Iteratively eliminating material from low-stress locations using specialised software, starting with an initial conventional design, performing Finite Element Analysis (FEA) to determine stress distributions, and adding lattice structures or optimised shapes for reinforcement, are the important phases. To produce an optimised design that balances weight reduction with mechanical performance, the procedure involves numerous iterations.
AM topology studies have several advantages. They result in less weight, which saves on materials, enhances system functionality, and lowers transportation expenses. As argued by Brown, et al. (2022) components that are optimised through Topology studies become more effective and mechanically resilient when removing extra material and strengthening crucial areas. Complex lattice structures can be made because of the design flexibility of 3D printing, which is difficult or impossible to execute using conventional manufacturing techniques. As a result, less material is used, less assembly work is required, and post-processing costs are reduced. The original design weight was 1.0358kg and at 20% reduction as shown above, it is now 0.8286kg. 









Figure 5. Bearing Block Topology Report
Source. Barclay (2023).

Generative Design

An innovative and revolutionary method of additive manufacturing (AM) called generative design uses algorithms and AI to produce component designs that are optimised. Generative design investigates a wide variety of potential solutions based on specified limitations and performance objectives, in contrast to traditional design methodologies, which depend on human intuition and experience.
In the context of AM, generative design makes the most of the flexibility in design and manufacturing offered by 3D printing. Engineers enter design parameters into specialised software, such as load conditions, material qualities, and geometry limitations. The software then automatically generates many design options, each with a special and complex geometry.
The advantages of generative design for AM are numerous. Since many steps of the conventional design process are automated, it considerably reduces the amount of time needed to build complex and optimised designs. Furthermore, generative design pushes the limits of innovation by developing fresh ideas that maximise strength, performance, and material efficiency.
To ensure that the overall shape of the Bearing Bracket will be avoided by the generative design simulation, the red items in the figure below show the initial Bearing Block and obstacle geometries. As stated by Autodesk (2023), obstacle geometries represent a space in which no material will be generated during the generative design. 











Figure 6. Obstacle Geometries Created for Generative Design
Source. Barclay (2023).

The same forces were used from the FEA and Topology Studies. As shown above, the red items are the obstacle geometries, and the yellow section will be where the generative design optimisation will generate. The material chosen is AlSi10Mg and is a popular powder material to use in Additive Manufacturing
AlSi10Mg is the perfect material for lightweight, high-strength applications because it strikes a good compromise between strength and weight. In terms of strength to weight, it is on par with many conventional engineering materials. It has a relatively strong thermal conductivity which makes it ideal for uses like heatsinks and other thermal management components that call for efficient heat dissipation. It is suitable for usage in a variety of situations, including outdoor and marine applications, because of its good corrosion resistance. More importantly, is highly suited for complicated geometries and thin-walled structures because of its fluidity and low shrinkage during solidification. This capability enables the creation of complex components and optimised designs.












Figure 7. Initial Generative Design
Source. Barclay (2023).

As shown in Figure 7 above, the generative design was successful in removing mass and material from the design and has provided a custom design. It also has low stress values post the generative design. The design was put through the process again and further designs were produced which removed even more material as shown below:











Figure 8. Final Generative Design
Source. Barclay (2023).
A further design was generated to remove more material at 50% reduction with a hinge fixture on the standalone bearing bore hole at the top of the part (see Figure 9), but it was unsuccessful as it removed too much of the mass which would make it unsafe to additive manufacture and will fail if installed into a machine. Therefore, the design in Figure 8 Would be ideal as there is a significant reduction in material used and the stress is low at all sections of the part.











Figure 9. Failed generative Design at 50% Mass Reduction
Source. Barclay (2023).

Constraints and Considerations of AM Process

Throughout the design and manufacturing process, several constraints, and considerations specific to AM should be addressed:
Porosity: Optimize the design and process parameters to minimize porosity and ensure the desired mechanical properties of the bracket are achieved. To reduce the likelihood of a part failing in service, parts intended for high-stress applications must be fully dense. On the other side, certain porosity, particularly surface-breaking porosity, can be designed into bio-medical implants with the purpose of improving osseointegration with biological tissue (Slotwsinski and Garboczi, 2014).
Support Structure Requirements: A support structure in additive manufacturing is any piece of material that is utilised to give an overhanging or potentially unsupported region of a printed item structural support while the part is being built. As Schloder (2022) states, supports are necessary for parts produced by powder bed fusion processes to secure them to the base plate and lessen the impact of residual stress. Where the largest residual stress is present, between the printed part's base and the print bed, supports are placed. Transferring heat from the part can help reduce thermal distortion and reduce the likelihood of cracking, sagging, shrinkage, delamination, and warping.
Post-processing: To obtain the intended functional and aesthetic features, identify and plan for any necessary post-processing activities, such as heat treatment or post-build surface finishing to achieve the correct cosmetic and functional finish.
Cost Calculations and Comparisons: To assess the economic viability and competitiveness of the AM approach, conduct cost evaluations and comparisons between AM and conventional manufacturing techniques. This can help determine if the design/project will be achievable by moving to AM.

Conclusion 

By using Additive Manufacturing, complex geometries and organic structures can be created, allowing for the optimization of the bracket's design and reduced material consumption. The chosen material is an aluminium alloy, specifically 6061 alloy, due to its lightweight nature and favourable mechanical properties. Powder Bed Fusion (PBF) with Selective Laser Melting is the preferred Additive Manufacturing method. The DfAM principles utilized include topology optimization, finite element analysis (FEA), and generative design. The FEA analysis of the original design revealed high stress within the bearing borehole but below the material's ultimate tensile strength. The topology and generative design processes further reduced material usage while maintaining low-stress values. The overall results indicate that DfAM principles and material optimization have resulted in improved designs that are lightweight, cost-effective, and efficient in engineering and manufacturing applications.





High-volume production – Portable Wind Turbine
Design For Assembly (DfA) and Design for Manufacture (DfM)

Initial projections indicate that between 1000 and 2000 turbines will need to be made each week to meet demand for a portable wind turbine, which currently has parts that are 3D printed. 
It is crucial that alternative production processes are looked at instead of additive manufacturing to increase the manufacturing of the portable wind turbine. This will make it possible to complete assembly tasks more quickly and effectively and achieve the new goals.
By streamlining product designs and lowering the number of pieces, the DFA (Design for Assembly) approach attempts to cut costs and facilitate assembly (rapiddirect, 2021). The major objective is to boost the productivity of the industrial process. DfA considers a variety of factors, reducing the number of parts, using integrated fasteners, standardised components, and suitable tolerances. Additionally, the design needs to consider potential reuse and if manual or automated assembly is required. These factors can be considered throughout the design phase to reduce production costs and boost profits.
Design for Manufacturing (DFM), on the other hand, concentrates on enhancing product designs for accessibility and simplicity of manufacture. Effective product design is required to cut production costs and prevent mistakes. Several factors that affect DFM are cutting down on the number of parts, adopting effective joining techniques without using too many fasteners, and requiring less manual labour during production and assembly.
Velling (2021) mentions that while DFA and DFM both aim to reduce costs without sacrificing performance, they concentrate on various aspects of the design process. See the current design of the portable wind turbine below:













Figure 10. Portable Wind Turbine
Source. UWTSD (2023).

The requirements of the end user or other stakeholders should be one of the first things to be considered while developing anything. A designer could easily design and develop a product that is unsuitable for its intended use if they lack a defined objective or set of specifications to work towards, which would result in a waste of time and resources. Pedgley (2009) continues with stating that partnerships with project clients, manufacturers, vendors, end-users, and design teams are a part of industrial design. Stakeholders have impact over the choice of product materials and manufacturing processes, therefore, having clear specifications from them will significantly improve the success of the designs. 
QFD (Quality Function Deployment) and DesignSpecification

To complete a Quality Functional Deployment (QFD) for Design for Assembly (DfA) and Design for Manufacturing (DfM) of a portable wind turbine, the identification of the customer requirements is necessary, determining the technical features that fulfil those requirements, and establishing the relationship between them (Erdil and Arani, 2018). 






QFD Matrix for the Portable Wind Turbine:













Figure 12. QFD Main Analysis
Source. Barclay (2023).

Customer requirements are listed in the first column of the QFD matrix shown above. The second column lists the technical features that satisfy those demands. The third column rates the significance of each client request, indicating how important it is to fulfil that requirement. The fourth column evaluates the strength of the association (strong, moderate, or weak) between each customer requirement and technical feature.  As shown above, ‘Component Consolidation’ has the highest Weight/Importance than the others with 651.9 with ‘Design for Manufacturing’ coming in second with 518.5. The demanded quality ‘Lightweight and Portable Design’ has the highest Weight/Importance of the customer demands and both Component Consolidation and Lightweight and Portable Design have a strong relationship which shows that consolidating components on the design will influence the portability of the turbine. 












Figure 13. QFD Correlation Section
Source. Barclay (2023).

The other variable that is captured during a QFD is how each functional requirement correlates with each other which is shown above in Figure 16 ‘Component Consolidation’ has a very positive correlation with ‘Self Aligning Connectors’, two or more components can be consolidated into one and then aligned easier with another component to be easily assembled while keeping all parts portable.
Following the QFD, a Design Specification can be created.  All information related to the product should be included in the product design specification. It must include the design's realistic restrictions rather than directing it by assuming the conclusion (The Open University, 2023).





Performance	Aerodynamic Blade Design	Optimal Energy Conversion	Durable and Reliable Construction
Environment	Robust Material Selection	Environmental Sustainability 
Target Product Cost	Design for Cost Optimisation	Cost Effective Production
Quantity and Manufacture	Self-Aligning Connectors	Component Consolidation	Secure Actioning System	Design for Manufacturing	Lightweight and Portable Design	Efficient and Optimised Production
Materials	Robust Material Selection	Use of Recyclable Materials	Lightweight and Portable Design
Quality and Consistency	Simplified maintenance Procedure
Standards	Safety and Stability
Aesthetics/Ergonomics	Lightweight and Portable Design


As seen in the Design Specification above, some of the characteristics can be matched to multiple specifications such as ‘Robust Material Selection’; the environment can influence the material therefore a realistic and appropriate material is required to be chosen and it is also specified in the Materials section. There are multiple characteristics from the QFD that are matched with the Quantity and Manufacture specification; ‘Efficient and Optimised Production’, ‘Component Consolidation’, and ‘Design for Manufacture’ all influence the quantity and ease of the manufacturing process.
3.3.    Manufacturing Process

There are two processes that could be used to consolidate parts such as the turbine blades and the turbine blade anchors, the back fin and the housing of the motor and battery. The first manufacturing process is Casting, and the second process is Injection Moulding.
 In the manufacturing process of casting, a liquid substance, such as metal or plastic, is poured into a mould and let to harden, taking the shape of the mould. Large, solid components can be produced using this method with fewer joints or connections. Casting processes allow for the consolidation of pieces and the elimination of extra assembly steps, which can result in cost reductions. WeProFab (2019) describes that due to the absence of multiple elements and steps, the plastic forming method is very straightforward. Plastic casting processes produce products with minimal to no internal stress, ensuring a high-quality finish for the intended use. By using it to build items in a single complete component, it can reduce assembly, eliminating the need to assemble multiple parts together.
Injection moulding is a highly efficient process for producing large quantities of consistent and complex components. It is particularly well-suited for manufacturing plastic or composite parts with intricate geometries, such as turbine blades and housing. By using injection moulding, multiple parts can be combined into a single piece, reducing the need for assembly and fasteners, which in turn lowers production costs. As suggested by The Manufacturer (2014), “thermoplastics is usually the preferred material for injection moulding, mainly due to their desirable properties. Thermoplastics are recyclable, extremely versatile and will easily soften when heated.”    
By taking both processes into account, Injection Moulding would be beneficial as multiple components can be consolidated. The cost of Injection Moulding is significantly lower than that of additive manufacturing due to the material and equipment is cost-effective than that of AM equipment.

FMEA (Failure Mode and Effect Analysis

FMEA offers a structured method for analysing route causes (of failure), estimating severity or impact, and evaluating the efficacy of preventive measures. As University of Cambridge (2023) describes, an FMEA directs the designer to analyse the product and helps determine what could go wrong with the product during its production and use in the field. It is often performed at the beginning of a design project, and it assumes that it will be produced and designed around a design specification. See FMEA created for the portable wind turbine below:

















The failure modes, causes, and proposed responses in the DFMEA above are simplified; in actual situations, the analysis would be far more in-depth. Higher scores suggest greater concern. The severity, occurrence, and detection rankings are normally evaluated on a scale of 1 to 10. To promote ongoing improvement and risk mitigation, the DFMEA process is continuous and should be reviewed and revised frequently during the product development cycle. As shown in the FMEA, the turbine blades have a significant impact on how the portable turbine will perform and therefore is a critical component which requires attention to ensure its effectiveness.
Wind Turbine Redesign and Improvement Suggestions

As suggested from the FMEA, the turbine blades require attention. The first thing that can be seen is that the turbine blade and the turbine anchor can be consolidated into one part and can easily be manufactured by the injection moulding process as one. The original blade and blade anchor design are as shown below in Figures 18 and 19.














Consolidation of parts began once Solidworks was opened. Initially, combining the two parts was going to be created, but there were issues with the files and there were errors with loading the entirety of the data for each part. In Figure 20, the Extrude/Boss was removed from the inner bore of the blade anchor to make it a solid part. In Figure 21, The extrusion on the end of the blade was removed and the parts were then imported into the same file to create a multi-body part. 





























Due to not having enough experience or sufficient time, the two parts were not combined into one part on CAD, if there was sufficient more time and training on the software, then the two parts would be combined by the two solid cylindrical ends of each component and would ensure that the component as one would be more robust and would not fail and break from one another. 
Further component consolidation could be produced as shown in the below Figure 23:












The three components that create the battery housing and the motor housing can be processed through injection moulding and made into one part, these are highlighted in yellow. There will also be no need for the four nuts that are securing the bolts to the motor and the housing case. The four bolts can be threaded through the motor and into the housing case making the nuts redundant and making the assembly of the casing more ergonomic and fewer parts required once again.
Conclusion 

In conclusion, finding production methods other than 3D printing that can match the demand for portable wind turbines is essential. The DfA and DfM methodologies seek to reduce expenses and improve manufacturing capabilities. 'Component consolidation' and 'Lightweight and Portable Design' are given the highest priority in Quality Function Deployment (QFD) study. Casting and injection moulding are practical production techniques that can lower costs and make assemblies simpler. FMEA (Failure Mode and Effect Analysis) emphasises how crucial turbine blades are. It has been suggested that the turbine blade and anchor be combined and that the battery and motor housing components be further consolidated and processed with injection moulding. With more use of CAD and time in between work and family life, further design work and consolidation could have been achieved but due to this constraint, the design work was not sufficient and therefore requires improvement.
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