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[bookmark: _Toc171271940]Introduction

Robotic grippers play a crucial role in handling, manipulating, and securing objects within automated systems, making them indispensable for numerous applications. This report focuses on the redesign of an existing mechanical gripper produced by a robotic tooling manufacturer. Previously manufactured in small volumes, the gripper now needs to be mass-produced to meet the demand of over one-thousand units per week. This shift necessitates a thorough review and enhancement of the gripper's design, focusing on improving efficiency, manufacturability, and overall performance. The report will cover the appraisal of the current design, propose a manufacturing process suitable for high-volume production, and detail the design and development efforts.















[bookmark: _Toc171271941]Aims and Objectives

The report aims to redesign a mechanical gripper for mass production, targeting one-thousand units per week. Objectives include refining the design by considering customer needs, public perception, and developing a QFD and design specification. It involves identifying and justifying manufacturing processes that balance cost, quality, and efficiency for high-volume production. Additionally, the report will apply techniques like assembly analysis, SCAMPER, and an FMEA to optimise performance, incorporating environmental and lifecycle considerations. The ultimate goal is to deliver a high-quality, efficient, and reliable gripper suited for mass production.


















[bookmark: _Toc171271942]Concept Design Appraisal

[bookmark: _Toc171271943]QFD

A useful first step towards planning the design of a product is a QFD. Quality Function Deployment is a proactive approach, used to determine the customers’ requirements and then finding how to address these expectations and needs during the design and production stages (Guevara, 2023). The QFD considers the public perception of the product specifically relating to the environment and how to meet that requirement with certain Engineering characteristics.

[image: A diagram of a triangle with different symbols

Description automatically generated with medium confidence]
[bookmark: _Toc171271968]Figure 1 - QFD for Robot Gripper


[bookmark: _Toc171271944]Design Specification 

Following the creation of a QFD, a design specification is created to set targets and parameters, such as material selection. It entails a list of criteria that the product needs to meet. A design specification provides clarity which increases the chances of creating an effective product (BBC Bitesize, 2019).
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[bookmark: _Toc171271969]Figure 2 - Design Specification for Robot Gripper
[bookmark: _Toc171271945]Manufacturing Process Proposal 

The business's primary need is to transition the robotic gripper solution from small-scale production to mass production efficiently. With the anticipated demand of over one-thousand units per week, optimising the design for manufacturability becomes paramount. It is essential to minimise production costs to ensure costs are kept low without compromising the products’ quality. Ensuring that each gripper meets both quality and performance criteria is crucial for maintaining consistency. While reducing lead times from order to delivery, is critical to customer satisfaction. The manufacturing process must also be flexible, allowing for design changes or customisations without significant downtime or cost increases (Conger Industries, 2022). Additionally, the approach must prioritise sustainability by minimising environmental impact and adhering to regulatory requirements.
Cost drivers for the mass production of the robotic gripper include material costs, tooling and equipment expenses, labour, and production efficiency. Material costs relate to the price of high-strength plastics and metals, with a focus on balancing cost-effectiveness and quality. Tooling and equipment expenses for processes like injection moulding and CNC machining are often expensive, but these costs reduce per unit, as production volume increases. Labour costs can be managed through automation and streamlining assembly processes, to maintain competitive pricing (Thomas and Gilbert, 2014). Lastly, production efficiency is crucial for reducing overall costs and ensuring the gripper remains economically viable for mass production. To achieve this the company must thoughtfully select and optimise their manufacturing techniques and minimise waste.
To produce the robot gripper efficiently and effectively, careful consideration should be given to the manufacturing techniques used such as: injection moulding, CNC machining, and die casting. Each process plays a crucial role in distinct aspects of the gripper's production. Injection moulding is ideal for producing high-volume plastic components (Hatch, 2022) such as the housing and internal parts of the gripper. CNC machining is necessary for high-precision metal parts, such as the gripper jaws and critical structural elements. Die casting is suitable for creating the bulk metal structural components like the gripper frame. CNC machining can refine these parts to meet specific precision requirements.
Injection moulding is suitable for producing high volumes of parts, maintaining consistent quality and precision (Injection Moulders, 2023). This process is highly efficient for manufacturing plastic component, such as the grippers housing and internal parts, which are crucial for maintaining the overall durability and functionality of the device. Despite the high initial costs for creating moulds, injection moulding offers significant cost advantages due to low per-unit production costs at large volumes, ensuring competitive pricing and high-quality standards. It ensures tight tolerances and uniformity, essential for the gripper's reliability and durability (BSA Mouldings, 2017). Injection moulding’s high-speed production capability aligns with the need to efficiently scale up from small volumes to over one thousand units per week, reducing lead times and meeting market demand swiftly. Additionally, the process supports material flexibility and sustainability by minimising waste, aligning with the company’s goals of efficiency and environmental responsibility. Thus, injection moulding provides cost efficiency, consistency, scalability, and flexibility (Essentra, 2023) necessary for the successful mass production of the robotic gripper. 
Die casting is another suitable manufacturing process for the robotic gripper, particularly for metal components like the gripper frame. It offers significant cost advantages for high-volume production due to its ability to produce large quantities with uniformity and low per-unit costs. Despite initial tooling expenses, costs will be offset when producing over one thousand units per week. Die casting also ensures a good surface finish. It supports complex geometries and thin-walled sections, essential for reducing weight while maintaining strength. This process provides consistent, high-quality parts with excellent material properties, making it ideal for components that experience mechanical stress (BOYI, 2024). Die casting would efficiently create the overall shape and integrate complex geometries needed for the frame. 
Following this, CNC machining could be applied to critical areas where high precision and specific tolerances are essential, particularly for components requiring tight tolerances and complex geometries (Chen, 2023). CNC machining works with a variety of materials, including durable metals like aluminium and stainless steel, making it ideal for high-stress parts. The process supports fast production cycles and reduces lead times, ensuring scalability to over one-thousand units per week. It also maintains consistency and quality across all units by using the same digital design and process parameters (Ye, 2024). Additionally, CNC machining can be integrated into automated production lines, enhancing efficiency, and reducing labour costs. 
[bookmark: _Hlk169001764]To summarise, die casting can efficiently create the main structural frame with complex shapes and thin-walled sections, but might not achieve the high precision required for certain features. CNC machining can then refine these features, such as the gripper jaws, to meet precise specifications. While die casting provides good surface finishes and general dimensional accuracy, areas like the mounting points and holes, which require extremely tight tolerances or finer finishes, can be enhanced post-casting using CNC machining (Haworth Castings, 2021). This combination is cost-effective, as die casting produces the bulk of the part economically at high volumes, and CNC machining selectively enhances critical features, avoiding the expense of machining the entire part from a solid block. Die casting's use of alloys with good mechanical properties, complemented by CNC machining for adding threads, holes, or intricate details, optimises the part's design. This combined approach ensures that the robotic gripper components are both economically produced and meet stringent quality and performance standards.
[bookmark: _Toc171271946]Material Selection

Aluminium alloys have a high strength-to-weight ratio, making them ideal for structural components requiring both strength and lightweight qualities (Science Direct, 2023). This ensures that the gripper is strong without being too heavy, which is necessary for the efficiency of the robotic gripper. Aluminium offers natural corrosion resistance, which increases the gripper's endurance, particularly in industrial applications. Furthermore, aluminium is easy to machine, allowing for precise and complex shapes to be produced with ease, reducing machining time and cost. Aluminium is an inexpensive material for its qualities which makes it an economical choice for mass production (Protolabs, 2019). Because of this, aluminium would be ideal for the main body frame and outer shell.
Steel's increased strength and endurance make it ideal for components subjected to high stress or large loads, such as gripping jaws. Steel is hard and wear resistant which is crucial for parts that come into frequent contact and friction, such as gears shafts and bearing housings, resulting in a long service life. Steel is cost-effective, providing a balance between performance and price for critical components (Sha, 2013).
Using plastic for certain elements of the gripper such as covers/casings and electrical enclosures, will lower the gripper's overall weight, allowing for faster and more efficient motions. Plastic pieces can also provide electrical insulation, which is useful when integrating electronic components safely. Plastics are inexpensive and suited for non-structural parts, which helps to reduce overall costs (BPF, 2019). Plastics are easily mouldable using injection moulding methods, allowing for high-volume production with consistent quality.
Silicone conforms to the shape of objects, providing a secure grip without causing damage. This is necessary when handling fragile or oddly shaped objects, such as when transferring wafers in semiconductor manufacturing. Silicone is long-lasting and retains its qualities across a wide temperature and environmental range, making it dependable. Furthermore, silicone is non-toxic and therefore suitable for handling food and medical items, broadening the gripper's use range/versatility. This makes it ideal for gripping pads, seals, and gaskets.
Overall, the proposed materials and production processes offer a balanced approach to cost, performance, and manufacturability. The use of aluminium and steel guarantees that the gripper is robust, durable, and lightweight, while plastics and silicone contribute to cost reductions and adaptability for a variety of applications. Manufacturing procedures are selected to maximise efficiency, precision, and scalability, ensuring the gripper can be produced in high volumes.

[bookmark: _Toc171271947]CAD 

On SolidWorks, elements of the gripper were consolidated so that these parts could be manufactured as one piece. Therefore, reducing the number of parts requiring assembly. In the images, the parts highlighted the same colour have been combined. I also standardised the size of the screws to avoid the likelihood of errors during assembly.

[image: ]
[bookmark: _Toc171271970]Figure 3 - Robot Gripper Exploded View
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[bookmark: _Toc171271971]Figure 4 - Robot Gripper after parts combined.
For the robot gripper, keyed assembly can be utilised. Seen in Figure 5 and 6, one part has an insert and another a cavity. This concept is part of the broader category, poka-yoke, used to avoid errors. Keying ensures proper alignment and orientation of parts during assembly, which helps in preventing incorrect assembly and improves consistency and quality in the manufacturing process. 
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[bookmark: _Toc171271972]Figure 5 – Female part of keyed assembly.
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[bookmark: _Toc171271973]Figure 6 - Male part of keyed assembly.
[bookmark: _Toc171271948]Design for ‘X’ 

For this report, the Six Sigma methodology is employed to improve the design and manufacturing process of the robot gripper. By applying Six Sigma principles, it is possible to align the redesign with customer needs, enhance product reliability, and optimise efficiency during mass production.

[image: ]
[bookmark: _Toc171271974]Figure 7 - Six Sigma applied to robot gripper.

[bookmark: _Toc171271949]FMEA

The six-sigma table highlights the requirement of conducting a risk management technique such as an FMEA. FMEAs give a good overview of what challenges one may encounter and forms a clear plan of action in case a challenge does arise.
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[bookmark: _Toc171271975]Figure 8 - FMEA for robot gripper.

[bookmark: _Toc171271950]DFA

Another important aspect of design is considering the assembly of the part. A useful technique applied to optimise and streamline this stage, is a DFA. 

[image: ]
[bookmark: _Toc171271976]Figure 9 - DFA for robot gripper.

· Reducing Component Count: Focuses on integrating parts and eliminating redundancies to simplify the assembly process and reduce overall production costs.
· Simplifying Assembly Process: Addresses the need to streamline assembly directions and standardise parts to enhance efficiency and reduce training complexity.
· Enhancing Ease of Handling: Aims to improve the handling of parts during assembly with user-friendly features like self-locating mechanisms and snap-fit connections.
· Optimising Fastening Methods: Emphasises the use of integrated clips and standardised fasteners to streamline assembly, lower costs, and minimise errors.

[bookmark: _Toc171271951]SCAMPER

Lastly, SCAMPER is a creative thinking method that aids in discovering new opportunities. The purpose of the SCAMPER analysis in this report is to evaluate and enhance the current design and manufacturing processes of the robotic gripper. By applying this method, it is possible to identify aspects that could benefit from adjustment, ensuring the gripper meets both market demands and the company's business objectives.

[image: ]
[bookmark: _Toc171271977]Figure 10 - SCAMPER applied to the robot gripper.
[bookmark: _Toc171271952]Product Life Cycle Considerations

An additional aspect to consider during the design stage is the product life cycle and specifically how it impacts manufacturing. Figure11 examines each stage of the product life cycle.

[image: ]
[bookmark: _Toc171271978]Figure 11 - Product Life Cycle applied to robot gripper.









[bookmark: _Toc171271953]Environmental Impact 

Addressing the environmental impact of the robot gripper throughout its life cycle is crucial for sustainable manufacturing. It is important for a company to consider sustainability at every stage, from design to disposal. This ensures that the robot gripper meets environmental standards and contributes positively to global sustainability efforts. 
Ways to address environmental impacts include:
· Materials selection: using recyclable aluminium and steel can reduce environmental footprints. Additionally, using biodegradable or recyclable plastics for non-structural components can lower the impact on landfills.
· Implementing efficient manufacturing processes: minimising waste and energy consumption. 
· Ensuring the product is made durable and reliable: therefore, decreasing the frequency of replacements and thereby reducing waste.
· Implementing recycling programs and proper disposal methods to minimise environmental damage. 














[bookmark: _Toc171271954]Conclusion 

In conclusion, through the comprehensive evaluation and enhancement of the gripper's design, the report outlines a robust strategy to transition from small-scale production to manufacturing over one thousand units per week. By incorporating a QFD and a detailed design specification, the redesign process remains customer-focused and technically sound. The proposed manufacturing processes, ensures that each gripper meets high standards of quality and performance while maintaining cost-effectiveness. The materials chosen optimise the gripper's strength, durability, and functionality.
Furthermore, the application of Six Sigma methodology and techniques such as FMEAs, DFAs and SCAMPER highlight the commitment to continuous improvement and innovation. By considering environmental impacts and product lifecycle, the redesign not only enhances manufacturability but also aligns with sustainable manufacturing practices.
Overall, this report provides a comprehensive framework for producing a high-quality, efficient, and reliable robotic gripper that meets the evolving needs of manufacturers and end-users alike.
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[bookmark: _Toc171271956]Introduction

This report focuses on redesigning an Aircraft Wing Rib Bracket, a crucial component for maintaining the structural integrity of aircraft wings. Using DfAM principles, the bracket’s design can be optimised to reduce weight, enhance performance, and streamline the manufacturing process.
CAD software will be employed to showcase the redesign, utilising topology optimisation. The project will also involve selecting an appropriate AM process and material. This work demonstrates the potential of DfAM to improve aerospace components, highlighting the benefits of additive manufacturing in achieving superior performance and manufacturability.
















[bookmark: _Toc171271957]Selections and Justifications

The Aircraft Wing Rib Bracket component was selected due to its crucial role in aerospace applications. This bracket experiences significant stress and varying load conditions, making it an ideal candidate for optimisation. Its suitability for DfAM derives from requirements such as weight reduction, effective load distribution, and the potential incorporation of complex geometries, all achievable through additive manufacturing. This approach enables efficient material use, simplifies assembly, and enhances performance, all crucial for aerospace components.
For the Aircraft Wing Rib Bracket, the process chosen is Direct Metal Laser Sintering. DMLS is a type of powder bed fusion process that uses a high-powered laser to melt metal powder into solid parts, layer by layer (Loughborough University, 2024). This process is particularly suited for high-performance aerospace components due to several key advantages. 
These include:
· Material Properties
The process produces parts with excellent mechanical properties, comparable to those made using traditional manufacturing methods.
· Design Flexibility
DMLS supports complex geometries, including internal structures and lattice designs. This is crucial for weight reduction and performance optimisation where the structural integrity of the part cannot be compromised.
· Material Variety
A wide range of high-performance metals can be used with DMLS, making it versatile for different aerospace applications and ensuring that the final component meets the stringent performance requirements of aerospace applications.
· Process Efficiency
DMLS can achieve complex geometries in a single manufacturing step, reducing the need for multiple components and assembly processes. This streamlines production and reduces overall lead time.
· Produces minimal waste
Unlike traditional methods that remove material, this process adds material, significantly reducing waste.
The selected material for the redesigned Aircraft Wing Rib Bracket is a Titanium Alloy. Titanium is widely used in the aerospace industry due to its favourable properties. Titanium alloys provide excellent strength while remaining relatively lightweight, which is critical for aerospace applications where weight reduction is a primary concern. Every gram of weight saved translates into improved fuel efficiency and performance. Additionally, it is corrosion-resistant, enhancing its durability and longevity, ensuring that the bracket can withstand the harsh environmental conditions present during flight, including exposure to varying temperatures and moisture. The material exhibits good fatigue resistance, making it suitable to endure cyclic loading, enhancing the reliability and safety of the aircraft (Boyer, 1995). While titanium is more expensive than other materials, its superior properties justify its use in aerospace applications. The benefits outweigh the initial cost as titanium would prove to be a cost-effective choice over the operational lifespan of the component.
The combination DMLS process and titanium material, leverages the strengths of additive manufacturing and advanced materials to produce a high-performance aerospace component that meets the rigorous demands of the industry.















[bookmark: _Toc171271958]Analysis of Existing Component

The Aircraft Wing Rib Bracket, traditionally manufactured through milling or machining, faces several limitations. Such as:
· Excess Weight
Conventional manufacturing methods used to manufacture this part, typically retain excess material to ensure structural integrity, resulting in increased weight and operational costs. DfAM offers the opportunity to achieve significant weight reduction.
· Limited Design Complexity
Subtractive methods impose constraints on the complexity of geometric shapes that can be produced. DfAM utilises additive manufacturing processes to create geometries that optimise load distribution.
· Material Waste
Traditional machining processes, used to produce the part, generate substantial material waste due to the subtractive nature of operations. 
· Complex Assembly
The design and manufacture of a traditional bracket comprises of various parts including multiple supports, increasing assembly complexity, costs, and potential points of failure. DfAM promotes component consolidation.
· Poor Load Distribution
Conventional designs may suffer from stress concentrations that can lead to premature failure under operational loads. DfAM leverages advanced simulation tools and topology optimisation techniques to achieve more uniform load distribution, minimising the need for additional reinforcement material.
· Long Lead Times
Subtractive manufacturing processes can be time-consuming, especially for producing complex components. Additive manufacturing enables rapid prototyping and iterative design improvements.
· Internal Structures 
Internal lattice or cellular structures are not feasible with traditional machining methods which are used to create the part.
By applying DfAM principles, the redesign of the wing rib bracket can address these limitations effectively, leading to substantial improvements in weight, performance, manufacturability, and cost-efficiency. This approach not only enhances functionality but also promotes sustainable manufacturing practices within the aerospace industry.























[bookmark: _Toc171271959]Benefits of additive manufacturing

The market for additive manufacturing is continuously growing at around an annual rate of 30% a year (Formlabs, 2021). As the cost of starting additive manufacturing continues to fall, the process is gaining popularity. Additive manufacturing prototyping is also comparatively cheaper and quicker compared to alternative methods such as a CNC milling setup. Additive manufacturing also comes with many recognised benefits that make it stand out against traditional manufacturing methods. For example, it saves on material waste and energy. As a pose to cutting down a material to a required shape, it adds layers of material until a part is created. Aside from burrs and the supports used for printing, waste in minimal and leads to savings.
Additive manufacturing supports a vast range of materials such as metal matrix composites and high-temperature superalloys. Moreover, it can create lattice structures and therefore create strong and lightweight parts such as an aircraft bracket. This is much harder or more costly to achieve with traditional manufacturing methods (Padasak, 2022). AI methods can also be helpful to achieve this. Additive manufacturing supports AI-driven technology unlike traditional manufacturing methods.
Additive manufacturing is ideal for complex parts such as parts that would normally require assembly and therefore further steps to manufacture and increased labour costs. Additive manufacturing removes this need by creating a complex shape into one single part. It can print moveable parts into a single shape also, saving time assembling them (Padasak, 2022).
Lastly, additive manufacturing requires little inventory/stock. Comparative manufacturing methods often requires parts to be kept on site in case of sudden demand. Whereas additive manufacturing can produce parts as and when necessary. This an reduce costs related to inventory (Padasak, 2022).








[bookmark: _Toc171271960]Constraints of DMLS

While DMLS offers significant advantages for the redesign of the Aircraft Wing Rib Bracket, several constraints must be carefully considered to ensure the success of the manufacturing process. One major constraint is anisotropy and inhomogeneity; parts produced by DMLS can exhibit varying mechanical properties in different directions due to the layer-by-layer building process. This necessitates thorough design and testing to ensure consistent performance (Anand and Das, 2021).
Shrinkage, porosity, and distortion are other critical factors; as the metal powder melts and solidifies, it can cause the part to shrink, develop pores, or distort. These issues must be addressed through careful process control and post-processing techniques such as heat treatment. Furthermore, residual stresses and stress concentrations can occur due to the rapid cooling and solidification, potentially leading to part deformation or failure. Optimising the build orientation and employing stress-relief annealing can mitigate these effects (Kolman, 2020).
Support structure requirements are another significant constraint; supports are needed to anchor the part during the build, which can increase material usage resulting in costs to dispose of material and more waste material overall. It also adds post-processing time for their removal. 
Finally, the cost and environmental implications of DMLS should be considered. Although AM can reduce material waste compared to traditional methods, the high energy consumption and costs associated with metal powders and specialised equipment can be significant (Jung et al., 2023). Addressing these constraints requires careful planning during the design and manufacturing stages.










[bookmark: _Toc171271961]DFMEA

A DFMEA is used to identify potential failure modes in the aircraft wing rib bracket, assess their impact, and prioritise mitigation efforts. This process helps improve design robustness, ensure safety and reliability, and guide design improvements, leading to a more effective and reliable component (Tarlengco, 2024).
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[bookmark: _Toc171271979]Figure 12 - DFMEA.

[bookmark: _Toc171271962]QFD

Using a QFD for the aircraft wing rib bracket helps ensure that the design meets customer requirements and technical specifications. This structured approach prioritises design features, ensuring that critical attributes like durability and manufacturability. A QFD aids in systematically translating customer requirements into specific, actionable design and engineering targets, leading to a more effective and efficient bracket design (Guevara, 2023).
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[bookmark: _Toc171271980]Figure 13 - QFD for bracket.










[bookmark: _Toc171271963]Redesign

In redesigning the Aircraft Wing Rib Bracket, several key design decisions were made to improve its performance and manufacturability. One decision was creating one singular part. This enhances the structural integrity and reliability of the bracket, reducing the potential for failure and simplifying assembly. By decreasing the overall part count, production can be streamlined.
Another significant decision in the redesign process was to integrate a support leg for the main body, instead of using separate supports. This choice aimed to enhance structural integrity, simplify assembly, minimise material usage, and reduce potential points of failure. It would facilitate better load distribution, improve heat dissipation during manufacturing, and ensure stability during additive manufacturing processes like DMLS. This streamlined approach aligns with aerospace standards for efficiency and reliability.
Furthermore, topology optimisation was experimented with to remove excess material, thereby reducing the overall weight without compromising structural integrity. This optimisation would ensure that the bracket retains strength where needed while minimising unnecessary bulk. Additionally, investigating the use of lattice structures in low-stress regions, to further decrease weight and enhance energy absorption properties, capitalises on the design freedom offered by additive manufacturing. If intricate lattice structures were used for the new design, precise control is required to avoid defects such as porosity and residual stresses. Ensuring that these advanced manufacturing processes could consistently produce high-quality parts is a crucial consideration.
Titanium was chosen for its high strength-to-weight ratio and excellent corrosion resistance, essential for aerospace applications. However, the high cost of titanium posed a significant challenge. Justifying this expense requires a thorough analysis of the long-term benefits, including reduced maintenance costs and improved performance.
Furthermore, the need for support structures during the DMLS process added complexity and post-processing requirements. This necessitated careful planning to minimise support use while ensuring adequate part stability during printing.
By carefully balancing these factors, leveraging advanced design, and manufacturing technologies, the redesign can achieve a high-performance, efficient, and manufacturable component that meets the rigorous demands of the aerospace industry.


[bookmark: _Toc171271964]CAD 

For the design of the bracket both 3D modelling and generative design were utilised. Figure 14 shows an example of a common aircraft bracket used. It has multiple parts and therefore requires assembly. This bracket required supports to hold it in place also. The design shown in figure 14 is straightforward, it serves its intended mechanical purpose but does not optimise for weight or material usage. A baseline analysis revealed several limitations in the current design, including material inefficiencies, and challenges in manufacturability due to complex geometries and assembly requirements.
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[bookmark: _Toc171271981]Figure 14 - Common Aircraft Bracket
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[bookmark: _Toc171271982]Figure 15 - Original Bracket Design

For my new design, a bracket was created using fusion. The two holes are for as fixtures and the leg is to hold up the bracket and therefore replace the need for multiple added supports, reducing the number of parts required. The back of the design is shelled out, to keep the part lightweight.
The design shown in Figure 15 is straightforward with uniform thickness. The design serves its intended mechanical purpose whilst optimising for weight and material usage. Material is placed only where necessary, for a one-piece bracket, to meet performance criteria. The structure is more streamlined, with less parts needed, reflecting DFAM principles of minimising material use while maintaining strength. This reduces weight without compromising structural integrity, which is a common goal in DFAM. This is crucial for additive manufacturing, where material costs and weight are directly proportional.
The new design meets the same functional requirements but with enhanced performance characteristics such as reduced parts, weight, and potentially improved stress distribution. The design adheres to the principle of material efficiency, which is critical in reducing costs and improving sustainability.

[image: ]
[bookmark: _Toc171271983]Figure 16 - Original Bracket Design Reverse View

Following this, a generative design approach was experimented with to create a shape that traditional manufacturing cannot easily produce. The generative design process incorporates topology optimisation. The design was refined to find the best material layout for given loads and constraints. On fusion, parts of the design were preserved, and others were set as obstacles. As the intention is to make the piece lightweight, initially minimal bodies were preserved. The material was set to titanium and the appropriate force in Newtons applied.
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[bookmark: _Toc171271984]Figure 17 – Preserved bodies and obstacles for design 1 
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[bookmark: _Toc171271985]Figure 18 - Generative design 1

The design in Figure 18 is an example of generative design with a lattice structure. As shown, it has preserved the required areas and avoided growth within the holes as these are needed for fitting the part. The design uses less material and therefore has reduced weight. However, as the part is largely hollowed out, this design would require many added supports. Furthermore, due to the unevenness of the lattice structure, it would likely fail to provide the necessary strength and rigidity, the bracket could be prone to deformation or failure under load. This could be due to inadequate strut thickness or poor placement of supports. This design would encounter challenges including meeting and maintaining strength requirements as well as addressing manufacturability issues associated with intricate geometries. Because of this, further preserved bodies were created to mimic the original design but use additive manufacturing, to test its suitability.
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[bookmark: _Toc171271986]Figure 19 - Added obstacles and preserved bodies.
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[bookmark: _Toc171271987]Figure 20 - Generative design 2

[bookmark: _Hlk171188720]The revised design shows a more organic form. This is a typical outcome of generative design, where material is placed only where necessary to meet performance criteria. Material has been removed in non-critical areas. Given further time, generative design could be utilised to find a middle ground between the designs by creating a similar shape to Figure 15 whilst cutting down on excess material and achieve a lattice structure, as shown in Figure 18. 




[bookmark: _Toc171271965]Improvements and Feasibility 

The redesign employs DfAM principles to achieve significant weight reduction. By eliminating unnecessary material and integrating lattice structures, the bracket becomes lighter without compromising its strength. Topology optimisation ensures material placement only where necessary, enhancing fuel efficiency and lowering operational costs. This reduction in weight contributes directly to improved aircraft performance and reduced fuel consumption, aligning with the aerospace industry's focus on efficiency and sustainability.
The redesigned bracket uses a titanium alloy, known for its excellent strength-to-weight ratio, superior corrosion resistance, and fatigue durability. The optimised design enhances load distribution, minimising stress concentrations and increasing overall durability. This is particularly important in the aerospace environment, where components must withstand significant stress and varying load conditions. The use of titanium also eliminates the need for additional protective coatings, reducing maintenance requirements and ensuring long-term durability (Sims, 2023).
Additive Manufacturing with Direct Metal Laser Sintering facilitates the creation of complex geometries, including intricate lattice structures that would reduce weight while maintaining structural integrity. The DMLS process drastically reduces material waste compared to traditional manufacturing methods, leading to cost savings, and supporting sustainable practices. The ability to produce complex geometries in a single manufacturing step also reduces the need for multiple components and assembly processes, streamlining production and reducing lead times (Madhavadas et al., 2022).
The redesign consolidates the bracket into a single component, simplifying assembly and reducing potential failure points. This enhancement not only improves reliability but also simplifies maintenance procedures, reducing lifecycle costs and improving operational efficiency. The modular design features facilitated by titanium's strength enable quicker and more straightforward installation processes, reducing aircraft downtime and enhancing overall operational efficiency.
While titanium is more expensive than other materials, its superior properties justify the investment for aerospace applications. The long-term benefits of reduced maintenance, improved performance, and weight savings outweigh the initial material costs. The efficiency of the DMLS process further reduces manufacturing time and costs, making the redesigned bracket cost-effective over its operational lifespan. Additionally, the reduced weight contributes to lower fuel consumption and operational costs, further justifying the initial investment in high-quality materials and advanced manufacturing processes.
The additive manufacturing process significantly reduces material waste, aligning with environmental sustainability goals. Titanium is fully recyclable, supporting sustainable practices in aerospace manufacturing (California Metals, 2024). The reduced weight of the bracket also leads to lower fuel consumption and carbon emissions, contributing to the industry's efforts to minimise its environmental footprint. By optimising the design for material efficiency and leveraging advanced manufacturing techniques, the environmental impact of producing the bracket is minimised.
To summarise, the redesigned Aircraft Wing Rib Bracket is highly feasible for aerospace applications, offering substantial improvements in weight, performance, manufacturability, and sustainability. By leveraging DfAM principles and advanced materials, the redesign achieves a high-performance, efficient, and reliable component that meets the rigorous demands of the aerospace industry. The integration of these improvements and feasibility assessments ensures a comprehensive understanding of the benefits and practicality of the redesigned bracket, making a compelling case for its implementation in modern aircraft.


[bookmark: _Toc171271966]Conclusion

In conclusion, the redesign of the Aircraft Wing Rib Bracket utilising DfAM principles evidences its suitability. Improvements in weight reduction, structural integrity, and performance have been achieved. The selection of a titanium alloy and the utilisation of DMLS not only enhance material properties such as strength-to-weight ratio and corrosion resistance but also streamline manufacturing processes by minimising waste and assembly complexities.
The feasibility assessment underscores the practicality of integrating the redesigned bracket into modern aircraft, emphasising enhanced efficiency, reduced operational costs, and improved sustainability. By leveraging advanced materials and manufacturing techniques, the redesign aligns with industry goals of achieving higher performance standards while minimising environmental impact through reduced fuel consumption and carbon emissions.
Future iterations could explore further optimisations in material usage and process efficiencies to continually push the boundaries of design innovation in aerospace engineering. Overall, the success of this project demonstrates the transformative potential of DfAM in realising lighter, stronger, and more efficient aerospace components that meet the stringent demands of modern aviation.
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Categories Requirement Design Requirement Design Specification

Reliability/Durability High operational life

The gripper must withstand continuous operation 

cycles of at least 500,000 uses without significant 

wear or failure.

Precision and Accuracy

High positional accuracy and 

repeatability

The gripper must be able to grip objects with a 

positional accuracy of ±0.1 mm and repeatability of 

±0.05 mm.

Ease of Maintenance Modular and accessible components

Components should be modular and accessible with 

common tools, allowing for maintenance tasks to be 

completed within 15 minutes.

Safe to Use Safety features

The gripper must include safety features such as pinch 

point protection and proximity sensors. All moving 

parts should be shielded or covered.

Ease of Use

Intuitive interface and manageable 

weight

The gripper should have an intuitive interface for setup 

and operation and require minimal training. The weight 

should not exceed 2 kg to ensure ease of handling 

during installation.

Cost-Effectiveness Low manufacturing cost

The target manufacturing cost per unit should not 

exceed £300, the gripper will be high-end and 

therefore cost more than this. Materials and 

processes should be selected to minimise costs while 

maintaining quality.

Timely Production Efficient manufacturing process

The design should support an efficient manufacturing 

process capable of producing 1000+ units per week, 

with a lead time of no more than 4 weeks from order to 

delivery.

Strong Material High-strength materials

The main structural components should be made from 

a high-strength aluminium alloy to balance strength 

and weight.

Precision Mechanisms High-precision components

Use high-precision bearings and actuators to ensure 

consistent and accurate gripping performance.

Tool-less Access Quick-release and snap-fit assemblies

Design elements should allow for tool-less access to 

key components, such as quick-release fasteners or 

snap-fit assemblies.

User Ergonomics Ergonomic design

The gripper should have smooth, rounded edges and a 

user-friendly design to reduce the risk of injury and 

improve handling.

Finishing Process for 

Appearance

Aesthetic and protective finishing

Apply anodizing or powder coating to enhance the 

aesthetic appeal and provide corrosion resistance.

Added Functions

Versatile gripping modes and 

attachments

Incorporate versatile gripping modes (e.g., adaptive 

gripping for various shapes and sizes) and modular 

attachments for different applications.

Efficient Manufacturing 

Process

Low energy consumption

Optimise the design for minimal energy consumption 

during operation, targeting a maximum power usage of 

50W.

Sustainable Materials Environmentally friendly materials

Where possible, use recyclable or biodegradable 

materials to reduce environmental impact.

Energy Efficiency Low power consumption

Design the gripper to consume minimal energy during 

operation, contributing to overall system efficiency.

End-of-Life Disposal Easy disassembly and recycling

Plan for easy disassembly and recycling of 

components to support responsible end-of-life 

disposal.

Performance 

Requirements 

User Requirements 

Manufacturing 

Requirements

Quality Characteristics 

Environmental/

 lifecycle considerations 

(for public perception)
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Six Sigma Focus Area Description and Application

Critical-to-Quality 

Characteristics

Identify specific features or characteristics that are key for customer satisfaction 

and gripper performance. Examples include grip strength and durability.

Defects Per Unit 

Measure the current number of defects per gripper unit and set a target for 

improvement. Defects may include assembly errors or material flaws.

Process Capability

Assess how well the manufacturing process can meet the critical quality 

characteristics. Determine if the current process is capable of consistently 

producing high-quality grippers.

Failure Modes and Effects 

Analysis

Evaluate potential ways in which the gripper could fail during assembly or use. 

Prioritise risks based on their impact on performance and reliability.

Control Plan

Outline steps and checks to ensure consistent quality during mass production. 

Include inspection points and quality checks throughout the assembly process.

Measurement Systems 

Analysis

Validate the accuracy and reliability of measurement tools used to monitor gripper 

quality and performance. Ensure they provide consistent and precise 

measurements.

Statistical Process 

Control

Use techniques to monitor the stability of the manufacturing process and detect 

any variations that could affect gripper quality. Implement visual controls and 

regular checks.

Root Cause Analysis

Investigate any reasonsing for any defects/deviations in the gripper assembly 

process. Identify and address the causes to prevent future issues.

Design for Six Sigma

Apply principles to ensure the new gripper design meets quality standards and is 

easy to manufacture. Focus on optimising performance and reliability.
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Design for 

Assembly 

(DFA) Analysis

Current Design Challenges Improvements and Benefits

Reducing 

Component 

Count

Gripper has numerous small parts, 

increasing assembly time and potential 

errors.

Integrate multifunctional components; eliminate 

redundant parts. Streamline assembly, reduce errors, 

and lower production costs.

Simplifying 

Assembly 

Process

Assembly requires multiple orientations 

and fasteners, complicating workflow.

Standardise parts to fit from a single direction. Simplify 

assembly procedures, reduce training complexity, and 

enhance consistency.

Enhancing 

Ease of 

Handling

Small and delicate parts are difficult to 

handle, leading to assembly challenges.

Introduce self-locating features and snap-fit 

connections. Facilitate easier handling, reduce errors, 

and improve ergonomics.

Optimising 

Fastening 

Methods

Various fasteners are used, increasing 

complexity and assembly time.

Implement integrated clips and standardised fasteners. 

Reduce assembly time, lower tooling costs, and 

minimise assembly errors.
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 Materials : Substitute certain components with high - strength, cost - effective alternatives. For instance, replac ing   steel parts with aluminium alloys where a high strength - to - weight ratio is beneficial without compromising durability.   Processes : Replace traditional manufacturing methods with  advanced techniques like injection moulding for plastic  components and die casting for metal parts to reduce costs  and increase production efficiency.  

  C

ĺıæĖĲô

 Processes : Combine injection moulding and CNC  machining to produce high - precision plastic and metal parts  efficiently. Injection moulding can produce the bulk of the  part, while CNC machining can refine specific features  requiring tight tolerances.   Materials : Use a combination of aluminium for the frame  and steel for the gripping jaws to balance strength and  weight, ensuring the gripper is robust yet lightweight.  

    A

îÍŕť

 Techniques : Adapt lean manufacturing principles to  minimise waste and optimise production efficiency.  Implementing just - in - time production can reduce lead times  and inventory costs.   Design : Adapt the gripper design to be modular, allowing for  easy customisation and replacement of parts, which is  crucial for maintaining flexibility and reducing downtime .  

      M

ĺîĖċƅ

 Design : Modify the gripper design to simplify assembly and  reduce the number of parts. This can be achieved by  integrating multifunctional components that reduce  assembly complexity .   Processes : Modify the assembly line to incorporate  automation, reducing labour costs and increasing  throughput. Automated quality control systems can ensure  each gripper meets   performance  standards .  
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 Materials : Utilise plastic components not just for casings  but also for electrical enclosures, taking advantage of  plastic’s insulating properties.   Processes : Repurpose existing CNC machines to refine die - cast parts, ensuring high precision and reducing the need for   costly  new equipment .  

        E

īĖıĖĲÍťô

       Redundant Steps : Eliminate redundant manufacturing steps  by streamlining the production process. For example, reduce  machining requirements   by optimising initial casting and  moulding designs.   Complexity :  Reduce the   complexity  of   the design to   lower   production costs and assembly time. Simplified designs are  easier to manufacture at scale and reduce the potential for  defects.  

  R

ôŽôŘŜô

   Workflow : Reverse the traditional workflow by implementing  simultaneous   engineering practices, where design,  manufacturing, and quality control teams work together from  the outset to identify and address potential issues early.   Material Flow : Reverse material flow to a  system , where  materials are supplied based on real - time demand, reducing  inventory costs and ensuring just - in - time delivery.  
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