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This study examines the necessary design changes for moving a product towards large-scale manufacturing. It explores challenges across materials, production methods, supply chains, and quality control. Using Kano's Model and SCAMPER, it prioritises key alterations. With input from experts and real-world examples, the study highlights the importance of making smart design alterations and process improvements to maintain quality while cutting costs. Its findings offer practical advice to manufacturers as they scale up production.
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[bookmark: _Toc171333202]1. Introduction
In response to growing market demand, this study aims to optimise the design efficiency and manufacturability of a mechanical gripper produced by a robotic tooling manufacturer. With projected production volumes exceeding 1000 units per week, the focus is on redesigning the gripper for mass production. Considering manufacturing costs, environmental sustainability, the expected customer and end-user needs, as well as public perception and aesthetics will be imperative to a holistic design. This will be shown through the implementation of a quality function deployment and the development of a design specification using references to businesses' needs and cost drivers. Explanations and justifying reasons for the manufacturing processes selected for mass production will be given.

[bookmark: _Toc171333203]2. Concept Design Appraisal
Zanella, (2024) explains evaluating initial ideas to see if they're practical and effective, helps understand if designs will work before investing too much time and resources. This process involves assessing the feasibility, functionality, and potential impact of design concepts to ensure that they meet the desired objectives and constraints. By conducting a thorough appraisal early in the design process, teams can identify potential issues, refine their ideas, and make informed decisions about which concepts to develop further (Anderson, 2023). This approach saves time and resources while increasing the likelihood of success in later stages of development.
[bookmark: _Toc171333204]2.1 Customer and End-user Needs
Understanding customer and end-user needs is paramount in reflecting the information on product design to gain success in a competitive market (Kwak, et al., 2022). Surveys, interviews, and feedback analysis are valuable tools to gather insights into functionality, ergonomics, and usability requirements. Kanos model developed by Noriaki Kano in the 1980s, categorises product features into areas that will delight customers, basic expectations and areas that are indifferent and frustrating (Kano, 1984).  Contemporary alternatives consider the relationship between customer requirements and customer satisfaction linearly (Tantoni, 2007). However, Kano demonstrates this can lead to errors in decision-making about which aspects of a product will have more impact on customer satisfaction. 
[bookmark: _Toc171333205]2.2 Public Perception and Aesthetics
The public perception of a product influences its market acceptance and brand reputation. Reputation allows organisations to reap rewards in five main ways, Harvey, (2023) lists: 
1. Higher pricing 
2. Public recognition 
3. Attracting and retaining talent
4. Expanding into allied fields
5. Attracting investment 
But reputations also pose threats to organisations too, Harvey, (2023) acknowledges 6 threats:
1. Disengaged customers and clients
2. Assumptions of poor quality 
3. Unwanted attention 
4. Demotivation of employees 
5. Difficulties attracting investment 
6. Poor performance 
Aesthetically pleasing designs can enhance user experience attracting potential buyers. Utilising design thinking methodologies, such as empathy mapping and user journey analysis, can help in creating visually appealing and user-centric products. However, only engaging with customer satisfaction is not enough, balancing the satisfaction of all stakeholders is paramount to running a successful business (Leavy, 2016). 
[bookmark: _Toc171333206]2.3 Quality Function Deployment (QFD) and Design Specification
QFD uses a connection of several matrices to facilitates the translation of customer requirements into engineering characteristics (Evans & Lindsay, 1996) (Hsu, et al., 2024). Prioritising customer needs and aligning them with design parameters ensures that the final product meets or exceeds customer expectations. The matrices, known as a House of Quality (HoQ) which resembles a house when put together (Waterworth & Eldrige, 2010) with several HoQ iterations being required to obtain specific levels of detail (Kutucuoglu, et al., 2001). A QFD provides benefits by reducing design changes and limiting risk of failure (Bouchereau & Rowlands, 2000) (Sartor & Orzes, 2019). However, issues of being a large resource drain especially on research if it is to be deployed correctly are acknowledged (Chan & Wu, 2002). QFD accompanied by a comprehensive design specification, solidifies the QFD findings serving as a guiding document throughout the design process (Mohr-Jackson, 1996). The products design specification has followed the infrastructure laid by Pugh, (1991) (Ramos, et al., 2022) to deliver a comprehensive specification.  A QFD has been undertaken for the mechanical gripper (as seen in appendix 1.1). Accompanied by a design specification (as seen in appendix 1.2). 
[bookmark: _Toc171333207]3. Manufacturing Process Proposal
[bookmark: _Toc171333208]3.1 Business/Company Needs and Cost Drivers
Manufacturing processes directly impacts production efficiency and cost-effectiveness. Analysing business needs and cost drivers helps in identifying the most suitable manufacturing techniques. Factors such as labour costs, material availability, and lead times influence the choice. With a shift into industry 4.0, the digital transformation of the industry is synonymous with smart manufacturing (Thoben, et al., 2017). It offers real-time decision making, increased efficiency, flexibility, and agility to reinvent the way businesses produce, develop, and distribute their goods (Zhang, et al., 2014). The current cost of manufacture for 1000 units of the gripper has been identified (as seen in appendix 1.5). Concept 2 has been subject to the same cost of manufacture analysis (as seen in appendix 2.3). A comparison demonstrates an estimated total reduction in manufacturing costs of $11,464.05.
[bookmark: _Toc171333209]3.2 Explanation and Justification of Selected Manufacturing Processes
Manufacturing processes have advantages and limitations. Injection moulding, for instance, offers high-volume production with low costs per unit, however, requires expensive tooling (Sharifi, et al., 2022). Computer numerical control (CNC) machining provides precise control over part geometry but as Gibbs, (1991) suggests, may not be economical for large batch sizes (Escudero, et al., 2022). Additive manufacturing enables complex geometries and rapid prototyping, but may lack surface finish quality (Al-Safy, 2019). The chosen processes should align with production volume requirements, budget constraints, and quality standards. Therefore, a combination of manufacturing processes will be used appropriately, i.e. additive manufacturing for prototyping. A blend of CNC machining, die cast and forging for metallic components (see appendix 1.5 for details) and Injection moulding of polymer components both elastomer and thermoset. 
[bookmark: _Toc171333210]4. Design and Development Work Undertaken
[bookmark: _Toc171333211]4.1 Generation of New Designs or Features
Iterative design processes mitigate risk and improves efficiency in execution by taking a holistic approach through a sequential process including: planning, development through computer-aided design (CAD), testing through CAD simulations, analysis and refinement, aiding in generating innovative designs and features (Atlassian, 2024). Iterative design can be exercised through several practices such as Kanban, Scrum and lean project management (Xing, et al., 2024). These techniques use the agile ideology which emphasises continued collaboration with teams following a structure of planning executing and evaluating (Cooper & Sommer, 2018). Two concepts were proposed for improvements on the mechanical gripper (appendix 2.0 & 2.1) concept 2 shows signs of feasibility and has been subject to further analysis. 
[bookmark: _Toc171333212]4.2 Design for 'X' Evaluation Techniques
Design for Manufacturing (DFM) (Tsai, et al., 2001), Design for Assembly (DFA) (Păcurar, 2019) (in particular the Lucas method (Alfadhlani, et al., 2018)), are key strategies which have been used to enhance how the product has been redesigned. By incorporating these concepts early in the design process, it's possible to anticipate and solve potential production issues, simplify the assembly process and minimise environmental impact. The Lucas method has been utilised for DFA. Despite its widespread use, the Boothroyd-Dewhurst method relies on timing each handling and insertion motion. While data tables are accessible, time studies conducted at specific factories yield the most precise figures. 
The Lucas Corp. created the Lucas DFA method in the early 1980s. The Lucas technique, in contrast to the Boothroyd-Dewhurst method, is based on a "point scale" that provides a relative assembly difficulty measurement. The three distinct and consecutive analyses form the basis of the technique. The assembly sequence flowchart (ASF) is the easiest way to describe these:
1. Specification
2. Design
3. Functional analysis (first Lucas analysis)
Possibly loop back to step 2 if the analysis yields problems
4. Feeding analysis (second Lucas analysis)
5. Fitting analysis (third Lucas analysis)
6. Assessment
7. Possibly return to step 2 if the analyses identify problems
An initial DFA analysis was conducted on the original design (as seen in appendix 1.8) 
[bookmark: _Toc171333213]4.2.1 Functional Analysis 
The product's components are examined exclusively in terms of their intended use in this analysis. Group A components are those that are thought to be necessary for the product to work, and Group B components are those that are not. The tasks of group B include fixing and fastening. 
Ezpleta, et al., (2019) says the design's functional efficiency can be computed as follows:

[bookmark: _Toc170415683]Equation 1 Functional Efficiency
It should be noted that a design alternative is pre-screened using design efficiency before receiving greater attention. This differs from the Boothroyd-Dewhurst approach, which is predicated on the assumption that a design is already in place (Boothroyd, et al., 2010) (Prasad, et al., 2023). The goal of this analysis is to make the product have fewer parts. For first designs, a design efficiency of 60% is usually the goal. For the original design the designs functional efficiency is as follows: 

[bookmark: _Toc170415684]Equation 2 Functional Efficiency: Original Design 
Which is well below target of 60%. 
An attempted concept imagined largely through the view of ease of assembly was reviewed with a design efficiency of: 

[bookmark: _Toc170415685]Equation 3 Functional Efficiency: Concept 1
However, further review of the components deemed them unfeasible for largescale manufacture in a timely manner due to the complex geometry, possible only through additive manufacturing, an unsustainable manufacturing process for large volumes.   The concept was to be reconsidered through a lens of practicality and not just ease of assembly.
The improved design in concept 2 has a design efficiency of: 

[bookmark: _Toc170415686]Equation 4 Functional Efficiency: Concept 2
Which is still below the goal of 60%, however, is an improvement by magnitude of 2.4X. The insufficient meeting of the target can be attributed to the exceptionally low original design efficiency.  Further design alterations could be made to eliminate the need for non-essential parts. However, when design for manufacture is considered. Manufacturing would become difficult as demonstrated in concept 1.  
[bookmark: _Toc171333214]4.2.2 Handling Analysis
This analysis considers the part handling and insertion times, similarly to the Boothroyd-Dewhurst analysis would. The handling analysis uses an appropriate table to assign scores based on the difficulty of handling each part. The individual handling index is scored for every component. A part's goal index is typically 1.5. A redesign of the part should be taken into consideration, if the index is higher than 1.5.
All parts of the product should, in general, adhere to a "handling ratio" that is described as follows:

[bookmark: _Toc170415687]Equation 5 Handling Ratio
The sum of all the part-specific indices equals the total handling index. Value A from the functional analysis represents the total number of necessary components. 
The consensus is that a feeding ratio of 2.5 is acceptable. For the original design the handling ratio is as follows: 

[bookmark: _Toc170415688]Equation 6 Handling Ratio: Original Design
(Figures derived from appendix 1.8)
For concept 2 the handling ratio is as follows: 

[bookmark: _Toc170415689]Equation 7 Handling Ratio: Concept 2
(Figures derived from appendix 2.5)
[bookmark: _Toc171333215]4.2.3 Fitting Analysis 
The feeding analysis and the fitting analysis are calculated in a similar way. Again, the target fitting index for every assembly is 1.5. It should be stated, that the fitting indices typically exhibit higher variance than the feeding indices. Once more, a fitting ratio of 2.5 is ideal overall.
[bookmark: _Toc170415690]Equation 8 Fitting Ratio
With the fitting ratio for the original design being as follows: 

[bookmark: _Toc170415691]Equation 9 Fitting Ratio: Original Design
(Figures derived from appendix 1.9)
Concept 2 fitting ratio is as follows:   

[bookmark: _Toc170415692]Equation 10 Fitting Ratio: Concept 2
(Figures derived from Appendix 2.6) 
[bookmark: _Toc171333216]4.3 Risk Management Techniques
Failure Modes Effects Analysis (FMEA) is a systematic approach to identify and mitigate potential failure modes throughout the product lifecycle. By assessing the severity, occurrence, and detectability of failure modes, risk mitigation strategies can be implemented to enhance product reliability and safety. (For FMEA of a mechanical gripper see appendix 2.8)
[bookmark: _Toc171333217]4.4 Environmental and Product Life Cycle Considerations
Material selection, energy efficiency, and end-of-life recycling, are integral to minimising the environmental footprint of a product. (Petrillo & De Felice, 2021) explain life cycle assessment (LCA) enables quantifiable data of environmental impacts associated with raw material extraction, manufacturing, distribution, use, and disposal phases, guiding decision-making towards more sustainable design choices. The majority of the gripper is to be manufactured from aluminium. (For further details regarding LCA see, PDS, appendix 1.2)
[bookmark: _Toc171333218]5.0 Implementation of Techniques for Design optimisation 
The implementation of SCAMPER (Altiparmak & Eryilmaz-Mustu, 2021) was used to identify areas of the design that could be altered to provide greater benefit to manufacture of larger quantities. SCAMPER is an acronym for the following: 
1. Substitute: what parts of the assembly process or materials can be replaced with alternatives by replacing manual labour with automated machinery, using different materials that are more cost-effective or durable, or substituting traditional methods for modern techniques.
2. Combine: Creating new functionalities by combining multiple steps of the assembly into one streamlined operation, or the integration of components to reduce the number of parts and simplify assembly.
3. Adapt: Can adaptions to the existing processes or components to better meet our needs through adjusting machinery or tools to fit new product requirements? Modifying assembly line configurations to better suit new product designs, or use technologies from other industries to open new opportunities. 
4. Modify (Magnify or Minify): Modifications can enhance the assembly process. Increasing the scale of certain components offers greater durability. Reducing the size of certain components can save material, or modification to the assembly line can allow for better ergonomics and efficiency.
5. Put to another use: Finding other uses for the current assembly techniques or materials using existing machinery. Different products, repurposing assembly line setups for new product lines, or the application of assembly techniques to different industries should be considered. 
6.  Eliminate: Eliminating unnecessary steps in the assembly process, removes redundant or non-value-adding components. Improving efficiency by streamlining the workflow to reduce waste 
7. Reverse (or Rearrange): Rearranging the sequence of assembly steps for better flow or reversing the orientation of components can improve assembly ease. Alternatively changing the layout of the assembly floor allows for better space utilisation.
Applicable elements of SCAMPER have been used in the redesign of both concepts. Concept 1 demonstrated a pure focused view of DFA ideology.  Concept 2 showed early signs of improved design efficiency from the original design while maintaining other factors such as manufacturing cost, manufacturing time and environmental impact. Further concepts may be required to effectively increase the design efficiency. Instating further design efficiency principles such as the Pareto Principle. Interaction Design Foundation, (2019) explains that 80% of desired effects come from 20% of the inputs. Using this principle alterations can be identified to better improve the design.  This principle would be optimised through reapplication of the ASF, by identifying the theoretical 20% when looping back to step two a design improvement of a theoretical 80% is achievable. 
[bookmark: _Toc171333219]6. Conclusion and Recommendations 
The redesign of the mechanical gripper for production of units surpassing 1000 units a week requires a multidisciplinary approach encompassing customer-centric design, cost-effective manufacturing processes, and sustainable development practices. By addressing these key areas, the optimised gripper design is not able to meet some of the requirements such as the handling and fitting ratios. To do so would mean not adhering to the wants and needs of the customer, and product requirements identified in the QFD. The negative relationships identified within the ‘roof’ of the QFD means design improvements are subject to a multitude of negative constraints. Concept 2 is a marked improvement upon the original design by upholding the quality standards, reducing production costs, and reducing environmental impacts. The manual handling and manual fitting ratios have been improved in concept 2 as they allow easier assembly of fewer components and fasteners. This proves to be beneficial by reducing production cost and material usage contributing to overall environmental impacts. A prototype of concept 2 would be recommended and a practical analysis of ease of manufacturing and time studies. With this information the Boothroyd-Dewhurst method could be applied for further DFA to be applied to the concept. If the concept proves unsatisfactory for scaling up production, Concept 3 should undergo refinement through iterative cycles within the Advanced Product Quality Planning (APQP) process (Pop, 2020).. Areas needing enhanced focus should be critically assessed by incorporating additional design efficiency principles like the Pareto Principle. Moreover, leveraging data from the prototype phase can facilitate design enhancements, providing tangible parameters for further progress. Continuous improvement of design efficiency for manufacturing remains an ongoing endeavour, necessitating balanced consideration of all stakeholders. Optimising manufacturing efficiency to its utmost may inadvertently impact other aspects such as cost-effectiveness. Therefore, it is crucial to weigh these factors against the company's manufacturing capabilities and broader operational context. 
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Additive Manufacturing and Design for Additive Manufacturing principles aid in the enhancement of manufactured component. Traditional manufacturing methods, while reliable, often suffer from limitations such as excessive weight, material waste, and complex assembly processes. By leveraging additive manufacturing, the project aims to address these limitations. Advanced design tools, including topology optimisation, generative design, and finite element analysis, are employed to optimise performance and manufacturability. These methodologies facilitate significant improvements in weight reduction, structural integrity, and ease of production.

1.0 [bookmark: _Toc171333222]Introduction
Additive Manufacturing (AM) has transformed industrial production by allowing for intricate geometries and offering significant design flexibility, leading to the development of Design for Additive Manufacturing (DfAM). This report details the redesign of a Simple Hydraulic Valve (SHV), which is critical in controlling fluid flow and pressure within hydraulic systems. Traditional subtractive manufacturing methods result in drawbacks such as excessive weight and complex assembly processes. By applying DfAM principles, including topology optimisation, generative design, and finite element analysis (FEA), these issues are addressed. Selective Laser Melting (SLM) is utilised, using high-strength stainless steel alloys to ensure material integrity. This project demonstrates how AM can improve the design and production of complex hydraulic components, focusing on weight reduction, structural integrity, and manufacturing ease. The report outlines the redesign process from initial analysis to final validation, evaluating the benefits and challenges of the new SHV design.
[bookmark: _Toc171333223]2.0 Literature Review
[bookmark: _Toc171333224]2.1 Design for Additive Manufacturing Principles
DfAM is an approach that utilises the unique capabilities of AM technologies to optimise product design and manufacturing processes (Balasubramanian, 2020). Key principles include component consolidation, internal lattice structures (as seen in Figure 1), and build volume optimisation. These principles enable the creation of complex geometries, weight reduction, and improved performance compared to traditional manufacturing methods (Information Resources Management Association, 2020).
[image: 3D printing lattices: Find the best lattice generation tools in 2024!]
[bookmark: _Toc171277869]Figure 1 Internal Lattice Structure (Sculpteo, 2024)
[bookmark: _Toc171333225]2.2 Component Consolidation
Berman, (2012) Explains, component consolidation involves integrating multiple parts into a single printed component, reducing assembly requirements and potentially enhancing structural integrity (Nia, et al., 2023). This approach simplifies design complexity, reduces manufacturing time, and lowers costs (Thomas, 2016). (Blakley-Milner, et al., 2021)
[bookmark: _Toc171333226]2.3 Internal Structures
Utilising internal lattice or cellular structures can significantly reduce component weight while maintaining or improving mechanical properties (Blakley-Milner, et al., 2021). These structures can be customised to meet specific performance requirements, such as load-bearing capabilities or flexibility (Mirables, et al., 2023).
[bookmark: _Toc171333227]2.4 Build Volume Optimisation
Optimising the build volume in AM processes involves arranging parts within the printing space to maximise efficiency and minimise material usage (Jiang, et al., 2018). This principle is essential for reducing production costs and improving sustainability by minimising waste. Zindani & Kumar, (2019) explain that additive manufacturing efficiently designs moulds and parts with complex ducts and cavities. CAD enhances this process by enabling design analysis through optimisation and simulations. Together, these technologies minimise material waste in product development, making them an efficient and green solution for manufacturing industries. 
[bookmark: _Toc171333228]2.5 Additive Manufacturing Processes
Various AM processes are suitable for producing complex components, each with its advantages and limitations. Multiple variations of AM exist and are expanding through advanced development, all providing beneficial attributes for differing applied practices (Information Resources Management Association, 2020). Stereolithography (SL), Fused Deposition Modelling (FDM), Laminated Object Manufacturing (LOM) are examples of common AM techniques.  For the SHV redesign, Selective Laser Melting (SLM) and Electron Beam Melting (EBM) are particularly relevant due to their capability to produce intricate details and high-strength parts.
[bookmark: _Toc171333229]2.6 stereolithography (SL) 
The SL process is a liquid-based method that cures or solidifies a photosensitive polymer resin using ultraviolet light. A UV laser is used to solidify specific resin sections while a platform holds the item and any overhanging elements in place. The platform lowers once each layer is finished, any extra material is emptied and reused once the product is finished (Zhou, et al., 2024). Higher resolution is available in an advanced form called micro-stereolithography. However, due to lack of fusing with the underlying layer, flaws like over-curing, especially in overhanging sections, and changes in scanned line forms as a result of the scanning process (Kim, et al., 2010). Furthermore, viscosity of the resin causes variations in layer thickness impacting surface smoothness. Multiple material SL is the process by which SL is able to construct pieces using several materials (Szilvśi-Nagy & Matyasi, 2003).
[bookmark: _Toc171333230]2.7 Fused Deposition Modelling 
In the FDM process, a thin plastic filament is fed into a machine where print heads melt and extrude it. Common materials include ABS, PC, PPSF, PC-ISO, and PC-ABS blends. Advantages of FDM are its lack of chemical post-processing, cost-effective machines, and no need for resin curing (Cooper, 2001). However, it has lower resolution on the z-axis, requires finishing processes, and takes relatively long to build parts (Morvan, et al., 2005). Options for dense and sparse modes can save production time, though this can affect mechanical properties.
[bookmark: _Toc171333231]2.8 Laminated Object Manufacturing (LOM) 
LOM process combines subtractive and additive techniques. Material sheets are fed over a platform and bonded together with a heated roller. A laser cuts the part outline, and the platform lowers by the sheet's thickness before adding the next layer. Advantages include low cost, no deformation, no post-processing, and the ability to build large parts. Disadvantages are material wastage, difficulty in producing complex cavities, and low surface definition. The LOM process can create models from paper, composites, and metals (Vaupotic, et al., 2006).
[bookmark: _Toc171333232]2.9 Selective Laser Melting (SLM)
SLM uses a high-powered laser to melt and fuse metal powders layer by layer, resulting in parts with excellent mechanical properties and dimensional accuracy (Wang, et al., 2007). It is ideal for components requiring intricate designs and high strength (Chen, et al., 2021). However, Dunbar, et al., (2016) discuss the residual heat stresses of thermal gradients often result in build failures such as delamination, fracturing of support structures, distortion and lack of fusion between deposited material. Mitigation for such factors can be adressed by an enhanced layer lumping method (LLM) as discust by Liang, et al., (2021). This process combines multiple thin layers together to reduce build time and obtain higher accuracy through minimal post build deformation. 
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[bookmark: _Toc171277870]Figure 2 Process Layout for Selective Laser Melting (CustomPart.net, 2024)
[bookmark: _Toc171333233]2.10 Material Selection
Choosing the appropriate material is crucial for ensuring the performance and durability of the redesigned hydraulic manifold. A plethora of materials can be used with SLM AM, polymers such as Polypropylene, Polyethylene and Thermoplastic Elastomer are all diversely used. Polymers however, lack the required characteristics for hydraulic manifolds and therefore metal SLM is required. The available metals for use with SLM consist of Aluminium and stainless-steel alloys (3ds, 2024) as well as cobalt-chrome alloys and titanium (Hegab, 2016). Stainless steel alloys like 316 (Hinojos, et al., 2016) and 17-4 PH (Muhsan, et al., 2023) are commonly used in AM due to their strength, corrosion resistance, and suitability for complex geometries.
[bookmark: _Toc171333234]2.11 Design Tools and Techniques
Advanced design tools such as topology optimisation (Sigmund & Maute, 2013), generative design (fluid path) (Fusion 360: Generative Design, 2019), and FEA (Păcurar, 2018) play a crucial role in implementing DfAM principles. These tools help in creating optimised designs that maximise the benefits of AM technologies.
[bookmark: _Toc171333235]2.12 Finite Element Analysis (FEA)
FEA is a simulation technique used to predict how a design will perform under real-world conditions (Păcurar, 2019), including stress, deformation, and failure points. It is essential for validating the structural integrity and performance of the redesigned manifold (Pullen & Charlton, 2015).
[bookmark: _Toc171333236]3.0 Existing Design Analysis
The current SHV (see appendix 3.0) represents the possibilities for components within hydraulic systems. Hydraulic system components are typically manufactured using traditional machining methods, they consist of a solid metal block with internal channels and cavities machined to accommodate the necessary valves and connections depending on purpose. 
[bookmark: _Toc171333237]3.1 Limitations of the Current Design
The existing design a representation of hydraulic components which range in complexity (see figure 3) suffers from several limitations that affect its performance and manufacturability:
Excessive Weight: The solid metal block design contributes to a heavy component, impacting system efficiency and mobility. Hydraulic system components can weigh between 0.5-1200Kg (Savery Hydraulics, 2024) (Rope Marine, 2024) 
Complex Assembly: Integration of multiple components requires precise machining and assembly, leading to increased production time and potential assembly errors (see figure 4).
Suboptimal Fluid Flow: Machined internal channels may cause turbulence and pressure drops (see figure 5), reducing system efficiency (Takeda, et al., 2024).
Material Waste: Subtractive manufacturing processes generate significant material waste, increasing costs and environmental impact.
Maintenance Challenges: Complex assembly complicates maintenance and repair processes, requiring specialised tools and expertise.
[bookmark: _Toc171333238]3.2 Potential Areas for Improvement
The redesign aims to address these limitations using DfAM principles:
Weight Reduction: Incorporating internal lattice structures and topology optimisation to reduce overall weight without compromising strength.
Simplified Assembly: Component consolidation to integrate multiple functions into a single part, reducing assembly complexity and potential leakage points.
Optimised Fluid Flow: Designing smoother internal geometries to enhance fluid flow efficiency and reduce pressure losses through fluid path analysis.
Reduced Material Waste: Utilising SLM AM process to minimise material waste by building components layer by layer.
Ease of Maintenance: Redesigning for easier disassembly and repair, improving maintenance efficiency. Although for disassembly, the structure would require sperate components. This counteracts the single component benefits of reduced complexity and no leakage points. 
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[bookmark: _Toc171277871]Figure 3 Hydraulic Manifolds (Mobile Hydraulic Tips, 2024)
[image: Hydraulic Manifolds Design Principle]
[bookmark: _Toc171277872]Figure 4 Internal Working of a Hydraulic Manifold (Manifold-Block, 2024)
[image: ]
[bookmark: _Toc171277873]Figure 5 Pressure Drops in Hydraulic Manifolds (Zarbin, et al., 2017)
[bookmark: _Toc171333239]4.0 Redesign Using DfAM Principles
The redesign process of the SHV integrates several DfAM principles to optimise its design and manufacturability.
[bookmark: _Toc171333240]4.1 Design Objectives
The primary objectives for the redesign include:
Weight Reduction: Minimising overall weight to enhance system efficiency.
Improved Performance: Enhancing fluid flow characteristics and system reliability.
Simplified Manufacturing: Streamlining production processes and reducing assembly complexity.
[bookmark: _Toc171333241]4.2 CAD Models and Design Iterations
The redesign process involved iterative design using Fusion 360. Each iteration incorporated feedback from simulations and optimisation tools to refine the final design. CAD models were developed to illustrate the integration of DfAM principles and innovative features.
[bookmark: _Toc171333242]4.3 DfAM Techniques Applied
Autodesk Fusion 360 CAD software has been utilised for the application of DfAM. Software tools within the programme were used to obtain: 
Build Volume Optimisation: With weight reduction and material waste being limitations of the current design, build volume optimisation of the valve was able to address these factors. 
Generative Design: Exploring multiple design alternatives based on fluid path performance to achieve innovative solutions that maximise AM capabilities to improve functionality. Six studies of differing parameters were conducted to gain a wider understanding of the optimised fluid path (see appendix 3.1). Fluid path 1 study (3) (2) proved the most usable result based off pressure data and its conformance with the valve pins functionality (see appendix 3.2 for fluid path applied to valve body). 
Topology Optimisation: The enhanced fluid path has been added to the design. To optimise material distribution within the valve, ensuring structural integrity and reducing unnecessary weight, a structural component analysis was conducted (see appendix 3.3). 
[bookmark: _Toc171333243]4.4 Material Selection
High-strength stainless steel alloys such as 316L or 17-4 PH were selected for their mechanical properties, corrosion resistance, and suitability for AM processes like SLM. The material choice ensures the manifold meets performance requirements in demanding hydraulic applications (Mlela, et al., 2020).
[bookmark: _Toc171333244]4.5 Manufacturing Process: Selective Laser Melting (SLM)
SLM was chosen for its ability to produce intricate geometries with high precision and mechanical strength. The process involves melting metal powder layer by layer using a laser, resulting in parts with excellent dimensional accuracy and material properties.
[bookmark: _Toc171333245]4.6 Cost and Environmental Implications
The cost analysis indicated that while initial investments in AM equipment and materials are higher, overall manufacturing costs are competitive due to reduced material waste and assembly complexity. AM also offers environmental benefits by minimising material usage and energy consumption compared to traditional manufacturing methods.
[bookmark: _Toc171333246]5.0 Engineering Analysis
The engineering analysis evaluates the redesigned hydraulic manifold's structural performance and reliability using FEA and Design Failure Modes and Effects Analysis (DFMEA).
[bookmark: _Toc171333247]5.1 Finite Element Analysis (FEA)
FEA simulations were conducted to assess the manifold's performance under operational conditions:
Model Setup: Importing CAD models into FEA software tools and defining material properties and boundary conditions by applying hydraulic pressures and mechanical loads to simulate real-world operating conditions (see appendix 3.4).
 Analysis and Results: Evaluating stress distribution, deformation, and potential failure points to validate design integrity and performance.
[bookmark: _Toc171333248]5.2 Design Failure Modes and Effects Analysis (DFMEA)
DFMEA was used to identify potential failure modes and implement mitigation strategies. Identifying critical failure modes based on design, material properties, and operational scenarios. Assessing severity, occurrence, and detection ratings to prioritise mitigation efforts through implementing design modifications and quality control measures to reduce risks and enhance reliability (see appendix 3.6).
[bookmark: _Toc171333249]6.0 Manufacturing Feasibility
The manufacturing feasibility assessment examines the practical aspects of producing the redesigned hydraulic manifold using SLM.
[bookmark: _Toc171333250]6.1 Additive Manufacturing Process: Selective Laser Melting (SLM)
SLM was deemed suitable for producing the manifold due to its capabilities in creating complex geometries and high-strength components. Practical limitations may present themselves through prototyping such as distortion, anisotropy and inhomogeneity, using the layer lumping method this would most likely be kept to a minimum. Optimising the SLM process can be achieved through careful selection of its parameters, including laser power, scan speed, and layer thickness, to achieve optimal part quality and mechanical properties. Support structures would need to be considered to assist the overhand during the build process, attention should be given to ensuring they are easily removable. A case study of a similar nature by Huanga, et al., (2022) supports SLM as a design process for hydraulic system components. 
[bookmark: _Toc171333251]6.2 Material Selection
High-strength stainless steel alloys were chosen for their mechanical properties as described by (McGuire, 2008): 
· Tensile Strength:
· Solution Treated Condition (Condition A): 930 MPa 
· Peak Aged Condition (H900): 1310 MPa 
· H1025: 1170 MPa 
· Yield Strength:
· Solution Treated Condition (Condition A): 860 MPa 
· Peak Aged Condition (H900): 1170 MPa 
· H1025: 1070 MPa 
· Elongation:
· Condition A: 10%
· H900: 10%
· H1025: 12%
· Hardness:
· Condition A: Approximately 35 HRC
· H900: Approximately 44 HRC
· H1025: Approximately 38 HRC
· Corrosion Resistance:
· Comparable to Type 304 in most environments
· Excellent in mild to moderately aggressive environments
· Resistant to atmospheric corrosion and a wide variety of chemical environments
This ensures durability and performance in hydraulic applications.
[bookmark: _Toc171333252]6.4 Post-Processing Requirements
Implementing heat treatment is beneficial as Gnaase, et al., (2023) explains, it dissolves precipitates and homogenises in the microstructure, creating a softer and more ductile state that is ideal for further processing such as surface finishing techniques to enhance part properties and meet performance specifications.
[bookmark: _Toc171333253]6.4 Cost and Environmental Considerations
Manufacturing costs and environmental impact of AM is beneficial to manufacturers, Jiang, et al., (2019) highlight savings in material usage and energy consumption compared to traditional methods.
[bookmark: _Toc171333254]7.0 Conclusion and Reflections 
This report documents the redesign of a SHV to exemplify critical components in hydraulic systems. By employing Design for Additive DfAM principles and advanced tools such as topology optimisation, generative design, and FEA, a suitable AM solution was proposed to challenge traditional methods and their limitations. SLM was chosen as the AM process, using high-strength stainless steel alloys.
The project demonstrates how AM can enhance the design and production of complex hydraulic components, focusing on weight reduction, structural integrity, and manufacturing efficiency. The redesign process, from initial analysis to final validation, highlights the benefits and challenges associated with the new SHV design.
[bookmark: _Toc171333255]7.1 Component Improvements
The SHV has seen several improvements. Initially, fluid path optimisation enhanced fluid efficiency and reduced pressure drops within the internal passageways. Topology optimisation significantly reduced material requirements, resulting in weight reduction and material waste savings. The component's size was minimised, allowing for a broader range of applications and improved usability in systems with restricted space. Moreover, manufacturability has been improved, exemplifying how AM enables the creation of complex structures that are difficult to machine conventionally. When paired with generative design tools, the potential capabilities of these components are greatly enhanced.
[bookmark: _Toc171333256]7.2 Challenges
Utilising generative design tools effectively requires a dedicated approach, particularly for complex components. During the SHV redesign, FEA identified multiple areas needing adjustment, requiring iterative changes to design parameters. Further considerations include the physical printing of the design, especially regarding support structures, layer thicknesses, and laser speeds. The prototype stage is crucial for identifying any overlooked issues. While internal lattice structures are recommended, design features must be applied judiciously.
 large pressure requirements and the support structures would need to be able to withstand this. Further FEA simulations would need to be run with any internal structures considered. 
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[bookmark: _Toc171277874]Figure 6 QFD House of Quality: A Quality Function Deployment for Mechanical Gripper
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[bookmark: _Toc171333261]Mechanical Gripper Design Specification
Performance
Reliability
· The gripper must demonstrate high reliability in various operational environments, maintaining consistent performance over extended periods.
Durability
· The gripper must be constructed from materials that ensure long-term durability and resistance to wear and tear.
Precision and Accuracy
· The gripper must achieve high precision and accuracy in its movements and operations to handle delicate tasks effectively.
Speed and Efficiency
· The gripper must operate at high speeds without compromising precision and efficiency, ensuring optimal performance in time-sensitive applications.
Load Capacity
· The gripper must be capable of handling a range of load capacities from 0.01kg – 8kg, suitable for different types of objects.
Flexibility and Adaptability
· The gripper must be adaptable to various applications and capable of handling diverse object shapes and sizes with ease.
Safety Features
· The gripper must include safety features to protect both the user and the objects being handled, such as emergency stop mechanisms and overload protection.
[bookmark: _Toc171333262]In-Service Environment
Operational Conditions
· The gripper must function effectively in various environmental conditions, including temperature extremes, humidity, and dust.
Compatibility with Existing Machinery
· The gripper must be compatible with existing machinery and control systems in the industry.
Noise Levels
· The gripper must operate with minimal noise to ensure a safe and comfortable working environment.
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Product Life Span
· The gripper must have a long service life, with minimal degradation in performance over time.
Quality and Reliability
· The gripper must maintain high quality and reliability throughout its service life, minimizing downtime and maintenance costs.
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Ease of Maintenance
· The gripper must be designed for easy maintenance, with tool-free access to key components.
Maintenance Guides
· Comprehensive maintenance guides and documentation must be provided to facilitate routine maintenance and repairs.
Interchangeable Parts
· The gripper must feature interchangeable parts to simplify repairs and reduce maintenance time.
[bookmark: _Toc171333265]Target Product Cost
· The gripper must be cost-effective, balancing performance and quality with affordability for the target market. The upper limit for production of 1000 units must not exceed $17,000. 
[bookmark: _Toc171333266]Competition
· The gripper must be competitive with similar products in the market in terms of performance, cost, and features.
[image: Hiwonder Metal Picking Gripper for Robotic Arm and Robot DIY]
[bookmark: _Toc171277875]Figure 7 Competitor 1 (Hiwonder , 2024)
· Price - $11.99  
· Material hard aluminium alloy 
· Applied to robotic arm and robot
· Grab the objects steadily and firmly
· Maximum opening distance 55mm
· Size: 98 * 112 * 50mm
· Product weight: 67g (without servo) Product weight: 131g (with LDX-335 servo)

[image: BigClaw Mechanical Gripper for Robot DIY]
[bookmark: _Toc171277876]Figure 8 Competitor 2 (Hiwonder , 2024)
· Price $16.99
· The gripper with a large contact area can grip objects more easily and more stably.
· Material Aluminium
· Parallel and symmetrical grip design makes it easy to pick up objects of various shapes.
· M3 and M4 holes on the gripper are left for DIY expansion.
· Weight: 96g (excluding servo); 162g (including servo)
· Opening and closing size: 86mm
· Product size: 115*57*69mm
[image: Hiwonder Plastic Gripper for Hiwonder Robot and Smart Car]
[bookmark: _Toc171277877]Figure 9 Competitor 3 (Hiwonder, 2024)
· Price $9.99
· Installed on robot or smart car
· Picking up items steadily and firmly
· Maximum opening distance reaches 54mm
· Compatible with various standard size servos
· Grab weight: 800g
· Weight: 49g (excluding servo); 117.5g (including servo)
· Material: Full ABS plastic
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· The gripper must be designed for efficient shipping, with packaging that minimizes damage and shipping costs.
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· The gripper must be securely packed to prevent damage during transit, using environmentally friendly packing materials.
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· The gripper must be producible in high volumes (1000+) to meet market demand without compromising quality.
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Efficiency:
· The gripper must be designed for efficient manufacturing processes to reduce production costs and time.
Injection moulding:
· Injection moulding is well-suited for producing large quantities of small to medium-sized gripper components made from engineering plastics.
· Complex shapes can be achieved with high repeatability and precision.
· This process offers fast cycle times and low unit costs, making it cost-effective for mass production.
3D Printing (Additive Manufacturing):
· Additive manufacturing processes like selective laser Melting (SLS) or fused deposition modelling (FDM) can be used for rapid prototyping and low-volume production of gripper components.
· 3D printing allows for the production of complex geometries with minimal material wastage.
· While not as cost-effective for high volumes as injection moulding, 3D printing offers flexibility and customization options during the design iteration phase.
Assembly and Integration:
· Automated assembly techniques, such as robotic assembly and fastening, can be employed to streamline the assembly process and ensure consistent quality.
· Modular design principles can facilitate easy assembly and integration of individual gripper components into the final product.
· Integration of sensors, actuators, and control systems can be done using automated assembly and testing processes to ensure functionality and reliability.
Environmentally Friendly Manufacturing
· The gripper must be manufactured using environmentally friendly processes and renewable materials.
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· The gripper must be smaller that 250mm x 150mm, suitable for integration into various systems without requiring significant modifications.
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· The gripper must be lightweight to reduce energy consumption and improve ease of handling.
[bookmark: _Toc171333273]Aesthetics
· The gripper must have a modern, sleek design that aligns with industry standards and customer expectations.
[bookmark: _Toc171333274]Materials
Quality
· The gripper must be made from high-quality materials to ensure durability and reliability.
Aluminium Alloy 6061-T6: 
· Strength: Aluminium alloys offer good strength-to-weight ratio, suitable for handling moderate loads while keeping the gripper lightweight.
· Durability: Aluminium alloys are durable and resistant to corrosion, ensuring long-term reliability.
· Weight: Lightweight construction reduces energy consumption and improves handling.
· Friction: Surface treatments or coatings can be applied to minimize friction, ensuring smooth operation.
· Cost-effectiveness: Aluminium is relatively affordable and easily machinable, making it suitable for high-volume production
Engineering Plastics Nylon
· Strength: Engineering plastics offer good mechanical properties, including strength and toughness, suitable for moderate load applications.
· Durability: Certain engineering plastics are resistant to corrosion, chemicals, and wear, ensuring durability in diverse environments.
· Weight: Lightweight nature of plastics can reduce the gripper's weight, improving efficiency and handling.
· Friction: Low coefficient of friction of certain plastics can facilitate smooth operation and object handling.
· Cost-effectiveness: Engineering plastics are generally more affordable than metal alternatives and can be easily moulded, making them suitable for complex geometries and high-volume production.
Elastomer Silicone 
· Flexibility and Grip: Elastomers offer exceptional flexibility and elasticity, allowing them to conform closely to irregularly shaped objects. This property enhances the gripper's ability to securely hold items of varying sizes and contours without causing damage.
· Shock Absorption: Elastomers exhibit inherent resilience, effectively absorbing shocks and vibrations during gripping and handling operations. This feature ensures a stable grip on delicate or fragile items while reducing the risk of slippage.
· Low Friction: Certain elastomers feature a low coefficient of friction, facilitating smooth and precise gripping movements. This characteristic is advantageous for achieving accurate positioning and minimising wear on both the gripper and the objects being handled.
· Durability and Wear Resistance: Elastomers are highly durable and resistant to abrasion, making them suitable for prolonged use in challenging industrial environments. They withstand frequent gripping cycles and exposure to chemicals or oils commonly found in manufacturing settings.
· Cost-effectiveness and Ease of Machining: Elastomers are generally cost-effective compared to alternatives such as metals or engineering plastics. They can be easily moulded into complex shapes, enabling the design of customised gripper components without extensive machining.
Strength
· The materials used must provide the necessary strength to handle various loads and operational stresses. Aluminium will be used for its strength and compliance with other factors. 
Lightweight
· The materials must also be lightweight to enhance the gripper’s performance and energy efficiency. Aluminium will be used for its lightweight properties. 
Renewable
· Wherever possible, the materials must be renewable to reduce the environmental impact. Aluminium will be used for the majority of the gripper for its high recyclability. 
[bookmark: _Toc171333275]Product Life Span
· The gripper must be designed to have a -life span of 15 years, minimizing the need for replacements.
[bookmark: _Toc171333276]Standards and Specifications
· The gripper must meet all relevant industry standards and specifications for performance, safety, and quality.
1. ISO 12100:2010 - Safety of Machinery
· Provides general principles for design, risk assessment, and risk reduction in machinery.
2. ISO 9409-1:2004 - Mechanical Interfaces for Robot Accessories
· Specifies the mechanical interfaces used on robot manipulators for attaching end-effectors and accessories.
3. ISO 9283:1998 - Performance Criteria for Manipulating Industrial Robots
· Specifies performance criteria and related test methods for robot manipulators.
4. ANSI/RIA R15.06-2012 - Industrial Robots and Robot Systems
· Covers safety requirements for industrial robots and robot systems.
Electrical and Control Standards
1. IEC 60204-1:2016 - Safety of Machinery - Electrical Equipment
· Specifies safety requirements for the electrical equipment of machinery.
2. IEC 61131-3:2013 - Programmable Controllers
· Provides standards for programming languages and controller systems for industrial automation.
3. EN 61000-6-2:2005 - Electromagnetic Compatibility (EMC)
· Immunity for industrial environments, ensuring the gripper's electronic components function correctly without electromagnetic interference.
Safety and Risk Management
1. ISO 10218-1:2011 - Robots and Robotic Devices - Safety Requirements
· Specifies safety requirements for industrial robots, including the gripper as part of the robotic system.
2. ISO 13849-1:2015 - Safety of Machinery - Safety-related Parts of Control Systems
· Provides guidance on the design of safety-related parts of control systems.
3. ANSI B11.19 - Performance Requirements for Safeguarding
· Covers requirements for the design, construction, installation, operation, and maintenance of safeguarding devices for machinery.
Quality and Manufacturing Standards
1. ISO 9001:2015 - Quality Management Systems
· Sets out the criteria for a quality management system, ensuring consistent quality in manufacturing processes.
2. ISO 14001:2015 - Environmental Management Systems
· Specifies requirements for an effective environmental management system, ensuring environmentally friendly manufacturing processes.
3. ISO 13485:2016 - Medical Devices - Quality Management Systems
· Applicable if the gripper is used in medical applications, ensuring regulatory requirements for medical device manufacturing.
Environmental and Material Standards
1. RoHS Directive 2011/65/EU - Restriction of Hazardous Substances
· Restricts the use of specific hazardous materials found in electrical and electronic products.
2. REACH Regulation (EC) No 1907/2006
· Addresses the production and use of chemical substances, ensuring that they do not adversely affect human health or the environment.
3. WEEE Directive 2012/19/EU - Waste Electrical and Electronic Equipment
· Sets collection, recycling, and recovery targets for electrical goods, including the disposal of the gripper.
Interoperability and Communication Standards
1. OPC UA (IEC 62541) - Unified Architecture
· Ensures interoperability of the gripper with different control systems and devices through standardized communication protocols.
2. Ether CAT (IEC 61158/IEC 61784) - Ethernet for Control Automation Technology
· Provides high-performance communication for automation systems, ensuring the gripper can communicate effectively within an industrial network.
Testing and Certification Standards
1. ISO 9283:1998 - Performance Criteria for Manipulating Industrial Robots
· Specifies performance criteria and test methods for robot manipulators, including grippers.
2. UL Certification - Underwriters Laboratories
· Ensures safety compliance for electrical components used in the gripper, particularly for the US market.
3. CE Marking - European Economic Area (EEA)
· Indicates conformity with health, safety, and environmental protection standards for products sold within the EEA.
Industry-Specific Standards
1. FDA Regulations - Food and Drug Administration (USA)
· Applicable if the gripper is used in food, medical, or pharmaceutical industries, ensuring hygiene and safety standards are met.
2. ISO 13482:2014 - Safety Requirements for Personal Care Robots
· Applies to grippers used in non-industrial environments, ensuring safety and performance standards for personal care applications.
Ergonomics and User Interaction Standards
1. ISO 9241 - Ergonomics of Human-System Interaction
· Provides guidance on ergonomic design principles to ensure user-friendly and safe interaction with the gripper.
2. ANSI/HFES 100 - Human Factors Engineering of Computer Workstations
· Ensures ergonomic design of the gripper's interface and controls, enhancing user comfort and reducing fatigue
[bookmark: _Toc171333277]Ergonomics
User-Friendliness
· The gripper must be ergonomically designed to ensure ease of use and reduce user fatigue.
Ergonomic Grips
· The gripper must feature ergonomic grips for comfortable handling.
[bookmark: _Toc171333278]Customer
Needs and Preferences
· The gripper must be designed to meet customer needs and preferences for reliability, durability, precision, and ease of maintenance.
Quality and Reliability
· The gripper must maintain consistent quality and reliability, supported by rigorous testing and quality control processes.
Shelf Life Storage
· The gripper must have a long shelf life, with storage conditions clearly specified to maintain its performance. To be stored in cool dry location 
Time Scale
· The gripper must be developed and brought to market within 3 months to meet customer demand and market opportunities.
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Comprehensive Testing
· The gripper must undergo comprehensive testing to ensure all performance, safety, and reliability requirements are met.
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Features
· The gripper must include safety features to protect both users and objects, and comply with all relevant safety standards.
1. Emergency Stop Mechanism
· Description: A readily accessible emergency stop button that immediately halts all gripper operations.
· Implementation: Integrated into the control system with a manual override that users can activate in case of an emergency.
2. Overload Protection
· Description: Prevents the gripper from applying excessive force that could damage the objects being handled or the gripper itself.
· Implementation: Sensors and software that monitor the force applied, automatically adjusting or stopping the gripper if limits are exceeded.
3. Collision Detection and Avoidance
· Description: Sensors to detect potential collisions with objects or humans in the operating area.
· Implementation: Infrared, ultrasonic, or laser sensors that trigger an immediate stop or retraction if an obstruction is detected.
4. Force and Torque Limiting
· Description: Limits the maximum force and torque the gripper can apply to prevent injury or damage.
· Implementation: Mechanical and software-based controls that ensure force and torque levels do not exceed predefined safe limits.
5. Protective Covers and Shields
· Description: Physical barriers that prevent accidental contact with moving parts.
· Implementation: Transparent shields or covers around critical moving components, ensuring visibility while protecting users.
6. Anti-slip Gripping Surfaces
· Description: Ensures secure handling of objects without slippage.
· Implementation: Use of high-friction materials or textured surfaces on the gripper pads.
Operational Safety Features
1. Automatic Calibration and Self-Check
· Description: The gripper performs automatic calibration and self-diagnostic checks at start up and periodically during operation.
· Implementation: Built-in software routines that verify sensor functionality, alignment, and operational readiness.
2. Redundant Safety Systems
· Description: Multiple safety systems working in parallel to ensure fail-safe operation.
· Implementation: Dual sensors, backup power supplies, and parallel control circuits that take over in case the primary systems fail.
3. Safe Operating Modes
· Description: Different operating modes that ensure safety during setup, maintenance, and normal operation.
· Implementation: Modes like "teach," "manual," and "automatic" with restricted movement and force in non-automatic modes.
4. User Authentication and Access Control
· Description: Limits access to certain functions based on user roles.
· Implementation: Password protection, RFID cards, or biometric systems to ensure only authorized personnel can make critical adjustments.
5. Visual and Audible Alarms
· Description: Alerts to notify operators of potential hazards or operational issues.
· Implementation: Flashing lights, buzzers, and display messages indicating errors, maintenance needs, or emergency conditions.
Safety Compliance and Testing
1. Compliance with Safety Standards
· Description: Ensures that the gripper meets relevant safety standards.
· Implementation: Adherence to ISO, ANSI, and other applicable safety standards during design and manufacturing.
2. Regular Safety Audits and Inspections
· Description: Scheduled inspections to ensure ongoing safety and functionality.
· Implementation: Regular maintenance checks, safety audits, and updates based on the latest safety standards.
3. Training and Safety Documentation
· Description: Comprehensive training and documentation to ensure safe operation and maintenance.
· Implementation: Detailed user manuals, training programs, and safety guides provided to all operators.
Software Safety Features
1. Failsafe Programming
· Description: Software routines that ensure the gripper defaults to a safe state in case of a malfunction.
· Implementation: Safe state programming that moves the gripper to a neutral position or stops it entirely upon detecting an error.
2. Remote Monitoring and Control
· Description: Allows operators to monitor and control the gripper remotely, enhancing safety during troubleshooting.
· Implementation: Integration with networked control systems and software that provides real-time monitoring and control capabilities.
[bookmark: _Toc171333281]Legal
· The gripper must comply with all relevant legal requirements and regulations in the target markets.
Safety Regulations
1. Machinery Directive (2006/42/EC) - Europe
· Ensures the safety of machinery within the European Economic Area (EEA).
2. Occupational Safety and Health Administration (OSHA) Standards - USA
· Ensures safe and healthy working conditions in the United States.
3. ISO 12100:2010 - Safety of Machinery
· General principles for design risk assessment and risk reduction.
4. ANSI B11.19 - Performance Requirements for Safeguarding
· Provides requirements for the design, construction, installation, operation, and maintenance of safeguarding devices.
Electrical and Mechanical Performance
1. IEC 60204-1:2016 - Safety of Machinery - Electrical Equipment
· Specifies electrical safety requirements for machinery.
2. ISO 10218-1:2011 - Robots and Robotic Devices
· Safety requirements for industrial robots.
3. EN 61000-6-2:2005 - Electromagnetic Compatibility (EMC)
· Immunity for industrial environments.
4. ISO 9409-1:2004 - Mechanical Interfaces for Robot Accessories
· Standards for the mechanical interfaces used on robotic manipulators.
Environmental Regulations
1. Restriction of Hazardous Substances (RoHS) Directive 2011/65/EU - Europe
· Restricts the use of certain hazardous substances in electrical and electronic equipment.
2. Waste Electrical and Electronic Equipment (WEEE) Directive 2012/19/EU - Europe
· Addresses the disposal and recycling of electronic waste.
3. Registration, Evaluation, Authorization, and Restriction of Chemicals (REACH) Regulation (EC) No 1907/2006 - Europe
· Regulation of chemical substances and their safe use.
Quality and Performance Standards
1. ISO 9001:2015 - Quality Management Systems
· Ensures consistent quality in manufacturing and production processes.
2. ISO 9283:1998 - Performance Criteria and Related Test Methods for Manipulating Industrial Robots
· Provides performance criteria for robot manipulators.
3. ISO 13482:2014 - Robots and Robotic Devices - Safety Requirements for Personal Care Robots
· Safety requirements for robots in non-industrial environments.
Industry-Specific Regulations
1. Food and Drug Administration (FDA) Regulations - USA
· For grippers used in food, medical, or pharmaceutical industries, ensuring materials and design comply with hygiene and safety standards.
2. International Electrotechnical Commission (IEC) Standards
· Various IEC standards may apply depending on the specific electrical components used.
Other Considerations
1. CE Marking - Europe
· Indicates conformity with health, safety, and environmental protection standards for products sold within the EEA.
2. UL Certification - USA
· Ensures product safety and compliance with Underwriters Laboratories standards.
3. FCC Regulations - USA
· Ensures that electronic equipment does not emit harmful electromagnetic interference.
[bookmark: _Toc171333282]Company Constraints
Manufacturing Capabilities
· The design must consider the company's manufacturing capabilities and expertise to ensure efficient production. 
· The gripper must conform to the current fenceless collaborative robot used by the company 
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Customer Expectations
· The gripper must meet market constraints and customer expectations for performance, cost, and features.
[bookmark: _Toc171333284]Patents Literature and Product Data
· The design must consider existing patents, literature, and product data to avoid infringement and leverage existing knowledge.
[bookmark: _Toc171333285]Political Social Implications
· The gripper must be designed with consideration of political and social implications, such as environmental impact and labour practices.
[bookmark: _Toc171333286]Installation
· The gripper must be easy to install, with clear instructions provided to ensure proper setup and integration.
[bookmark: _Toc171333287]Energy Requirements
· The gripper must be energy-efficient, reducing operational costs and environmental impact.
[bookmark: _Toc171333288]User Training
· Comprehensive user training and documentation must be provided to ensure proper use and maintenance.
[bookmark: _Toc171333289]Sales Potential
· The gripper must have strong sales potential, supported by its features, performance, and competitive pricing.
[bookmark: _Toc171333290]Documentation
· Detailed documentation must be provided, including installation, operation, maintenance, and troubleshooting guides.
[bookmark: _Toc171333291]Disposal
· The gripper must be designed for easy and environmentally friendly disposal at the end of its service life, using recyclable materials where possible.


[bookmark: _Toc171333292]1.3 Fasteners and Components: Original Design  
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[bookmark: _Toc171277878]Figure 10 Fasteners and Components Drawing: Original Design	

[bookmark: _Toc171333293]1.4 Fastener and Component I.D.: Original Design 
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[bookmark: _Toc171277879]Figure 11 Component ID Drawing: Original Design 
[bookmark: _Toc171333294]1.5 Cost of Manufacturing: Original Design
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[bookmark: _Toc171277880][image: ]		Figure 12 Cost of Manufacturing: Original Design

















[bookmark: _Toc171277881]	Figure 13 Cost of Manufacturing: Original Design Zoomed in 1	
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[bookmark: _Toc171277882]Figure 14 Cost of Manufacturing Original Design Zoomed 2


[bookmark: _Toc171333295]1.6 Part ‘A’ / Part ‘B’ Decision Flowchart 
[image: ]
[bookmark: _Toc171277883]Figure 15Part 'A' / Part 'B' Decision Flowchart (Farr, 2015)
[bookmark: _Toc171333296]1.7 Parts ‘A’ and Parts ‘B’
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[bookmark: _Toc171277884]Figure 16'A' / Parts 'B' Decision Drawing: Original Design

[bookmark: _Toc171333297]1.8 Lucas Method DFA Manual Handling: Original Design 
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[bookmark: _Toc170318934][bookmark: _Toc171277940]Table 1 Lucas Method DFA Manual Handling: Original Design




[bookmark: _Toc171333298]1.9 Lucas Method DFA Manual Fitting: Original Design
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[bookmark: _Toc170318935][bookmark: _Toc171277941]Table 2 Lucas Method DFA Manual Fitting: Original Design


[bookmark: _Toc171333299]2.0 Concept 1
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	Stand off view of concept 1. Ultimately components of this design didn’t seem feasible prior to any analysis. 
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	Connection for lower mounting area, snap fit connectors 
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	Snap fit connectors to join body and mounting. Held up right by two opposing halves of a cylinder. 
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	Slotting fitting for servo housing 
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	Snap fit connector for replaceable gripping component. Able to be squeezed to remove grip attachment 
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	As above but connected 
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	Push through connector with snap fitting to replace nut and bolt assembly
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	Push snap fitting to replace unnecessary spacers and nut and bolt assembly 


[bookmark: _Toc170318936][bookmark: _Toc171277942]Table 3 Images and Descriptions of Snapshots from CAD drawing of Concept 1


[bookmark: _Toc171333300]2.1 Concept 2
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	Whole view of concept 2 front with face plate missing to view assembly. Further consideration as given to the manufacture process rather than just assembly with this concept, leading to more difficult assembly than concept 1 but more feasible manufacturable components. 
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	Whole view of concept 2 rear view 
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	Snap fit connectors for grip connectors to replace nut and bolt assembly 
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	Snap fit connector at hinge to replace nut and bolt assembly 
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	Single purpose-built washer to replace 4 components with 1 
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	Snap fit connector for servo housing 

	[image: ]
	Snap fit connector for hinge 
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	Snap fit connector for another hinge 
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	Push snap fit connector for mount  
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	As above but translucent for better view of connection 



[bookmark: _Toc170318937][bookmark: _Toc171277943]Table 4 Images and Descriptions of Snapshot of CAD drawing of Concept 2


[bookmark: _Toc171333301]2.2 Components and Fasteners: Concept 2 
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[bookmark: _Toc171277885]Figure 17 Components and Fasteners: Concept 2

[bookmark: _Toc171333302]2.3 Fastener and Component I.D.: Concept 2
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[bookmark: _Toc171277886]Figure 18 Fasteners and Components ID: Concept 2
[bookmark: _Toc171333303]2.3 Cost of Manufacturing : Concept 2
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[bookmark: _Toc170318938][bookmark: _Toc171277944]Table 5 Cost of Manufacturing: Concept 2
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[bookmark: _Toc170318939][bookmark: _Toc171277945]Table 6 Cost of Manufacturing: Concept 2 Zoomed 1
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[bookmark: _Toc170318940][bookmark: _Toc171277946]Table 7 Cost of Manufacturing: Concept 2 zoomed 2



[bookmark: _Toc171333304]2.4 Parts ‘A’ / Parts ‘B’: Concept 2  
Decided using the Decision Flowchart (appendix 1.6)
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[bookmark: _Toc171277887]Figure 19 Parts 'A' / Parts 'B’ : Concept 2



[bookmark: _Toc171333305]2.5 Lucas Method DFA Manual Handling: Concept 2 
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[bookmark: _Toc170318941][bookmark: _Toc171277947]Table 8 Lucas Method DFA Manual Handling: Concept 2



[bookmark: _Toc171333306]2.6 Lucas Method DFA Manual Fitting: Concept 2

[image: ]
[bookmark: _Toc170318942][bookmark: _Toc171277948]Table 9 Lucas Method DFA Manual Fitting: Concept 2



[bookmark: _Toc171333307]2.7 FMEA Process Flow Diagram 
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[bookmark: _Toc171277888]Figure 20 Mechanical Gripper FMEA Process Flow Diagram


[bookmark: _Toc171333308]2.8 FMEA of Mechanical Gripper 
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[bookmark: _Toc171277889]Figure 21 FMEA of Mechanical Gripper


[bookmark: _Toc171333309]2.9 Construction Drawings: Concept 2
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[bookmark: _Toc171277890]Figure 22 C-FP-1 Construction Drawing
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[bookmark: _Toc171277891]Figure 23 C-FP-2 Construction Drawing
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[bookmark: _Toc171277892]Figure 24 C-G-1 Construction Drawing
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[bookmark: _Toc171277893]Figure 25 C-G-2 Construction Drawing
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[bookmark: _Toc171277894]Figure 26 C-G-3 Construction Drawing
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[bookmark: _Toc171277895]Figure 27 C-GG-1 Construction Drawing
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[bookmark: _Toc171277896]Figure 28 C-M-1 Construction Drawing
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[bookmark: _Toc171277897]Figure 29 C-R-1 Construction Drawing
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[bookmark: _Toc171277898]Figure 30 C-R-2 Construction Drawing
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[bookmark: _Toc171277899]Figure 31C-SH-1 Construction Drawing
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[bookmark: _Toc171277900]Figure 32 C-SH-2 Construction Drawing
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[bookmark: _Toc171277901]Figure 33 C-SH-3 Construction Drawing
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[bookmark: _Toc171277902]Figure 34 F-B-1 Construction Drawings
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[bookmark: _Toc171277903]Figure 35F-P-1 Construction Drawing
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[bookmark: _Toc171277904]Figure 36 F-P-3 Construction Drawing
[image: ]F-P-2

[bookmark: _Toc171277905]Figure 37 F-P-2 Construction Drawing
[image: ]
[bookmark: _Toc171277906]Figure 38 F-P-5 Construction Drawing
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[bookmark: _Toc171277907]Figure 39 F-S-1 Construction Drawing
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[bookmark: _Toc171277908]Figure 40 F-S-2 Construction Drawing
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[bookmark: _Toc171277909]Figure 41 F-S-3 Construction Drawing

[bookmark: _Toc171333310]3.0 Original Simple Hydraulic Valve Design 
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[bookmark: _Toc171277910]Figure 42 SHV Original Design
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[bookmark: _Toc171277911]Figure 43 SHV Original Design: Cross Section View
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[bookmark: _Toc171277912]Figure 44 SHV Original Design: Complete Assembly Engineering Drawing
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[bookmark: _Toc171277913]Figure 45 SHV Original Design: Valve Body Engineering drawing
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[bookmark: _Toc171277914]Figure 46 SHV Original Design: Valve Pin Engineering Drawing

[bookmark: _Toc171333311]3.1 Fluid Path Study 
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[bookmark: _Toc171277915]Figure 47 Fluid Path Study 1: Study Parameters
With the valve body removed, a fluid path could be identified, an area larger than the current cavity was applied (represented in yellow and grey) to allow the generative design tool to explore the space effectively. Obstructive geometry (represented in red) consisted of the valve pin and then further guiding geometries to ensure the fluid would travel into the valve orifices correctly. 
6 studies were conducted with different set parameters to optimise the fluid path. 
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[bookmark: _Toc171277916]Figure 48 Velocity Magnitude scale
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[bookmark: _Toc171277917]Figure 49 Pressure Reference
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[bookmark: _Toc171277918]Figure 50 Fluid Path study 1: Hydraulic Fluid Properties
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[bookmark: _Toc171277919]Figure 51 Fluid Path Study 1: Flow Lines View: 40 % Material Reduction / Medium Outcomes Resolution
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[bookmark: _Toc171277920]Figure 52 Fluid Path Study 1: Pressure View
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[bookmark: _Toc171277921]Figure 53 Study 1 Fluid Path (2):  Flow Line View:  25% Material Reduction / Medium Outcomes Resolution
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[bookmark: _Toc171277922]Figure 54 Study 1 Fluid Path (2): Pressure View
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[bookmark: _Toc171277923]Figure 55 Study 1 Fluid Path (3): Flow Line View: 15% Material Loss / Medium Outcomes Resolution
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[bookmark: _Toc171277924]Figure 56 Study 1 Fluid Path (3): Pressure View
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[bookmark: _Toc171277925]Figure 57 Fluid Path 1 Study (4): Flow Line View: 40% Material Loss / High Outcomes Resolution
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[bookmark: _Toc171277926]Figure 58Fluid Path 1 Study (4): Pressure View
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[bookmark: _Toc171277927]Figure 59 Fluid path 1 study 2 (2): Flow Line View: 25% Material Loss / High Outcomes Resolution
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[bookmark: _Toc171277928]Figure 60 Fluid Path 1:  Study 2 (2): Pressure View
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[bookmark: _Toc171277929]Figure 61 Fluid Path 1:  Study (3) (2):  15% material Reduction / High Outcomes Resolution
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[bookmark: _Toc171277930]Figure 62 Fluid Path 1: Study (3) (2): Pressure View
Study 3 (2) to be chosen because lowest pressure builds up, best flow rate while still maintaining a path that can be restricted by the stock valve. 



[bookmark: _Toc171333312]3.2 SHV: Fluid Path Optimisation Applied 
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[bookmark: _Toc171277931]Figure 63 SHV With Applied Fluid Path Gained from Fluid Path 1: Study (3) (2)
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3.3 Topology Optimisation 
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[bookmark: _Toc171277932]Figure 64 Topology Optimisation: Structural Component Set Up. 
20. 684 MPa of Pressure was subjected outwards from the internal channels for the study. Based on performance criteria for medium sized hydraulic systems.  
The initial shape was defined then the fluid path and the valve pin cavities were removed to ensure cavities were applies correctly.  
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[bookmark: _Toc171277933]Figure 65 SHV Topology Optimisation
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[bookmark: _Toc171277934]Figure 66 SHV Topology Optimisation Results with Integrated Optimised Fluid Path: Material Loss Perspective

[bookmark: _Toc171333314]3.4 Optimised SHV FEA Results 
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[bookmark: _Toc171277935]Figure 67 Optimised SHV FEA Results

[image: ]
[bookmark: _Toc171277936]Figure 68 Optimised SHV FEA Results: Maximum Stress Areas



[bookmark: _Toc171333315]3.5 Complete Optimised SHV
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[bookmark: _Toc171277937]Figure 69 Complete Optimised SHV: Render
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[bookmark: _Toc171277938]Figure 70 Complete Optimised SHV: Cross Section View
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[bookmark: _Toc171277939]Figure 71 Valve Body Optimised SHV: Cross Section View
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[bookmark: _Toc171277949]Table 10 DFMEA of a SHV
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