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[bookmark: _Toc171366018]Task 1 - Introduction
A robotic tooling manufacturer has commissioned a review of one of their mechanical gripper products. The company is looking to redesign components, assembly, or both, for high volume manufacturing.
To ensure the redesign aligns with customer expectations, a Quality Functional Deployment (QFD) analysis is complete. This tool helps identify and prioritise customer wants and needs, which will guide the redesign process. With the high-volume manufacturing requirements, a Failure Mode and Effects Analysis (FMEA) is conducted to identify potential risks to the concept design to assist with material selection, design for product durability and longevity.
Based on insights from the QFD and FMEA, a design specification is developed. This specification targets key considerations for the redesign, ensuring that all customer and manufacturing needs are addressed. Finally, new design concepts are generated and reviewed against the developed design specifications. This step ensures that the new designs meet all established criteria and are ready for high-volume manufacturing.
The redesign process incorporates Design for Manufacturing and Assembly (DFMA) principles. These principles aim to minimise inefficiencies and reduce waste during manufacturing and assembly, thus improving overall production efficiency. By following approach, the robotic tooling manufacturer aims to enhance the efficiency, durability, and customer satisfaction of their robotic gripper product.



[bookmark: _Toc171366019]Task 1 - Concept Design Appraisal
[bookmark: _Toc171366020]Product 
A gripper is a mechanical or robotic device designed to grasp, hold, manipulate, or transport objects. It allows the robot to interact with objects. Jaw grippers are the style of gripper assessed within this report. Jaw grippers comprise of two opposing jaws which clamp and grip the object. The design allows the gripper to cater for a variety of components from small and delicate to large and heavy. They are ideal for precise pick and place manufacturing and feature a range of jaw designs to meeting varying applications (Dorna Robotics, 2023).
[image: ]
[bookmark: _Toc171366061]Figure 1 - Robot Gripper (UWTSD, 2024)
[bookmark: _Toc171366021]Customer
As part of Industry 3.0 the drive for automation in factories, the robotic gripper brought improved efficiency and productivity by substituting human labour for computers and machines (Shaw, 2024). The robotic gripper is used for picking and placing. The robot gripper can also handle parts during processing, such as cutting, bending, welding and finishing processes. They are used in a variety of manufacturing and assembly industries including consumer goods, pharmaceuticals, aerospace, defence and automotive (Bouman, 2024). Within the manufacturing industry the customer of this product would be the procurement for the industries identified and the end-user would be the operational technicians. 
[bookmark: _Toc171366022]Kano Model
The Kano model is a market research tool to understand and prioritise customer needs and desires. It is used in evaluating the degree of product satisfaction (Kano et al, 1984). Studies have shown that adopting the Kano model can be an effective means to guide product attribute configuration (Dou et al 2019).
 It categorises features into five different types: 
· Must-be (Basic Needs). These are essential features as their absence causes dissatisfaction, but their presence does not significantly increase customer satisfaction.
· One-dimensional (Performance Needs). Satisfaction is proportional to the level of functionality. The better the feature, the higher the satisfaction.
· Attractive (Delighters). These features surprise and delight customers. Their absence does not cause dissatisfaction, but their presence significantly increases satisfaction.
[image: ]
[bookmark: _Toc171366062]Figure 2 - Kano Model Graphic (Dou et al 2019)
· Indifferent. These features do not affect customer satisfaction whether they are present or not.
· Reverse. These features cause dissatisfaction if present and satisfaction if absent, often due to personal preferences or over-complexity.
This would usually be complete through market research and questionnaires to build up an understanding through data. For this study, the results have been fabricated to reflect a larger audience. It should be used to help design to prioritise features that will have the greatest impact on customer satisfaction and avoid over investing in features that do not significantly influence customer satisfaction.
[bookmark: _Toc171366023]Kano Model Conclusion
The Kano Model for the Robot Jaw Gripper has identified customer needs in order for each category.
[bookmark: _Toc171366024]Must Haves
· Basic Gripping Capability 
· Reliability
· Safety
· Standard Fitting
[bookmark: _Toc171366025]Performance Needs
· Repeatable precision and accuracy 
· Adaptable to load shape
· The range of motion of the gripper (Stroke)
· Adjustable gripping force
· Speed of operation
[bookmark: _Toc171366026]Excitement Needs
· Modular design for grippers etc
· Adaptive gripping technology
· Adjustable gripping force
· Durability and longevity Indicators
· Advanced features
Features to avoid investment on:
[bookmark: _Toc171366027]Indifferent
· Colour of the gripper
· Brand logo
· Shape of gripper
· Non-Functional decor
[bookmark: _Toc171366028]Reverse
· Non-Universal coupling 
· Weight
· Noisy
· Assembly time
· Poor aesthetics



[bookmark: _Toc171366029]Quality Functional Deployment (QFD) Analysis

Quality Functional Deployment (QFD) is a structured methodology used to transform customer requirements into detailed engineering specifications and production plans. It is designed to help organisations understand and meet customer needs by systematically translating these needs into specific product characteristics (Sartor, 2019).
Customer requirements are the needs, wants an expectation of the customer. These have been fabricated for the report, as with the Kano Model, the QFD has the need for cross-functional teams as a mix of marketing, engineering and production specialists would be required. The customer requirements are ranked based on importance to the customer. 
The relationship matrix shows relationship between customer requirements and technical requirements and technical priorities indicate the importance of each technical requirement. Product characteristics are technical requirements of the product which should be measurable. The objective is to locate any requirements that have strong relationships or ones that conflict with each other. Benefits of QFD include customer focus, cross-functional collaboration, improved quality, competitive advantage, and cost reduction. It allows for easy management and peer review of design activities by presenting the information graphically (Sartor, 2019).
The next step is to develop and action plan based on the analysis to address improvements for the product to meet customer needs. Technical specifications are developed which correspond to each customer requirement.
Sensitivity: general
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[bookmark: _Toc171366063]Figure 3 - QFD of Robot Gripper

[bookmark: _Toc171366030]Quality Functional Deployment (QFD) Conclusion

The Customer Requirements with the highest relative weight are Reliability, Safety. With Grip Force, Friction and Maintainability/Serviceability, precision & accuracy scoring medium weight. Visual appeal, load shape, and operational speed scoring low weight.
The Functional Requirements identify that those carrying the most weight include payload capacity, part quality, mechanism material and gripper shape.
Although Gripper shape carries less weight it is important in meeting customer requirements of Grip Force, Grip Friction, Precision & Accuracy and Load Shape capabilities. 
Reliability and Safety are strongly related to part quality and mechanism material highlighting the importance of using high-quality durable materials.
The payload capacity has strong relative relationships with mechanism material, mechanism size and part quality. Without those key functional requirements being met the robotic gripper will not be able to manage heavier payloads.


[bookmark: _Toc171366031]Failure Mode and Effect Analysis (FMEA)
FMEA stands for Failure Modes and Effects Analysis. It is a systematic approach used in various industries to identify potential failure modes in a process, product, or system, assess their impact on performance, and prioritise them based on the severity of their consequences, likelihood of occurrence, and detectability before they occur (Sartor, 2019). A FMEA is only as good as the team put together to conduct the FMEA and only failure modes identified can be addressed (Ng, et al. 2017).

FMEA benefits include:
Risk Management: FMEA helps organisations proactively manage risks by identifying potential failure modes and their associated risks early in the design stages.
Preventive Action: By anticipating failure modes, FMEA enables teams to implement preventive measures and design improvements mitigate against or remove potential issues.
Quality Improvement: FMEA contributes to improving product quality by addressing weaknesses in design, manufacturing processes, or operations that could lead to failures or defects.
Cost Reduction: Identifying and addressing potential failures early can reduce costs associated with warranty claims, rework, recalls, and customer dissatisfaction.
Decision Support: FMEA provides valuable data and insights that support informed decision-making regarding design choices, process improvements, and resource allocation.
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[bookmark: _Toc171366064]Figure 4 - FMEA of Robot Gripper

[bookmark: _Toc171366032]Failure Mode & Effect Analysis (FMEA) Conclusion
The items with the highest Risk Priority Number (RPN) include the failure of the control mechanism, failure of the servo motor, fracture or breakage of the gripper jaws and wear of the gripper surface.
[bookmark: _Toc171366033]Concept Design Appraisal Summary
From the Kano Model analysis of a robot jaw gripper the must haves of the customer include basic gripping capabilities, reliability, safety and standard fittings. The initial concept design has basic gripping capabilities and standard fittings so can be improved by ensuring better reliability and safety.
The performance needs highlighted include precision and accuracy, adaptable to load shape, range of motion, adjustable gripping force and speed of operation. A gripper which can is well built and can manage a range of payloads offers design improvement scope to the original concept design. Design improvements can focus on the jaw gripper to meet the “excitement needs” by developing a range of modular grippers to accommodate the needs of the customer.
The QFD Customer Requirements with the highest relative weight are Reliability, Safety. With Grip Force, Friction and Maintainability/Serviceability, precision & accuracy scoring medium weight. Visual appeal, load shape, and operational speed scoring low weight. Where Functional Requirements identify that those carrying the most weight include payload capacity, part quality, mechanism material and gripper shape.
Although Gripper shape carries less weight it is important in meeting customer requirements of Grip Force, Grip Friction, Precision & Accuracy and Load Shape capabilities. 
Reliability and Safety are strongly related to part quality and mechanism material highlighting the importance of using high-quality durable materials. The payload capacity has strong relative relationships with mechanism material, mechanism size and part quality. Without those key functional requirements being met the robotic gripper will not be able to manage heavier payloads.
From the FMEA the items with the highest Risk Priority Number (RPN) include the failure of the control mechanism, failure of the servo motor, fracture or breakage of the gripper jaws and wear of the gripper surface. 
Redesign Focus Areas:
Modular Gripper – Design concepts for varying shapes to accommodate payload size and ease of maintenance for replace due to wear and tear.
Reliability – improvement of the part quality for the mechanism and servo motor
Improving reliability through mechanism material and part quality will meet the performance needs of the customer.
[bookmark: _Toc171366034]Task 1 - Design and Development Work Undertaken

The SCAMPER (Substitute, Combine, Adapt, Modify, Put to another use, Eliminate, Reverse) technique has been used to explore new design possibilities and improve existing features.
Utilising Autodesk Fusion, a CAD software package, detailed 3D models of the protype can be produced which enable visualisation and can be tested against stress and strain simulated with stress simulations before prototyping.
[bookmark: _Toc171366035]Jaw Arm
[bookmark: _Toc171366065][image: ]Figure 5 - Original Concept - Jaw Arm
The Jaw arm has been elongated to increase stroke and to increase strength in entire jaw arm decreasing force on the jaw gripper.
[image: ]
[bookmark: _Toc171366066]Figure 6 - Redesign - Jaw Arm V1
The jaw arm has combined the two fixing points for the jaw gripper into one. The connection end of the jaw arm has been keyed which ensures the gripper end does not slip once attached. 
[image: ]
[bookmark: _Toc171366036]Jaw Gripper
[image: ]
[bookmark: _Toc171366067]Figure 7 - Original Concept - Jaw Gripper
The jaw gripper was large with a complicated form for manufacturing. The Jaw Gripper had two fixing points. It has been redesigned to be smaller, which reduces material costs. The fixings have been consolidated into one screw type fixing with a keyed placement to ensure the gripper fixes to the jaw arm.
[image: ]
[bookmark: _Toc171366068]Figure 8 - Jaw Gripper - Cross Section
Different concepts for redesign have been generated to create modular jaw grips for a variety of objects. These modular jaw grippers designed with less material than the original jaw gripper will be easier to manufacture and with less material, cost less. The modular and ease of replacement for the parts are identified in the Kano Model as features to excite the customer.
[image: ][image: ][image: ]
[bookmark: _Toc171366037]Technical Factors

Different materials require specific manufacturing processes based on their properties. The jaw arm will be laser cut from aluminium due to its high strength low weight properties. The tolerance and surface finish are important with the gears used to drive the jaw arm. The production rate can be high and as the geometry is relatively simple.
The gripper material will be synthetic rubber Acrylonitrile Butadiene Styrene. This material is abrasion resistance, tear resistant with low compression. The material is well suited to injection moulding which the design is suitable for, which is a high-volume production method.

[bookmark: _Toc171366038]Task 1 - Conclusion
The design and development process for the jaw gripper part of a robotic arm has highlight design improvements for the original concept.
From the Kano Model and Quality Functional Deployment (QFD) analysis tools the design development was able to focus on customer needs and preferences into functional requirements of the product. The Kano Model helped prioritise ‘must haves’ and ‘performance’ criteria for the robotic arm but also allowed identified modular design being an ‘excitement’ for the customer. The QFD helped integrate these customer requirements into the design ensuring the final product meets the expectations of the customer.
A Failure Mode and Effects Analysis (FMEA) was conducted to identify and address any potential issues. It identified issues with the jaw arm, jaw gripper and servo motor. Without redesigning the servo motor the product could be improved by upgrading the servo motor to one of better quality if required. The jaw arm and jaw gripper were redesigned to allow for the jaw arm to take the stress associated with the gripping motion. This was done by increasing the length of the jaw arm and designing a jaw gripper which was smaller and would fit over the end of the jaw arm where required. In relation to design for assembly the reduction of screws increased assembly time. The FMEA led to enhancements in material selection, reliability and customer satisfaction.
With the limitations of the data input into the Kano Model, QFD and FMEA the outputs would not be as reliable as if undertaken with a team with mixed of specialisms. The tools helped with redesign and produced design features which have improved the original concept. There are further areas which were highlighted by the tools which can also be addressed including the mechanism design and material selection.
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[bookmark: _Toc171366040]Task 2 - Introduction
Additive manufacturing (AM), otherwise known as 3D printing, has transformed the industries of design and manufacturing. The technological advance of additive manufacturing allows for the creation of components with complex shapes and mechanisms, not obtainable with subtractive manufacturing. Working prototypes can be created easily without tooling costs.
This report details the considerations required for design for additive manufacturing of a garden hose bracket. The design will undertake finite element analysis as part of topology optimisation. The design will be adjusted to minimise weight and optimise the structure for increased load. The methodology and CAD software utilised will be analysed as will the additive manufacturing selection, materials, and design for manufacturing considerations.




[bookmark: _Toc171366041]Task 2 - Literature Review
Additive Manufacturing, otherwise known as digital fabrication technology or 3D printing, is the process of creating physical objects from a geometrical representation one layer at a time. 3D printing technology can create physical objects from a computer aided design (CAD) model (Shahrubudin et al, 2019). Computer aided design and additional software enabled ideas to be created and simulated. Stress and Strain analysis allow the designer to pre-empt design flaws before prototyping. Slicing software is used to convert CAD models into layered instructions for 3D printing technologies. (REFERENCE)
[bookmark: _Toc171366042]Additive Manufacturing Techniques 
[bookmark: _Toc171366043]Binder Jetting
A printer head deposits a liquid binding agent to join powder particles together (Shahrubudin et al, 2019). The layers of powder build up within the build so there is no need for support structures like other methods of 3D Printing. Further processing is often required. The process is considered quick, and material efficient as unused powder can often be recycled. It is compatible with a range of materials and there are no thermal stresses. REFERENCE
[bookmark: _Toc171366044]Material Extrusion
Material extrusion can be used to print multiple materials including food and living cells. For manufacturing, fused deposition modelling (FDM) is used which uses a polymer as the main material where the filament is headed to melting point and extruded through a printer nozzle. Layers are built up (Shahrubudin et al, 2019). The mechanical properties of a model created using FDM is anisotropic as the properties will be weaker along the vertical print direction due to the layer bonding. A wide array of thermoplastics can be used but additional considerations into structural supports are required for more complicated models. Further processing is often required as surface finish is often poor as the layer lines are visible and the supporting structure would have to be removed. REFERENCE.
[bookmark: _Toc171366045]Powder Bed Fusion (PBF)
Powder bed fusion (PBF) encompasses electron beam melting (EBM), selective laser sintering (SLS) and selective heat sintering (SHS) is a printing technique which uses areas of a powder bed where the desired locations are sintered using a heat source like a laser or electron beam (Shahrubudin et al, 2019). PBF can create fine details with high dimensional accuracy with excellent mechanical properties. Like binder jetting there is no need for structural supports. PBD is comparably more costly that other additive manufacturing techniques. Considerations must be taken for thermal stresses and warping. 
[bookmark: _Toc171261690][bookmark: _Toc171366046][bookmark: _Toc171261691]Design for Additive Manufacturing Techniques
[bookmark: _Toc171366047]Topology Optimisation
[bookmark: _Toc171261692]Topology optimisation is a computational design tool which creates an existing design so that it is optimal from a structural purpose. Topology optimisation formula doesn’t always get the design workable for additive manufacturing on the first try, so usually requires additional work to refine the design. The computation allows optimised structure and material reduction dependent on the forces and constraints applied into the tool (Wiberg, et al, 2019). An issue with topology optimisation is that optimised structures manufactured with additive manufacturing doesn’t take into account uncertainties in manufacturing or additive manufacturing techniques which can result in issues with the desired structure (Jared, et al 2017).
[bookmark: _Toc171366048]Generative Design
Software is used to design optimised components based on designers’ constraints and objectives. Objectives can include being optimised for weight reduction and part stiffness. As this creates the whole component this saves time for designers. The design is only as good as the simulation parameters input, it is then up to the designer to choose the design options generated to best suit their application or balance aesthetics against functionality (Briard, et al, 2020). As with topology optimisation design may require redesign for compatibility for additive manufacturing processes, and the uncertainties with additive manufacturing process can result in issues. 
[bookmark: _Toc171366049]Finite Element Analysis
With both generative design and topology optimisation the importance of good finite element analysis will affect the computation design. The accuracy of finite element analysis simulations relies on the quality of inputs which include material information, physical properties, numerical settings, force applications and simulation methods (Besong, 2024).



[bookmark: _Toc171366050]Task 2 - Design for Additive Manufacturing Methodology
[bookmark: _Toc171366051]Additive Manufacturing Design Selection
From the literature review the suitability for design for additive manufacturing suitability factors include weight reduction, rapid prototyping, and complex geometries. The chosen part for redesign for additive manufacturing using Autodesk Fusion 360 is a hose pipe housing bracket as pictured. The part has already undertaken design for manufacturing but not design for additive manufacturing. Generative design will not be used as the complex designs produced may cause manufacturing challenges. With topology optimisation and then finite element analysis the structure can be optimised and tested for larger and heavier hose pipe housing or for a rapid prototype replacement if the part was to become damaged. 
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[bookmark: _Toc171366069]Figure 9 - Hose Pipe Housing Bracket Front
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[bookmark: _Toc171366070]Figure 10 - Hose Pipe Housing Bracket Top
[image: A black plastic object on a wood surface
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[bookmark: _Toc171366071]Figure 11 - Hose Pipe Housing Bracket Back
The hose pipe housing bracket is secured to a wall and the house pip housing is placed over the top tube and a fixing is then secured on the housing to ensure it doesn’t come off the bottom tube.
[bookmark: _Toc171366052]Original Part – CAD Development
As the original part was fairly complicated some aspects of the design have been left out. Fusion design tools including shell, filter and ribs were utilised, but exact measurements were not available. These will affect the legitimacy of the topology optimisation and finite element analysis in real terms.
[image: ][image: A drawing of a box
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[bookmark: _Toc171366072]Figure 12 - Hose Pipe Housing Bracket - Original CAD


[bookmark: _Toc171366053]Topology Optimisation
Before implementing the topology optimisation, simulation input data is required. The constraints are applied to a model to prevent it from moving in response to applied loads. The constraints for this model were the screw holes on the backplate which would attach it to a wall. The preserved areas are the top and bottom cylinders for the hose pipe housing relationship. The back plate which faces the wall is also identified as a preserved area. It isn’t necessary to preserve all this material but due to the selection issues in choosing features of the design it is difficult to isolate preserved areas without additional redesign work.
The forces were applied to the top of the top tube, the base around the top tube, outward facing on the top tube and backwards facing on the bottom tube to replicate the force enacted on by the weight of the hose pipe housing but also the action of a hose being pulled out. All these forces have had to be assumed by best intentions, highlighting the accuracy issues in topology optimisation only being as good as data input. The material on fusion was selected as Polypropylene as this is the closest available material to the original part.
[image: ]
[bookmark: _Toc171366073]Figure 13 - Hose Pipe Housing Bracket - Original FEA Data Inputs
[bookmark: _Toc171261701]

[bookmark: _Toc171366054]Topology Optimisation & Mesh Geometry Generation
When conducting topology optimisation, it is required for the software application to build a mesh geometry of the part to allow for computational simulation to be undertaken. The mesh average element size is editable on Fusion, too big and the part will appear blocky, too small and the mesh will be more intricate and take longer to calculate the results. Getting the mesh size and generation correct will affect the accuracy of the results. 
[image: ][image: ]
[bookmark: _Toc171366074]Figure 14 - Hose Pipe Housing Bracket - Topology Optimisation Result & Mesh Geometry


[bookmark: _Toc171366055]Topology Optimisation and Redesign
Once the mesh was generated it could be used to assist in redesign. This was a difficult task made easier by overlaying screenshots of the mesh perspectives within the CAD software. Sections were removed to attempt to replicate the topology optimisation generated mesh. It isn’t an exact replication of the mesh due to the complicated design created. The weight reduction and structural features weren’t fully optimised, additional fillets and shell features were used to further reduce material usage.
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[bookmark: _Toc171366075]Figure 15 - Hose Pipe Housing Bracket - Topology Optimisation Result Mesh Redesign

[bookmark: _Toc171366056]Additive Manufacturing Considerations
The additive manufacturing technique proposed for creation of this design would be fused deposition modelling (FDM) using Nylon PA12 due to its excellent mechanical properties, compatibility with FDM (Trotti, 2021) and availability on the material selection on Fusion 360.
Anisotropy requires consideration in this process. The part would require to be printed bottom up to maintain the strength in the vertical axis. Due to this the support structures would have to be added, this can be complete with additional software. The part would require post processing, mostly due to aesthetically reason but due to the function of the bracket this is not essential.
[bookmark: _Toc171261704][bookmark: _Toc171366057]Finite Element Analysis (FEA)
The initial study passed easily with the original forces applied. The forces were increased by a factor of x10 and the part still passed with the highest stress situated around the top constraint screw holes. Displacement measured 0.554mm at the top tube where most of the simulated force was applied.
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[bookmark: _Toc171366076]Figure 16 - Hose Pipe Housing Bracket - Finite Element Analysis Results
[bookmark: _Toc171261705][bookmark: _Toc171366058]Further Redesign Considerations
More material or ribs could be added around the top constraint screw holes and further material removed from the design.


[bookmark: _Toc171261706][bookmark: _Toc171366059]Task 2 - Conclusions
The study reviewed additive manufacturing processes and design for additive manufacturing techniques. With these considered for redesign of a hose housing bracket it to minimise material usage and increase strength.
The initial design had a volume of 3.325E+05 mm3 compared to the new design’s volume of 2.742E+05 mm3. The difference is not great, but this could be increased with more work with the design to replicate the mesh geometry generated for the topology optimisation. Finite element analysis would have to be undertaken again with the redesign to ensure the design is still suitable.
Due to the limitations of the user inputting the data for simulation the final structure would have to be prototyped and subject to real life testing to determine whether the design is suitable for function. The benefit of additive manufacturing is that iterations and prototypes are easier to produce. As an individual looking to recreate a one of part the manufacturing technique is desirable. If the company who originally produced the hose housing bracket were to use additive manufacturing, it would assist in prototyping, but design would have to be for additive manufacturing and desired manufacturing process as additive manufacturing is not suitable for large scale production.
Although additive manufacturing has higher material and production costs it is a proven prototyping and iteration tool. The ability for it to produce lightweight and complex components not otherwise manufacturable with other technologies makes it suitable for bespoke and high-performance products.
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