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[bookmark: _Toc171269780]Introduction
Outlined in this report is the design process undertaken in the redesign of a robotic gripper. The purpose of the redesign was to prioritise ease of assembly and manufacture to increase the suitability of the grippers for larger production volumes of over 1000 units a week.  
The first step taken was the creation of a Quality Function Deployment (QFD) and a Product Design Specification (PDS). Concept designs were created using Design for Assembly guidelines. The concept designs were then evaluated to identify the features allowing for the greatest ease of assembly, the features identified were then combined to create a final design solution.





[bookmark: _Toc171269781]Initial Concept Designs
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[bookmark: _Toc171269742]Figure 1 - Concept Design
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[bookmark: _Toc171269743]Figure 2 - Concept Design Exploded View
The initial concept design for the gripper assembly is displayed in Figures 1 and 2.


[bookmark: _Toc171269782]QFD
Krishnapilla and Zeid (2006) explain that QFD is commonly employed to convert customer requirements to product features and targets within the design and manufacture of a product. Benefits of using QFD, claimed by Vonderembse and Raghunathan, include decrease in manufacturing costs, increased quality and decrease in development time. According to Iqbal et al. (2015) The House of Quality (HOQ) is the name given to the first stage of the four-phase model by Hauser and Clausing (1988). 
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[bookmark: _Toc171269744]Figure 3 – House of Quality (Iqbal et al., 2015)
A representation of the HOQ can be seen in Figure 3. Use of HOQ allows for quality to be considered through out the planning process for the product, sets target values for production and increases the ability for companies to satifisfy customer requirements (Akao & Mazur, 2003).
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[bookmark: _Toc171269745]Figure 4 – HOQ for Robot Gripper
Seen in Figure 4 is the HOQ made for the design of the robot gripper. See Appendix 1 for clearer image.  The customer requirements defined in the HOQ were determined from market research of similar products and analysis of what the customer would expect from the robot gripper. The five most important functional requirements determined from the HOQ were thickness of the arms, the force of the grip, the size of the unit, the material used for the grippers and the maximum weight the robot can displace.


[bookmark: _Toc171269783]Product Design Specification
[bookmark: _Toc158989942][bookmark: _Toc171269771]Table 1 - Product Design Specification
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A Product Design Specification (PDS) is how the product and customer requirements are translated into quantitative values and specific characteristics (Hansen & Andreasen, 2007). Osteras et al. (2006) claim that defining the specifications of the product is the initial step in the process of ensuring the manufactured product aligns with customer desires and expectations. Table 1 shows the PDS created for the grippers. 
Features 
The initial designs featured two gripper arms operated by a servo and gears. An important factor for consideration is the length of the gripper arms and to ensure they will not bend under the force of the object it is required to carry.
Competition
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Description automatically generated]
[bookmark: _Toc171269746]Figure 5 - Kitronik Klaw MK2 Robotic Gripper Kit (Kitronik, 2024)
The Kitronik Klaw MK2 Robotic Gripper Kit (Kitronik, 2024), pictured in Figure 5, features five laser cut perspex parts. The gripper is delivered to the customer disassembled and assembly instructions are included, this greatly increases the suitability of the product for mass manufacture. The price for the gripper is set at £7.30.
[image: Lynxmotion SES-V2 Mini Parallel Gripper Kit w/ LRC-MA1 Servo]
[bookmark: _Toc171269747]Figure 6 - Lynxmotion SES-V2 Mini Parallel Gripper Kit (RobotShop, 2024)
Shown in Figure 6 is Lynxmotion’s SES-V2 Mini Parallel Gripper Kit (RobotShop, 2024).  The price listed for this product is £16.22. The servo included in the kit allows for a maximum load of 1.8 kg. 
[image: Lynxmotion Little Grip Kit (No Servos)]
[bookmark: _Toc171269748]Figure 7 - Lynxmotion Little Grip Kit (No Servos) (RobotShop, 2006)
The Lynxmotion Little Grip Kit, displayed in Figure 7, is comprised of injection moulded components, which costs £15.73 (RobotShop, 2006).
Target Costs
Target price range for this product was set at £10-£20, based on the competitors analysed.  To firmly set the target costs labour and material costs must be considered. The costs for materials will be dependent upon the final designs selected and the suitable material desired for the components. The cost of manufacturing will also be dependent upon the design of the final assembly, as the cost of processing can fluctuate significantly based on the number and complexity of the components within the assembly.
Customers
A potential customer for the product was determined to be the agricultural sector. Fairchild (2021) introduces factors that have influenced the use of robotic grippers within agriculture, including global labour shortage and rising labour costs these are driving factors of automation within agriculture. An example of the use for robotic grippers within the industry includes fruit and vegetable picking. 
Installation
The assembly would act as an end effector for a robotic arm, and would need to be connected to an arm that would suit the customer’s needs, an example of this is the Lynxmotion (2024) SES-V2 Robot Arm, seen in Figure 8.  
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[bookmark: _Toc171269749]Figure 8 - SES-V2 Lynxmotion Robot Arm (Lynxmotion, 2024)
Maintenance
The low price point of the assembly may cause the replacement of the entire assembly to be more economical than the replacement of individual parts, due to labour and material costs. This would have a negative environmental impact due to unnecessary plastic waste. An action to mitigate this would be to offer individual parts at a discounted price with consideration to the cost of labour to install the parts, to ensure the cost of repair is not more expensive than replacement of the entire assembly. 
Environment 
Using fruit picking for agricultural sector as an example customer, the grippers would have to be operational in an outdoor environment between June and November. According to the Met Office (2024) during these months in the UK the average temperature fluctuates between 22.73ᵒC to 5.04ᵒC. 


[bookmark: _Toc171269784]Design for Assembly 
Heemskerk et al. (2009) present the Design for Assembly method as guidelines to be followed during the design process to ensure the ease of assembly of a component has been considered. Improvement in the ease of assembly creates an increase in quality of the design, as the number of assembly failures decrease as the simplicity and ease of assembly increase.
According to Heemskerk et al. (2009) the first guideline of the method is to include a stable base within a design, as it will act as a frame to which other components are attached. Another point of consideration within this guideline is that all assembly of the parts should be possible from above. The second guideline is to reduce resistance during insertion. Resistance to insertion may be reduced by the inclusion of chamfers to guide insertion and the clearance required for ease of insertion. The third guideline is to minimise the number of parts within the assembly. This can be achieved through the elimination of uneccesary parts or combining multiple parts into one part. Reducing the number of parts required to complete an assembly ensures reduced time required to assemble the components and increased accuracy of assembly. Another recommendation from the method is to ensure the stability of intermediate assemblies, this will help operators avoid holding parts down while the components are assembled.  The final suggestion of the method is to standardise parts, processes and methods across different products and versions, this will reduce tooling costs and avoids time required on training staff on new processes. 
[bookmark: _Toc171269785]Concept Designs
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[bookmark: _Toc171269750]Figure 9 – Revised Concept Design 1
Concept Design 1, pictured in Figure 9, features reduction to the number of parts by the joining of two parts of the arm, where only one part was necessary, in accordance with the third Design for Assembly guideline. Also featured in this concept design is the replacement of bolts with plastic snap fittings which would be integrated into the shape of the parts, drastically improving ease of assembly and time required to assemble. Plastic manufacturing processes would allow for these custom parts with ease, and so would not affect the manufacturing. 
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[bookmark: _Toc171269751]Figure 10 - Revised Concept Design 2
Pictured in Figure 10 is the second revised concept design, in this design the method of attachment for the gripper arms were improved to be self-fastening. This was achieved by the modification of the servo casing and the gripper arms to allow the gripper arms to slide onto the casing. With this the method of movement for the grippers was also needed to be modified. This would increase the ease of assembly as it eliminated unnecessary bolts and increased the simplicity of the method of attachment for the grippers to the casing. The components shaded in red in Figure 10 would be integrated into one part, with the bolts being replaced with plastic snap fittings integrated into the shape of the casing. This decision was made in accordance with the first recommendation of the Design for Assembly method, as the bottom of the servo casing would act as the stable base for the assembly. The elimination of the unnecessary bolts drastically improved the ease of assembly and time required to assemble. Plastic manufacturing processes would allow for these custom parts with ease, and so would not affect the manufacturing. 
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[bookmark: _Toc171269752]Figure 11 – Revised Concept Design 3
In the Initial Concept Design the method of connecting the servo to the gripper arms was deemed overly complex and significantly decreased the ease of assembly of the grippers. For Concept Design 3, pictured in Figure 11, the method of connecting the servo to the arms was redesigned. The redesign included the use of a gear on the indicated red area within Figure 11, which would link directly to the gripper arm, this reduced the number of parts required for the assembly and followed the guide of the Design for Assembly method.





[bookmark: _Toc171269786]Design Isolation
[bookmark: _Toc171269772]Table 2 – Design Feature Grading Table
[image: ]
Using the design feature grading tables Revised Concept Design 2 scored best on each aspect, other than ‘Capable of picking and placing objects required by the customer’, Design 2 was ranked lowest due to the change in the closing mechanism of the grippers, within Design 2 the grippers would close with a parallel grip as opposed to the angular grip that was featured in the Initial Concept Design. This was rated poorly in consideration of it the customer had a specific need for the angular grip. Despite this possibility the ease of assembly for Design 2 is significantly improved in comparison to the other design solutions. For the creation of the final design solution features from each concept design were adopted and combined for the maximised ease of assembly and manufacture. 


[bookmark: _Toc171269787]Final design
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[bookmark: _Toc171269753]Figure 12 - Final Design
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[bookmark: _Toc171269754] Figure 13 - Drawing of the assembly
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[bookmark: _Toc171269755]Figure 14 - Method of self-attachment for the grippers to the body
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[bookmark: _Toc171269756]Figure 15 - Plastic snap joint example (Serisier, 2017)
Seen in Figures 12 and 13 are the model and technical drawing of the final design. For detailed technical drawings see Appendix 2. The design features seven parts, including the servo as a preassembled part, assembled using plastic snap fittings to reduce assembly time and increase the ease of assembly. Included in the design is a self-attachment method to secure the grippers to the body, displayed in Figure 14, which significantly reduced the time required to assemble the gripper. The method of transferring the movement of the servo to the gripper arms was also modified within this design. It was necessary to connect both arms to the servo to create the clamping motion as the grippers no longer moved in conjunction using gears, as was the case in the initial design, seen in Figure 1. The redesigned grippers were capable of gripping objects with widths or diameters ranging from 20.62 to 51.23mm. The method of securing the top of the servo casing to the bottom of the servo casing was also modified within the final design. The redesigned servo casing would be assembled using plastic snap fitting featured on the rods that were part of the bottom casing. The plastic snap fittings featured on the rods operated via tension to insert the rods and then would clip in once they cleared the holes in the top of the casing, an example of which can be seen in Figure 15.
[bookmark: _Toc171269773]Table 3 - Lucas DFA method
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The Lucas DFA method, seen in Table 3, was utilised to analyse the manual handling and fitting associated with the assembly of the initial design and the final design for the grippers. Using the tables for the Lucas DFA method, which is displayed in table 1, it was determined that the initial concept design’s handling index was 3 (A(1.5)+B(0.4+0.2)+C(0.5)+D(0.4)=3) and its fitting index was 10.5 A(2+4)+B(1.6)+C(0.7)+D(1.5)+E(0.7)+F(0)=10.5).. The final design solutions handling index was determined to be 1.7 (A(1)+B(0.4)+C(0.1)+D(0.2)=1.7), and its fitting index was found to be 2.3, (A(1+1.3)+B(0)+C(0)+D(0)+E(0)+F(0)=2.3). A drastic improvement in the handling and fitting index can be seen in the final design compared to the initial design. A factor that improved the handling index of the final design was the assembly of the final design did not require any tools as the design utilised push to fit fasteners. The size of the parts within the assembly was increased due to the merging of multiple components, this positively affected the handling index as the parts were less delicate and decreased problems with gripping the smaller parts. Factors improving the fitting index for the final design are the inclusion of the self-securing gripper arms and the self-securing features of the top and bottom of the body. The final design is also possible to assemble from above without the need to rotate it to secure any bolts or parts.
[bookmark: _Toc171269774]Table 4 – Design efficiency
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The design efficiency of an assembly is calculated by dividing the number of essential components by the total number of components in the assembly, as can be seen in Table 4 the design efficiency of the final design is a significant improvement to the design efficiency of the initial design.







[bookmark: _Toc171269788]Manufacturing Process Proposal
Two materials were identified to be most suitable for the product, polycarbonate (PC) and Acrylonitrile Butadiene Styrene (ABS). ABS costs approximately 50% of the cost of PC, with ABS pellets costing roughly $0.90 per kilogram and PC pellets costing approximately $1.52 per kilogram.
[image: ]
[bookmark: _Toc171269757]Figure 16 - PC vs ABS
From Figure 16, a crucial issue with the use of PC for the assembly was its discolouration if exposed to sunlight for extended periods of time. This would be detrimental to the grippers potential use in agriculture, as they would be required to be operation under the UV light of the sun. Through research it was found that additives may be used to prevent UV discolouration. With the elimination of this potential issue, PC was determined to be the most suitable material for the assembly.
Plastic injection moulding was chosen to be method of manufacture for the grippers as it is flexible in the complexity of the parts, and it is a highly precise and consistent method of manufacture for plastic components. The process is suitable for high production volumes as it features fast production cycles, producing parts quickly and cost-effectively. Injection moulding also minimises waste, as all the material is utilised within the process, promoting sustainability and helping protect the environment (Fern Plastics, 2024). The rate of production for the grippers will be dependent upon the complexity and size of the components, generally there are 15-120 seconds per cycle, the moulds may be operated simultaneously, so all of the components may be processed within 120 seconds. Conducting manufacture of the gripper for 40 hours a week would allow for the creation of 1,200 units a week. This is without consideration of the time required to assemble the components. Cost drivers within this process would include the tooling cost for the creation of the custom moulds and material costs for the PC pellets.


[bookmark: _Toc171269789]Conclusion
In conclusion the initial designs presented for the robotic gripper had failed to accommodate the requirement for mass production, due to its design and lack of consideration for ease assembly. Utilising Design for Assembly methods clearly indicated features within the initial designs that would benefit from redesign. Three concept designs were created, each with features that would improve the grippers ease of assembly. These features were then evaluated, using a design feature grading table, to effectively identify the desirable features to be incorporated within the final design.  


[bookmark: _Toc171269790]Task 2
[bookmark: _Toc171269791]Introduction 
Within this report is the design process undertaken in the redesign of a television bracket. To define the customer requirements and quality characteristics that would be included in the design a QFD was created. From the initial designs generative designs were created and a final design was chosen. A stress analysis simulation was run upon the final design to determine its capabilities in fulfilling its base function of supporting the weight of a television, perpendicular from its support point. The final design was then reviewed to determine its success in fulfilling customer requirements. The most suitable process for the manufacture of the final design was determined to be Selective Laser Sintering (SLS), also referred to as Direct Metal Laser Sintering (DMLS) when metals are utilised in the process. To justify the manufacturing process chosen for the component an overview of selective laser sintering is included in this report. Two suitable materials were identified for the creation of the bracket, which were titanium and stainless steel. The material selected for the manufacture of the bracket was stainless steel, justification for the choice of material is reviewed within this report. In brief stainless steel was selected due to its decreased cost.


[bookmark: _Toc171269792]The Component 
The component chosen to be redesigned was a bracket used to hold a television to a wall. The component was determined to be a component that would benefit from generative design due to generative designs ability to reduce material. Reasons for this choice include the need for the bracket to retain its strength and ability to support the sheer loading of the television, while being a low-cost part that would benefit from the reduction of material where possible. Reducing the weight of the bracket also increases its appeal to customers, as it increases the ease of moving and installing the bracket.

QFD
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[bookmark: _Toc171269758]Figure 17 - QFD for the bracket
Seen in Figure 16 is the QFD created for the bracket. The QFD was created to identify methods of improvement for the bracket. From the QFD it was determined that the most difficult target to achieve would be to reduce the weight of the bracket to be below ten kilograms, achieving this goal would increase the appeal of the bracket to customers, as it would increase the ease of installation. The material set as the target for the bracket was steel from research showing that most television brackets are created using steel, however this is further reviewed in this report in the manufacturing process proposal.
DFMEA
[bookmark: _Toc171269775]Table 5 – DFMEA of the bracket
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A DFMEA was created to identify potential failures and actions to mitigate these failures, seen in Table 5. From the DFMEA it was determined that it would be beneficial to undertake random stress testing on processed components, to ensure the components are capable of withstanding the load of the television, during this testing the bolt holes will also be confirmed to be aligned correctly to ensure the television is held horizontal.
Initial design
[image: A drawing of a metal object
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[bookmark: _Toc171269759]Figure 18 - Initial design
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[bookmark: _Toc171269760]Figure 19 - Initial design front view
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[bookmark: _Toc171269761]Figure 20 - Stress analysis on initial design
The initial design for the bracket can be found in Figures 19 and 20. The design features 20 M8 holes, the size of the holes conforms with the QFD created, however the target of thirty bolt holes set in the QFD was deemed excessive from a stress analysis simulation conducted, so the number of bolt holes in the design was reduced to twenty. A simulation was conducted upon the initial design to determine its ability to support the load of a television and determine the areas of the component experiencing the most stress. This simulation is depicted in Figure 20. The load applied for this simulation was 45 kg, this figure was determined from research that concluded that the average 50-inch television weighs around 14 kilograms. This figure was tripled and rounded up to 45 kilograms to ensure the bracket was capable to withstand the load of a television. From the stress analysis, the area experiencing the highest stress was determined to be the beam attaching the bracket to the wall. To decrease the stress upon this area the length of the beam was decreased from 300 millimetres to 100 millimetres.



[bookmark: _Toc171269793]Redesign of the component 
Utilising additive manufacturing processes allows for complex shapes that would be difficult to produce through subtractive processes (SyBridge Technologies, 2020). From this it was determined that the redesign of the component using generative design would be effective as it would allow for the reduction of unnecessary material without compromising the strength of the component, creating complex geometry of the part, suitable for additive manufacturing. Benefits of utilising generative design is the reduction of time required to create a new design and the creation of a wider range of designs due to the power of computers (Generative Design Primer, 2024).
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[bookmark: _Toc171269762]Figure 21 - Generative designs
Four of the generative designs created from the initial design can be seen in Figure 22. Outcomes 17 and 15 were eliminated as potential redesigns due to the unnecessary addition of material to the design, which significantly increased the weight of the component. Of outcomes 10 and 18, outcome 10 was determined to be the most efficient due to the effective reduction of material in the design. For this reasoning Outcome 10 was determined to be the final design solution for the bracket.
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[bookmark: _Toc171269763]Figure 22 - Stress analysis of redesigned component
The same stress analysis simulation as utilised to assess the initial designs, was run on the final design solution, pictured in Figure 23. The stress analysis showed that the load of the television was equally distributed throughout the component and that no specific area within the component was experiencing high stress. However, a potential problem with this redesign includes the elimination of some of the bolt holes seen in the original design. This greatly effects the brackets compatibility with different televisions and may restrict it to being compatible with very few televisions. The reduction in the number of bolt holes may also affect the brackets shelf life as the load of the television will only be distributed across eight bolt holes compared to the twenty that were included in the original design.
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[bookmark: _Toc171269764]Figure 23 - Properties of redesigned component
The weight of the final design was determined to be roughly equal to 2.61 kilograms, if the component was created from titanium.
A principle within designing for additive manufacturing is design for orientation, where the orientation of the part during manufacture must be considered, ensuring the most efficient orientation of the part is determined and utilised during production can reduce the time required for processing and can increase the strength of the component (Indrele, 2024). It was determined that for the bracket the most efficient orientation would utilise the part of the bracket that would attach to the television as the base for the component during manufacture. Manufacturing the component in this orientation would ensure that no geometric supports were required.
Lattice internal structures are continuously repeating cells that can connect across three dimensions, an example of which would be a honeycomb structure. One benefit of utilising lattice internal structures is their high strength-to-weight ratio (Hanzl, Zetková, & Daňa, 2017). For this reason, a lattice structure was determined to be a beneficial internal structure for the component as it would allow for maximum strength of the part while reducing it weight as much as possible. Another benefit of using a lattice structure is their minimisation of wasted material (Helou & Kara, 2018). 


[bookmark: _Toc171269794]Manufacturing Process 
Selective laser sintering (SLS) is a powder-based additive manufacturing technology that employs a high-power laser to fuse small particles into a solid structure defined by a 3D CAD model. The process takes place in a build chamber where the laser traces the part layer by layer into a powder bed, which is distributed by a roller over the build surface. Once the laser has traced the part within the layer a piston descends by one layer thickness, usually 20-100 microns, to make room for the next layer of powder (Mazzoli, 2012). As the laser moves across each layer of powder, its energy fuses the particles, bonding them into a solid piece. When SLS is utilised for the creation of metal parts the process is referred to as direct metal laser sintering (DMLS) (Ysidron, 2023).
The SLS process can introduce porosity and inaccuracies within the component, potentially leading to premature failure (Helou & Kara, 2018). According to Helou and Kara (2018) selective laser melting (SLM) heats the powder metal to its melting point, creating a homogenous part, as such eliminating porosity. However, Alamri et al. (2022) present that if the power value of the laser used leads to a lower operating temperature than is required may restrict the powder metal from melting, potentially leading to porosity issues within the component.
A disadvantage associated with using this process includes a poor surface finish, this may be combated with post-processing sanding or polishing, however this creates additional processing time and cost (Prototype Projects, 2024). Further issues with SLS includes potential warping of the part after processing due to the residual stresses contained in the processed part caused by the thermal cycling present in the process. The greater shrinkage rates associated with SLS can lead to a higher likelihood of prototypes warping, bowing, or curling, depending on the part geometry (Mazzoli, 2012).
The slower production speeds associated with SLS, along with the disadvantages of the process listed above, contribute towards its unsuitability for mass manufacture. However, the process is well suited for rapid prototyping due to its low tooling cost and cost effectiveness for low production volumes. However, SLS is a suitable process for the creation of prototype components, due to its low tooling cost and minimal material waste. 
Once the prototype has been confirmed functional, created by the SLS process, casting may be a better suited method for mass manufacture for the television bracket. This would be achieved through the creation of moulds, using SLS, then the component may be cast from the moulds. This would allow for ease of manufacture in the creation of the complex geometries of the bracket, created by the generative design, and eliminate the post-processing requirements of SLS for every component created.
Commonly used materials in DMLS include titanium, aluminium and stainless steel (3DSOURCED, 2024) (Ishfaq, Abdullah, & Mahmood, 2021). Aluminium was determined to not be a suitable material for the bracket due its lack of strength. Titanium possesses a low density of 4.506 g/cm3 compared to the density of stainless steel which is around 7.93 g/cm3. The original weight of the final design using titanium was estimated to be 2.61 kilograms, if steel was utilised the weight was estimated to be 4.59 kilograms. The increased weight of the final design is still below the target set within the QFD of less than ten kilograms. Titanium possesses 30% more strength than steel while being nearly 43% lighter (Lasting Titanium, 2024). In order to determine steels suitability for the manufacture of the component a stress analysis simulation would need to be conducted on the final design using steel as the material. The outcome of the stress analysis simulation could then be compared to the outcome of the stress analysis simulation using titanium, seen in Figure 23. Benefits of utilising steel in comparison to titanium is its greater availability and its significantly lower raw material costs. The cost of a kilogram of titanium is estimated to be $30-$50, compared to $2-$3 for a kilogram of stainless steel. For the 2.61 kilograms of titanium required for the component this would cost roughly $104.40 (£81.43), and 4.59 kilograms of steel required would cost $11.475 (£8.95). The significant decrease in material costs for the use of stainless steel justifies the decrease in strength of the component. If the stress analysis concludes that stainless steel would not be strong enough to fulfil the requirements of the bracket, further redesign of the bracket may be completed to include further support features for the bracket or to increase the thickness of the bracket and/or the bracket arm.

[bookmark: _Toc171269795]Conclusion 150
In conclusion an initial design for a television bracket was introduced within this report. A QFD was created to define the functional requirements for the part and set targets for the redesign to fulfil. The initial design was then used to generate generative designs. From these generative designs a final design was chosen for its aesthetics and material reduction. Material reduction was identified as a critical factor in the redesign of the bracket, as it would increase the appeal of the bracket to customers and increase the ease of installation for the bracket. The manufacturing process determined to be most suitable for prototyping of the design was SLS, also referred to as DMLS when metals are processed. This process was chosen due to the processes flexibility and lack of supports required to manufacture parts, there were disadvantages identified with the use of this process, which included the requirement of post-processing operations to improve surface finish and the removal of powdered metal on the component from the process. The material selected as most suitable for the manufacture of the component was stainless steel, due to its decreased raw material cost, in comparison to titanium which was also considered as the material for the component due to its strength and low density. A possible process of manufacture for the mass production of the bracket was determined to be casting, however further research is required to determine the most effective method of mass production for the part.
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