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[bookmark: _Toc196687431]Introduction
Efficiency within manufacturing is key to profitability. It can mean the difference between profit and loss. A small change can create ripples of cost savings that grow in proportion to market demand and production output.
This report will outline the process of redesigning aspects of a robot claw gripper that has increased in demand and production. Whilst previously suitable for small volumes, the design focused on a lot of manual assembly.
The report will follow common conventions of the design process in order to achieve a product that is more cost-effective at large scale manufacture. 
[bookmark: _Toc196687432]Aims
To reduce the overall cost to produce the product by re-designing the assembly. It will be important to be able to automate or semi automate as much as possible, non-automated / manual labour would be kept to a minimum.
In order to reduce the cost, every aspect of the part would be considered in terms of large-scale manufacturability. This would include the number of parts, fittings, processes, assembly.
It is important while trying to simplify and reduce costs that the end customer is not forgotten about. It must be essential to maintain a durable, repairable product. The design changes should not impact the end customer.
[bookmark: _Toc196687433]Objectives
· Redesign assembly for higher scale manufacturability.
· Make design more efficient.
· Ensure end customer needs are met.
· Aesthetically pleasing design.



[bookmark: _Toc196687434]Concept design appraisal
[bookmark: _Toc196687435]Customer needs
Whilst modifying the design, it is paramount that customer needs are improved upon. The customers’ needs can be determined using the original design, and general industry requirements. 
Optimisations of the design efficiency are required, in order to do this, it is important to first determine what areas are needed for optimisation:
· Versatility:
As the end customer and their exact usage of the gripper is unknown, it is key to ensure it is versatile. A wide stroke length is desirable as this allows the claw to pick up a larger variety of objects. According to a study, the average industrial gripper has a stroke length of 20.8mm, with the largest 10% being over 50mm. (Birglen & Schlicht, 2018).
· Durability and reliability:
The choice of material is vitally important to the lifespan of the product. There is a balance between cost effective material choices and their durability. Some parts within mechanical design are required to be structural and rigid, while others require some allowance for deformation.
Plastics are very cheap to use but are more susceptible to creep. A failure where over time, a sustained load can cause ruptures (Jansen, 2015). So, using these materials where loads are applied and unloaded, rather than sustained. This negates this downside to using plastic.
· Design Efficiency:
Self-alignment
Less manual assembly / more automation
Assembly / disassembly time
Number of parts / fasteners
Size of claw
· Low Maintenance, serviceability:
Difficulty of disassembly
Speed of disassembly
Materials within spec of use
· Cost effectiveness:
Correct materials used
Number of purchased components
Number of parts
[bookmark: _Toc196687436]QFD (quality function deployment)
A QFD (quality function deployment) is employed in order to visualise the requirements of the customer, the needs must be quantified, and their correlations determined. Once the improvements are decided, the importance of each need can be decided.
The benefits of using a QFD include analysing competition, streamlining design, improving productivity, cost reduction, and improved likelihood of product success in the market (Madu, 2006).
[bookmark: _Toc196687489]Table 1 - QFD OF ROBOT CLAW GRIPPER 
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[bookmark: _Toc196687467]Figure 1 - QFD Legend
The QFD shows the priority that each quality characteristic should have. This will allow the optimisation of the design to follow these criteria. It was found that the material is the most important characteristic with a relative weight of 16.7 because of how many of the customer’s needs it would satisfy, followed by minimising the number of assembly parts.
After a solution is developed, the QFD will be revised to include the rating against competitors and the previous build to see how the design stands out in the market.

[bookmark: _Toc196687437]Design Specification

[bookmark: _Toc196687490]Table 2 - Design Specification
	Parameter
	Requirement

	Functions
	Must have the same or more base-level functionality as the original design. Improvements to design efficiency/cost-effectiveness must not impact its overall function as a robot claw.

	Material
	Material must be light-weight, durable, and strong. Any mechanical parts where friction, sliding, or scraping is required must be of high wear resistance.

	Design Efficiency
	All assembly parts must have functions that warrant their presence as a separate/individual part. 

	Manufacturability
	All parts must be manufacturable using the most efficient processes for the mass production of 1000+ units per week.  

	Cost
	In order to cut down the cost to manufacture:
· Minimum number of purchased components to achieve the design requirements
· Reduce as much of the manual hand tool process from the assembly stage as possible.
· Reduce number of assembly components.
· Choice of materials used to be considered.

	Serviceability
	· Current design requires a high level of disassembly to access some components. Focus must be on allowing access without total dis-assembly.
· Assembly speed and number of steps must be lowered.
· Focus on interchangeable parts to reduce stock requirements for replacement parts

	Size
	Part footprint must not become bigger than the current design.




[bookmark: _Toc196687438]Manufacturing process proposal
[bookmark: _Toc196687439]Material selection
The best processes rely on material choices that reflect their requirements for a system. There are many factors to consider when choosing materials.
Factors to consider include:
· Mechanical strength, and hardness
· Costs and availability
· Weight
· Durability (Corrosion resistant, wear resistance)
Weighted decision matrices created using Excel from chosen industry standard materials that are readily available will be used to select the best suited. There are three material choices to consider: mechanical parts, structural body parts, and the claw grip fingers.
Selected materials based on data gathered were aluminium (6061 and 5052), mild steel S275, stainless steel 302, nylon 6/6, and ABS (acrylonitrile butadiene styrene)
Below are the produced tables. See appendix for information regarding cost calculations, and data sources
[bookmark: _Toc196687491]Table 3 - Weighted decision matrix for mechanical parts
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[bookmark: _Toc196687492]Table 4 - Weighted decision matrix for body parts
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[bookmark: _Toc196687493]Table 5 - Weighted decision matrix for fingers
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Chosen materials are aluminium 6061 for mechanical and body parts, and nylon 6/6 for fingers. The materials presented the highest totals based on weighted importance within their matrices.
[bookmark: _Toc196687440]Process Selection
When it comes to process selection, there are often many appropriate solutions to choose from. From these solutions, using cost analysis it can be determined which is the most efficient to use. For instance, with a complex assembly such as this one, extrusion can be eliminated from the list, because, although suitable for mass production, it can only form long continuous profiles (Sheppard, 1999). Other processes such as machining can be ruled out as it does not suit large scale production (El-Hofy, 2019). The two best processes for the aluminium production parts would be die casting and laser cutting. 
[bookmark: _Toc196687441]Die casting
Estimates for die cast tooling are hard to find without exact quotes, which is difficult at the pre-design stage. But since the parts are simple and small an example from a website article on ‘Get it made’ states a similar sized aluminium parts tooling at roughly £5000 each (Ferriera, 2023).
Rough costs can be calculated using the largest variables (tooling and material costs). After an analysis of changes there should only be five tools required for the assembly (two body sections can be made reversible thus saving on tooling costs). This should cost around £25,000 and is expected to last for 80,000 runs before needing to be replaced.
Using the previously deduced cost per m3 for aluminium 6061 (£5481) and the average area of the parts as 0.00001155m3, the total cost per part is £0.063. With 6 parts per assembly, total material costs come to £0.38 per assembly. Since the tooling lasts for 80,000 runs, to achieve the per part cost we need to first estimate the cost to produce 80,000 parts. This works out to £30,387. Adding on the tooling cost the grand total for 80,000 parts is £55,387. Dividing by 80,000 gives us a total per part cost of £0.69 for die casting. This is not including additional costs such as overheads and profits for the sub-contractor. 
[bookmark: _Toc196687442]Sheet metal production
The original design seems to have been set up for sheet metal production. Small, flat profile parts with cut-outs and good path outlines. This means improvements can be made without straying from this design methodology and keep its suitability for sheet metal production as there are minimal tooling costs. 
Costing up the aluminium sheets works out more expensive than die cast material at £500 per sheet. This is because of the more expensive process to roll the sheets (this could be sourced cheaper at production quantities through wholesale sheet metal suppliers in bulk).
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[bookmark: _Toc196687468]Figure 2 - Metal store costing for aluminium Sheet
However, after creating laser nest yields using software called ‘Radan’ it was possible to estimate cost per part and take an average to compare against die casting.
Quantities are as follows:
[bookmark: _Toc196687494]Table 6 - Cost analysis for sheets
	Parts
	number off per sheet
	cost

	Part1
	512
	£0.98

	Part2
	505
	£0.99

	Part3
	1639
	£0.31

	Part4
	2112
	£0.24

	Part5
	5081
	£0.10

	
	Average cost per part
	£0.52



Although the material utilisation and material cost are worse for sheet metal than die casting, the average cost per part for largest distinct variables favours sheet metal. This is most likely because the parts seem to be designed with sheet metal in mind.
[image: ]
[bookmark: _Toc196687469]Figure 3 - Sheet metal yield example

[bookmark: _Toc196687443]Plastic arms process 
Plastic processing is different from metal. The most common types are extrusion, injection moulding, rotational moulding, compressional moulding, and additive manufacturing.
Most of these processes can be excluded instantly. Additive manufacturing (otherwise referred to as 3D printing) is a rapid prototyping manufacturing method as such, is not suitable for large production yields. Extrusion can be eliminated due to its constraints on complexity as it is only suitable for long continuous profiles. Rotational moulding produces hollow parts with simple container geometry and would not be effective at producing a finger for the robot claw. Compression moulding is most commonly used to create relatively flat parts with simple geometries.
By process of elimination, this only leaves injection moulding left. Which is ideal to create complex geometries and is a suitable large scale production process (Crawford & Martin, 2020).

[bookmark: _Toc196687444]Design and development
When approaching the development of the claw gripper, it’s helpful to employ some industry techniques. The SCAMPER technique is a model for improving an already existing product. This involves the consideration of the following acronym letters Substitute, Combine, Adapt, Modify, Put to another use, Eliminate, and Rearrange/Reverse (Hampshire, et al., 2022).

[bookmark: _Toc196687445]Plastic arms (grippers)
The most appropriate use of scamper for this part of the assembly would be the eliminate and modify methods. To simplify the number of parts in this section of the assembly it is first recommended to look at any non-value adding items. Such as the fittings. Although tightening down the arm with a screw is the most secure way of attachment, simplifying this to one per arm will reduce the cost of fittings, and make assembly faster and easier (gripper now slides onto the arm and secured via single fastener), this even made the arm stronger by having it wrap entirely around the metal of the arm fixture. 
The finger was then modified by adding more embossed struts which increased the strength while adding minimal material. The embossing was modified to add a recess for the fastening nut to sit in. This stops the nut from spinning freely when being tightened. Making serviceability easier and assembly faster.
The grippers are still reversable parts and can be used on both left and right sides of the assembly.
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[bookmark: _Toc196687470]Figure 4 - Finger gripper before modifications
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[bookmark: _Toc196687471]Figure 5 - Finger gripper after modifications
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[bookmark: _Toc196687472]Figure 6 - Mould to fit the hex nut
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[bookmark: _Toc196687473]Figure 7 - Displacement for old design using 505N of force on end of gripper
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[bookmark: _Toc196687474]Figure 8 - Displacement for new design using 505N of force on end of gripper

[bookmark: _Toc196687446]Connecting mount
The connecting mount, previously made from three components, can easily be simplified into one sheet metal component with two bend returns. This would strengthen the part, make assembly much simpler, and reduce the number of components.
[image: A close-up of a mechanical device
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[bookmark: _Toc196687475]Figure 9 - Old design for mount in three components
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[bookmark: _Toc196687476]Figure 10 - New design using single bent up component


[bookmark: _Toc196687447]Hand body
The original design for the body assembly was inefficient. It was unable to be disassembled in small steps. Removing the back plate would disconnect the hand assembly from the connecting mount.
The new design targeted this difficulty by creating a permanent fixing method for the front plate to the connector while the translation plate is still screwed on. This means the back plate can be unscrewed and removed while the assembly still sits on the mount firmly.
In addition to the ease of assembly this has created, it has also removed the use of both spring pins, and one screw/nut from the translation plate/connecting mount assembly. And one screw, pin, and nut from the back plate to front plate assembly.
The hand assembly can also be removed from the connector mount with one screw (on the translation plate), then the hand slides out.
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[bookmark: _Toc196687477]Figure 11 - Old design assembled
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[bookmark: _Toc196687478]Figure 12 - New design, half assembled. missing back plate
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[bookmark: _Toc196687479]Figure 13 - New design, fully assembled





[bookmark: _Toc196687448]Risk management
[bookmark: _Toc196687495]Table 7 - Design FMEA
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[bookmark: _Toc196687449]Conclusions and reflections
In conclusion, the redesign for the robot claw gripper has shown a significant improvement for manufacturability, cost effectiveness, durability, and user satisfaction. These were the key customer needs identified at the start of the design process. By employing methodologies such as QFD, SCAMPER, decision matrices, and FMEA the process was able to identify what to address, how to address it, and how to measure its success.
The design is now much more viable for large scale production as was required, and risk management DFMEA are in place to ensure issues going forward are realised and improved upon.
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[bookmark: _Toc196687451]Appendix
[bookmark: _Toc196687496]Table 8 - Material cost calculations created using gathered data via Excel
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Cost per m3 was formatted in cm3 for ease of readability within the claw’s decision matrix. 
Technical data for each material was gathered from material stockholders and retailers of both aluminium alloys from Aalco metals limited 6061 (Aalco Metals Limited, 2018) and 5052 (Aalco Metals Limited, 2018). Mild steel and stainless were sourced from Metals4U Ltd (Metals4U Ltd, n.d.) (Metals4U Ltd, n.d.) referenced respectively. Nylon was sourced from Laminated plastics (Laminated Plastics, n.d.). ABS was sourced from Plastim Ltd (Plastim Ltd, n.d.). Coefficient of friction values for each material was gathered from a teachengineeering.org reference chart (TeachEngineering, n.d.).
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[bookmark: _Toc196687452]Introduction and component selection
Additive manufacturing (AM), also known as 3D printing, is an emerging technology which has substantial benefits for many industries. It offers production of geometry otherwise too expensive to produce through traditional subtractive and formative manufacturing methods, giving designers more freedom. Layer-by-layer depositions of material through extrusion enables complex geometries, internal structures, and lightweight designs that would be difficult or impossible with conventional techniques (DAVIM, et al., 2021). This new method has driven developments of principles to optimise parts for additive processes to improve performance, reduce weight, and find the limits of manufacturability. This is called Design for Additive Manufacturing (DfAM) (Lachmayer, et al., 2024).
Within the aerospace industry, weight reduction is becoming more crucial to create savings on fuel due to an ever-increasing complexity of aerospace systems. These reductions must be made while still staying within the safety factor for yield strength of the component (Lequeu, et al., 2001). The GE jet engine bracket challenge was launched in 2013 by General Electric. It challenged engineers to redesign a jet engine bracket made from titanium. The aim was to reduce the weight as much as possible (no target % reduction, lightest wins) while staying within the materials maximum yield strength of 827 MPa whilst under the specified load conditions. The archived challenge was selected as a case study for redesign with modern topology techniques that were unavailable when the challenge was originally run. Its load bearing role, possibility for complex optimised geometry, and importance for weight saving requirements provides an ideal opportunity to demonstrate the effectiveness of modern DfAM techniques (General Electronics, 2013).
[image: ]
[bookmark: _Toc196687480]Figure 14- Image of GE titanium bracket
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[bookmark: _Toc196687481]Figure 15 - Load conditions for GE titanium bracket

[bookmark: _Toc196687453]Component analysis
The original jet engine bracket was manufactured from TI-6Al-4V, a titanium alloy used widely in aerospace due to a high strength-to-weight ratio, corrosion resistance, and many other properties. The component is a loading bracket that supports the weight of the engine during handling procedures, while loaded there are three axis of load conditions as shown in the image, with an additional torsional load, it remains permanently fixed during the life and use of the engine but is only loaded when the engine is in transport.
It was originally designed for conventional manufacturing technologies. GE doesn’t state the method, but the standard for the time would have been CNC machining. Titanium casting methods were explored to reduce manufacturing costs as machining would cost roughly 10x more than machining aluminium (excluding material costs) due to tool wear and time (Boyer, 1996), but machining remained the standard method for components as published by the National Occupational Standards (Enginuity, 2021). 
The component has a size constraint to join all the loading points with material, originally featuring a solid internal structure, as a result, the part currently has a mass of 2.05kg. The size and conventional manufacturing constraints mean it’s likely comprised of more material than is necessary. It has a simple geometric shape with hard edges and flat surfaces, which was designed for its current manufacturing method. A combination of manufacturing method and tools available when it was designed means there was limited optimisation for dynamic loads. There was no incorporation of additive manufacturing benefits such as internal structures and stress optimised paths to distribute loads more efficiently using less material (ZHU, et al., 2021).
These factors show significant opportunities for improvement using DfAM techniques, such as new topology optimisation methods and analysis models using built in features of modern 3D development solutions such as SolidWorks.
Minimum factor is safety for aircraft parts is 1.5 as per the federal aviation regulation (FAR 25.303 Factor of safety). A static load study was conducted on the model before any optimisation using Finite Element Analysis in SolidWorks simulation suite. Current design maximum von Mises stress calculates to 455 MPa at the weakest point. Yield strength of the material is 827.4 MPa this gives a safety factor of 845.6 / 455 = 1.86
Although as displayed in figure 16, the visible stress around the load interface seems to be mostly 320 MPa (Factor of safety of 2.65). as is clearly show in the image, most of the part is experiencing extremely low stress (<150MPa) well below any realistic factor of safety. Which makes these areas unnecessary and inefficient. 

	Name
	Type
	Min
	Max

	Stress1
	VON: von Mises Stress
	8.231e+04N/m^2
Node: 25972
	4.551e+08N/m^2
Node: 143

	[image: A computer generated image of a blue object
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original new.step-Static 2 from [Topology Study 1]-Stress-Stress1


[bookmark: _Toc196687482]Figure 16 - Original Model Static Stress FEA Results

[bookmark: _Toc196687454]QFD
[bookmark: _Toc196687497]Table 9 - DfAM GE bracket QFD
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[bookmark: _Toc196687483]Figure 17 - Legend for table
To ensure the redesign aligns with the customer requirements for the GE engine bracket, a quality function deployment QFD was carried out to visually display the key requirements of the bracket redesign, to show the most important requirements and how each of the quality characteristics interacts with each other. This allows the designer to consider how to manipulate the variables to meet customers expectations. The analysis reveals the critical performance drivers are material selection, and topology optimisation material reduction. This is because weight and yield strength are the highest weight importance, and these two factors have the largest relationship with these requirements. 


[bookmark: _Toc196687455]Additive manufacturing (AM) process and material selection
For titanium high strength applications, powder bed fusion (PBF) is recommended as it was developed for metals and allows for high complexity designs (H.Y. Ma, 2024), the exact process chosen was between selective laser melting SLM and electron beam melting (EBM) (Alami, et al., 2023). A research study from the Materials & Design journal published in 2022 shows that SLM allows for higher strength and finer details, while EBM produces better fatigue life, and lower residual stress. Since strength can be built into the parts design, EBM would be the better choice. The improved fatigue life and lower residual stress are critical for aerospace structures (Bertsch, et al., 2022).
Material selected will be Ti-6Al-4V, a titanium alloy. This was due to a combination of its mechanical, processing, and application specific properties. It displays a high strength-to-weight ratio, tensile strength is around 1000MPa, while density is 4429 kg/m3, roughly half that of steel. While aluminium is around 2/3 more dense, it has a far lower strength, therefore the strength-to-weight ratio is worse. The material specifications were sourced from SolidWorks material library and cross referenced to the same alloy datasheet MatWeb (MatWeb, n.d.).
Ti-6Al-4V is used in aerospace for bracketry due to its excellent fatigue properties which ensures longevity of components, especially when processed using EBM with heat treatment. It is highly suitable for EMB processing as it flows and melts as a fine powder (Liu, et al., 2021). This material is already certified by the American Society for Testing and Materials’ standard ‘ASTM F2924’, which qualifies components made of this material by a PBF process for aerospace applications (ASTM, 2012). 





[bookmark: _Toc196687456]Application of Design for Additive Manufacturing (DfAM) principles
[bookmark: _Toc196687457]Topology optimisation
AM enables the ability to reduce material down to the areas where stress and load is applied. Within the volume of a structure, there are paths between loading points where stress is at its highest, topology optimisation removes material around these stress points using mathematical algorithms usually simulated with 3D design software. The required strength of the loading application can be matched to an area around these stress paths. This often creates tube like structures between multiple load interfaces. Material that is redundant and not assisting with the applied load is removed. Usually, a safety factor is applied to keep some redundant material for emergency situations, overloading, or wear and tear of the component. The result of this process creates a highly efficient structure that is lightweight and meets the load application and any safety factors without overengineering. This will be applied to generate a structure between the four mounting holes on the base and the two holes at ‘interface 1’ on figure 15.
[bookmark: _Toc196687458]Infill
Internal hollow areas and lattice structures are a significant advantage for AM components. Usually controlled with the variable internal volume %. This allows some percentage of the total internal volume, to be converted to a patterned internal structure. Many structures exist to choose from, each with slight benefits, some have better efficiency for weight, better strength in a certain direction, or printing speed, others allow for more efficient use of material. Common infill patterns are grid, triangles, gyroid, honeycomb, and adaptive cubic. These structures are usually generated after the 3D design software using a slicer, which is the software that slices components into layers and generates the G-code for the machines to follow. This will be applied to any thick areas of the model.
[bookmark: _Toc196687459]Build orientation
The build orientation refers to the orientation of the model when sliced in relation to the ‘build surface’, which is the surface the material is being deposited onto. The model should be orientated in such a way that layer lines assist with the strength requirements of the design. A big consideration is also in support material, overhangs over 45-50 degrees usually require support material to build on top of. Reducing support structure saves material, post processing, printing time, surface quality, and defects caused by the supports. For this project, it is best to print on the flat mounting hole surface. Although not the best for additional strength, it would be the least problematic with support structure. In this orientation it is possible to require no supports at all.
[bookmark: _Toc196687460]Customisation
AM enables easy customisation of parts to create slight variations of a model. This could allow the bracket from this project to fit onto a different engine with different mounting holes by simply moving the holes on the model, changing a few variables in the load parameters, adding a new load and then just rerunning the simulation for the topology optimisation, thus creating a new part. The same slicer settings can be re-used for the new model or edited. Unlike previous processes, there is no need for new tooling or moulds, significantly reducing lead times and costs.


[bookmark: _Toc196687461]Topological Optimisation and Redesign Process
In order to meet the criteria of the customer, a topological study was conducted to maintain a safety factor of between 1.5 and 2 whilst reducing the mass as far as possible. SolidWorks simulation suite was utilised again. The optimisation aimed to remove the previously calculated non-load bearing material while maintaining the safety factor whilst under operational load.
[bookmark: _Toc196687462]Study setup
The provided model was imported into SolidWorks and the material was assigned as the aerospace grade titanium alloy, TI-6Al-4V, as was previously selected during the material selection phase. This was defined using SolidWorks built-in library of materials. The settings from the static analysis previously conducted were imported over into the topology study. This ensures there are no differences or errors between the analysis and the optimisation that could skew results. This includes the four mounting holes as fixed geometry, the vertical 35.6 kN, Horizontal 28.4 kN, and 42° angled 42.3 kN loads split equally between the two apertures at interface 1 on figure 15. The torque load was simulated using offset loads and the formula .
Preserved regions were added to the study around the fixture points and interface 1 to ensure these areas were not affected by the optimisation study as they are critical for installation.
[bookmark: _Toc196687463]Goals and constraints
The study was configured to prioritise the reduction of mass and ensure the safety factor remained above 1.5. A figure was required for mass reduction, so 70% was given. Although this was seen as unachievable, the study will try to get as close to this figure as possible while also trying to achieve a safety factor of 2. The attempt by the study to reach these two variables would likely fall short but find a middle ground still within an acceptable range.
[bookmark: _Toc196687464]Executions and iterations
22 iterations were run over the length of this simulated study. These best of which, achieved a large material reduction of approximately 50%, resulting in a final generated design weight of 0.988 kg. The mounting faces were all correctly preserved. The study achieved a factor of safety of 1.94, which is an improvement over the original design, which came to 1.8. This was unexpected but likely to reduce when the generated design is finalised, and the model is fully processed into a printable design.
[image: ]
[bookmark: _Toc196687484]Figure 18 - Final output of topology optimisation
The result was a rough model, but figure 18 shows the material reduction after 22 iterations. if more tweaks were made and with some manual trimming afterwards, the model would be able to be refined. The corners that were selected as preserved geometry for their outline ended up creating thin walls around. In hindsight, the bottom edge should be preserved instead of the whole face. The overall internal structure resulted in visually organic tube-like structures following the stress paths between load interfaces. The parts from the original bracket study that absorbed the vast majority of the stress seem to be untouched, this is ideal since the material was needed there. 
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[bookmark: _Toc196687485]Figure 19 - Final constraints / goals values
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[bookmark: _Toc196687486]Figure 20 - Iteration process for mass reduction constraint
[image: ]
[bookmark: _Toc196687487]Figure 21 - Iteration process for 'best stiffness' goal
[image: ]
[bookmark: _Toc196687488]Figure 22 - Iteration process for factor of safety


[bookmark: _Toc196687465]Conclusion
In conclusion, the optimisation was a success. The project demonstrated the application of DfAM principles in the lightweight redesign of the GE engine bracket. The topology optimisation study was able to reduce the mass of the component while ensuring it could still perform to the level of safety expected in the aerospace industry.
The original bracket was found to be robust, but over engineered, costly, and heavy. This was primarily due to manufacturing constraints at the time. It was found that in the advent of additive manufacturing, new geometries were able to be realised making parts such as these obsolete. It was found that using Electron Beam Melting (EBM) with the titanium alloy Ti-6Al-4V, a highly efficient structure could be realised from the previously solid block that was the original component. The material suited the application perfectly, as it was stated in many standards and research journals for similar applications. Its high strength to weight ratio, fatigue resistance, corrosion resistance, and high compatibility with Powder Bed Fusion (PBF) additive manufacturing processes.
Using SolidWorks simulated topology optimisation study tool, non-load bearing material was removed from around stress paths between the mounting and loading points. A factor of safety of 1.94 was achieved, ensuring confidence in the durability and reliability of the bracket, even under unforeseen additional load or stress. The mass of the bracket was reduced by over 50% taking the 2.05kg bracket down to a total of 0.988kg.
Future reductions can be made with a further reduction of the safety factor. Developments are ongoing in the field of additive manufacturing which is constantly shifting what’s possible for high performance components only made possible through these processes. As additive manufacturing continues to become more prevalent to solving problems conventional manufacturing processes fail to overcome, the role of topology optimisation and DfAM will become increasingly critical.
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