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1. [bookmark: _Toc30964272]Executive Summary 
The report optimised the design of a support bracket used for an Atlas V rocket. The bracket has the purpose of securing the engineering work platforms and therefore the redesigned bracket also needs to be capable of withstanding the functional requirements. The design brief specified that the bracket must be manufactured using Ultem 9085, and will be manufactured via the method of 3D printing to widen the design possibilities. 
The software package named Design Studio aided the design improvements by ensuring the conceptual designs were developed logically by focusing on the inputted topology objectives. The software supported the construction of a more complex design that otherwise probably would not have been easily imagined. 
An optimised bracket was produced however, it met all but one design requirement; the minimum edge distance around two bolt holes was lower than required. More work will need to be completed to determine a solution. Further design and analysis improvements have been identified and discussed within the report to further correct and optimise the part.
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4.1. [bookmark: _Hlk30595956][bookmark: _Toc30964282]Report Scope
The scope of the report is to optimise the design of a support bracket used an Atlas V rocket. The bracket location is shown within Figure 2 and will remain with the rocket during flight. Launch vehicle weight has a first order effect on the performance of the system, therefore minimising weight of the bracket will dramatically improve the weight to orbit ratio.
[image: https://d2t1xqejof9utc.cloudfront.net/competition_pics/pics/1108/medium.jpg?1474896071]
[bookmark: _Toc30964236]Figure 2 - Atlas V Rocket Diagram showing Bracket Location (UWTSD ACM Module, 2019).

4.2. [bookmark: _Toc30964283]Function and Load Cases of Part
The bracket has the sole purpose of securing the engineering work platforms used during ground processing. The design brief specified that the Ultimate Load applied to the bracket will be 2668.93N as shown in Table 1. The Ultimate Load value has been calculated by multiplying the average male mass of 89.7kg (U.S. Department of Health & Human Services, 2017) by a safety factor. A relatively large safety factor of 3 was chosen to ensure the platform could accommodate both an engineer and any required equipment too. The total maximum load calculated therefore was 2640N, which is only 28N less than the specified design brief value which verifies the anticipated load is realistic.
	Design Requirements: Atlas V Bracket

	Values from Design Brief (UWTSD ACM Module, 2019)

	Property 
	Conversion

	Maximum Part Weight
	0.01 Pounds  0.0454 Kilograms

	Minimum Wall Thickness
	0.040 Inches  1.02 Millimetres

	Ultimate Load 
(Due to Work Platform):
	600 Pounds 2668.93 Newtons
(Applied Uniformly in the Negative Z Direction)


[bookmark: _Toc30964306]Table 1 - Design Requirements (UWTSD ACM Module, 2019).

5. [bookmark: _Toc30964284]Conceptual Study
5.1. [bookmark: _Toc30964285]SolidWorks Mesh 
5.1.1. [bookmark: _Toc30964286]Determined Mesh Size
A mesh was applied before running the topology study. The meshed part created a pyramid shape along the surface called “elements” and the more elements used, the finer the mesh and therefore the better the model is represented (G.R. Liu, 2003). Unfortunately, the finer the mesh, the larger the run time therefore it is important to determine an appropriate mesh size.
The mesh size will influence the quality of topology studies therefore, it is recommended by SolidWorks Help Forum (SolidWorks Help, 2019) to use “30% of the thinnest dimension of the part”. Figure 3 shows the dimension of the thinnest part of the bracket therefore a draft quality mesh size of 1.2mm was applied as per Equation 1.
	



[bookmark: _Toc30964308]Equation 1 - Mesh Size Calculation (Rossiter, 2020).
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[bookmark: _Toc30964237]Figure 3 - Image Showing Measurement of Thinnest Part of Bracket (Rossiter, 2020). 



5.2. [bookmark: _Toc30964287]Design Studio - Analysis Inputs
5.2.1. [bookmark: _Toc30964288]Material Selection
The design brief specified that the bracket must be manufactured using Ultem 9085, and will be manufactured via the method of 3D printing to widen the design possibilities. According to a leading additive manufacturer (Stratasys, 2019), Ultem 9085 resin is a high-performance thermoplastic which features a high strength-to-weight ratio, excellent heat resistance and high impact strength. Stratasy (Stratasys, 2019) continue to explain that the resin also possesses favourable flame, smoke and toxicity characteristics which are critical to aerospace regulations. 
Displayed in Table 2 are the material requirements specified from the design brief however, the properties were not all given in SI units therefore conversions were required. Furthermore, the value for Shear Modulus  was added to the material specifications from using Ultem 9085 datasheet (STRATASYS, 2017). Without Shear Modulus the conceptual study will not provide a working stress analysis model. 
	Material Requirements: Ultem 9085

	Values from Design Brief (UWTSD ACM Module, 2019)

	Property
	Conversion

	Young’s Modulus 
	325 KSI 

	Poisson’s Ratio 
	Conversion Not Required = 0.41 no units

	Specific Gravity 
	1.34  

	Material Strength Allowable 
	4500 PSI  3.1026Pa

	Values from Material Data Sheet (STRATASYS, 2017)

	Property
	Conversion

	Shear Modulus 
	Conversion Not Required = 2.05 Pa


[bookmark: _Toc30964307]Table 2 – Ultem 9085 Material Properties (UWTSD ACM Module, 2019) and (STRATASYS, 2017). 

[image: ]
[bookmark: _Toc30964238]Figure 4 - Design Studio Material Inputted Directly from Table 2 (Rossiter, 2020).


5.2.2. [bookmark: _Toc30964289]Grid Component Sets 
[bookmark: _GoBack]The part will be fastened to the vehicle interface using 4 bolts therefore, fixed geometry in the form of Single-Point Constraint (SPC) was defined around the 4 bolts holes marked as ‘Hole Pattern D’ in Figure 5. The minimum edge distance surrounding all bolt holes must be double the diameter of the bolt hole, therefore ‘Hole Pattern D’ must achieve a minimum distance of  (or, therefore totalling a minimum distance of .
[image: ]
[bookmark: _Toc30964239]Figure 5 - Close Up of Envelope Drawing showing ‘Hole Pattern D’ (UWTSD ACM Module, 2019).
Shown in Figure 6 are the nodes around the holes that were selected originally however, shown in Figure 7 is the improved node selection. The improved node selection reduced the depth of selected nodes within the lower, longer clearance holes to match the depths of the upper, shorter clearance holes. It was appropriate to assume the entire depth of each hole was not required as the same stress will be experienced in all four holes therefore there was an opportunity to remove more material. 
	[image: ]
[bookmark: _Toc30964240]Figure 6 - Grid-Component Sets (Rossiter, 2020)
	[image: ]
[bookmark: _Toc30964241]Figure 7 - Grid-Component Sets (Rossiter, 2020)




5.2.3. [bookmark: _Toc30964290]Static Loads and Load Cases
A static load from the work platform was applied uniformly on the surface located at datum B shown previously in Figure 5 to simulate the engineering work platform attachment. The work platform was fastened using 2 bolts shown as holes marked as Hole Pattern E within Figure 8. The minimum edge distance surrounding all bolt holes must be double the diameter of the bolt hole, therefore ‘Hole Pattern E’ must achieve a minimum distance of  (or, therefore totalling a minimum distance of .
[image: ]
[bookmark: _Toc30964242]Figure 8 - Close Up of Envelope Drawing showing ‘Hole Pattern E’ (Rossiter, 2020).

Originally the Design Studio software used all grids on the part face as per Figure 9 however, it was decided to reduce the volume of grids down by removing the outermost grids whilst keeping the central joining path and grids around clearance holes as shown in Figure 10.
	[image: ]
[bookmark: _Toc30964243]Figure 9 - Static Load UDL All Grids on Part Face (Rossiter, 2020)
	[image: ]
[bookmark: _Toc30964244]Figure 10 - Static Load UDL Selected Grids on Part Face (Rossiter, 2020)





The individual load per grid was determined by the magnitude calculation shown within Equation 2. The UDL load was applied uniformly in the negative Z direction as instructed within the Design Requirements hence, .
	





[bookmark: _Toc30964309]Equation 2 - UDL Grid Load Calculation (Rossiter, 2020).

5.3. [bookmark: _Toc30964291]Design Studio – Topology Inputs
5.3.1. [bookmark: _Toc30964292]Topology Regions
As shown in Figure 11, the Initial Mass Fraction was set to 0.1 because the design target was to reduce the overall mass of the part to 10% of the original.
Further topology region information was populated into Figure 12. The design requirement was to ensure minimum wall thickness is 1.02mm, or 0.0102m in standard units therefore the minimum thickness was set at 0.01m. The Spread Fraction was set to 0.5 due to the recommended value from university lecturer (UWTSD ACM Module, 2019). The Spread Fraction is representative of the distance between load paths. Lastly, minimum size was calculated by doubling the mesh size as shown in Equation 3;
	
	[image: ]
[bookmark: _Toc30964245]Figure 11 – Topology Region, Initial Mass Fraction (Rossiter, 2020).

	



[bookmark: _Toc30964310]Equation 3 - Minimum Size Equation (Rossiter, 2020).
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[bookmark: _Toc30964246]Figure 12 - Design Region Constraints (Rossiter, 2020).


5.3.2. [bookmark: _Toc30964293]Topology Objectives
Shown in Figure 13, the topology objective weight set to 1.0 to minimise the strain energy on the bracket.
[image: ]
[bookmark: _Toc30964247]Figure 13 – Minimising Strain Energy (Rossiter, 2020).

5.3.3. [bookmark: _Toc30964294]Topology Constraints
Shown in Figure 14, the topology constraint upper bound set to 0.1 with the objective of reducing the overall material quantity to 10% of the original bracket.
[image: ]
[bookmark: _Toc30964248]Figure 14 – Material Reduction (Rossiter, 2020).


6. [bookmark: _Toc30964295]Analysis
6.1. [bookmark: _Hlk30769785][bookmark: _Toc30964296]Single Analysis
Before topology optimisation was completed, a single analysis FEA study was run to find the stress, strain and displacement with the end result of highlighting wasted material within the envelop. 
6.1.1. [bookmark: _Toc30964297]Displacement
The displacement study produced a scale factor diagram shown in Figure 15. Both the minimum and maximum results are analysed in Figure 16 and Figure 17.
	[image: ] [image: ]
[bookmark: _Toc30964249]Figure 15 - Single Analysis Displacement Results (Rossiter, 2020).

	Maximum displacement occurs where shown in red within Figure 16 as it is the furthest points away from the fixing holes therefore is least supported.

Scale Value = 7.7
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[bookmark: _Toc30964250]Figure 16 – High Displacement (Rossiter, 2020).

	Minimum displacement occurs where shown in blue within Figure 17 as it is the closest points to the fixing holes therefore is most supported.

Scale Value = 7.7

m
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[bookmark: _Toc30964251]Figure 17 – Low Displacement (Rossiter, 2020).





6.1.2. [bookmark: _Toc30964298]Solid Stress
The stress study produced a scale factor diagram shown in Figure 18. Both the minimum and maximum results are analysed in Figure 19 and Figure 20. The maximum value of stress for the single analysis study is 10.2MPa, however the maximum allowable stress for this specific material is 31MPa therefore the non-optimised part will pass. 
	[image: ][image: ]
[bookmark: _Toc30964252]Figure 18 - Single Analysis Stress Results (Rossiter, 2020).

	Maximum stress occurs where 
shown in red within Figure 19.

Scale Value = 1.02
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[bookmark: _Toc30964253]Figure 19 -Maximum Stress (Rossiter, 2020).

	Minimum stress occurs where 
shown in blue within Figure 20.

Scale Value = 1.02
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[bookmark: _Toc30964254]Figure 20 – Minimum Stress (Rossiter, 2020).




6.1.3. [bookmark: _Toc30964299]Solid Strain
The strain study produced a scale factor diagram shown in Figure 21. Both the minimum and maximum results are analysed in Figure 22 and Figure 23.
	[image: ][image: ]
[bookmark: _Toc30964255]Figure 21 - Single Analysis Strain Results (Rossiter, 2020).

	Maximum strain occurs where shown 
in red and orange within Figure 22.

Scale Value = 1.9
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[bookmark: _Toc30964256]Figure 22 – Maximum Strain (Rossiter, 2020).

	Minimum strain occurs where shown 
in blue within Figure 23.

Scale Value = 1.9
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[bookmark: _Toc30964257]Figure 23 – Minimum Strain (Rossiter, 2020).





6.2. [bookmark: _Toc30964300]Suggested Design Changes 
The single analysis results shown in Figures 24 and 25 influenced the envelop design resulting in removed wasted material which added no mechanical strength to the bracket. 
· Areas shown in blue represented the guided material to be removed as it does not experience stress therefore added no mechanical value. 
· Areas shown in orange, yellow and green represented nice-to-have areas which added support to the bracket but could potentially be removed or reduced with further analysis.
· Areas shown in red were critical to the component design as this is where most stress and strain is experienced.  
[image: ]
[bookmark: _Toc30964258]Figure 24 – Front Image of Stresses Experienced on Envelope (Rossiter, 2020).

[image: ]
[bookmark: _Toc30964259]Figure 25 - Back Image of Stresses Experienced on Envelope (Rossiter, 2020).


6.3. [bookmark: _Toc30964301]Optimisation Results
Shown in Figure 26 is the optimised bracket. It is very apparent that material was removed substantially from the outermost areas, whilst still ensuring material was kept in the critical areas needed to fix the bracket to the rocket interface and also fix to the engineering work platform too.
[image: ]
[bookmark: _Toc30964260]Figure 26 – Non-Smeared Optimised Bracket with Original Topology Region (Rossiter, 2020).

The optimised part showed a higher stress of , a higher strain ratio of 0.2 and additionally a higher displacement value of . The higher stress nodes shown in Figure 27 can be disregarded as they were attached to the boundary conditions. The remainder of the model showed a stress of approximately 30MPa which was a more realistic output. Lastly, the optimised displacement value is higher than the original part because the bracket contains less material yet experiences a larger stress, therefore is less stable.
[image: ]
[bookmark: _Toc30964261]Figure 27 - High Stress Nodes shown at Boundary Conditions (Rossiter, 2020).




The transfer of the optimised part from Design Studio to SolidWorks allowed further analysis. The mass of the optimised part was calculated in Equation 4 by using SolidWorks data shown within Figure 28. The new mass of the optimised part totalled 0.0333 Kilograms, which is a 27% lower than the upper limit and therefore passed.
[image: ]
[bookmark: _Toc30964262]Figure 28 - Optimised Part Properties from SolidWorks (Rossiter, 2020).

	






[bookmark: _Toc30964311]Equation 4 – Total Mass of Optimised Bracket (Rossiter, 2020).

Visual inspection of the optimised part allowed a quick, easy method to determine the areas with the minimum wall thicknesses. Then, the identified areas were measured within SolidWorks. Shown in Figure 29, the minimum wall thickness was 1.23mm therefore passed the design requirement. 
[image: ]
[bookmark: _Toc30964263]Figure 29 - Minimum Wall Thickness Value from SolidWorks (Rossiter, 2020).



Lastly, on review it is apparent that two out of the total 6 bolt holes did not meet the minimum distance to edge requirement. As shown in Figures 30 and 31, two bolt holes only had an edge distance of 2.2mm at the outermost back edge, however the part would have passed if measured from the frontal image only. Review of inputted data in Design Studio is required to correct this error. Stress, strain and displacement result imply this design would pass however the design requirement was not met therefore this requirement failed.

[image: ]


[bookmark: _Toc30964264]Figure 30 – SolidWorks Image Showing Minimum Hole Edge Distance Around Lower Holes (Rossiter, 2020). 

[image: ]
[bookmark: _Toc30964265]Figure 31 - Bolt Hole Surrounding Distance Measurement Measured within SolidWorks (Rossiter, 2020).


6.4. [bookmark: _Toc30964302]Improving Optimisation Results
Design Studio software was great for guiding the conceptual redesign in the right direction, however further work can be done to additionally improve. The design change of greatest priority is to ensure the minimum edge distance surrounding all bolt holes was increased to meet the design requirement.
The next design change would be to review the part and remove all unnecessary material to produce a cleaner, more professional finished part. See examples of areas where material should be removed in Figure 32. 
[image: ]


[bookmark: _Toc30964266]Figure 32 - Design Studio Image showing Wasted Material Remaining on Optimised Part (Rossiter, 2020).

Further design changes which could optimise the part could be the addition of ribs, ridges and gussets. Such design features can improve the stiffness and strength of load bearing features whilst reducing the material volume and therefore the 3D print time (Collins, 2009). A GrabCAD prize entry (United Launch Alliance, 2016) shown in Figure 33 for the same bracket redesigned shows perfectly how the use of side supports help transfer stress away from the bolt holes.
[image: https://d2t1xqejof9utc.cloudfront.net/screenshots/pics/3785d63084d9b5ca4720ed3c8cf52fba/large.jpg]
[bookmark: _Toc30964267]Figure 33 – GrabCAD ULA Bracket Design (United Launch Alliance, 2016).
Moreover, the shell design feature can be used to remove material from the inner body of model by keeping a small thickness to hollow the model. Shelling is a great method of reducing the volume of material used which could be very useful since minimising weight of the bracket will dramatically improve the weight to orbit ratio. 
Lastly, the introduction of fillets or chamfers can improve both the cosmetic and mechanical strength of a part. Fillets are typically the preferred feature as sharp edges are eliminated that otherwise could be damaged or cause injury during handling. Fillets also have lower stress concentration factor than chamfers meaning that they distribute stress over a broader area therefore, filleted parts are more durable and are able to withstand larger loads (Insitute of Mechanical Engineers, 2016). See the redesign bracket winner from GrabCAD (United Launch Alliance, 2016) within Figure 34 for recommended use of fillets.
[image: https://d2t1xqejof9utc.cloudfront.net/screenshots/pics/318857c28aa8fe4897e606d48396eb19/large.jpg]

[bookmark: _Toc30964268]Figure 34 - GrabCAD ULA Bracket Design (United Launch Alliance, 2016).
It would be critical to repeat stress, strain and displacement analysis studies when any design changes are made to ensure the functionally and therefore safety of part is not affected.
Due to the part being manufactured by the method of 3D printing, there is a huge capability to produce designs which are impossible by tooling machines. 3D printed parts can develop from idea to production in a fraction of the time due to the removed time associated to generating tooling (R. J. M. Hague, 2000). The volume of time needed for a design process can be hugely reduced from the historic approach by the introduction of CAD and CAE led designs see Figure 35. 
[image: ]
[bookmark: _Toc30964269]Figure 35 - Reducing Time for a Design Process (UWTSD ACM Module, 2019).
6.5. [bookmark: _Toc30964303]Critical Appraisal 
The optimised part is moving in the correct design direction however, the error of bolt hole edging distance must be corrected unless simulation studies can prove that the part will function safely regardless of lesser value. 
The optimisation studies were conducted using a draft mesh which was appropriate for conceptual work however, a finer mesh would reduce the volume of grid elements shown due to mesh element restrictions as shown in Figure 36. It is recommended to use a finer, higher quality mesh for further design work; the run time will increase but better results will be produced. High quality meshing is best for situations where the accuracy of the result needs to fall within a narrow margin (Kurowski, 2015).
[image: ]
[bookmark: _Toc30964270]Figure 36 – Image showing Grid Elements within Optimised Bracket Part (Rossiter, 2020).
To improve computational time, this conceptual study discounted any gravitational forces applied to the part due to the small target mass of only 0.0454kg. For improved accuracy of data, gravitational forces should be included. 
On reflection of the entered material properties, it was noticed that Ultimate Tensile Stress (UTS) was missing. It is recommended to include such stress related property to improve the results of the CAE study. 
It is also recommended to use a more thorough material thickness analysis tool such as the feature within SolidWorks shown in Figure 37, especially if using any shell techniques as thin material area could be hidden.
[image: ]

[bookmark: _Toc30964271]Figure 37 – Image showing Alternative Improved Method to Conduct Thickness Analysis (Rossiter, 2020).
7. [bookmark: _Toc30964304]Conclusion
The report has optimised the design of a support bracket used an Atlas V rocket. The bracket has the sole purpose of securing the engineering work platforms used during ground processing, therefore the redesign part needed to also be capable of withstanding the required functional design requirements. 
All design requirements were input into Design Studio to conduct analysis of the original bracket, the results drove the design changes seen and described for the optimised part. The optimised part was equally critiqued against the design requirements; it is clear that design had improved and was moving in the right design direction. The report successfully reduced the component mass which resulted in less material required for 3D printing therefore reduced the manufacturing costs, but better still the rocket will use less fuel as the mass of the part has been reduced.
The analysis however did highlight one design error, the minimum edge distance around two bolt holes was lower than required. More work can be completed to either add material to meet the design requirements, or even complete further analysis to potentially prove that the design requirement is overly cautious and extra material around the bolt hole may not be required. Further design and analysis improvements can be made to further optimise the part as listed previously within the report. 
The software package named Design Studio aided the design improvements by ensuring the conceptual designs developed logically by focusing on the inputted topology objectives. The software supported the construction of a more complex design that otherwise probably would not have been imagined. Advancements within Design Studio user knowledge will allow the bracket to be further optimised. 
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