



Executive Summary

This assignment is divided into two tasks: reviewing and redesigning a robotic mechanical gripper using Design for Assembly principles, and redesigning a double-ended spanner using Design for Additive Manufacturing principles.
Task 1 – A robotic tooling manufacturer tasked the author with reviewing and optimizing one of their mechanical gripper solutions for mass production, aiming to meet the demand of over 1000 units per week. The initial design served as the starting point for the development work, focusing on improving design efficiency and manufacturability. Task 1 is composed of three main parts:
Concept Design Appraisal – This included a Quality Function Deployment, Product Design Specification, initial ideas generated using Design for Assembly principles, and a Lucas chart developed for the initial concept design.
Manufacturing Process Proposal – Two manufacturing processes, die casting and CNC machining were evaluated for their suitability for mass production.
Design and Development Work Undertaken – The redesign of the gripper resulted in a significant reduction in parts, with the assembly method changed from screwing to push fit. SCAMPER design thinking was applied, and a Failure Mode and Effects Analysis was created. A Lucas table was reapplied to the final design to compare the scores of the redesign with the original concept.
Task 2 – Redesigning a double-ended spanner while applying Design for Additive Manufacturing principles.  The main areas addressed through Task 2 were:
Component Selection and Existing Design Analysis - The chosen component was a double-ended spanner created by the author. Finite Element Analysis was carried out on the initial design.
Application of Design for Additive Manufacturing Tools and Principles – Topology optimization and generative design were applied to reduce material usage and weight without compromising structural integrity. A Finite Element Analysis was then carried out on the generative design with the forces determined by the author.
Material and Process Selection – Suitable materials and Additive Manufacturing processes were reviewed with a material and process chosen. Factors such as anisotropy, shrinkage, porosity, and distortion were considered with methods to mitigate their effect researched.
Final Design and Benefits – The redesigned part features a significant reduction in mass and weight, making it more comfortable to use, while not compromising structural integrity and strength. The benefits of additive manufacturing are discussed, including increased design freedom and added sustainability due to reduced waste.
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Task 1 – Robot Gripper Redesign

Introduction 

In the competitive environment of modern manufacturing, the success of potential products relies on an efficient understanding of both market demands and production efficiencies. This assignment explores the comprehensive process of designing and developing a product from the initial concept appraisal through to the proposal of its manufacturing process.
The first section of the assignment focuses on the concept design appraisal of the initial gripper supplied for the purpose of the assignment. The part is then broken down, and customer needs and public perception are researched. A QFD is conducted regarding competitors within the industry. From this, the PDS is developed based on Pugh’s 35-point checklist.  Initial ideas are developed based on DFA principles, and a Lucas chart is created for the initial gripper.
Following this, the manufacturing process proposal is discussed, with a decision chart developed to aid in the selection of the process.
The final section showcases the design and development work carried out, highlighting the key areas of development. The SCAMPER design thinking is discussed, and an FMEA is performed on the developed part. A further Lucas table is then generated to demonstrate that productive DFA has been applied, indicated by the lower score for the redesign. Finally, a conclusion is written to highlight the key findings of the assignment.










Initial Concept Design Appraisal

Initial Design


Figure 1 - Initial Design Gripper 

Figure 1 shows the initial design generated for the purpose of the assignment.  This design was issued in the task brief, and the model was supplied on Moodle .  It can be seen from the broken-down image (Figure 2), that there are a considerable number of small screws, washers, and nuts which would be quite technical to assemble if this design was to be produced on a large scale.  

Figure 2- Exploded View Original Gripper 
Customer and End-User Needs

To ensure the redesigned gripper meets customer needs and expectations, a thorough analysis was conducted.  Requirements analysed were performance, durability, ease of use, safety, adaptability, and cost-effectiveness.
Performance – Gripper should reliably grasp, hold, and release various objects of differing weights and sizes with precision. 
Durability – Must be able to withstand continuous industrial use, with light exposure to chemicals, and undergoing minimal maintenance.
Ease of use – The gripper should integrate seamlessly with existing systems, require minimal setup, and feature a user-friendly interface. 
Safety – Paramount consideration to prevent injury and equipment damage.  The gripper should also include fail-safes for unexpected incidents.
Adaptability – The gripper should handle a wide range of objects in various shapes and sizes.
Cost effectiveness – Must be competitively priced whilst maintaining high quality to balance affordability and outperform rivals.

Public Perception and Aesthetics

[bookmark: OLE_LINK52][bookmark: OLE_LINK53]Aesthetics and public perception play a crucial role in products identity and market acceptance. Three key areas identified are visual appeal, brand identity, and material finish.
Visual appeal – A modern design with clean lines, compact, and professional finish enhances attractiveness to potential investors.
Brand identity Effective company branding, including logos and colour schemes, helps with recognition and customer loyalty.
Material finish – High-quality finishes that are resistant to wear and tear while maintaining visual appeal. Anodized metals and durable plastics offer both aesthetic and functional benefits.


[bookmark: _Toc171277996]Quality Function Deployment (QFD)

A quality function deployment (QFD) is a structured means of defining customer requirements turning this into product design specifications. The QFD was first developed by Yoju Akao in 1966 (Akao, 1997).
(Hessing 2023) says that using a QFD results in a better understanding of design relationships, it ensures the designer is aware of the customer requirement enabling them to prioritise requirements throughout the design process.  For the purpose of this assignment, two similar products (Figure 3) were identified as competitor’s and used in the development of the QFD for the authors gripper.
[image: ]                               [image: ]
[bookmark: _Toc171336616]Figure 3 – Competitor Product 1 (Hut, 2024), Competitor Product 2 (Fruugo, 2024), 

The QFD developed for the authors gripper (Figure 4), selected quality characteristics/functional requirements as: material strength, manufacturing cost, material selection, complexity of assembly, weight, grip pattern, grip lining, actuator mechanism, control system, part coatings, pressure cut-off, and uniform attachments.  The demanded quality/Customer requirements were selected as: durability, reliability, precision, accuracy, ease of use, maintenance, cost effectiveness, adaptability, safety, environmental impact, and aesthetically appealing.


[image: ]

[bookmark: _Toc171336617]Figure 4 - QFD Gripper
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[bookmark: _Toc171277997]Product Design Specification (PDS)

Following on from the QFD, a product design specification (PDS) was developed (Appendix 1) for the gripper.  A PDS is generally one of the first steps carried out after the development of the initial idea, and Research can be carried out on areas such as: the goals of the product, and any legal requirements, and standards that the product has to meet so these can be designed out at an early stage.
For the purpose of this assignment a template checklist was used to develop a PDS.  The checklist chosen is known as the Pugh’s PDS checklist (Figure 5). 

[image: An external file that holds a picture, illustration, etc.
Object name is sensors-22-03284-g003.jpg]
[bookmark: _Toc171336618]Figure 5 - Pugh's 35- Step PDS Design Model (Malekian, 2022)





[bookmark: _Toc171277998]Lucas Design for Assembly (DFA) Method

The Lucas DFA method is in essence a points scale giving a measurable figure of assembly difficulty.  This method was first developed by the Lucas Corp in the early 80’s (Salustri, 2020).  For the purpose of this report a table was generated for the initial concept idea and again for the final design.  The aim of this was to lower the score by the final design, therefore implementing effective DFA.  
From the table generated (Appendix 2), all the parts were broken down as per Figure 2 and essential/non-essential parts identified.  The score for the handling index on the original Lucas table was 52, the score for the fitting index was 57.8 giving a combined total of 109.8.

[bookmark: _Toc171277999]Concept Ideas Based on Original design


[image: A black object with holes
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Description automatically generated]
[bookmark: _Toc171336619]Figure 6 - Initial Concept Idea 1

The initial idea shown in Figure 6, was to manufacture the main body of the gripper into solid sections therefore eliminating parts and the need to make screwed connections during manufacture.



[image: A black metal object with screws
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[bookmark: _Toc171336620]Figure 7 - Initial Concept Idea 2

Figure 7 shows the second idea of connecting the main body of the gripper via securing pins and push fit connecting rings.  This idea wouldn’t be as effective as the first idea in respect to reducing parts, however it would be effective in aiding the assembly process in making the main components push fit, eliminating the need for screwing and securing.

[bookmark: _Toc171278000]Concept Design Decision

When evaluating the original, and the other two concept ideas, before deciding which idea to take forward into the design process, a decision table was constructed (Figure 8) with key requirements identified from the PDS being scored from 1 to 5.  The key requirements chosen for the decision table were, mass produced in excess of 1000 units, expected shelf life to be in excess of 5 years, easily maintained and parts changed, for it to be as compact as possible for shipping, flat pack, and finally the ease of assembly.  These steps were then scored on a scale of 1 to 5, 5 being excellent, 1 being bad.  The theory is that the product with the highest score should therefore be the most suitable based on the needs from the PDS.  As can be seen in the table the second concept idea with the push fit connections scored highest (26) compared to the other two ideas both scoring 20.

[image: A table of progress bar
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[bookmark: _Toc171336621]Figure 8 - Product Decision Table










[bookmark: _Toc171278001]Manufacturing Process Proposal

Two manufacturing processes were looked at and considered for implementation in the production of the robot gripper for this assignment.  The material selected for the gripper was to be aluminium; this was chosen over hard plastics and carbon steel primarily due to its strength-to-weight ratio.  Using the QFD to compare the two competitors’ products, it was decided aluminium offered the best properties to meet the expected requirements when compared to the plastic of competitor 1, and the mild steel of competitor 2.

[bookmark: _Toc171278002]Die Casting

Die casting is a process where molten aluminium is injected into a mould under high pressure.  This process is ideal for producing complex shapes when high tolerances are required.  The main con with using the die casting process is the high tooling cost.
Pros for using die casting:
· High production volume
· Cost efficiency after purchase of initial tooling
· Precision and strength
· Speed 
· Quality

[bookmark: _Toc171278003]Computer Numerical Control (CNC) Machining

CNC machining involves the use of computer-automated machines to machine parts out of a solid block of aluminium.  The main con considered when using CNC machining is the cost in comparison to die casting after the initial lower setup cost.
Pros for using CNC machining:
· Ideal for low to medium volumes
· Precision
· No tooling cost
· Shorter setup time and ability to switch designs quickly

[image: ]
[bookmark: _Toc171336622]Figure 9 - Manufacturing Process Decision Chart
 
A decision chart comparing the two manufacturing processes was constructed (Figure 9).  From this, die casting scored highest, when compared against the factors of volume, setup cost, production cost, tolerances, material suitability, and waste.  Although both processes are similarly effective for the gripper, the main reason for die casting edging the score would appear to be the waste.  Die casting uses only enough material to cast the shape therefore no excess, whereas CNC machining by nature wastes quite a lot of material cutting it away to get to the desired shape.
CNC machining would be the better choice if the production volume required is on the lower side due to the cheaper tooling cost and higher versatility, however if mass production was the major drive die casting would be the chosen process due to its greater cost efficiency and lower waste production. 















[bookmark: _Toc171278004]Design and Development Work Undertaken

[bookmark: _Toc171278005]Final Design Justification
[image: ]
[bookmark: _Toc171336623]Figure 10 - Final Design

The main achievement in the redesign was the reduction of parts and the removal of all screws.  The original design featured a total number of 33 individual parts, along with the need for all parts to be secured together via the means of different sized screws and hex nuts. 
It can be seen in the exploded view (Appendix 3) that the redesign has been reduced to just 16 individual parts, a near 50% reduction, and the assembly process has been changed to push fit.  This would greatly reduce the manufacturing and assembly time of the gripper, whilst also simplifying the maintenance process and making it easier to store spare parts.






[bookmark: _Toc171278006]SCAMPER Design Thinking

SCAMPER is a design technique that allows designers to find solutions whilst brainstorming design ideas.  Aswatha (2022) says that innovative ideas can be born by simply re-imagining aspects of an existing concept, process, or product.
SCAMPER is an acronym incorporating 7 steps of brainstorming design ideas:
1. Substitute – Replacing one part with another.
2. Combine – Merge concepts, parts, or features were possible.
3. Adapt – Changing a product or process to adapt to a different situation.
4. Modify – Improve a product where possible.
5. Put to another use – Can the part be used elsewhere, can it be recycled.
6. Eliminate – What could happen if the part was removed.
7. Reverse – What can be rearranged, can a process be changed/done better.
Figure 11, shows how the SCAMPER design technique has been applied to the redesign of the gripper.
[image: ]
[bookmark: _Toc171336624]Figure 11 - SCAMPER Diagram
[bookmark: _Toc171278007]Key Design Modifications Explained Before/After

Using the Lucas methodology parts can be grouped into two categories, essential, and non-essential target for design out.  The method used for deciding whether a part is essential or non-essential for the purposes of this report is shown in Appendix 4.
[bookmark: _Toc171278008]Essential Parts
[bookmark: _Toc170589088][bookmark: _Toc170589700][bookmark: _Toc170590185][image: A metal piece with screws
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[bookmark: _Toc171336625]Figure 12 - Back Plate

Figure 12 shows the original and the new back plate.   The original front and backplate were both symmetrical identical parts, the new design involved the back plate being machined with the connection points as a single piece.  It could be said that the original design would simplify the production, as both parts are identical, however due to the nature of the redesigned part being push fit, it would greatly save on the assembly time as opposed to securing four screws in the original design.  The new connection fittings also all feature tapered ends further aiding in the assembly process.
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[bookmark: _Toc171336626]Figure 13 - Servo to Front-Plate

Figure 13 shows the original front-plate with the servo attached to it via 2 small screws locating into the machined threads of the servo, and the redesigned front-plate that features four locating clips, with locking clips, as one part in which the servo simply pushes into position.
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Description automatically generated]

[bookmark: _Toc171336627]Figure 14 - Part 7 and 8 Combined
Figure 14 show the original part 7 and 8, and the new design combined as a single part (Part 2).  The idea of this part was to eliminate the screws improving the ease of assembly.  The nature of the single part would have its drawback when it comes to packaging, the original design would break down into flat pack, whereas the re-design would require addition space to package.  This issue could however be addressed during the packaging design with parts being designed to interlock with part 2 for shipping.
  [image: A grey mechanical arm on graph paper
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[bookmark: _Toc171336628]Figure 15 - Servo to Reaction Arm
 
In Figure 15 the original method of connecting the servo to the reaction arm was accomplished via 3 different screws and hex nuts, however the redesigned part shown removes the screws enabling the parts to be built up by means of push fit.  Although only a small change in the redesign of these parts, the method of connecting (push fit) would again greatly aid the assembly process.
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[bookmark: _Toc171336629]Figure 16 - Gripper Section

Figure 16 shows the original design of the grippers along with the re-designed grippers.  The grippers would prove difficult to redesign as the serrated edges and shape where effective for the tasks required.  It was decided by the author that the focus on this part would again remain simplifying the assembly process, this was achieved by replacing the Phillips head screws and hex nuts with four securing pins and fastening rings enabling push fit assembly.


[bookmark: _Toc171278009]Non-Essential Parts

[image: A group of metal objects
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[bookmark: _Toc171336630]Figure 17 - Non-Essential Parts, Original/Redesigned

In Figure 16 the non-essential parts from the original and the redesigned gripper can be seen.  It is clearly shown by the redesign that the number of non-essential parts have been greatly reduced, this along with the fact that all the new non-essential parts are all now push fit snap fittings show effective DFA.





[bookmark: _Toc171278010]Failure Mode Effects Analysis (FMEA)

As part of the design work undertaken for the redesigned gripper, an FMEA was carried out (Appendix 6) on the redesign.  FMEA stands for the failure mode which can be described as the way in which something could break down and tries to foresee potential errors particularly those which could affect the customer.  Effective analysis which translates to understanding the potential consequences of these breakdowns.  FMEA is typically scored on a scale of 1 to 10, 1 being seen as low risk with 10 being seen as very high risk (Gillis, 2023).
According to Gillis 2023, an effective FMEA offers benefits such as:
· Identifying and mitigating potential failure modes early.
· Eliminates or reduces the risk of recalls due to issues.
· Reduce risk of problems.
· Encourages collaboration throughout the design process.
· Can save money if issues can be fixed within development.

[bookmark: _Toc171278011]Lucas DFA Method Redesign

Following on from the initial Lucas DFA table generated for the original design concept, a second table was developed (Appendix 5).  Again, as per the original table the parts where listed as essential and non-essential, and it can clearly be seen in the redesign table that the objective of lowering the score was achieved.
In the initial table the original concept design scored 52 for the handling index, and 57.8 in the fitting index, for a combined score of 109.8.  The redesign however scored 20.2 in the handling index, and 25.9 in the fitting index, for a combined score of 46.1.  This shows a huge improvement for the redesigned gripper over the initial concept.

[bookmark: _Toc171278012]Construction Drawings

Construction drawings for the three main parts can be seen in Appendix 7.  The dimensions shown are all in mm and these drawings are issued at an initial stage for review.  Finer details such as the hole radius and material thickness will be issued upon final review and testing.

[bookmark: _Toc171278013]Conclusion

To conclude Task 1 of the assignment redesign and development work and been comprehensively undertaken.  Initially the concept design appraisal was carried out in which the initial design was analysed along with customer and end-user needs, public perception, and aesthetic considerations. By employing a QFD the author was able to translate these needs into a PDS, ensuring that the final designs met the high expectations of performance, durability, and usability
The Manufacturing Process Proposal then highlights the most suitable manufacturing methods.  Die casting and CNC machining were chosen, the selection was justified based on production volume, cost efficiency, and material suitability.  The decision was to use die casting for mass production and CNC machining for lower volumes was supported by a decision chart, demonstrating a clear alignment with business and cost objectives.
Through the Design and Development Work Undertaken the author documents the innovative techniques used to generate new design features. The application of SCAMPER design thinking and FMEA provided a structured approach to identify potential issues and enhance the design's reliability. The significant reduction in parts and the transition to push-fit assembly in the robot gripper redesign showed the effectiveness of using DFA principles.









[bookmark: _Toc171278014]Task 2 – Design for Additive Manufacturing

[bookmark: _Toc171278015]Introduction

[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK45]In recent years, there has been a growing trend in the use of Additive Manufacturing (AM) processes across various industrial domains.  Using additive technologies, intricate designs featuring complex geometries can be achieved that would not be possible through traditional methods such as subtractive, and formative techniques.   The added freedom of design has driven many manufacturers to research and implement AM methods due to the potential product optimization this technology offers.  The practice of using this is commonly referred to as Design for Additive Manufacturing (DfAM).
The aim of this essay is to evaluate how DfAM principles could be applied in redesigning a double ended spanner.  The spanner was developed using Fusion 360 software as a basic design combining a 32mm spanner with a 27mm spanner based on the standard dimensions of a 32mm ring spanner. The author aims to demonstrate a comprehensive understanding of DfAM concepts and justify the selection of a suitable AM process and material, while highlighting how the spanner could potentially be improved using AM over traditional methods.











[bookmark: _Toc171278016]Product Selection

[bookmark: OLE_LINK43][bookmark: OLE_LINK44]The part chosen to be redesigned for the purpose of Task 2, was a double ended spanner (Figure 18), 32mm one end, 27mm the other.  Conventionally, the spanner is produced through forging or machining, however, there are many areas of potential improvement, such as, weight reduction, strength enhancement, and ergonomic features.  The spanners complexity and simple functionality allow for the demonstration of multiple Design for Additive Manufacturing (DfAM) tools and principles.

[image: ]
[bookmark: _Toc171336631]Figure 18 - 32mm to 27mm Spanner





[bookmark: _Toc171278017]Existing Design Analyses 

[bookmark: OLE_LINK41][bookmark: OLE_LINK42]When examining the conventional spanner, certain drawbacks can be identified with the existing design that could be addressed using DfAM principles.
Weight – Traditionally made from solid metal, resulting in a heavy, cumbersome tool.
Material Waste – Traditional spanners use a significant amount of material that isn’t necessary to maintain integrity.
Ergonomics – The Design is traditionally focused on maximum strength rather than comfort.
Manufacturing Constraints – Subtractive manufacturing is limited in the shapes it can produce thereby limiting optimisation potential.

[bookmark: _Toc171278018]DfAM Tools and Principles

[bookmark: OLE_LINK39][bookmark: OLE_LINK40]Topology optimizations – Changing the material layout within the given design space for a given set of loads, boundary conditions, and constraints in order to maximise performance.  Applying this to the redesign of the spanner would mean creating an internal structure that reduces weight whilst maintaining structural strength.
Internal structures – By using lattice structures within the spanner, material usage can be minimised without impacting structural strength.  Lattice structures also enable the customization of factors such as, flexibility and stiffness within different parts of the tool. Beyer (2016) says in regards to lattice structures, that less weight, and less material consumption can lead to big cost savings.
Generative design tools – Generative design enables the production of multiple design ideas suitable for the specified forces based on the designer’s input.  The generative design workspace on Fusion 360 enables the user to explore several different design solutions that would be difficult to achieve through traditional methods.
Finite Element Analysis (FEA) – FEA is used in order to simulate the performance of the tool under various load conditions.  FEA ensures that the optimized design meets the user requirements of strength and durability. (Brush 2023) says, during FEA a mesh containing millions of tiny elements is used to form the shape of the structure, calculations based on the load input are performed on every single element with the combination of results providing the final result.  
[bookmark: _Toc171278019]Design and Development Process

[bookmark: _Toc171278020]Initial Design and FEA

[bookmark: OLE_LINK37][bookmark: OLE_LINK38]Using Fusion 360 computer-aided design (CAD) software, the author created the initial model of the double ended spanner (Figure 19).   The Spanner was designed with one 32mm end and one 27mm end, essentially combining two tools in one.  The length dimension was determined by an existing 32mm ring spanner located within the authors workplace.
[image: ]
[bookmark: _Toc171336632]Figure 19 - Spanner Initial Design

[bookmark: OLE_LINK35][bookmark: OLE_LINK36]Key structural requirements of the spanner were defined, including, areas required for fixed geometry, the maximum load force the spanner can withstand, the required safety factor, and areas of structural constraints such as the jaws of the spanner.  Once these areas were identified, the material selection was applied, which for the purpose of this assignment was defined as stainless steel.  
Figure 20 shows the force directions and force applied to the original model for an initial FEA, with the parameters set as follows: material - stainless steel 17-4 PH, fixed constraint - the 32mm end of the spanner, and the force applied – to the 27mm end pulling downwards with gravity in a clockwise direction (tightening).

[image: ]
[bookmark: _Toc171336633]Figure 20 - Force, Gravity, and Fixed constraints for FEA

[bookmark: OLE_LINK33][bookmark: OLE_LINK34]The results for the FEA generated from Figure 20, including, stress, strain, reaction forces, and displacement, are shown in Appendix 8.
When calculating the forces, 900N was applied as the main force pulling down along with gravity.  This 900N was based on the assumption that the maximum possible force applied to the spanner would be if the spanner was stood on to break out a bolt.  The calculation carried out to determine  this figure was, , an assumption was made that the above average male body weight = 90kg, therefore the calculation would be  rounded up to 900N for additional safety.  
As part of this calculation the torque applied to the nut when using the spanner could also be calculated by considering the total length of the spanner.  First, we need to know the length of the spanner in metres: 365mm = 0.365m, then using the equation  the torque applied by the spanner is .



[bookmark: _Toc171278021]Generative Design and Topology Optimization

Using the initial concept CAD model, the generative design feature in Fusion 360 is used to set the forces, geometry parameters, Structural constrains, and obstacle geometry (Figure 21).
[image: ]

[bookmark: _Toc171336634]Figure 21 - Generative Design Parameters

The areas colour coded in Figure 21 are:
Red – Obstacle geometry, which is an area where an obstacle will sit in this case a nut at either end and the holes to hang the spanner in storage, the generative design will not fill or change these areas when generating a new design.
Green – Preserved geometry, these areas will also be preserved during the generation of the designs.
Yellow – Starting shape, this selects the shape in which the generative design software generated the outcomes from.
Arrows – Blue = 900N force, Yellow = 9.81 gravity.
[image: ]
[bookmark: _Toc171336635]Figure 22 – First  Generated Design

[bookmark: OLE_LINK31][bookmark: OLE_LINK32]In Figure 21, the selected generated design is shown, with the other design outcomes shown in Appendix 9.  The main reason for selecting Figure 22 over the other two design outcomes is purely aesthetic as the performance and mass will be almost the same.  However, some of the other generated designs had additional material deposited on the areas of fixed geometry, which was not appropriate considering the assignments goal of reducing mass. The properties of the generated designs, including volume, mass, and safety factors are shown in Appendix 10.

[bookmark: _Toc171278022]FEA and Design Optimisation on Redesign

[bookmark: OLE_LINK29][bookmark: OLE_LINK30]As with the initial FEA carried out on the original idea (Figure 20), the same forces were applied to the generated design (Figure 23).  It can be seen by the results Appendix 11, although the redesign isn’t as structurally strong as the original design regarding the higher stress and strain findings, it is still capable of supporting the required 900N force. However, the redesign showed safety factor of 0.8, which is lower than required, indicating that a failure could potentially occur with less than 900N of force applied.  The safety factor is calculated by  so the initial design could potentially break at 720N ( ).
[bookmark: OLE_LINK27][bookmark: OLE_LINK28]To address the issue of the low safety factor, the potential to change the metallurgy of the spanner to titanium was considered.  Titanium was added to the Fusion 360 library, and the FEA was re-generated.  The change in metallurgy resulted in the redesigned part showing a safety factor of just over 1, which was deemed more suitable for the spanner.  The titanium spanner would require a force of 968.4N to break (), additionally the titanium spanner showed far lower maximum stress and strain values than the stainless steel design shown in Appendix 12.  
[image: ]
[bookmark: _Toc171336636]Figure 23 - FEA Simulation First Design


[bookmark: _Toc171278023]Material and Process Selection

[bookmark: _Toc171278024]Material Selection

[bookmark: OLE_LINK25][bookmark: OLE_LINK26]The material selected should exhibit key properties such as strength, durability, and resistance to wear and tear.  The original component was designed to be manufactured out of stainless steel; however, the component developed via the generative design produced a lower than 1, which then rose to above 1 when the metallurgy was changed to titanium.  Research on the two materials was then carried out to evaluate if titanium would be a suitable material choice:
[bookmark: OLE_LINK23][bookmark: OLE_LINK24]Titanium – A newer type of metal, it is strong and lightweight, as well as extremely resistant to corrosion, extremely durable, and a higher melting point than most metals.  The impurity content of titanium is no more than 0.1% (Leo, 2022).
Stainless Steel – Stainless steel is an alloy made by combining iron and chromium. Stainless steel must contain a minimum of 10.5% chromium; however, the mix varies depending on the grade (Alloys, 2023).  Stainless steel also has excellent corrosion resistance, formability, and toughness. 

Whilst researching the two materials, it was found that the cost of titanium compared to stainless steel can be between 20 and 40 times greater (Supermarkets, 2023).  With this significant cost implication, the author decided to redo the generative design with an increased safety factor, returning the metallurgy to stainless steel.
[image: ]
[bookmark: _Toc171336637]Figure 24 – Second Generative Design Featuring Higher Safety Factor

[bookmark: OLE_LINK21][bookmark: OLE_LINK22]The new generative design selected is shown in Figure 24.  To compare the new design against the original generative design (Figure 22), an additional FEA was carried out (Appendix 13).  This showed a safety factor of 2.8 (Figure 25), meaning the required force to break the spanner would be 2520N, a substantial improvement on the first design.  This was achieved while using stainless steel as the material of choice, producing a potential cost savings compared to switching to titanium.
[image: ]

[bookmark: _Toc171336638]Figure 25 - FEA Second Generative Design (Safety Factor)

[bookmark: _Toc171278025]Process Selection

[bookmark: OLE_LINK19][bookmark: OLE_LINK20]Additive manufacturing (AM) is a process in which 3d objects are built by applying layer upon layer of material, usually metal powder or ceramic.  The layers are built up on top of a build platform until completed and then hardened via heat, lasers, or curing agents.  Unlike subtractive manufacturing, where the product is cut away from a larger body, additive manufacturing involves building a product up, resulting in less waste.
Spatial Team (2021) suggested that the additive manufacturing industry would grow by $23 billion between 2021 and 2022.  Automation (2023) reported however that the industry grew $13.5 billion between 2021 and 2022, still a significant growth.
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]There are seven types of AM:
1. Binder Jetting – Sometimes called inkjet powder printing, is one of the more common additive processes.  It involves the use of an office printer that works in 3d as opposed to 2d.
2. Directed Energy Deposition (DED)- Follows the principles of welding; the material is melted by an energy source and directed onto the build platform in layers and then hardened.
3. Material Extrusion – Similar to a glue gun, material is fed into a nozzle, melted, and then applied in layers.  This is one of the least expensive forms of AM.
4. Power Bed Fusion (PBF) – Selective Laser Melting (SLM); the process starts with a large bed of powder, the laser then fuses the material together in layers.
5. Sheet Lamination – In this process layers of material are stacked on top of each other and bonded via bonding or brazing.  A laser cutter cuts away excess material on completion.
6. Vat Polymerization – Similar to PBF except a vat is used instead of a powder bed.  The resin from the vat is built up and hardened in layers.
7. Material Jetting – Again similar to binder jetting, but a wax like material is deposited through the jetting process.
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]For the purpose of the spanner design SLM has been chosen.  The reasoning for choosing SLM is its ability to produce metal objects with intricate geometry whilst maintaining strength.  Suitable metals that can be used in the SLM process are stainless steel and titanium.
When setting up the SLM process, the support structures required during the process need to be considered.  Consideration must be given to whether they are easily removable and will not affect the geometry of the spanner. 

[bookmark: _Toc171278026]Process Selection Challenges

[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Anisotropy and Inhomogeneity – These issues, such as hardness and residual stresses within the microstructure of the material left behind after the SLM process, can be mitigated through heat treatment being carried out on the material after manufacture.
Shrinkage, Porosity, and Distortion – These are other flaws associated with the SLM process. X.Y Fang (2017), the most widely used technique to avoid these issues is preheating the metal powder before use. However, Mancisidor (2016) that the most effective technique at reducing porosity when using SLM is the skywriting strategy in which the laser follows a meandering path meaning the beam doesn’t spend to long in one place affecting the heat dispersion. 

[bookmark: _Toc171278027]Final Design Development
[image: ]
[bookmark: _Toc171336639]Figure 26 - Final Design Prior to Additional Topology 

[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Once the second generative design was proven to have an adequate safety factor, further topology work was carried out by the author regarding material reduction.  Two areas that had not been considered in previous generative designs were the open spanner ends.  Firstly, as the second generative design (Figure 26) had been generated as a new component, the new body had to be split to carry out additional work (Appendix 14).  Cuts and chamfers were also applied to manually minimise the mass in the spanner head, and generative design was reapplied to the part (Figure 27) with the same forces as the previous design.
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[bookmark: _Toc171336640]Figure 27 – Final Design Optimum Topology

The final generative design is shown in Figure 28.  Through the different stages of generative design, the mass of the spanner has been reduced from, 1.77kg, to 1.24kg (Appendix 15), a near 30% reduction.

[image: A silver wrench with a hole in the middle
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[bookmark: _Toc171336641]Figure 28 - Final Design

[bookmark: OLE_LINK5][bookmark: OLE_LINK6]On completion of the final generative design, a further FEA was conducted to ensure that the additional material removal and generative design had not lowered the safety factor and integrity of the spanner.
The FEA results on the final design can be seen in Appendix 16, the safety factor of the final design came in at 2.975 (Figure 29), indicating that the force required to break the final design is 2677.5N (), proving it is even stronger than the previous design despite the mass reduction.
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[bookmark: _Toc171336642]Figure 29 - Final Design Safety Factor
[bookmark: _Toc171278028]
Summary of Improvements in the Redesigned Spanner

[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Weight Reduction – The final generative design shows a significant reduction in material and therefore a reduction in weight, which in turn benefits the end user by improving comfort and reducing fatigue.
Enhanced Strength – Through the use of lattice structure and effective topology optimisation, the spanner maintains durability and strength whilst minimising material usage.
Ergonomics – The custom redesigned spanner features ergonomic improvements, such as better grip.

[bookmark: _Toc171278029]Summary of Benefits of Additive Manufacturing

Increased Design Freedom – AM enables the design team to create designs featuring incredibly complex geometries and intricate design features that would not be possible through traditional methods.
Customization – AM potentially allows for the customization of any part to match the end user's needs. For this assignment, a 32mm to 27mm spanner was produced, however AM allows for any potential combination required.
Sustainability – Due to the reduction in material used through the AM process, there is a reduction in waste and energy consumption, making the AM process more sustainable than standard practices.


 Rhys Holmes 2119889                                                                                                                  Page 2 of 2                                                                                                                      

[bookmark: _Toc171278030]Conclusion

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]To conclude Task 2, the redesign of the double-ended spanner using DfAM principles demonstrates the potential of AM technology in product optimization.  Using topology optimisation, generative design, and FEA, a new spanner that is lighter, as strong, more ergonomic, and aesthetically pleasing has been developed.  
Initially an FEA was carried out on the concept sketch, which as expected, found no issues with stress, strain, or the safety factor.  A generative design was produced based on calculated forces; however, the design was unsuitable because the FEA revealed the safety factor was too low, indicating potential failure.  The material choice was reconsidered, and titanium was then selected for its superior properties.  Titanium proved potentially suitable using the initial design; however, further research into the cost of titanium compared to stainless steel convinced the author to redesign the spanner.  A second generative design was completed with additional safety factors. This design proved to have a sufficient safety factor when subjected to FEA. 
To ensure maximum topology optimization, cuts were made in the body of the jaws where the mass of the spanner had not been reduced, and the model reapplied to the generative design software, resulting in a final design with maximum topology optimisation.
Research was conducted on AM processes and potential issues with the selected SLM process.  Finally, the benefits of redesigning the spanner for production through AM were listed, along with the benefits provided by AM.










Bibliography

Ai, R. T., 2022. Research Gate. [Online] 
Available at: https://www.researchgate.net/publication/361688744_Design_and_Optimization_of_an_Adaptive_Robotic_Gripper_using_Finite_Element_Analysis_and_Generative_Design
[Accessed 26th June 2024].

Akao, Y., 1997. QFD: Past, Present, and Future, Japan: Asahi University.

Alloys, U., 2023. United Alloys. [Online] 
Available at: https://www.unifiedalloys.com/blog/what-is-stainless-steel
[Accessed 5th July 2024].

Aswatha, R., 2022. Apex Global Learning. [Online] 
Available at: https://www.apexgloballearning.com/blog/what-is-scamper-a-guide-to-the-design-thinking-technique/
[Accessed 1st July 2024].

Automation, 2023. Automation.com. [Online] 
Available at: https://www.automation.com/en-us/articles/march-2023/additive-manufacturing-industry-grew-2022
[Accessed 5th July 2024].

Beyer, C., 2016. Design and Analysis of Lattice Structures for Additive Manufacturing. Journal of Manufacturing Science and Engineering, Volume 1, p. 15.

Bush, K., 2023. Tech Target. [Online] 
Available at: https://www.techtarget.com/searchsoftwarequality/definition/finite-element-analysis-FEA
[Accessed 5th July 2024].


Engineers, N. S. o. P., 2021. NSPE. [Online] 
Available at: https://www.nspe.org/sites/default/files/resources/pdfs/Licensure/Resources/DocRetentionGuidelines.pdf
[Accessed 26th June 2024].
Farr, R., 2015. Design For Assembly. [Online] 
Available at: https://www.slideshare.net/slideshow/design-for-assembly-dfa/44493715#9
[Accessed 30th June 2024].


Fruugo, 2024. Fruugo. [Online] 
Available at: https://www.fruugo.co.uk/air-cylinder-robotic-gripper-clamp-cemented-carbide-double-action-pneumatic-mini-gripper-precise-durable-clamp-for-industrial-automation/p-306552843-686700688?language=en&ac=bing&msclkid=7a2503b274721af5d53f65c8fdf74fa0&utm_source
[Accessed 25th June 2024].
Gillis, A. S., 2023. Tech Target. [Online] 
Available at: https://www.techtarget.com/searchcio/definition/FMEA-failure-mode-and-effective-analysis
[Accessed 30th June 2024].

Hessing, T., 2023. Six Sigma Study. [Online] 
Available at: https://sixsigmastudyguide.com/house-of-quality-hoq/
[Accessed 25th June 2024].

Hut, P., 2024. The Pi Hut. [Online] 
Available at: https://thepihut.com/products/klaw-mk2-robotic-gripper-kit?variant=38006215409859&currency=GBP&utm_medium=product_sync&utm_source=bing&utm_content=sag_organic&utm_campaign=sag_organic&msclkid=41d076e9e97410bcdfbb109360f14559&utm_term=4585375811816269
[Accessed 25th June 2024].

Leo, G., 2022. Madearia. [Online] 
Available at: https://www.madearia.com/blog/titanium-vs-stainless-steel/
[Accessed 5th July 2024].

Lowton, E., 2021. IPE. [Online] 
Available at: https://www.ipesearch.co.uk/page_1209401.asp
[Accessed 26th June 2024].

Malekian, R., 2022. NCBI. [Online] 
Available at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9103389/
[Accessed 25th June 2024].
Mancisidor, A., 2016. Reduction of the resiidual porosity in parts manufactured by selective laser melting. Ordizia, Physics Procedia.

Morgan, R., 2024. Manufacturing, Design, and Technology. [Online] 
Available at: https://moodle.uwtsd.ac.uk/course/view.php?id=2442
[Accessed 19th June 2024].

RS, 2024. RS Online. [Online] 
Available at: https://uk.rs-online.com/web/p/bbc-micro-bit-add-ons/2663752
[Accessed 25th June 2024].

Salustri, A., 2020. Deed.Ryerson. [Online] 
Available at: http://deed.ryerson.ca/~fil/t/dfmlucas.html 
[Accessed 27th June 2024].

Supermarkets, M., 2023. Metal Supermarkets. [Online] 
Available at: https://www.metalsupermarkets.co.uk/titanium-vs-steel-what-is-the-difference/#:~:text=Price,than%20steel%20per%20unit%20weight.
[Accessed 5th July 2024].

Team, S., 2021. Spatial. [Online] 
Available at: https://blog.spatial.com/types-of-additive-manufacturing
[Accessed 5th July 2024].

Temu, 2024. Temu. [Online] 
Available at: https://www.temu.com/ul/kuiper/un9.html?subj=coupon-un&_bg_fs=1&_p_jump_id=895&_x_vst_scene=adg&goods_id=601099562461049&sku_id=17592402926357&adg_ctx=a-2ac4de78~c-90d02a62~f-e6c1d9b1&_x_ads_sub_channel=shopping&_p_rfs=1&_x_ns_prz_type=-1&_x_ns_sku_id=175
[Accessed 25th June 2024].

X.Y.Fang, 2017. Science Direct. [Online] 
Available at: https://www.sciencedirect.com/science/article/abs/pii/S2214860416302548
[Accessed 5th May 2024].




[bookmark: _Toc171278032]Appendices

[bookmark: _Toc171278033]Appendix 1 – PDS

Performance
Grip Strength – Equal to the average male human hand of 46kg force.
Daily Operation – Capable of operating for at least 12hours (hrs) per day.
Maximum Force – 60kg limit.

Environment
Maximum Operating Temperature - 50 ֯ c.
Operating Pressure – Atmospheric.
Vibration – Should be suitably resistant to continual light vibrations.
Chemicals – Should be suitably resistant to common chemicals and oils.

Life in Service
Total Expected Service Life – In excess of 5 years, with basic maintenance.
Warranty – 12 months guarantee on new install.

Maintenance 
Regular Maintenance – Checked on a weekly basis and lubricated six monthly.
Spare Parts – Should be easily changeable.
Service – Serviced yearly.

Target Production Cost
Competitor 1 - £10  (RS, 2024).
Competitor 2 - £22 (Temu, 2024).
Average of Competitors Price £16.



Competition
Competitor 1 – RS online (RS, 2024).
Competitor 2 – Temu (Temu, 2024).

Shipping
Size – As compact as possible, packed ensuring no damage during transportation.
Quantity – Task brief requires quantities in excess of 1000.

Packaging
Size – Compact as possible.
Rigidity – Able to be stacked in blocks of 5 for transport.
Type – Flat pack.
Material – Water-resistant to avoid corrosion in storage.
Labelling – All instructions, receipts, and warranty included in packaging.

Quantity
Task brief suggest orders in excess of 1000.

Manufacturing
Manufacturing means to be assessed to most effectively meet quantity requirements.

Size
Competitor 2 dimensions can be seen in figure 7.
[image: A metal device with red lines
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[bookmark: _Toc171336643]Figure 30 - Competitor 2 Dimensions (Temu, 2024). 
Weight
Body – As lightweight as possible without compromising integrity.

Aesthetic Appearance

Coating – Should be suitable to limit/prevent corrosion and resist light scratching whilst maintaining visual appeal.
Competitor 1 – Plastic finish.
Competitor 2 – Zinc alloy plated.
Edges – Rounded and filleted edges to aid in visual appeal.

Materials
Hard plastic polymer – Easy to manufacture, light weight, however vulnerable to corrosion, and lower durability.
Plated steel – Cheaper to coat, however may lack durability and will require re coating.
Galvanised Steel – Good durability and corrosion resistance, may react with certain chemicals.
Aluminium – Higher cost to manufacture, good corrosion resistance, does not require coating, and is light weight.

Product life Span
Use - Should last in excess of 5 years, with use in excess of 12 hours per day, 5 days a week.
Warranty - 12 months.

Standards and Specifications
ISO 8373 – Industrial robot applications (Lowton, 2021).
ISO/TS 15066 – Collaborative robots and robotics (Lowton, 2021).
EN-ISO-12100 – Risk assessment for collaborative industrial robots (Lowton, 2021).
ISO-TR-20218-1 – Interface and safety requirements for gripper systems (Lowton, 2021).

Ergonomics 
Shape – Mimic the functionality of the human hand, capable of handling a variety of objects.
Controls – Interface should be easy to understand and operate.
Placement of control devices – Positioned in locations that reduce strain and allow for comfort.
Grip Material – Use material that’s provides adequate friction without causing damage.
Safety – Use of sensors to prevent gripper exerting excessive force and including an emergency stop.
Adaptability – Should have interchangeable parts.
Maintenance – Should be designed to be easily cleaned and maintained, including part replacement.

Customer
Robotic tooling manufacturer as per assignment brief.

Quality and Reliability
Life Span – In-excess of 5 years.
Factor of Safety – Previous designs feature a factor of safety of 2 (Ai, 2022).
Reliability - >90%.
Quality Control/Quality Assurance (QA/QC) – British Standard.

Shelf-Life Storage
Storage – Dry cool area, away from extreme temperature fluctuation.
Duration – Should spend no longer than 3 years in storage.
Documents – Recommended to keep construction documents for at least 7 years (Engineers, 2021).

Processes
Features - Gripper should be able to grip with the pressure of an average human hand with suitable attachments to maximise usage.
Manufacturing Process – Research conducted to select most appropriate process.

Time Scale
Units should be batch produced in quantities up to 1000 per time.
Should be manufactured and available for delivery within 7 days.

Testing
Legal - Should comply with all statutory guidelines in place within the United Kingdom.
Life span - Should be tested to ensure usable life exceeds 5 years.
Temperature – Should be proven to work up to 50 ֯c.
Reliability – Should exceed 90%.
Testing – As required by British standards B.S.EN.9100.

Safety
Safety Factor – Not less than 2, confirmed via suitable testing.
Spare Parts – Additional parts to be manufactured initially for spares.

Legal
As per standards and specifications, documents to be held on file for the time scale set out legally.

Company Constraints
Budget – No initial budget set within task brief.
Volume – Required units in excess of 1000.

Market Constraints
Cons – Market competition, other alternative product available.
Pros – Designed for bulk manufacture.

Patents Literature and Product Data
Industry research to be conducted to identify any patents effecting manufacture.

Political and Social Implications
Environmental – Packaging should be recyclable, and biodegradable where possible.
Materials – Where possible procured locally via Fairtrade suppliers.

Installation
All installation fixings should be supplied and delivered within packaging, should be detailed within product advertising.

Energy Requirements
Not detailed within design brief.

User Training
Manual – Supplied with instruction manual and any relevant warnings.
Maintenance – Mandatory maintenance schedule to be detailed within manual linked with warranty validity.

Sales Potential
Non-applicable for PDS as requirements detailed by tool manufacturer. 

Documentation
Documents – Manual, warranty cert, maintenance schedule, suitable required test certification, warning labels, and purchase receipts.

Disposal
Packaging – Recyclable and biodegradable were possible.
Unit – Recyclable on end of service life.
Hazardous Waste – Warning labels attached to product along with any specialised disposal methods.
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[bookmark: _Toc171278035]Appendix 3 – Final Design Exploded View

[image: ]

[bookmark: _Toc171278036]Appendix 4 – Essential or Non-Essential Flow Diagram (Farr, 2015)
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[bookmark: _Toc171278037]Appendix 5 – DFA Lucas Method Re-design
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[bookmark: _Toc171278039]Appendix 7 – Construction Drawings
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[bookmark: _Toc171278040]Appendix 8 – FEA Concept 
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[bookmark: _Toc171278041]Appendix 9 – Additional Generative Design Outcomes
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[bookmark: _Toc171278042]Appendix 10 - Generated Design Properties
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[bookmark: _Toc171278043]Appendix 11 – Redesign FEA Results Stainless Steel
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[bookmark: _Toc171278044]Appendix 12 – Change in Metallurgy of Redesign Titanium
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[bookmark: _Toc171278045]Appendix 13 – Second Generative Design FEA
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[bookmark: _Toc171278046]Appendix 14 – New Body Split
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[bookmark: _Toc171278047]Appendix 15 – Mass Reduction Stages
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[bookmark: _Toc171278048]Appendix 16 – Final Design FEA
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Original Design DFA Lucas Method - Manual Handling Analysis

Part Number Handling Index A + B + C + D (Lower = Better]
Essential |Non Essential [A 0 B ool
Ta071 v T 0 | o1 | oz FE]
213071 v T 0 [ o1 | oz FE]
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PCRS 6 (Max3s) v 15 [ 02 [ o1 | o2 2
PoRS 7 (M3v12) TV 4 v 15 [ 02 [ o1 | o2 2
PoRs 8 (Max20) aTY 2 v 15 [ 02 [ o1 | o2 2
PCRS 9 (M3x6) Q1Y & v 15 [ 02 [ o1 | o2 2
Spring Pin 62 v FER 0 0 is
e Nut ML v 15 [ 02 [ o [ o2 19
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Hex Nut M2 Grade TV 2 v 15 [ 02 [ o [ o2 19
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Handling Index Total 52
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Original Design DFA Lucan Method - Manual Fitting Analysis

Fitting Assembley Step.
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Final Design DFA Lucas Method - Manual Handling Analysis
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Final Design DFA Lucan Method - Manual Fitting Analysis
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FMEA Robot Gripper Redesign
Function Failure Mode Causes Occurrence (0) Current Controls Detection (D) | Risk Priority Number (RPN)

Gripper Design Grasp and hold insufficient grip strength Dropped objects Underestimating required force Design simulations, material testing

Gripper Design Grasp and hold Excessive force applied Damage to object or gripper Overestimation of required force Foprce simulations, prototype testing

Gripper Design [ Open/Close mechanism Mechanical binding or jamming Inoperable gripper Poor tolerances Tolerance analysis, prototype testing

Gripper Design Sensor feedback Incorrect position or force data Misaligned operations/performance Poor sensor placement, inadequate sensors Senso spec checks, design reviews

Gripper Design Structural integrity Structural failure under load Gripper breakage, loss of funtion Weak materials, design flaws Structural analysis, material testing

Gripper Design Safety mechanisms Failure of safety features Injury risk, equipment damage Poor safety feature design and testing Safety design review and testing

Gripper Design | Durability and longevity Wearand tear over time Decreased performance Inadequate material selection,poor design Longevity testing, material selection review
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FMEA After Actions

Recommended Actions Action Taken

Evalute and test force calculations Re-evaluated force calculations, use stronger materials

Integrate feedback sensors Integrated force feedback sensors

Simplify Design Simplified design, improved tolerance analysis

Improve sensor placement Improved sensor placement, use of higher quaity sensors

Perform thorough structural analysis Use of stronger materials, carried out structural analysis
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Study 1 - Structur... - Outcome 5

Iteration 6 (final)

Properties

Status Completed
Generative model Generative Model 1
Material Stainless Steel 17-4 PH
Orientation Y-
Manufacturing method Additive
Visual similarity Ungrouped
Volume (mm?) 234,049.698
Mass (kg) 1.826
Max von Mises stress (MPa) 154163
Factor of safety limit 3
Min factor of safety 3.892
Max displacement global (mm) 1581
Buckling factor of safety limit 2
Buckling factor of safety 5.701
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Study 1 - Structur... - Outcome 2

Iteration 14 (final)

Properties

Status Converged
Generative model Generative Model 1
Material Stainless Steel 17-4 PH
Orientation Y+
Manufacturing method Additive
Visual similarity Ungrouped
Volume (mm?) 223,266.741
Mass (kg) 1741
Max von Mises stress (MPa) 200
Factor of safety limit 3
Min factor of safety 3
Max displacement global (mm) 1.969
Buckling factor of safety limit 2
Buckling factor of safety 219
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Study 1 - Structur... - Outcome 1

Iteration 14 (final)

Properties

Status Converged
Generative model Generative Model 1
Material Stainless Steel 17-4 PH
Orientation X+
Manufacturing method Additive
Visual similarity Ungrouped
Volume (mm?) 212,913.676
Mass (kg) 1.661
Max von Mises stress (MPa) 200
Factor of safety limit 3
Min factor of safety 3
Max displacement global (mm) 2739
Buckling factor of safety limit 2
Buckling factor of safety 2
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Study 1 - Structur...- Outcome 3

Iteration 14 (final)

Properties

Status Converged
Generative model Generative Model 1
Material Stainless Steel 17-4 PH
Orientation Z+
Manufacturing method Additive
Visual similarity Ungrouped
Volume (mm?3) 227,910.332
Mass (kg) 1.778
Max von Mises stress (MPa) 148.851
Factor of safety limit 4
Min factor of safety 4.031
Max displacement global (mm) 1.613
Buckling factor of safety limit 3
Buckling factor of safety 7.438
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Study 1 - Structur... - Outcome 1

Iteration 14 (final)

Properties

Status Converged
Generative model Generative Model 1
Material Stainless Steel 17-4 PH
Orientation Z+
Manufacturing method Additive
Visual similarity Ungrouped
Volume (mm?3) 160,125.065
Mass (kg) 1.249
Max von Mises stress (MPa) 146.79
Factor of safety limit 4
Min factor of safety 4.087
Max displacement global (mm) 1.56
Buckling factor of safety limit 4
Buckling factor of safety 4
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