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1.0 [bookmark: _Toc178526385][bookmark: _Toc198113926][bookmark: _Toc209995959]Abstract

In this paper, a study had been carried out to optimising engineering components through the concept of Design for X (DfX). The first section is includes implementation of design for additive manufacturing (DfAM) to a front upper wishbone used within the motorsport industy. Finite Element Analysis (FEA) was conducted for the purpose of characterising baseline performance under braking loads, which exposed stress concentrations and minimum safety factors in the original AISI 1040 steel wishbone. Generative design tools in Autodesk Fusion 360 were subsequently utilised to tailor geometry for Selective Laser Melting (SLM). The design exhibited an increase in safety factor by 88%, a reduction in peak stress by 45% and mass saving of about 35%, indicating AM performance despite issues related to anisotropy, residual stress and high cost of fabrication.
The second aspect focuses on the redesign of a robotic gripper which was originally unsuitable for mass production. Cost, manufacturability, and reliability were potential drivers as revealed by QFD concept valuing. A hybrid of processes was selected, which consists of a sheet metal fabrication base frame with CNC-milled jaws for a reasonably balanced compromise. Proposals developed were intended to use Design for Manufacturing (DfM) and Design for Assembly (DfA) principles which would focus on part consolidation, simplified tolerances, and standard fasteners. Reliability and sustainability were also taken into account with FMEA, which made it possible to address identified risks.
Altogether, the study highlights how DfX methodologies facilitate creation of components that are high-performance, manufacturable and reliable. Where additive manufacturing performs better in performance-critical applications, traditional ones still offer some strength for mass production use cases.
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[bookmark: _Toc178526387][bookmark: _Toc198113929][bookmark: _Toc209995962]3.0  Design for Additive Manufacturing Introduction 

The current rise in additive manufacturing (AM) methods have introduced endless of possibilities to an abundant of sectors. Utilisation of these methods of manufacturing provides engineers with great design freedom, but in plentiful of applications AM methods are still to question in comparison to more traditional manufacturing methods.  This technical report will study the redesigning of a front wishbone optimised using additive manufacturing (AM) methods. Using the CAD Software, Fusion 360, a pre-selected front upper wishbone will undergo redesigning to be optimised specifically to withstand a given braking event and minimising mass. This wishbone will be operated in a sports purpose car and will therefore undergo harsher braking events in comparison to a commercial standard vehicle. Furthermore, the optimised component’s relevant mechanical properties will be compared to the original part. Finite element analysis (FEA) will be the method used to determine the success of the redesign’s ability to cope with the forces under braking. Manufacturing methods will also be investigated, resolving if the additively manufactured component is viable from a cost perspective in relation to the volume manufactured. Aspects of the manufacturing workflow from the designing phase up to post processing will be considered to compare the advantages and disadvantages within each step of manufacturing between the AM optimised wishbone to the traditionally manufactured wishbone. 

[bookmark: _Toc178526388][bookmark: _Toc198113930][bookmark: _Toc209995963]4.0 Original Wishbone’s Finite Element Analysis (FEA)

[bookmark: _Toc178526389][bookmark: _Toc198113931][bookmark: _Toc209995964]4.1 Load Cases for wishbone under braking.
Simplifications and Assumptions:
· Car mass (M): Total mass of the vehicle being 1350 kg. 
· Deceleration (a): Is a constant deceleration during braking. 
· Deceleration is valued as an event of 1.5 g where g=9.81m/s.
· 75% of the vehicle’s mass is transferred to the front during the braking event.
· Only one wishbone will be analysed.
· The vehicle is a single wishbone set-up.

Braking Force: 


 m/s^2



Braking force on a singular wishbone:




Front axle load with weight transfer due to braking:




Load on a singular wishbone: 




Clamping force on each side of the wishbone to fix it to the front subframe: 15,000N .

[bookmark: _Toc198113932][bookmark: _Toc209995965]4.2 Initial Model 
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Figure 1- Original Front Wishbone 

Figure 1 highlights the original component found in the vehicle. It is a standard wishbone manufactured in AISI 1040; a standard of steel commonly used to manufacture wishbones (Gopal, 2018). The FEA will be done without rubber bushings and without the ball bearing as the focus will purely be on the wishbone’s mechanical capabilities.
 
[image: ][image: ][image: ]
Figure 2- Individual Components 1, 2, and 3 respectively
Regarding manufacturing, multiple processes would have to be undertaken to produce one of these components. Figure 2 depicts the separate components needed to assemble the original wishbone. Firstly, three differently sized stock of material will have to be sourced to begin manufacturing, this stock will then have to be cut down into the appropriate sizes before machining can begin. Component 2 will require a further step in cutting to gain the angled face as shown in Figure 2. Whereas components 1 and 3 will require machining in a lathe to achieve the required profiles. Lastly, all three components must be welded together for final assembly then quality checked and post processed. This manufacturing process requires numerous processes and multiple orders of different stock. In addition, various staff such as machinist, engineers, and welders will be necessary for manufacturing. Subtractive manufacturing is most utilised throughout the manufacturing processes, a highly wasteful form of manufacturing which will also have its own time, cost, and environmental implications.  

[bookmark: _Toc198113933][bookmark: _Toc209995966]4.3 Original Component’s FEA Results.
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Figure 3 – FEA Results from Original Component (Max/Min Safety Factor).
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Figure 4 - FEA Results from Original Component (Max/Min Stresses).
[image: ]
Figure 5 - FEA Results from Original Component (Max/Min Displacement).

Figures 3,4 and 5 highlight the results of the original wishbone. A vertical force is placed towards the section of the wishbone where a bearing is normally housed as this is the force of the tyres acting upwards, resisting the weight transfer towards the front of the vehicle as it decelerates. The horizontal force is the force applied to the same area as it the force being applied to the wishbone by the tyres as it decelerates, a force acting parallel to the road surface. These forces have been calculated as N and  respectively. Figure 2 demonstrates how the minimum safety factor of certain areas is 0.6, an obvious failure point bound to fail after numerous compression and decompression cycles or external variables such as hitting a pothole whilst breaking were to occur. In addition, a clamping force of 15,000 N each side of the wishbone is added to simulate the force applied by the bolts to fix the component to the front subframe of the vehicle. 
Data also indicates how the maximum displacement for the initial component being 1.784mm located at the ball bearing housing. This along with the maximum stresses placed on the original wishbone, will be important variables to consider and compare to the redesigned part optimised for AM.  The current component’s mass of 5.65 kg will also provide beneficial insight as to how designing for additive manufacturing can potentially significantly decrease mass whilst increasing component performance. 



[bookmark: _Toc198113934][bookmark: _Toc209995967]5. Redesigning for Additive Manufacturing. 

[bookmark: _Toc198113935][bookmark: _Toc209995968]5.1 Quality Functional Deployment. 
The previous section of the report has established the baseline and the normal for the design project. Information gained from the FEA has provided the necessary information to generate the objectives and set goals as to how the final design of the optimised wishbone must perform mechanically and in its properties. A quality functional deployment (QFD) can now be used to further establish and record these objectives along with market research. 

[bookmark: _Toc198113936][bookmark: _Toc209995969]5.2 Additive Manufacturing Methods
Additive manufacturing is a form of computer aided manufacturing that creates three dimensional items through deposition of materials in layers (TWI, 2019).  AM is also known as 3D printing which in 1977 the first patent was filed when Kelly Swainson used a laser to fuse a solid layer of plastic submerged in liquid plastic (Linke, 2017). It wasn’t until the early 2000s that AM was able to create operational products and only very recently when companies such as Boeing have implemented FAA approved 3D printed parts to use on their aircraft (Linke, 2017). 
Metal 3D printing methods are required to optimise the original wishbone for AM, differing greatly to the more common uses for AM such plastic components in FDM. Selective laser melting (SLM) is most suitable to produce the redesigned wishbone and will therefore be used. Selective laser melting is a form of powder bed fusion, where a thin layer of powdered metal is set evenly on a surface which is then melted using a high-power-density fibre laser to melt and fuse the powder to generate 3D form (Valino et al., 2019). SLM yields components with much greater mechanical properties to other common metal 3D printing methods such as Selective Metal Sintering (SLS). This is because the powder beads are fully melted, allowing for a molecular bond between them, unlike SLS where only the outer surfaces are sintered together. On the other hand, SLM requires support structures and cost greater due to the increased energy requirement and more powerful lasers (Cubein, 2024). 

[bookmark: _Toc198113937][bookmark: _Toc209995970]5.3 Generative Design Process. 
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Figure 7- Generative Design Preparations
The CAD software, Fusion 360 will be used to optimise the original wishbone using the generative design feature within the software. Five variables must be defined: preserved geometry, obstacle geometry, starting geometry, objectives, and manufacturing type. These are depicted in Figure 7. The red bodies signify obstacle geometry. These bodies provide limits where the software’s design cannot exceed this parameter. In this case, the red centre volume represents the clearance needed for a damper/coil-overs during driving. The red circular volumes represent the volume in which the suspension bushings are fitted to, hence the obstacle geometry. Between these two red cylinders is a smaller cylinder to represent the bar that runs through the wishbone.
  Next, the green bodies represent preserved geometry, volumes that are preserved from the original design. The two larger cylinders highlighted green in Figure 7 are the housing for the bushings whereas the front smaller cylinder is the housing for the camber nut and the ball joint housing. These must be preserved to keep the component’s functionality in being able to use the same complimentary parts for performance driving. The yellow body is the starting volume which illustrates to the software the original geometry of the wishbone. 
Finally, the design objectives were inputted, outlining the desired outcomes and parameters from the software. The type of manufacturing was set to additive with the Steal AISI 1040, the same material used for the previous wishbone as it has good material properties for wishbones and is also used in additive manufacturing. The design objectives entered are highlighted in Figure 8 below. The loads and forces that the redesigned component undergoes will be consistent to the original component and applied in the same positions on the part. 

[image: ]
Figure 8- Design Objective Inputs





[bookmark: _Toc198113938][bookmark: _Toc209995971]5.4 Results from Generative Design  
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Figure 9- Results from Redesigned Generative Design Wishbone.
 Figure 9 depicts the results from the generative design with the given inputs. As shown, the design presents itself in a much more organic form, highly contrasting the original design. This is due to multiple reasons, one of which is the algorithm used within generative design software. The software repetitiously tests iterations of the design to the parameters set, with each iteration being optimised to the objectives, a form of biomimicry. The similarity starts as this form of optimisation occurs in nature, where evolution takes place due to random mutations over generations and survival is favoured to those with the desired features (Dassault Systems, 2019). 
Furthermore, the lack of constraints traditional manufacturing methods pose is negated in AM. Although not free from design constraints, AM methods offer much more freedom without having to consider undercuts, tooling accessibility, and parting lines. This allows for production that optimises weight, volume, maximum stress, displacement (Rose, 2007).
Table 1- FEA Results Comparison: Old vs New Wishbone.
[image: ]

Table 1 above demonstrates the impressive gains to mechanical properties within the new part. An impressive 88.33% increase in the safety factors ensures performance reliability and decreases the risk of failure on track which can potentially endanger the driver. The topology optimisation produced organic forms that exhibit reduced geometric discontinuities, such as sharp corners or abrupt section changes, which are typical sources of stress concentration. This is highlighted by the decrease in maximum stresses by 44.89%. Furthermore, the mass was greatly reduced to 3.66kg from 5.64 kg. Material was removed where stresses did not occur and therefore resulted in a 35.11 % reduction in mass: vital in applications such as motorsports. 


[bookmark: _Toc198113939][bookmark: _Toc209995972]6. DFAM Considerations.

[bookmark: _Toc198113940][bookmark: _Toc209995973]6.1 Manufacturing Constraints 
There are multiple constraints presented when manufacturing with SLM which significantly affect component quality, especially in performance automotive parts such as this wishbone. First of which are the thermal dynamics. Cycles of rapid heating and cooling promote residual stresses and warping, impacting its structural integrity (Fousová et al.,2018; Khan & De, 2019). It is imperative to manage these thermal gradients as distortions can hinder precise fitment and affect mechanical performance. 
Another constraint are the process parameters. These refer to laser power, scanning speed, and hatch spacing, all of which influence the cooling rates and solidification behaviour of the metal during the process (Wei et al., 2018; Iqbal et al., 2019). When these variables are not carefully tuned, it can lead to porosity which are voids of microscopic holes within the part. This would be detrimental to components used in high stress applications (Chen et al., 2018). For example, some industry common materials such as AlSi10Mg, pose challenges in SLM due to its susceptibility to said defects when manufactured in sub-optimal conditions (Zi et al., 2018.)
Furthermore, the design of necessary support structures impacts the efficiency of the SLM process. Effective support structures can mitigate warping and ensure stability during build but may also require additional consideration to minimize weight and material use (Daynes, 2022). It must also be considered how print orientation significantly influences the amount of support material required. Figure 10 below highlights this (blue volume being support) with flatter print orientation resulting in the lowest amount of support. Balancing the design and support requirements forms a vital aspect of additive manufacturing within the racing sector, where both performance and precision are quintessential.

[image: ][image: ]
 Figure 10- Examples of orientation’s influence on required support material. 
The directionally dependant properties (anisotropy) of SLM and AM results from the special thermal history of the SLM process, which produces microstructures with elongated grains that are usually orientated along the build direction due to rapid cooling and solidification (Cecchel et al., 2021). (Kok et al., 2018). Since homogeneous strength and stiffness are essential under dynamic loads, this anisotropy could negatively impact performance in the instance of a race car's front lower wishbone.
A multi-directional build orientation during the SLM process can be used to reduce anisotropy in the wishbone's generative design. According to Kok et al. (2018), this technique may improve the isotropy of mechanical characteristics and encourage grain refinement. Furthermore, adding heat treatments post-processing, like annealing, can reduce residual stresses and increase ductility, reducing the component's risk of failure (Pinomaa et al., 2019). The overall performance and dependability of the wishbone in high-stress racing situations can be improved by choosing the best process parameters, such as laser power and scanning speed, which can result in a more uniform microstructure (Fousová et al., 2018).

[bookmark: _Toc198113941][bookmark: _Toc209995974]6.2 Design Workflow Issues and Savings
During the design process, there was one persisting issue which was spots of high stress points. These occurred after each new iteration provided by the software and made post-iteration FEA very difficult. There are two possible reasons to this, one of which is imperfect mesh to solid translation, generating these sharp points in the geometry and therefore high stresses. Second possibility could be an issue with the software generating the iterations, providing sub-optimal results. Regardless, these were remedied by manually adding fillets or smoothening the geometry. 
[image: ]
Figure 11- Image of high stress concentration spots.

To enhance workflow, FEA can be incorporated into DfAM and generative design workflows. Zimmermann et al. (2018) introduced a method that automatically assesses the performance of generated designs under simulated loads and limitations by connecting them to structural FEA. Because of this connection, design ideas may be iterated quickly, allowing engineers to adjust geometry in response to performance input. 
Due to this connection, design ideas may be iterated rapidly, allowing race engineers to adjust geometry in response to performance input. More effective exploration of the design space can result in creative components appropriate for high-performance applications. Components that are both functional and optimised for their intended manufacturing techniques are produced by a more unified design approach that combines generative design with FEA assessment.
[bookmark: _Toc198113942][bookmark: _Toc209995975]7. Design for Additive Manufacturing Conclusion 

This study illustrated the advantages of using generative design and Design for Additive Manufacturing (DfAM) to modify a race-purpose vehicle's front wishbone. A lighter, structurally superior component was created by utilising Fusion 360's generative design and incorporating FEA early in the process, which resulted in notable decreases in mass and stress concentrations while raising safety factors. Anisotropy and thermal distortion are two issues that additive manufacturing, and Selective Laser Melting (SLM) in particular, presents, however both can be lessened with the right process parameters and post-processing. In the end, the updated wishbone demonstrates how DfAM makes it possible to create high-performance, effective, and scalable solutions for challenging automotive applications. Despite the currently incredibly high cost of AM methods such as SLM, the performance benefits are imperative. These gains are quintessential in sectors that have higher priority in innovation with lesser consideration to costs such as racing teams. 

[bookmark: _Toc209995976]8.0 Robot Gripper Redesign Introduction.

The demand for reliable and affordable robotic automation has expanded rapidly as industries shift from producing small amounts of custom products to large quantities. The end-effector is a key component in numerous robotic systems, where grippers are crucial to ensure that workpieces are handled and oriented consistently. The company funding this work already produces a mechanical robot gripper that has performed well in small quantities. However, the design is not yet ready for mass production. In order to produce thousands of units a year, the design would have to be optimised in order to meet an ideal price, performance manufacturability, and long-term reliability.
This is why this report focuses on a redesign of the actual robot gripper in order to be produced and assembled in large quantities. Both functional and business requirements are investigated (including material choice, user needs and process improvements). It will examine the initial design, explore and rate other options, and explain why a more fitting configuration was favoured. Furthermore, suitable fabrication routes will be indicated bearing on Design for Manufacture and Assembly (DfMA) guidelines/factors and relevant industry standards.
Focus evaluation methods such as QFD, FMEA will also be employed to ensure the systematic consideration of customer needs, manufacturability limits and risk reduction. The findings should result in a gripper design that is strong, cheap and can be produced on a mass scale for deployment in factories.

[bookmark: _Toc209995977]9.0 Concept Appraisal

[bookmark: _Toc209995978]9.1 Analysis of Existing Gripper
The provided robot gripper design includes a frame, arms, and jaws driven with rotary input. Although the current design works for small-scale production, a number of problems arise when scaling up.
Fabricability: The design comprises of a number of small, machined parts with tight tolerancing. This increases machining time, cost, and can result in dimensional variation in mass production (Kalpakjian & Schmid, 2014).
Assembly Effort: Multiple fasteners and locating features are necessary in order to fit together; this results in added labour cost, as well as higher likelihood of incorrect assembly (Boothroyd et al., 2010).
Material Usage: The current concept appears to be using too much of machined AL & Machined Steel components. Though robust, such a method may tend not to be economic viable or cost effective when scaled (Budynas & Nisbett, 2020).
Maintenance: Moving components increase the wear point, maintenance between replacement should be regular (ISO 9283, 1998).
These limitations indicate that while suitable for some applications or prototypes; in order to be used in mass production, a high level of optimisation is required.

[bookmark: _Toc209995979]9.2 Design Requirements 
Based on an examination of the original design and available literature material about robotic gripping mechanisms, a number of critical requirements can also be specified:

Performance Requirements
· Capable of applying enough gripping force in hearing payloads (Asada & Slotine, 1986).
· Differential gears were always engaged, with little or any backlash or play in the linkages (Rosheim, 1994).
· Fatigue under cyclic loading cycles (Shigley et al., 2017).
Manufacturing Requirements
· Minimized machining time by simplifying geometries Groover, 2020.
· Parts should be consolidated as much as possible to reduce assembly work (Boothroyd and Dewhurst, 2010).
· Economical tolerance limits attainable in mass (Kalpakjian & Schmid, 2014).
User/Commercial Requirements
· Maintenance friendliness including jaw change-out times (ISO 9283,1998).
· Lighter design for lower the total robot payload (Groover, 2020).
· Cost Effective - competitive cost per unit for >1000 production runs (Slack et al., 2016).
These are the criteria of the assessment framework for the redesign concepts.
[bookmark: _Toc209995980]9.3 Concept Development

Three different redesign alternatives were chosen according to posed requirements:

Concept A: Machined Modular Design
Will keep the general geometry of the design present but simplify for machining on a CNC.
Jaws and several stop linkages were made as individual flame-cut replacetnent pieces.
Pros: low development risk, works with current tooling, can be prototyped quickly.
Constraints: long machining time, expensive at scale (Groover, 2020).

Concept B: Operation of the combined Machining and Assembly (Hybrid) on sheet-metal.
Frame and other structural elements produced of bent sheet metal with metallic cut outs to obtain desired lightness.
The high stress parts such as jaws and pivots are machined; this mixture of precision cast high strength manganese steel, with all welding done by Mig.
Advantages: less material consumption, the minimisation of machined requirements and cheaper mass-produced (Kalpakjian & Schmid, 2014).
Downsides: Costs associated with stamping/bending dies, possible tolerance issues at joints.

Concept C: Feature-Integrated Additive Manufacturing
Whole gripper or subcomponents manufactured by the metal AM (e.g., SLM or SLS).
The possibility of combining several parts into one is made available through the use of complex geometries (Gibson et al., 2021).
Merits: minimal assembly, lightweight designable structures and possibility for topology optimization.
Constraints: high material and machine costs, less scalable than traditional processes (Frazier 2014).

Table 2: Design Appraisal Concepts QFD
[image: ]
Concept B (Hybrid machining + sheet metal) scores best overall because it balances manufacturability, unit cost and scalability — the most heavily weighted requirements for a production run of 1,000+ units. Its moderate innovation score reflects that it uses conventional processes yet enables cost and weight savings.
Concept A is reliable and familiar (higher reliability score) but scores poorly on cost and scalability due to heavy machining.
Concept C (AM) scores highest on innovation and assembly consolidation but performs poorly on cost and scalability for the target production volume, making it less suitable for this project.

[bookmark: _Toc209995981]9.4 Selected Concept 
According to the assessment (benchmark test), concept B (Hybrid Machining and Sheet Metal Assembly) was considered to the most promising for further development. This method is cost-effective and simple due to it utilising sheet-metal for a framework assembly and machining for contact area that requires tight tolerance in manufacturing. It also provides a substantial potential for Design for Manufacture and Assembly (DfMA) such as part integration, number of fasteners reduction and tolerances simplification (Boothroyd et al., 2010).
By choosing Concept B, the modified gripper is anticipated to strike a good balance among performance, cost and manufacturability in order to satisfy technical and commercial requirements for mass production.



[bookmark: _Toc209995982]10.0 Manufacturing Proposal

[bookmark: _Toc209995983]10.1 Component Breakdown
The final considered hybrid gripper selected (Concept B) consists of the following main subcomponents:
Frame – establishes support and contains dynamic components.
Jaws – the area that grips. 
Connections and articulations – Carry motion between the actuator and jaws.
Fasteners/pins – for assembly and maintenance.
Each of the parts stated above needs a manufacturing procedure suited to its form, function and cost.

[bookmark: _Toc209995984]10.2 Frame and Housing 
The frame of the gripper should be preferably fabricated from sheet steel or aluminum using laser cutting and CNC bending / forming. Laser cutting offers highly accurate and reproducible geometries with minimal amount of waste material and is characterised by high productivity (Kalpakjian & Schmid, 2014). CNC Bending provides uniform angles and can be controlled and defined the tolerance as per requirement. In the case of larger volumes (>1000 parts), progressive stamping dies might result in low cost parts despite high initial tooling investment, which is payed off at scale (Groover, 2020). An optional secondary process, such as powder coating or anodising, can be added for additional wear and corrosion resistance. Lightweight aluminium alloys are especially appealing for reducing overall payload to retain component stiffness (Budynas & Nisbett, 2020).

[bookmark: _Toc209995985] 10.3 Jaws
Most stress and wear is found in the gripper jaws. Thesecould be CNC milled from hardened steel or alloy aluminium depending on frame material for accurate dimensions and a good surface finish. This technology supports tight tolerances, which is important in achieving repeatable gripping performance (Shigley et al., 2017). Steel jaws are also possible, but these are subjected to case hardening or nitriding in order to improve hardness on the surface while maintaining a tough core (Kalpakjian & Schmid, 2014). Where weight reduction is important, anodised aluminium jaws might be used to make the jaws more wear resistant. For high volumes of production, investment cast is another option but requires finish machining. However, this adds additional tooling costs and may not achieve the necessary dimensional control for high precision gripping surfaces (Groover, 2020).

[bookmark: _Toc209995986]10.4 Linkages and Pivots
Linkages and pivots are small components, yet need to exhibit high strength and dimensional stability. The preferred process is swiss turning machining on CNC lathes or multi-axis machining centers. For high-production volumes, cold forming or forging can be applied before machining the critical features thus minimising scrap whilstimproving strength through work hardening (Kalpakjian & Schmid, 2014). Bushings can be fitted in the pivots to reduce wear and increase working life (Boothroyd et al., 2010).

[bookmark: _Toc209995987]10.5 Fasteners and Pins 
When possible, standardised and commercially available fasteners (e.g., ISO 4762 socket head screws) should be utilised. Standardisation reduces inventory cost, simplifies the supply chain and is consistent with Design for Assembly (DfA) principles (Boothroyd et al., 2010). Pins are available as standard parallel pins or clevis pins with limited modification necessary.

[bookmark: _Toc209995988]10.6 Assembly and Disassembly Considerations
In order to reduce mechanical effort at assembly, the design must limit the number of fasteners down to a minimum and even utilise snap-fit and press-fit features.
Allowing modularisation in subassemblies like jaw + linkage allows for them to be preassembled on their own and then connected to the frame. It should be possible to disassemble the grips easily, especially considering that the jaws are subject to the most wear and therefore need replacing after a certain number of service cycles.
These notions harmonise well with Design for Assembly (DfA) guidelines and can result in a 20–50% cost reduction when it comes to mass production (Boothroyd et al., 2010).

[bookmark: _Toc209995989]10.7 Sustainability Aspects
Sheet metal forming and laser cutting create very low levels of scrap, with any waste recyclable. CNC machining creates some waste, but chips of aluminium and steel are easily recycled in closed-loop manufacturing environments (Groover, 2020). Additionally, surface treatments such as anodised also have a lower environmental impact than plating.

[bookmark: _Toc209995990]10.8 Summary
The offered production approach combines sheet metal forming applied in the case of structural units and CNC machining used while producing functional components. This hybrid methodology offers low complexity and cost effectiveness, along with good scalability. The product is designed for assembly and maintenance, supported by standard fasteners and modular subassemblies. Using a combination of normal processes and volume-based strategies, the grippers could be made sufficiently robust and cost effective for high volumes.


[bookmark: _Toc209995991]11. Design for “X” Considerations
The design of this gripper needs not only to solve performance issues but also to be suitable for industrial and mass production. During this part, systematic “Design for X” (DFX) disciplines are employed to the product design with the emphasis on manufacturability, assembly, reliability and sustainability.

[bookmark: _Toc209995992]11.1 Design for Manufacture (DfM)
Design for Manufacture: reduce 2 complexity, machining time and scrap. In the outline of the hybrid concept, one option for the frame would be laser cut sheet metal with bending and without time-consuming milling. Reduction in tool changes and setups allows increased efficiency with simplified geometry (Kalpakjian & Schmid, 2014). The jaws on the other hand rely on precision and are made to fit common tool dimensions for size consistency. These would be in line with suggestions for scalable manufacturing and cost saving (Groover, 2020).

[bookmark: _Toc209995993]11.2 Design for Assembly (DfA)
In the current gripper, several small fasteners are utilised, thereby making assembly more complex. The redesign reduces the number of fasteners by using modular subassemblies. For instance, the jaw and linkages may be preassembled before insertion in the main body to save assembly time and minimise operator error. Standardized ISO fasteners are specified where feasible, reducing the cost of inventory items (Boothroyd et al., 2010). This all is not just a case of being easy to produce, but also mechanically simple for ease of maintenance and disassembly.

[bookmark: _Toc209995994]11.3 Design for Reliability (DfR)
When it comes to industrial automation, reliability is paramount: downtime simply costs too much. To improve wear resistance, the design utilises hardened or anodised jaw surfaces and bushings at pivot points to prevent loosening and fatigue during multiple cycle use. These include actions that reduce the chance of failure over time, which are concordant with mechanical design for strength (Budynas & Nisbett, 2020). It looks ahead at the usual wear points, extends service intervals and enhances long-term operation dependability.

[bookmark: _Toc209995995]11.4 Design for Sustainability (DfS)
Sustainability is becoming an important criterion in the wake of contemporary production. The offered sheets may not have much scrap and even if it does, scraps can be recycled. CNC machining of jaws does generate chips; however, aluminium and the steel waste streams can be easily recycled in closed-loop systems (Groover, 2020). Moreover, the modular design allows the worn parts or components to be replaced instead of replacing whole assemblies, leading to savings in material over product life.
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[bookmark: _Toc209995997]12.1 Risk Assessment
To ensure the redesigned robot gripper is reliable in large-scale industrial use, a structured risk assessment was undertaken using Failure Modes and Effects Analysis (FMEA). This approach identifies potential failure modes, evaluates their severity (S), likelihood of occurrence (O), and ease of detection (D), and calculates a Risk Priority Number (RPN = S × O × D).

Table 3: FEA Table for Components.
	Component / Function
	Failure Mode
	Effect
	S (1–5)
	O (1–5)
	D (1–5)
	RPN
	Mitigation

	Jaws
	Surface wear / loss of grip
	Reduced grip force, part slippage
	4
	3
	2
	24
	Hardened steel or anodised aluminium jaws; replaceable inserts

	Pivot joints
	Loosening or fatigue
	Misalignment, loss of motion precision
	4
	2
	3
	24
	Use bushings; apply preloaded fasteners

	Frame
	Fatigue cracking
	Structural failure, downtime
	5
	1
	3
	15
	Material selection; sheet metal forming with safety factors

	Linkages
	Excessive play / wear
	Reduced repeatability
	3
	2
	3
	18
	Surface hardening; use of alloy steels

	Fasteners
	Stripping or loosening
	Loss of assembly integrity
	3
	2
	2
	12
	Use of ISO standard fasteners; torque control; thread locking

	Assembly
	Incorrect reassembly after maintenance
	Malfunction or failure in operation
	4
	2
	4
	32
	Modular subassemblies; clear assembly instructions



[bookmark: _Toc209995998]12.2 Verification and Testing
Verification is essential before scaling to 1000+ units. The following measures are proposed:
• Finite Element Analysis (FEA): To evaluate stresses, fatigue life, and deflections under gripping loads.
• Prototype testing: Physical prototypes subjected to cycle testing to replicate industrial use, verifying durability and identifying unforeseen failure modes.
• Tolerance and quality checks: Application of Statistical Process Control (SPC) during production to ensure dimensional accuracy.
• Functional testing: Each gripper unit subjected to a standard grip force and repeatability test before shipping, in line with ISO 9283 (1998).



[bookmark: _Toc209995999]13. Robot Gripper Redesign Conclusion

The project has successfully proposed a gripper and its design modifications based on technical and commercial requirements so as to be suited for mass production. The initial design was functional with development for low-volume manufacturing, but the limiting factors included complex machining, too many fixings and possibly reliability issues. Based on comparative analysis done with the help of QFD matrix a hybrid concept using sheet metal fabricated Frame, CNC machined Jaws, and link was finalised. This strategy combines accuracy with cost effectiveness and scalability, enabling it to be adapted for production runs of >1000 units.
Design for Manufacturing, assembly, reliability and Sustainability Design for reducing part count. This simplifies assembly while improving durability whilst considering recyclability in the engineering parts used. Risks were evaluated using FMEA, with the most significant failure modes being jaw wear and wrong re-assembly, and control measures were recommended. Verification techniques such as FEA, prototype cycling and SPC were suggested in order to guarantee long-term reliability.
In summary, the proposed design achieves significant enhancements in ease of manufacturability, low cost and ease of servicing, establishing a strong platform for scaling the gripper to high volume industrial production.
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