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[bookmark: _hkyqxlksbbt3]
[bookmark: _skncp5z1dzaz]Executive summary
This document presents an overview of two distinct re-engineering tasks.
The first task focused on the re-engineering and manufacturing process of a mechanical gripper component, with the objective of transitioning from small-scale to mass production. The redesign phase led to the decision to eliminate most bolts and nuts, replacing them with push fits for easier assembly. The manufacturing process was carefully planned to ensure consistent quality, cost efficiency, and scalability. The most effective strategy was found to be the amalgamation of several machining operations for different parts. A second Lucas analysis was conducted to assess the improvements made to the assembly, revealing a 14% improvement in the efficiency of the assembly.
The second task detailed the re-engineering process of a bicycle’s crank arm, focusing on the pedal attachment. The proposed design utilises a bearing housed within the hole in the crank arm, traditionally occupied by the thread. The pedal retains its threaded section at the end of the pedal spindle, which is then positioned inside the bearing and secured using a cap. Additive manufacturing was chosen as the primary manufacturing process due to its flexibility in adjusting material properties and optimising stress. The choice of material for the crank arm was crucial, with aluminium being selected due to its lightweight, rigidity, and cost-effectiveness. The design was then optimised using generative design, topology, and Finite Element Analysis (FEA).
In conclusion, both tasks were conducted meticulously, with a focus on enhancing efficiency and durability. The resulting designs, when optimised using the mentioned techniques, have the potential to meet the surge in demand effectively, thereby contributing to the growth of the UK robotics market and significantly extending the lifespan of the bicycle’s crank arm.

[bookmark: _ic3kjg32ai0e]Task 1: Robot gripper redesign
[bookmark: _5e3pmqowfi7j]Introduction to task
The company’s objective is to achieve high production volumes of over 1000 units per week. This transition from small-scale to mass production requires a redesign of the mechanical gripper components and assembly for enhanced efficiency and manufacturability. Through design optimisation, they aim to meet the growing demand effectively.
The company that placed the order likely did so based on the findings of market research. The research indicates a significant increase in the demand for the gripper. The company is now tasked with efficiently meeting this surge in demand and has enlisted the services of Renishaw to meet their needs. The research may have examined consumer behaviour, usage patterns, preferences, and the fact that the use of robotics in the UK manufacturing sector is on the rise. TechNavio forecasts substantial growth for the UK robotics market, highlighting a market size of $2.3 billion by 2030 with a compounded annual growth rate (CAGR) of approximately 10.5%. This growth is primarily driven by the automotive and manufacturing sectors (Newsdesk, 2024).
The need to increase sales could also be due to competition in the marketplace, pushing the company to maintain its market leadership and stay ahead of the curve. Analysing the strategies and activities of direct competitors can assist a company in developing a product that is slightly different and more appealing to customers (Octopus, 2023).
For a company, it is crucial to maximise cost efficiency to yield the highest profits from their operations. Firms that can deliver goods or services at a lower cost hold a considerable edge over their rivals (Oboloo, 2023). By optimising operations and cutting costs without sacrificing quality, companies can enhance cash flow and ultimately boost their net income (FasterCapital, 2024). Maintaining cost competitiveness is vital for enduring success, particularly when shifting from small-scale production to mass production. By refining the processes and making the product simpler to manufacture and assemble, productivity should increase across the organisation. Moreover, efficient processes often lead to superior product quality. High-quality products result in customer satisfaction, repeat business, and a favourable brand reputation, all contributing to long-term profitability (Renner., 2023).

This is why the company has selected Renishaw to re-engineer and manufacture the product, as they can produce the required quantities at a comparatively low cost. Renishaw is renowned for their consistent precision in component production, all of which are of a high standard, so they should be able to fulfil the company’s requirements with relative ease. The primary decision revolves around the manufacturing process that will be employed to achieve the necessary volume.
[bookmark: _nh8rcbmzqwv4]Research and planning
To initiate the process of re-engineering and manufacturing a more efficient product, various methods and techniques must be applied to understand where the product can be improved for easier assembly and manufacturability. It is crucial to carry out research and pinpoint issues with the current product so that these problems can be addressed during the redesign phase.
[bookmark: _ulfkztasxv3p]QFD
The initial technique implemented was Quality Function Deployment, also known as QFD. This strategy is centred on the requirements and anticipations of the customer. It is utilised to facilitate the development of designs of a higher calibre, which in turn propels competitive superiority by offering products that are tailored to the user (Ficalora, et.al. 2009).
[image: ]

The QFD analysis reveals the correlation between customer needs and design functionality. The chart’s relative weight indicates the relationship between specific attributes in the customer requirements column and the functional aspects. The QFD highlights that the top-ranking customer requirements, with scores of 15.4 and 13.8, were the adjustability of the gripping pressure and the product’s ability to grip without causing damage. The least scoring requirements were the product’s reasonable pricing and weight, both scoring 4.6. The functional requirements analysis against the customer requirements shows that the highest scoring requirements were the material of the mechanism components, the gripper claws’ material, and the pressure adjustability of the mechanism, scoring 669.2, 620.0, and 578.5 respectively. The functionalities that scored the lowest were the ease of lubrication and the claw’s smooth surface curvature, scoring 124.6 and 175.5 respectively.

[bookmark: _ttkqtz9zeyoo]










Design specification
Upon the completion and examination of the QFD, a design specification was formulated. This was done to distinguish between the essential and non-essential requirements, and to provide guidance for the design decisions that will be required.

	Criteria
	Requirements

	1 - Performance
	1.1 Strong, smooth mechanism to open and close grippers without catching or seizing

	
	1.2 Durable as to withstand bumps and wear

	
	1.3 Must sufficiently grip the parts without damaging them

	2 - Quality and reliability
	2.1 The mean time before failure should be 2 years.

	
	2.2 The mean time before repair should be 2 years.

	
	2.3 The product shall have a preventative maintenance schedule created for every 3 months or less

	3 - Testing
	3.1 The product shall be tested under various loads to determine the maximum load bearing and grip pressure capacity.

	
	3.2 The product shall be tested in all relevant environments where it is likely to be used.

	4 - Assembly
	4.1 Should have limited parts to assist in ease of assembly

	
	4.2 Should be clear and easy on how to assembly.

	5 - Quantity
	5.1 1000+ units shall be made per week

	
	5.2 No more than 10% extra shall be manufactured per week due to no specific end time on orders.

	6 - Company constraints
	6.1 The product should remain within the company's set budget.

	
	6.2 The manufacturing of the product should be able to keep up with the demand of the customer (1000+ per week)

	
	6.3 Testing of the product shall be conducted during machine downtime as to not interfere with production on the shop floor.

	7 - Cost
	6.1 The product shall be manufactured as cost efficiently as possible to entail a good profit.

	
	6.2 The cost of repair shall not be more than the cost of the product.

	8 - Time scales
	8.1 The custom requirements of the time scale should be met

	
	8.2 The time scale of production should not cause a hindrance to other projects or work.

	9 - Manufacturing facility
	9.1 The tools and equipment already on site should be sufficient for the production of the product.

	
	9.2 All production entailed in the manufacturing process should be conducted on site.

	10 - Processes
	10.1 The product shall conform to all material standards set out by the company during manufacture

	
	10.2 The product shall meet the required safety requirements before use.

	
	10.3 Products shall be maintained in accordance with the set maintenance schedules.

	11 - Safety
	11.1 The product shall conform to all LOLER regulations.

	
	11.2 Products shall undergo strict risk assessments before use.

	
	11.3 The product shall adhere to PUWER regulations.

	12- Weight
	12.1 The product should not be overly heavy, enabling use from persons with all levels of strength

	
	12.2 Minimum and maximum weight limits and gripping pressure shall be recorded on the product.

	13 - Environment
	13.1 The materials should be corrosion resistant to the chemicals used within the machines.

	
	13.2 The materials should be able to be used in varying temperatures that are common within the machine shop

	14 - Maintenance
	14.1 Spare parts should be available in the maintenance department in case of breakdown.

	
	14.2 All spare parts shall be easily accessible although not necessarily immediately.

	15 - Life in service
	15.1 The product should be durable enough for the expectation that it is used every day.

	
	15.2 The product should be expected to last long enough to make it financially viable.

	16 - Shelf life
	16.1 The product must be stored and cared for responsibly to ensure a long shelf life.

	
	16.2 The product should be cleaned down after use to remove any fluids or material that could lead to corrosion.

	17- Materials
	17.1 The materials required should come from registered reliable sources.

	
	17.2 The materials should be easily obtainable.






[bookmark: _5eumd625zuxp]Lucas DFA method
A Lucas DFA method was implemented to evaluate the design efficiency, which quantifies the product’s assembly efficiency and duration. A higher design efficiency indicates superior manufacturability and assembly ease (Mašín, 2014).
This is achieved by incorporating essential and non-essential parts into the formula,

where ‘A’ represents essential components and ‘B’ represents non-essential components (Mašín, 2014). Essential components are vital for a product or system’s function, performance, or appearance. In contrast, non-essential components can be removed, integrated, or substituted without affecting the product’s function, performance, or appearance (Jensen, 2023).
The essential components have been determined as ‘13’, and the non-essential components as ‘37’.


This results in an efficiency rating of 26%. Considering the optimal score is 60% (Mašín, 2014), the low score of 26% indicates significant potential for design improvement.
The second phase of the Lucas DFA method was then initiated to further identify the non-essential components of the assembly that could be eliminated or replaced. This comprehensive method examines the precise steps required to handle and assemble each part of the product. The individual steps are then analysed to identify the most time-consuming and challenging ones, leading to their modification or elimination (Mašín, 2014). In the table below, the process steps column details all the steps necessary to assemble the product fully. The steps highlighted in red involve non-essential parts. Each section is scored based on the weight associated with it in the table shown below.

(Mašín, I. 2014). ‌[image: ]

In the ‘Total’ columns, processes with the highest scores are marked in red, drawing attention to the parts that could potentially be removed to facilitate a more efficient assembly process.























	
	
	Manual handling analysis
	Manual fitting analysis

	
	
	Score
	Score

	
	Process steps
	A
	B
	C
	D
	Total
	A
	B
	C
	D
	E
	F
	Total

	1
	Take the top guard of motor housing and place the back guard of housing in the slot.
	1
	0
	0.1
	0
	1.1
	1
	0
	0
	0
	0
	0.6
	1.6

	2
	Bring the front plate of the bracket up to the back guard of the housing.
	1
	0
	0.1
	0
	1.1
	1
	0.1
	0
	0
	0
	0
	1.1

	3
	Place bolts through back guard into front plate
	1
	0
	0
	0
	1
	1
	0.1
	0.7
	0
	0
	0
	1.8

	4
	Secure with nuts
	1
	0
	0
	0
	1
	6
	0.1
	0.7
	0
	0
	0
	1.8

	5
	Take servo motor and place it on top of bottom guard
	1
	0
	0.1
	0.2
	1.3
	1
	0
	0
	0
	0
	0
	1

	6
	Take the right gripper arm and place the hole behind the teeth, in line with the hole at the front of the bottom guard. Protruding section facing outwards.
	1
	0
	0.1
	0.2
	1.3
	1
	0
	0
	0
	0
	0
	1

	7
	Place the right gripper arm and place it in opposite orientation on the other side so teeth mesh.
	1
	0
	0.1
	0.2
	1.3
	1
	0
	0
	0
	0
	0
	1

	8
	Place the top guard, along with its attachments over the motor so the back guard slides into the bottom plate of the housing.
	1
	0
	0.1
	0
	1.3
	1
	0
	0
	0
	0
	0.6
	1.6

	9
	Place bolts through the front holes of the top guard, gripper and bottom guard.
	1
	0
	0
	0
	1
	1
	0
	0.7
	0
	0
	0
	1.7

	10
	Secure with Nuts
	1
	0
	0
	0
	1
	6
	0.1
	0.7
	0
	0
	0
	6.8

	11
	Place small bolts through the top guard into the threaded holes in the motor
	1
	0.2
	0
	0
	1.2
	6
	0
	0.7
	1.5
	0
	0
	8.2

	12
	Place 2 bolts through the holes at the back of the top guard, into the bottom guard.
	1
	0
	0
	0
	1
	1
	0
	0.7
	0
	0
	0
	1.7

	13
	Secure with nuts
	1
	0
	0
	0
	1
	6
	0.1
	0.7
	0
	0
	0
	1.8

	14
	Place the small bush on top of the centre of the motor.
	1
	0
	0
	0
	1
	1
	0
	0
	0
	0
	0
	1

	15
	Place the adjustable section of the mechanism and sit the centre of it on top of the motor bush.
	1
	0
	0
	0
	1
	1
	0
	0
	0
	0
	0
	1

	16
	Secure the mechanism component in place with small bolt
	1
	0
	0
	0
	1
	6
	0
	0
	0
	0
	0
	6

	17
	Place a flat mechanism plate over the hole at the other side of the adjustable section.
	1
	0
	0
	0
	1
	1
	0
	0
	0
	0
	0
	1

	18
	Place a small bolt through the holes of both parts
	1
	0.2
	0
	0
	1.2
	1
	0
	0
	0
	0
	0
	1

	19
	Secure with a nut
	1
	0.2
	0
	0
	1.2
	6
	0.1
	0
	0
	0
	0
	6.1

	20
	Place the long bush over the hole on the protruding section of the right arm.
	1
	0
	0
	0
	1
	1
	0
	0
	0
	0
	0
	1

	21
	Position the hole on the flat mechanism plate over the top of the bush.
	1
	0
	0
	0
	1
	1
	0.1
	0
	0
	0
	0
	1.1

	22
	Place a long bolt through the plate, bush and arm.
	1
	0
	0
	0
	1
	1
	0
	1.2
	1.5
	0
	0
	3.7

	23
	Secure with a nut.
	1
	0
	0
	0
	1
	6
	0.1
	0
	0
	0
	0
	6.1

	24
	Slot right and left hand side brackets onto the front plate of the bracket.
	1
	0
	0.1
	0.2
	1.3
	1
	0.1
	0
	0
	0
	0.6
	1.7

	25
	Place long bolt through top holes of both side brackets
	1
	0
	0
	0
	1
	1
	0.1
	1.2
	0
	0
	0
	2.3

	26
	Secure with a nut
	1
	0
	0
	0
	1
	6
	0.1
	0
	0
	0
	0
	6.1

	27
	Place long bolt through back holes of both side brackets
	1
	0
	0
	0
	1
	1
	0.1
	1.2
	0
	0
	0
	2.3

	28
	Secure with a nut
	1
	0
	0
	0
	1
	6
	0.1
	0
	0
	0
	0
	6.1

	29
	Place gripper claws onto the grippers aligning the holes.
	1
	0
	0.1
	0.2
	1.3
	1
	0.1
	0
	0
	0
	0
	1.1

	30
	Place 4 bolts through the claws and the grippers
	1
	0
	0
	0
	1
	1
	0
	1.2
	0
	0
	0
	2.2

	31
	Secure with nuts
	1
	0
	0
	0
	1
	6
	0.1
	0
	0
	0
	0
	6.1





Upon examining the manual handling analysis, it becomes apparent that only a handful of processes are more challenging than the rest. This is primarily because all components can be managed manually, and none pose significant difficulty. The primary reasons for the highlighted processes in this column are potential tight fits when slotting components together and limited visibility during hole alignment before fastening. Regarding the fitting column, it is evident that most of the highlighted processes are due to the use of bolts for assembly security, including one instance of fitting a small bolt blindly through the top plate of the housing into the motor. These findings suggest that the majority of the assembly time is likely spent securing individual components together with bolts and nuts. This analysis provides a solid foundation for the redesign phase, where the slowest steps of the assembly process can be identified and potentially eliminated to hopefully yield a much more efficient product.

[bookmark: _xlrj0snydqs1]Concept solutions
After evaluating the previous stages and identifying potential modifications for a more streamlined assembly process, it’s been decided to eliminate most bolts and nuts, replacing them with push fits that would attach to the assembly. The gripper claws will remain bolted but without nuts, threading onto a hole on the gripper arm. This decision is due to the potential need for regular replacement of claws of varying sizes and the necessity for secure placement to maintain consistent gripping.
The front and side bracket components, along with the top and rear motor guards, will be machined as a single piece. The motor guards will feature additional sidewalls for enhanced motor protection and a superior finish, with slots for the lower housing to attach. The motor will be secured into the bracket and upper housing using clips for easy insertion and removal. The motor housing’s rear will feature a threaded hole for cable insertion, which can be sealed with a gland.
The decision has been made to continue using the servo motor instead of transitioning to a hydraulic or pneumatic system. This is due to the existing setup of the robots and the cost and complexity of implementing new systems around the robot. However, the servo motor will undergo a change, transitioning from a complex mechanism with limited pressure adjustment flexibility to a simpler rack and pinion mechanism. The motor will rotate a threaded bar through a gear, causing the arms to rotate inwards and outwards by meshing on the teeth. The pressure can be controlled by the degree of rotation of the threaded bar, which can be set and adjusted in the program.
The threaded bar will be located in the bottom cover of the housing, supported on clip-in supports at both ends that will be machined into the bottom housing plate. When the bottom housing plate is secured in place using four bolts threading into the upper housing, the motor’s gear should mesh with the threaded bar. Dowels on the bottom housing plate will allow the gripper arms to slide onto and rotate freely with two slots on either side of the threaded bar. The dowels will also slide into holes in the upper housing to prevent any vertical movement of the arms.
[bookmark: _5q36qo1w94yb]Manufacturing processes
The production processes for the gripper components need careful planning to ensure consistent quality, cost efficiency, and scalability, while meeting the production volume. Renishaw has the capability to utilise various manufacturing methods, including CNC milling and turning, additive manufacturing, die casting, and laser cutting.
Additive manufacturing, while excellent for creating complex parts, has limitations when it comes to high-volume production. It’s particularly useful for enhancing assembly designs as it can consolidate multiple components into one and improve material properties such as strength and ductility where necessary (Padasak, 2022). In terms of cost efficiency, additive manufacturing is highly beneficial. It minimises waste, consumes less energy compared to methods like CNC, and reduces inventory costs as parts can be produced on demand (Padasak, 2022).
The limitations of additive manufacturing for high-volume production lie in its lengthy manufacturing times and post-processing needs. These include the removal of powder and support structures, and surface finishing, which can often exceed the manufacturing time itself (Robbins, 2022). These extended post-processing times, coupled with the manufacturing duration, could hinder the company’s ability to meet demand. However, additive manufacturing is an excellent tool for creating prototypes, potentially accelerating the initial stages of manufacturing (TWI, 2019).

Laser cutting is an efficient tool for producing flat components from sheet metal. It requires only 2D designs and can cut intricate shapes with a precision of +/-0.1mm due to its narrow beam, resulting in minimal heat-affected zones (Velling 2020; Xometry, 2022). However, it has limitations in material thickness, typically up to 10mm, although some machines can handle up to 20mm (Velling. 2020; Xometry, 2022). Its design capabilities are also limited to 2D (Watts, 2024). Despite these limitations, it’s a highly efficient method for producing components quickly.

CNC milling is an effective manufacturing method that produces highly accurate parts quickly and cost-effectively, especially with machines like the Mazak FJV 250 (GENSUN, 2021). It can handle a variety of materials, provided the machine’s speeds and feeds are adjusted accordingly. However, it generates a significant amount of waste material and has design constraints when dealing with complex geometries (GENSUN, 2021). Despite these drawbacks, CNC milling can manufacture most of the parts needed for an assembly within the required timeframe, with minimal operator involvement thanks to a self-feeding parts carousel.

CNC turning machines excel in accuracy and repeatability, making them highly efficient with less waste production compared to milling machines. They consistently manufacture components to a C1 standard (Hepburn. 2022). However, their use is confined to parts with rotational symmetry, which could pose challenges for complex geometries but is advantageous for cylindrical components (Hepburn. 2022). Despite being an excellent tool for mass production, CNC turning may not be suitable for all required shapes due to these geometric constraints.

Combination machines like the Mazak Integrex I200 can perform both milling and turning operations. They can process parts in 5 axes, transforming raw material into a finished workpiece in a single setup (Mazak, 2024). While these machines are adept at producing complex parts, they are slower than a CNC milling machine as they can only produce one part at a time and rely heavily on operators to maintain part accuracy.

[bookmark: _2jykk7p8pdby]
[bookmark: _ma08972m9e64]Justification
Taking into account the pros and cons of Renishaw’s manufacturing capabilities, the most effective strategy would be to amalgamate several machining operations for different parts. This approach would not only expedite the process but also capitalise on the strengths of individual machines. The threaded bar can be fabricated from 303 stainless steel on the CNC lathe, owing to the required rotational symmetry and production speed. The choice of 303 stainless steel was influenced by its superior machinability, strength, wear resistance, and corrosion resistance (Karia. 2023).
The upper housing and bracket will be machined as a single unit using 303 stainless steel on the Mazak FJV 250 CNC milling machines. Given the relatively simple geometries of the component, the FJV 250 is more than capable of producing such a part. The machine operates on 4 axes, enabling it to complete all necessary machining steps. The bottom housing will also be machined using this method.
The arms and the gripper claws will also be machined on the FJV 250 machines. The arms will be constructed using 303 stainless steel, while the gripper claws will be made using aluminium alloy. This is because aluminium alloy is a softer material and less likely to scratch or damage parts. The gripper claws will subsequently be anodised to make them more resistant to the elements, thereby reducing wear and increasing their lifespan.
While using 303 stainless steel for the majority of the processes may be a slightly more expensive option given the cheaper alternatives available in the market, the volume required to meet the production numbers, coupled with Renishaw’s other projects and orders requiring 303 stainless steel, will result in favourable deals from suppliers for ordering the raw material in such high volumes.

[bookmark: _c2p4p3ixmbqz]Expected findings
A second Lucas analysis was conducted to assess the improvements made to the assembly. From analysing the chart it can be seen that there is a significant reduction in processes needed to conduct a full assembly. The steps have seen a huge reduction from 31 in the initial analysis, to 9 in the new one. Although some of the steps have become slightly more difficult, such as needing to feed the cable through the hole in the housing and aligning the dowels with the holes on the top housing, these difficulties are mitigated by the time saving of everything else. 
The design efficiency will also improve with A now being 6 and B being 9. 
  

There should be a 14% improvement in the efficiency of the assembly as the initial efficiency was 26%. 


	
	
	Manual handling analysis
	Manual fitting analysis

	
	
	Score
	Score

	
	Process steps
	A
	B
	C
	D
	Total
	A
	B
	C
	D
	E
	F
	Total

	1
	Feed servo motor cable through hole inside of the motor housing
	1
	0.6
	0.1
	0.2
	1.9
	4
	1.6
	0
	0
	0
	0
	5.6

	2
	Push motor so it clips inside the motor housing
	1
	0
	0.1
	0.2
	1.3
	1
	0.1
	1.2
	1.5
	0
	0.6
	4.4

	3
	Thread gland onto motor housing
	1
	0
	0
	0
	1
	1
	1.6
	0
	0
	0
	0.6
	3.2

	4
	Place right and left gripper arm onto the dowels inside the bottom cover of the motor housing with teeth facing inwards.
	1
	0
	0.1
	0.2
	1.3
	1
	0
	0.7
	0
	0
	0.6
	2.3

	5
	Push threaded bar into place by pushing into the clip in supports.
	1
	0
	0
	0
	1
	1
	0
	1.2
	0
	0
	0.6
	2.8

	6
	Place Motor and the housing ontop of the bottom cover ensuring dowels sit inside the dowel holes
	1
	0
	0.1
	0.2
	1.3
	6
	0
	1.2
	1.5
	0
	0.6
	9.3

	7
	Fasten together with 4 bolts
	1
	0
	0
	0
	1
	1
	0.1
	0.7
	0
	0
	0.6
	2.4

	8
	Place gripper claws to line up with holes on the gripper arms.
	1
	0
	0.1
	0.2
	1.3
	1
	0
	0
	0
	0
	0
	1

	9
	Fasten in place with 2 bolts either side
	1
	0
	0
	0
	1
	1
	0
	0.7
	0
	0
	0.6
	2.3


 

A Failure mode effect analysis was also created to help with the risk assessments of the newly designed product.  This can be seen below. 

[image: ]








[bookmark: _3s90ony0z41n]Task 2: 
[bookmark: _zdhinnk5qnke]Introduction
This report is centred on the re-engineering of a bicycle’s crank arm. The crank arm’s design has remained unchanged for a considerable period and is frequently plagued by problems such as wear and tear, breakages, and pedals becoming loose or detaching. This specific redesign will concentrate on the pedal attachment, which is typically affixed using a reverse thread onto which the pedal is threaded. This has been a recurring issue with numerous bicycles, where the crank arm’s inner thread will degrade over time or be stripped due to corrosion or excessive tightening. When this occurs, the threaded hole in the crank arm often needs to be enlarged and an insert placed in the hole to allow the pedal to be re-threaded into it. This can be a significant inconvenience for many individuals and can result in undesired expenses related to their bicycles. While some crank arms are not particularly costly, ranging from as low as £11.00 - £35.00 for the more affordable options, or as high as £2,077 for the most sophisticated models (Amazon.co.uk. 2024), an inoperable bicycle is undesirable. To eliminate the risk of the thread on the crank arm wearing or stripping, a task has been established to redesign and address this issue.

[bookmark: _28cit0fto37q]Research 
Following a series of brainstorming sessions, several key considerations were identified for the redesign phase. These include:
· Crank arm material (options include aluminium alloy, steel, carbon fibre).
· Thread design (considerations include thread size, left and right-hand thread, thread depth).
· Stiffness
· Load distribution
· Clearance between the crank arm and pedal body.
· Pedal spindle size and length
· Manufacturing processes (such as CNC machining, forging, additive manufacturing).
· Replaceable components
After extensive discussions, the decision was made to proceed with a design that would eliminate the need for a threaded section on the crank arm itself. This would significantly extend the lifespan of the crank arm, reducing the need for replacement or refurbishment.
The proposed design would utilise a bearing housed within the hole in the crank arm, traditionally occupied by the thread. The pedal would retain its threaded section at the end of the pedal spindle, which would then be positioned inside the bearing and secured using a cap. This cap would be fully threaded onto the pedal spindle and sit just inside the bearing housing, ensuring the pedal is securely held in place. The incorporation of a bearing would allow the pedal to rotate more freely, reducing wear and strain on both the pedal and the crank arm.

[bookmark: _68a4pf8kkni]QFD
At the onset of the design phase, a Quality Function Deployment, also known as QFD was implemented. This strategy is centred on the requirements and anticipations of the customer. It is utilised to facilitate the development of designs of a higher calibre, which in turn propels competitive superiority by offering products that are tailored to the user (Ficalora, et.al. 2009). 
The QFD which can be seen below shows can be analysed to reveal the correlation between customer needs and design functionality. The chart’s relative weight indicates the relationship between specific attributes in the customer requirements column and the functional aspects. 
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[bookmark: _jjlv32x8q6ti]Method
After evaluating options such as CNC machining and forging, the decision was made to utilise additive manufacturing as the primary manufacturing process. This choice was influenced by the greater flexibility that additive manufacturing provides in adjusting material properties and optimising stress, which is more challenging with other methods (Materialise, 2024). It also allows for greater control over the internal structures of the components.
Choosing the right process for additive manufacturing is crucial, as there are numerous options available, each with its own strengths and weaknesses. Following extensive research, Selective Laser Melting (SLM) was chosen. This decision was primarily based on SLM’s potential for innovation, efficiency, and its ability to produce parts with superior material qualities (AM-Material, 2023).
However, SLM does have a few drawbacks, including issues with surface quality, porosity, and dimensional accuracy (Kozak, 2021). These can be addressed through careful optimisation processes and post-processing.

Through additive manufacturing, it’s possible to meticulously control and adjust the stiffness and load distribution of the crank arm. This can be achieved using topology optimisation, a process that seeks to determine the optimal distribution of material in a domain subjected to external forces (Ebeling-Rump, et.al. 2021). By modifying the lattice infill distribution in all areas bearing load, the stiffness can be significantly enhanced and optimised (Campagna and Diaz 2024).
The choice of material for manufacturing the part is crucial, as it needs to be lightweight, rigid, and cost-effective. Stainless steel, titanium, and aluminium have been suggested as potential materials. Anisotropy is a significant concern in additive manufacturing, as it can substantially influence the behaviour of the manufactured parts. The layered printing process of additive manufacturing can affect the material’s mechanical properties in different directions. This characteristic is vital to consider when designing and using AM parts, as it can affect their performance, reliability, and contribute to the structure’s load-bearing capacity and stiffness (Weaver and Rosenthal, 2021; Rath, et.al. 2023). The goal would be to choose a material that allows for minimal anisotropy, resulting in a more uniform final structure. 
Among the three options, stainless steel is the heaviest, weighing approximately 8000.00 kg/m³. Titanium weighs around 4480.00 kg/m³, and aluminium weighs about 2720.00 kg/m³, making aluminium the lightest material (Anval Valves Pvt Ltd. 2022). The stiffness of the material can be determined by examining the Young’s modulus of each material. Young’s modulus for titanium ranges from 100 GPa to 120 GPa, and for aluminium, it is 70 GPa (Murtaza et.al., 2023). The Young’s modulus of stainless steel is 196 GPa (Santamaria, et al. 2022), making it the stiffest of the three materials. 
In terms of anisotropy, the three materials vary significantly. Stainless steel is highly anisotropic due to its inhomogeneity, leading to directional variations in material properties such as Young’s modulus and tensile strength (Lin, 2019 et.al; Hitzler, et.al. 2017). Surprisingly, titanium is also very anisotropic when used in additive manufacturing. This is due to its Hexagonal close-packed structure, which becomes elongated during the additive manufacturing process, making it highly anisotropic (Gao et.al. 2022). Aluminium is the only one of the three materials that is almost entirely isotropic. This allows for the creation of aluminium parts with greater consistency and less risk of unexpected failure or performance issues (Brosius, et.al. 2014).
Upon evaluating these aspects, aluminium and titanium emerged as the top contenders. However, given the anisotropic characteristics of titanium in additive manufacturing, aluminium was chosen. To optimise the use of aluminium, an appropriate alloy must be selected to improve its mechanical properties. Following extensive research, the ALSI10Mg Aluminium alloy has been identified as the best powder for achieving superior results with the SLM method. The addition of silicon (10%) and magnesium (0.3%) results in a material that is strong, hard, and heat-resistant. Silicon enhances the flow properties while increasing strength and hardness, and magnesium also contributes to increased strength and hardness. Furthermore, it offers excellent machinability if required, outstanding corrosion resistance, and a very low density of 2680 kg/m³ (MET3DP, 2024).


[bookmark: _dqh8rfhz0xpi]The design
The design was created using Fusion 360 CAD software. This initial design is the first step in the physical design process.
[image: ]
The preliminary design began as a simple sketch of the crank arm’s shape. This was drawn to match the average length of a bicycle crank arm in the UK, as stated by Cycling Weekly (Weekly, 2023). A 15mm hole was incorporated within the top circumference of the sketch to accommodate the pedal spindle. On the opposite end, a square hole measuring 40mmx40mm was designed to attach to the bicycle’s gear chain.
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The design was expanded to a breadth of 50mm throughout its entire length, thus achieving the design’s maximum thickness.



[image: ]
Utilising the spline function, a line was sketched from the base of the radius at the top section of the crank arm, extending to the base of the radius at the bottom. This line was designed to form a taper from one end to the other, allowing the two ends to protrude the most as they will be bearing the majority of the forces.






[image: ]

Once the line was sketched, the extrude and cut function was employed to remove the excess material.



[image: ]

Utilising the ellipse function, an elliptical shape was sketched at the core of the crank arm. This is anticipated to enhance the aerodynamics of the crank arm, while simultaneously reducing its weight.
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The section was then cut away using the extrude and cut function.
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A 15mm fillet was employed on both sides to form a sleek, rounded ellipse. This significantly boosts the aerodynamic efficiency of the crank arm, while also creating a more aesthetically pleasing appearance.
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A bore hole of 40mm was fashioned at the centre of the top pedal spindle hole to accommodate the bearing. This was achieved by sketching a larger hole and utilising the extrude function to eliminate the segment. The bore hole has a depth of 30mm, providing a 20mm space for the pedal spindle to pass through.
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Radii were incorporated around all edges to enhance aerodynamics, streamline the design, and improve aesthetics. This also reducing the severity of residual stresses in the component after it has been produced. The model was subsequently examined using curvature map analysis to emphasise all the curves and distinct dimensions present in the crank arm.


Once the preliminary designs are finalised, they can be subjected to additional processes for further optimisation. Generative design, topology, and Finite Element Analysis are all remarkable tools employed in CAD to aid in the optimisation of components.

[bookmark: _thqmxp8sffkx]Generative design
Generative design is an exceptional and potent tool utilised for a variety of purposes, including re-engineering, optimising, and introducing distinct design elements that might not have been previously considered. The software can utilise the existing design while incorporating numerous specific criteria related to the preferred material properties. It will then offer multiple modifiable design solutions using AI, encompassing geometric, manufacturability, and performance constraints (Autodesk, 2024). Generative design can also generate intricate 3D models without the need for manual drawing. By entering the specific dimensions and parameters, it will employ an algorithm to create designs, analyse them, and optimise them to produce a range of potential 3D models to select from (Autodesk, 2024). This process should be undertaken prior to topology and FEA as it can provide shapes and structures that could significantly facilitate optimisation that might have been previously missed.
[bookmark: _d1txyzpcehl7]Topology
Topology is yet another potent tool utilised for the optimisation of components via material distribution (Neuralconcept, 2023). It is employed towards the conclusion of the design phase when a design has already been formulated and requires optimisation. Topology is used to construct a more robust structure by removing and adding material from the designs in areas of high and low stress. It also eliminates superfluous material, thereby reducing the weight and making it lighter while preserving its material properties (Neuralconcept, 2023). Unlike generative design, topology focuses on optimising a single design or specific areas of the design rather than proposing multiple design solutions.
[bookmark: _wzuy8oikcm0]Finite element analysis
Finite Element Analysis (FEA) is an invaluable tool utilised to predict how 3D models would behave in real-world conditions. It serves to identify potential failure points by examining forces such as stress, vibration, and heat that would impact the design (PTC, 2024). While the FEA software does not allow for design iterations, modifications can be implemented based on the analysis results in the CAD software, followed by a rerun of the FEA. This process empowers the engineer to implement necessary optimisations while maintaining the design’s aesthetics.

Once the design has been created using Fusion 360, the subsequent step involves optimising the design utilising the aforementioned methods. Each of these methods, or even a combination of them, could be effectively employed during the design phase. The design could be selected and finalised through generative design, followed by a topology optimisation process to further enhance the optimisation. A comprehensive check can then be performed using finite element analysis.
Despite the effectiveness of these optimisation processes in reducing stress and strain points, the SLM manufacturing method will introduce residual stresses in the product. These stresses are predominantly located at the design’s edges or any area with a sharp directional change. This is due to the rapid heating and cooling of the material, leading to thermal gradient differences (Wang. et.al. 2018). These factors can be mitigated post-printing through processes such as annealing at 300℃ for 2 hours (Lim et.al. 2022). Post-processing would also be required to address other defects, such as surface quality, which is a common issue with SLM parts (Kozak, 2021).
[bookmark: _qzffb9x41ww5]Conclusion
The process of re-engineering the bicycle’s crank arm has been a thorough and well-conducted project. The comprehensive research, brainstorming sessions, and consideration of various factors such as material selection, manufacturing processes, and design elements have led to a promising initial design. The proposed design, which eliminates the need for a threaded section on the crank arm, has the potential to significantly extend the lifespan of the crank arm and reduce the need for replacement or refurbishment.
The use of advanced techniques such as generative design, topology optimisation, and Finite Element Analysis (FEA) in the design phase has the potential to further enhance the design’s efficiency and effectiveness. These techniques can help in optimising the material distribution, reducing stress points, and predicting real-world performance of the crank arm.
Moreover, the decision to use additive manufacturing, specifically Selective Laser Melting (SLM), and the choice of ALSI10Mg Aluminium alloy as the material, demonstrate a thoughtful approach towards achieving superior results while addressing the challenges of anisotropy and residual stresses.
In conclusion, this re-engineering process has been conducted with a high level of precision and attention to detail. The resulting design, when optimised using the mentioned techniques, has the potential to address the recurring issues with the bicycle’s crank arm effectively, thereby enhancing the cycling experience for many individuals. 
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DFA Lucas Method Tables.pdf

Tables for the Lucas DFA Method

Lucas DFA method - Manual Handling Analysis

Lucas DFA method - Manual Fitting Analysis

Handling Index = A+B+C+D

A. Size & Weight of Part

One of the following
Very small - requires tools 1.5
Convenient - hands only 1
Large and/or heavy 1.5
requires more than 1 hand
Large and/or heavy 3

requires hoist or 2 people

B. Handling difficulties
All that apply

Delicate 0.4
Flexible 0.6
Sticky 0.5
Tangible 0.8
Severely nest 0.7
Sharp/Abrasive 0.3
Untouchable 0.5
Gripping problem / slippery 0.2
No handling difficulties 0

Fitting Index = A+B+C+D+E+F

A. Part Placing and Faste
One of the following

Self-holding orientation 1.0
Requires holding 2.0
Plus 1 of the following

Self-securing (i.e. snaps) 1.3
Screwing 4.0
Riveting 4.0
Bending 4.0

D. Access and/or Vision
One of the following
Direct 0
Restricted 1.5

C. Orientation of Part

One of the following:
Symmetrical, no orientation req'd 0
End to end, easy to see 0.1
End to end, not visible 0.5

D. Rotational Orientation of Part
One of the following
Rotational Symmetry 0
Rotational Orientation, easy to see 0.2
Rotational Orientation, hard to see 0.4

B. Process Direction
One of the following

Straight line from above 0
Straight line not from above 0.1
Not a straight line 1.6

E. Alignment
One of the following

Easy to align 0
Difficult to align 0.7

C. Insertion
One of the following

Single 0
Multiple insertions 0.7
Simultaneous multiple insertions 1.2

F. Insertion Force
One of the following
No resistance to insertion 0
Resistance to insertion 0.6
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