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[bookmark: _Toc507501775][bookmark: _Hlk500770786]Introduction
This report is based on research and analysis of the materials and manufacturing processes used in the production of bicycle components. The components discussed are the sprockets (modular) and Cassette (non-modular) assembly of the rear gearing system. The components need to be mass produced in large batches so lead time, efficiency and the cost of the process will be considered.
[bookmark: _Toc507501776]Research 
The research carried out involves the study of the materials currently used in the production of the components as well as possible alternatives and their advantages/disadvantages. The report will also consider the manufacturing processes used in the industry to date, considering processes using traditional techniques as well as use of recent technologies and methods.
[bookmark: _Toc507501777]CES
The research will also use CES and its process selection package when analysing which materials and manufacturing processes are most fit for purpose. CES is an interactive resource that offers reliable materials and process data as well as visual resources such as graphs, diagrams and tables.
[bookmark: _Toc507501778]Aims & Objectives 
Aims 
The aim of the report is to find the most fit for purpose material and manufacturing process for the large sprocket of the rear cassette of a bicycle gearing system.
Objectives
· Complete research into how gear sprockets are currently manufactured.
· Discuss advantages/disadvantages of each manufacturing process.
· Carry out research, using CES Software, into appropriate materials for both the manufacturing process and its application. 
· Compare the materials and manufacturing processes discussing cost effectiveness, lead time and fit for purpose.
· Chose the most appropriate process and material and further discuss their benefits and limitations.
· Conclude the findings from the research and discussion section.
[bookmark: _Toc507501779]Background Research
A sprocket is defined as a wheel with a series of radial projections, these projections act as teeth, and interlock with a chain or belt know as a chain drive system. Sprockets differ from gears such as cogs as the never physically mesh together with other sprockets, but instead transfer drive through a chain. 
Sprockets are manufactured from many materials and in many different styles in terms of size and complexity. Sprockets are used in many applications from bicycles and motorcycles to conveyers and chain driven systems in heavy industry.
(Williams, 2014)
Bicycle sprockets are made out of a range of materials, mostly metallic. The most commonly used materials are steel and aluminium. The grade of steel used depends on the manufacturing process and the properties required in the application.
[bookmark: _Toc507501780]Current manufacturing processes
[bookmark: _Hlk507363235]Manufacturing process: Machining 
Material: Chromium-molybdenum steelFigure 1
(Huang, 2008)


One of the most commonly used manufacturing processes for non-modular sprocket cassettes is machining. The process involves machining a 4.5kg steel bar into a stepped conical shape (figure 1) using a lathe, the sprockets radial projections are then cut using a milling machine known as hobbing. The centre shaft bore is cut and excess material from inside of the cassette is removed. An electroless nickel plating for increased surface hardness and higher resistance to corrosion. (George, 2008)

Advantages 
· Simple manufacturing process using traditional workshop equipment.
· Changes to design are a simple as re programming CNC equipment.
· A wide range of suitable materials can be used in this process.
Disadvantages 
· Large lead time, each sprocket cassette needs approximately 1 hour of machining.
· Large equipment cost, due to large lead times multiple lathes and mills are required to manufacture the component in large quantities.
· Large amounts of waste material compared with other manufacturing methods.

Manufacturing process: electro discharge Machining
Material: Any conductive metal.
In electro discharge machining, a potential difference is used between the tool and the work piece, the workspace is often submerged in a dielectric fluid such as deionised water. The resulting spark erodes the work piece to within 2 microns of the desired dimensions.Figure 2
(Mahto, 2016)

Advantages                                                                                                           (Nasir, 2016)
· Extremely accurate.
· Minimal material waste.
· Low cost per unit. 
Disadvantages
· Large lead time.
· Only one work piece per tool.


Manufacturing process: Die casting Figure 3
(Kopeliovich, 2012)

Material: Any high fluidity molten metal.
    Die casting is a process by which molten metal is forced into a die cavity, usually under high pressure. The die cavity is machined from 2 separate dies using traditional methods into the shape of the desired component with remarkable dimensional accuracy. The molten metal is then pushed into the die cavity and allowed to cool. The dies are then split revealing the component. Excess material such as spurs are removed by machining.
(Cast-Rite, 2011)
Advantages
· Great dimensional accuracy
· Reduces secondary machining requirements
· High tensile strength compared with other forms of casting
Disadvantages 
· Very high initial cost
· Limited to high fluidity metals
· Some casts may be porous
[bookmark: _Hlk507365717]Manufacturing process: Investment Casting
Material: Carbon steel	Figure 4
(Anon, 2006)

   Another traditional method for manufacturing sprockets is investment casting, investment casting is a process where a component is moulded using a ceramic shell called a wax pattern. The desired shape is created using wax and is then replicated multiple times, the wax patterns are then connected via a gating system to create a wax pattern tree. The pattern tree is submerged in a ceramic slurry and flash fired to 1800oC to remove the wax and allow the ceramic shell to set. Molten carbon steel at around 3000oc is then poured into the ceramic shell and then cooled. During a stage called knocking out the ceramic shell is removed from the components by force. Finishing involves removing excess material with a grinding wheel and quench and tempering the components to the desired properties.
Advantages 
· Capable of producing very complex components. 
· Many metals can be used for investment casting. 
· Multiple components can be made in large batches.
· Very low material wastage.
Disadvantages
· Expensive compared to other processes.
· Finishing processes required after the forming process.
(Granta Design Limited, 2013)
Figure 5











The above graph shows the decrease in cost per unit manufactured with the increase in batch size, the relative cost of 1 unit is between £150-1000, whereas at 1000 units and above, the relative cost is between £30-£400.
Manufacturing process: Blanking Figure 6
(Custompart.net, 2018)

Material: Most metals and some polymers

Blanking is one of the most common methods for manufacturing bicycle sprockets in large quantities. The process involves feeding sheet metal of a fixed thickness over a series of die, a punch is then lowered by force onto the sheet metal, pushing it through the die’s geometric shape, shearing it from the sheet metal. The resulting component is then either secondary machined or heat treated depending on the surface finish. Once heat treating is completed an electroless nickel plating is often applied to increase surface hardness and aid corrosion resistance.

Advantages
· High production rate, some industrial blanking machines can produce up to 1000 sprockets per minute.
· Multiple operations performed by the same tool also increases production rates. 
· Complex shapes can be made to high dimensional tolerances, up to ±3 microns.
· Components can be made without the need for secondary machining.
· Very little waste material.
Disadvantages 
· High initial start-up cost.
· Machines take up lots of workshop space.
· Depending on the calibration of the equipment, burrs and micro cracks can occur on the shearing surface.
· The machines deal with huge forces, so power consumption and tool wear are considerable costs. 

A potential issue with Blanking is work hardening of the workpiece at the sheared edges, this occurs due to the huge compressive force of the punch and die process, however in this application, hardening of the sheared edges (teeth of the sprocket) is seen as an advantage, as the sprockets teeth need to be hardened after the forming process anyway.

[bookmark: _Toc507501781]Discussion 
[bookmark: _Toc507501782]Critical Analysis
Figure 7
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Above is a table of critical analysis created from the aforementioned research as well as using CES software (below). Each factor was rated from one to five, one being the lowest and five being the highest. The process with the highest score is seen as the most appropriate manufacturing process according to the research carried out above.

[bookmark: _Toc507501783]Process selection & CES Results
As well as the research discussed earlier, there are a few factors to consider when selecting the most appropriate process, these include;
· The cost of manufacturing each component.
· The batch size the manufacturing process is capable of.
· Tooling cost.
· The rate at which the component can be manufactured in the given process.
· Physical Labour intensity.Figure 8
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(Granta Design Limited, 2013)




The above Graph (figure 8) produced in CES, plots relative cost per unit against the Economic batch size, in this case the lower the cost and the larger the batch size is best. The graph shows that blanking has the largest batch size as well as the lowest cost per unit. And that investment casting is the most expensive and has the lowest batch size out of the processes considered.
Figure 9
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(Granta Design Limited, 2013)




The graph above (figure 9) plots batch size against tooling cost. Here, a lower tooling cost and a high batch size are the best scenario. Investment casting and sand casting came in as the cheapest processes, but both suffered low batch sizes, blanking is placed middle in terms of tooling cost but highest by far in terms of batch size. High pressure die casting is the most expensive tooling requirements and also has a lower batch size when compared with blanking.Figure 10
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(Granta Design Limited, 2013)



The above graph (figure 10) shows production rate against relative cost. In this instance a low cost and high production rate are the best-case scenario. Investment casting is the most expensive per unit and offers one of the lowest production rates out of the processes researched above. Blanking is the lowest cost per unit and the highest production rate/hour.
Figure 11
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(Granta Design Limited, 2013)



The graph above (figure 11) plots cost per unit against labour intensity. Ideally the chosen process will have a low labour intensity and a low cost per unit value. Blanking has the lowest labour intensity value and lowest cost per unit. Whereas investment casting has the largest cost and labour intensity value.
[bookmark: _Toc507501784]Material Selection 
The material chosen will have to comply with several factors in order to be fit for purpose, these factors include;
· Must be fit for use in the chosen process (see conclusion).
· Lowest cost per unit volume is best.
· Must have high shear and young’s modulus value as the application has high wear and high load (see approximate calculations below)
· Must have good corrosion resistance. 
· Must be easily sourced in large quantities.
[bookmark: _Toc507501785]Force Calculations
These calculations are approximated, the mass of the rider, crank length of the pedal and the radii of the sprockets used on the bicycle must be approximated as they are dependent on external factors.
Unfortunately, the property requirements of the sprockets are not readily available from the manufacturer, it can only be assumed that these values are confidential to each sprocket manufacturer and hence are not available to the public.


Assumptions;
· The outer diameter is simply supported by the inner diameter of the sprocket, so the load is evenly distributed around the outer diameter.
· The mass of the rider is 80kg.
· The sprocket radius is 200mm.
· The crank length is 175mm (industry standard).

This value would increase significantly on the smaller sprockets in the cassette, however as the brief states, this calculation was carried out on the large rear sprocket of the cassette.

[image: ]The graph below (figure 12) plots Price (GBP/Kg) against shear modulus (GPa), the best-case scenario is a lower cost value versus a higher shear modulus value. The graph shows that the alloy and carbon steels offer the highest shear modulus and the lowest price/Kg. Die cast alloys have an intermediate price/Kg but have a lower shear modulus, and titanium and nickel-chromium alloys have a large shear modulus but are by far the most expensive per Kg.Figure 12
(Granta Design Limited, 2013)

[image: ]The graph bellow (figure 13) plots density (kg/m3) against Hardness (Vickers test HV). In this application a low density, high hardness material is favourable. The graph shows that the alloy and carbon steels have high hardness values but also have high density, cast alloys have a lower density, but also suffer a lower hardness. The best material for this application based on this graph is titanium alloys, but as described above (figure 12) it is more expensive per Kg.(Granta Design Limited, 2013)
Figure 13

[bookmark: _Toc507501786]Conclusion 
Throughout this process I have developed an understanding of some of the processes used in the manufacture of bicycle sprockets. The processes I researched where;
· Machining
· Electro-discharge Machining
· Die casting 
· Investment Casting 
· Blanking
I then researched the advantages and disadvantages of implementing the given processes in the application specified in the brief. 
From the research completed as well as information from CES software, I created a table of critical analysis (figure 7), each process received a point score between 1-5 depending on how well the process worked with a set specific factors, by definition the process with the highest score is deemed the most fit for purpose. The table shows that blanking is the most appropriate manufacturing process, receiving 29 out of a possible 45 points, followed by investment casting and die casting both with 25, machining received 20 points and electro-discharge machining came last with only 18 points.
[bookmark: _Toc507501787]Chosen Process
I conclude that the most fit for purpose process for this application is blanking, it received the most points in the critical analysis. The graphs produced in CES (figure 8-11) also support my conclusion, the CES graphs show;
· Blanking has the largest batch size.
· Blanking has the lowest relative cost of all the manufacturing processes.
· Blanking has the largest production rate.
· Blanking has an intermediate tooling cost, but this is counteracted by the high batch size and production rate.
· Blanking has the lowest Labour Intensity. 
[bookmark: _Toc507501788]Chosen Material 
I conclude that the most fit for purpose material for this application is Alloy steel, it offers low cost per Kg compared to aluminium and titanium alloys, but also has one of the largest young’s and shear modulus values, as well as having a large Vickers hardness value. Alloy Steel is suitable for mostly all the machining processes mentioned and is suitable for Blanking. Alloy steel is more than capable of withstanding the Sprocket load in this application.
I chose alloy steel on the assumption that the sprocket doesn’t need to be low mass, most standard consumer bicycles have steel sprockets and only race/specialised bicycles have lighter aluminium/titanium sprockets. Even though aluminium and titanium sprockets may seem more fit for purpose, the lower mass does not outweigh the increased cost to the average consumer in this application. 
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Material: Most metals and some polymers
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3.1 Critical Analysis

Blanking is one of the most common methods ooingars

for manufacturing bicycle sprockets in large

quantities. The process involves feeding sheet Critical Analysis of Manufacturing procedures
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Investment
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punch is then lowered by force onto the sheet .
casting
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Batch Size 1

metal, pushing it through the die’s geometric
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resulting component is then either secondary

machined or heat treated depending on the

(Custompart.net, 2018)

surface finish. Once heat treating is completed an

electroless nickel plating is often applied to increase surface hardness and aid corrosion

resistance.

Advantages

High production rate, some industrial blanking machines can produce up to 1000
sprockets per minute.

Multiple operations performed by the same tool also increases production rates.

Complex shapes can be made to high dimensional tolerances, up to +3 microns.
Components can be made without the need for secondary machining.

Very little waste material.

Disadvantages
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High initial start-up cost.

Machines take up lots of workshop space.

Depending on the calibration of the equipment, burrs and micro cracks can occur on
the shearing surface.

Production Rate

Lead Time

1
3
Finnish Quality 4
2

Cost per component

Need for secondary
machining
processes

Start-up Cost 4 5 3 3

Total 20 18 25 25

Above is a table of critical analysis created from the aforementioned research as well as

using CES software (below). Each factor was rated from one to five, one being the lowest

and five being the highest. The process with the highest score is seen as the most
appropriate manufacturing process according to the research carried out above.
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