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[bookmark: _Toc9627084]Introduction
This report will delve into the possibility of using additive processing within the manufacturing sector, as a replacement to traditional bulk manufacturing techniques.  Additive processes are also commonly known as 3D printing with both these terms being interchangeable.  Additive manufacturing has a slightly longer history than expected, the original ideas came from a French photo sculptor François Willème, who in 1859 used a 3D scanning technique by using 24 cameras to simultaneously photograph subjects from various angles.  Then creating sculptures from the imagery.  Later, in 1892, inventor Joseph E Blanther patented a method of creating 3D topographical maps using a layering method, both of these concepts echo the modern 3D printing methodology.  The real birth of modern additive manufacturing came in the 1980s, in 1980 Dr. Hideo Kodama of Nagoya Municipal Research Institute filed the first patent for 3D printing.  Kodama’s concept involved using a vat of photopolymer material, that when exposed to UV light would harden to create a part.  This concept was never commercialised though.  In 1986, Chuck Hall invented Stereolithography Apparatus (SLA).  This technique prints objects layer by layer using lasers to selectively cause chains of molecules to link together to form polymers.  Chuck Hall later went on to form 3D Systems Corporation, which created the first commercial 3D printing system, the SLA-1. (Dormehl, 2019)
From these initial ideas, additive manufacturing has come on leaps and bounds, expanding into all types of industries.  One such example would be in the biological industry, in 1999 the first 3D printed organ was transplanted into a patient, using technology developed by the Wake Forest Institute for Regenerative Medicine.  A CT scan was taken of the patient’s bladder, which was then printed and transplanted.  Another area that has greatly benefitted from 3D printing, due to its highly customised needs, is prosthetics.  Each prosthetic needs to be customized to each patient and this makes it a perfect candidate for additive manufacturing.   (Dormehl, 2019)
[bookmark: _Toc9627085]Objectives
The objective of this report is to evaluate a problem or part within any industry, which would benefit from additive manufacturing as its primary process in lieu of traditional processes.  Additive manufacturing is advantageous especially when creating parts that couldn’t be made traditionally.  Then design a part using advanced features of a 3D CAD system.  Apply principles of manufacturing processes with a view to improve the optimisation of said part.  And finally, use computational methods to evaluate the part and its material selection with due attention to the process.
[bookmark: _Toc9627086]Part Selection
During the selection process, numerous parts could be considered across all industries.  Initially the mountain biking industry was selected, this is due to the fact that all parts on a mountain bike could be customised to the user.  All users are different sizes, shapes or abilities and each part could be customised to the individual with either dimensions, weight or ergonomics in mind.  Upon further research, professional riders and even enthusiastic amateurs, will and do pay a premium for mountain bike parts that are either customised to them or more importantly will shave a percentage off the weight of a previous part.  So optimising any mountain bike part would seemingly be an economically viable option when some ‘lighter’ components have a price tag of up to ten times that of a basic component.  The part that was selected for this redesign process, was the cranks.  Cranks are the arms attached to the pedals that transfer kinetic energy from the rider into forward momentum via the drivetrain system.  This part was selected as it’s a vital but bulky part of any drivetrain system and some perceived gains seemed to be possible with such a component.  See Figure 1 below for a typical basic example of a crank arm.
[image: Image result for Crank Arm]
[bookmark: _Toc9627077]Figure 1 (Condor Cycles, 2019)


[bookmark: _Toc9627087]Methodology
The methodology for this design process will be to;
· Select a component to be modelled.  
· Create said model within the Solidworks software package.
· Create a simple block version of the component.
· Run an FEA study to confirm whether further optimisation is possible.
· Run a topology study to see whether improvements of design are possible.
· Evaluate and conclude on the results.
· Apply the results to an additive manufacturing process.


















[bookmark: _Toc9627088]Background Research
[bookmark: _Toc9627089]FEA
Finite Element Analysis, hereafter FEA is a computational tool used to obtain solutions of boundary value problems in engineering.  FEA is particularly useful for solving problems with complicated geometries, loadings and material properties.  Especially when analytical methods are insufficient.  An FEA study will help the designer understand and predict the physical behaviours of complex objects, Strength, heat transfer or fluid flow.  FEA will also predict the behaviour of an object and identify a safety margin as well as possible weaknesses within the design.  The FEA process came initially from the aerospace industry in 1956, for the analysis of aircraft structural problems with the goal of weight reduction.  (Rao, 1999)
The basic concept of FEA is find the solution to a complicated problem by replacing it with a simpler one.  And such only an approximate solution will be found rather than the exact solution.  The solution to an FEA problem is considered to be a solution region and is in turn made up of many smaller sub regions called finite elements.  These finite elements don’t completely contain the entire solution but comprise most of it and as previously stated would be approximate.  (Rao, 1999)
[bookmark: _Toc9627090]Topology Optimisation
Topology optimisation is considered part of the finite element analysis process, wherein it modifies the FEA results or the connectivity of the finite elements in regards to certain constraints.  These constraints are user defined and designed to further optimise the FEA result.  These can be to optimise mass reduction, for greater stiffness etc.  Topology optimisation is a powerful tool during early stages of the design process and can maximise the efficiency of designs.  Topology optimisation goes hand in hand with additive manufacturing as the results can yield designs that are unsuitable for traditional manufacturing processes.  (Larsson, 2016)
[bookmark: _Toc9627091]Current Manufacturing Process of Cranks (Forging, CNC Milling and Finishing)
One of the main methods of manufacturing cranks currently, is the forging of the main arm with consequent finishing on a CNC milling machine.  A good video example of the process can be found here https://www.pinkbike.com/news/making-hope-cranks-video-2015.html.  (Making Hope Cranks, 2016)  
Forging involves the application of compressive forces to a work piece to deform it into the desired shape.  In the context of the aforementioned video, a block of aluminium relatively similar in size to the finished crank would be put into the forge and the piece would be compressed between two die and formed into the desired shape.  For this example it is assumed that a flash less forging technique is used and there is zero material waste such as in Figure 2 shown below.  The forging technique highly automated and produces high quantities with some of the strongest manufactured metals.  After the forging process the crank will be put into a CNC milling machine where it will get drilled and receive its final finish before being coated.  (The Library of Manufacturing, 2019)
[image: The new 40 KT forging press is dedicated to forging disks for aeroengines]
[bookmark: _Toc9627078]Figure 2 Closed Die Forging Process (Aubert & Duval, 2019)

[bookmark: _Toc9627092]Direct Metal Laser Sintering (DMLS) 
DMLS is a type of an advanced 3D printing technique that is able to print CAD designs into such materials as aluminium, titanium, steel or other alloys.  The process works by, a roller rolls out the very fine (microns thick) granules of your desired metal onto the work bed within the print chamber, then the print chamber is heated up to just before the metals melting point.  Next a laser will systematically touch the area of your design, raising the metal above its melting point and subsequently sintering the granules together.  The 3D printer will then repeat this process over and over until the desired part is completed.  Although this would be a very long process as the layers are only microns thick each pass, the customisation of the designs and the complexity of designs are both endless.  Finishing would still be required like the traditional methods but the design possibilities are far greater especially when paired with topology optimisation and FEA.  (Fabian, 2017)
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[bookmark: _Toc9627094]Initial Design
Initial design of a typical crank arm.
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[bookmark: _Toc9627079]Figure 3
[bookmark: _Toc9627095]Simple Block Model 
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[bookmark: _Toc9627080]Figure 4


[bookmark: _Toc9627096]FEA Results on Block Model
For the FEA, a figure of maximum force exertion of 2000N was decided upon as a safe maximum.  Under normal cycling conditions a cyclist of 100Kg could exert up to 700N but in extreme cases this could be much higher, hence the 2000N maximum limit.  Also a Steel Alloy was selected as the preferred material due to its tensile strength and economic value.
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		Simulation of  Part1

Date: 21 May 2019
Designer: Solidworks
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Analysis type: Static
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No Data
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Model Information
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Model name: Part1
Current Configuration: Default

	Solid Bodies

	Document Name and Reference
	Treated As
	Volumetric Properties
	Document Path/Date Modified

	Boss-Extrude1
[image: ]
	Solid Body
	Mass:0.774005 kg
Volume:0.00010052 m^3
Density:7700 kg/m^3
Weight:7.58525 N

	D:\CAD For Optimisation\Part1.SLDPRT
May 24 12:08:24 2019







	[bookmark: _Toc9592425][bookmark: _Toc243733144][bookmark: _Toc245020112][bookmark: _Toc245020144]Material Properties
	Model Reference
	Properties
	Components

	[image: ]
		Name:
	Alloy Steel

	Model type:
	Linear Elastic Isotropic

	Default failure criterion:
	Max von Mises Stress

	Yield strength:
	6.20422e+08 N/m^2

	Tensile strength:
	7.23826e+08 N/m^2



	SolidBody 1(Boss-Extrude1)(Part1)






	[bookmark: _Toc9592426]Loads and Fixtures
	Fixture name
	Fixture Image
	Fixture Details

	Fixed-1
	[image: ]
		Entities:
	1 face(s)

	Type:
	Fixed Geometry






	Load name
	Load Image
	Load Details

	Force-1
	[image: ]
		Entities:
	1 face(s), 1 plane(s)

	Reference:
	Front Plane

	Type:
	Apply force

	Values:
	---, ---, 2000 N












	[bookmark: _Toc9592427]Mesh information
	Mesh type
	Solid Mesh

	Mesher Used: 
	Standard mesh

	Automatic Transition: 
	Off

	Include Mesh Auto Loops: 
	Off

	Jacobian points
	4 Points

	Element Size
	4.65105 mm

	Tolerance
	0.232552 mm

	Mesh Quality Plot
	High



Mesh information - Details
	Total Nodes
	11545

	Total Elements
	7038

	Maximum Aspect Ratio
	3.6757

	% of elements with Aspect Ratio < 3
	99.9

	% of elements with Aspect Ratio > 10
	0

	% of distorted elements(Jacobian)
	0

	Time to complete mesh(hh;mm;ss): 
	00:00:01

	Computer name: 
	S0762

	[image: ]
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Study Results

	Name
	Type
	Min
	Max

	Stress
	VON: von Mises Stress
	2.013e+04 N/m^2
Node: 135
	8.892e+07 N/m^2
Node: 41

	[image: ]
Part1-SimulationXpress Study-Stress-Stress



	Name
	Type
	Min
	Max

	Displacement
	URES:   Resultant Displacement
	0.000e+00 mm
Node: 1
	2.890e-01 mm
Node: 103

	[image: ]
Part1-SimulationXpress Study-Displacement-Displacement



	Name
	Type

	Deformation
	Deformed shape

	[image: ]
Part1-SimulationXpress Study-Displacement-Deformation



	Name
	Type
	Min
	Max

	Factor of Safety
	Max von Mises Stress
	6.977e+00 
Node: 41
	3.082e+04 
Node: 135

	[image: ]
Part1-SimulationXpress Study-Factor of Safety-Factor of Safety
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Component can be optimised.
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[bookmark: _Toc9627081]Figure 5  Cross Section View of Optimised part

[image: ]
[bookmark: _Toc9627082]Figure 6  Full Optimised part
All Solidworks parts files for the block model and the topology optimisation were attached with the report submission.







[bookmark: _Toc9627099]Mass Property Comparison
[bookmark: _Toc9627100]Mass Properties of Simple Block Model
Mass properties of Part1
     Configuration: Default
     Coordinate system: -- default --

Density = 0.01 grams per cubic millimetre

Mass = 774.00 grams

Volume = 100520.08 cubic millimetres

Surface area = 22188.34  square millimetres

Centre of mass: (millimetres)
	X = -2.79
	Y = 0.00
	Z = 0.00

Principal axes of inertia and principal moments of inertia: (grams * square millimetres)
Taken at the centre of mass.
	 Ix = ( 1.00,  0.00,  0.00)   	Px = 102130.51
	 Iy = ( 0.00,  0.00, -1.00)   	Py = 2391473.01
	 Iz = ( 0.00,  1.00,  0.00)   	Pz = 2464578.35

Moments of inertia: (grams * square millimetres)
Taken at the centre of mass and aligned with the output coordinate system.
	Lxx = 102130.51	Lxy = 0.00	Lxz = 0.00
	Lyx = 0.00	Lyy = 2464578.35	Lyz = 0.00
	Lzx = 0.00	Lzy = 0.00	Lzz = 2391473.01

Moments of inertia: (grams * square millimetres)
Taken at the output coordinate system.
	Ixx = 102130.51	Ixy = 0.00	Ixz = 0.00
	Iyx = 0.00	Iyy = 2470598.83	Iyz = 0.00
	Izx = 0.00	Izy = 0.00	Izz = 2397493.49

[bookmark: _Toc9627101]Mass Properties of Topology Optimised Part
Mass properties of Part1_Topology Study 1_deformed_body
     Configuration: Default
     Coordinate system: -- default --

Density = 0.00770 grams per cubic millimetre

Mass = 466.49396 grams

Volume = 60583.63094 cubic millimetres

Surface area = 0.02183 square meters

Centre of mass: (meters)
	X = -0.01327
	Y = 0.00001
	Z = -0.00004

Principal axes of inertia and principal moments of inertia: (grams * square metres)
Taken at the centre of mass.
	 Ix = ( 1.00000,  0.00009, -0.00111)   	Px = 0.07472
	 Iy = (-0.00111, -0.00001, -1.00000)   	Py = 1.33069
	 Iz = (-0.00009,  1.00000,  0.00000)   	Pz = 1.39255

Moments of inertia: (grams * square metres)
Taken at the centre of mass and aligned with the output coordinate system.
	Lxx = 0.07472	Lxy = 0.00012	Lxz = -0.00139
	Lyx = 0.00012	Lyy = 1.39255	Lyz = 0.00000
	Lzx = -0.00139	Lzy = 0.00000	Lzz = 1.33069

Moments of inertia: (grams * square meters)
Taken at the output coordinate system.
	Ixx = 0.07472	Ixy = 0.00006	Ixz = -0.00116
	Iyx = 0.00006	Iyy = 1.47468	Iyz = 0.00000
	Izx = -0.00116	Izy = 0.00000	Izz = 1.41282

[bookmark: _Toc9627102]Mass Conclusion
As you can see above, pre topology study, each crank was 774 grams totalling 1548 grams and post topology study, each crank was 466.49 grams totalling 932.98 grams.  Leading to a total weight saving of 615.02 grams.  This is a significant saving over two relatively small components of a complete bicycle.  If these types of results could be found on most of the bicycle’s components, then the weight saving while maintaining the physical properties of the bike would be tremendous and result in far faster riding speeds or faster descents in the case of downhill mountain bikes.













[bookmark: _Toc9627103]Conclusion
[bookmark: _GoBack]As seen in the results section at fairly typical example of a bicycle crank arm was 3D modelled within the Solidworks CAD software package, section 4.1.  The model was then converted into a more simple part as per the methodology laid out in an FEA study, section 4.2.  This simple model was then scrutinised in Solidworks to the standards of an FEA with the results showing in section 4.3.  These results showed that the part was able to undergo further optimisation as shown at the conclusion of the FEA.  Also, the margin of safety further supports further optimisation can be obtained, in that the whole part is blue, red areas would indicate high areas of danger within the margin of safety diagram.  Next, a topology study was carried out with a view to reduce the mass of the part while maintaining the physical properties of the component, such as strength, product lifespan and low failure rates.  The final product of the topology study is shown in section 4.4, with a weight saving of 615.02 grams over two crank arms.  These are very promising results when considering the relatively small parts studied.  Currently crank arms are produced with a predominantly forging method, this type of manufacturing would not be suitable to produce the complex structure of the topology study.  Therefore DMLS would be a suitable additive process that could handle the optimised crank, as briefly detailed in section 3.4.  As shown below in Figure 7, there is also research to suggest that the ultimate tensile strength of DMLS produced parts is comparable to Bar Stock.  Therefore it is the conclusion of this report that the cranks of a bicycle would certainly benefit from being made in the manner laid out in this report, they would possibly cost more to produce but when aimed at the high end of the cycling market or at a professional level of rider.  Where the weight savings would be seen to be beneficial in comparison to cost.  Then this type of part could be economically as viable as it is desirable to the enthusiast trying to shave every gram of weight possible.  Furthermore if this type of study was carried out across the whole bicycle then a huge amount of weight could be saved but that may get into huge costs, though there is always an elite market where anything is possible.   
[image: average UTS]
[bookmark: _Toc9627083]Figure 7 (Hendrixson, 2016)
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