Drive Shaft Bicycle

A Baccalaureate thesis submitted to the
Department of Mechanical and Materials Engineering
College of Engineering and Applied Science
University of Cincinnati

in partial fulfillment of the
requirements for the degree of

Bachelor of Science

in Mechanical Engineering Technology

by
Robby Elkin
Keaton Glaser

Kyle Rechel

April 2021

Thesis Advisor: Ahmed Elgafy, PhD



Drive Shaft Bicycle Robby ElKkin, Keaton Glaser, Kyle Rechel

Table of Contents

LI Lo] (o) 01 (=] ] PP SOTPRRP 1
ST OF FIJUIES ...ttt ettt h e e bt e e bt e e bbb e e e st e e enb e e e enb e e e nnb e e e nre e 4
I o) N - o] - PP 5
AADSEIACT. ...ttt 6
ProODIEM STATEMENT. ...ttt 7
LT Lo PSPPSR 7
Background of the ProbIEM ...........iiiii e 7
State OF the At FrAIME ....ei i e et e e e st e e e e e r e e e e e sntaeeeesnnneees 8
T o =TS (o[ T T PRSP PRR 8
SUPETISIX EV ...ttt e et e e e e e e st e e e e et e e e e e et e e e e nnrrreeeaan 8

LI LT ) PO SUPPPPTPPIRR 9
SRAM NX EAQGIE. ...ttt e e 9
State Of the Art — POWETr TranSMISSION .........uvieeiiiiiee ettt e e s e e e e e s e e e e e e s nrrae e e s aneaeaeeennees 10
Chain driven (traditional) ..........o.eeeiiiiii s 10
TOOtNE DEIE ArIVEN....cieiee e e e e e e e e et e e e e e naaee s 10
SHAFEANIVEN ... 10
State of the Art — Transportation MEtNOUS .............eviiiiiiiii i e 10
00 0 ET T PSS URPR SRR 12
SUMMAIY OF RESEAITH ...ttt 13
Quality FUNCEION DEPIOYMENT. ... ..ottt et e e nnbea e 14
CUSLOMET SUNVEY SAMPIE ....eeiiieiee i e e e s s et e e e e e e e s s st babeareeaaeeeaan 14
CUSTOMET FRATUIES ...ttt ettt e e e e e e ettt et e e e e s e et bbbt e e e e e e e e s aannbebaeeaeaeeeanane 16
ENGINEEriNG CharaCleriSTICS ... ...vvvveeeiiiiiie ettt ettt e e et e e e et e e e et e e e e s nnteeeeeans 16
HOUSE OF QUAIIEY ...ttt et e e e e e e nnneeea 17
PrOTUCT ODJECTIVES ...ttt ettt ettt et e et e e nnb e e e neeas 18
DESIGN — FTAIME ....ei ettt et e e e et e e e e st e e e e e ab e e e e e bt a e e e e s ataeeeeeanbraeeeararaeean 19
Design Alternatives and SEIBCTION ..........ooiiiiiii e 19
(D=L (o I T VPO RT T UPPRR PSPPI 22
Design Alternatives and SEIECTION ...........oouiiiiiiiii e 22
CONCEPL 1 BEVEI GRAIS. ...ttt ettt e bbb e bt e e e s e e nnaeas 22
ConCept 2: SPIrAI BEVEI GRAIS.......ccviiiiiiiie ittt 23

000 To=T o AR T=] -] o] S UEPRR S 23



Drive Shaft Bicycle Robby ElKkin, Keaton Glaser, Kyle Rechel

Concept 3: GEar AN BEATINGS ... ..civvrrieiiiiiieeeiiiiee e e sttt e e e siteee e st e e e s stebe e e e s antbeeeeasnteeeessrneeeenans 24
DESIGN — SNATL..... e 25
Design Alternatives and SEIECTION ...........ocuiiiiiiiiii e 25
CoNCEPt L — SOIIA SHATL......c..eiiiiiiei s 25
Concept 2 — SMOOth Shaft..........cooiiiiii e 26
Concept 3 — SHAING SNATL..........ccooiiiii e 27
Concept Selection — SOl SNATT...........ooiiiiiie e 28
Engineering Calculations — Frame...........oouiiiiiiiii e 29
LISt OF BQUALTONS ...ttt ettt e st e et e e e e 29
Loading Conditions — required yield and tensile strength of material. ................cccoov i, 29
Material SEIBCTION. ... .oiiiiii i 30
Finite Element Analysis (FEA) — FIaME.......coiiiiiiieiiiiiie et nnaeee e e 31
FACTOIS OF SATELY......eiiiiieie ittt et e e 33
Engineering CalCulations — GEAIS ..........ooiiiiiiiie et 34
LISt OF BQUALTONS ...ttt b e sttt e et e et e e ene e e 34
Loading Conditions — required Yield and Tensile Strength of Material...............ccccoovieeeiiininnne, 36
Material SEIBCTION........ooiii e e e s e e e 37
Power and Torque CalCUIRTIONS ...........coiiiiiiiiiiiiie et e e sraeee e e 37
Finite Element ANAIYSIS (FEA) ...t 38
FACLOrS OF SATELY......eiiiiiiiiie et nnaee e 46
Engineering Calculations — Shaft............ooouiiiiiii 47
I Ao =0 [0 1 To] L PEPPR 47
Loading Conditions, Parameters, and ASSUMPLIONS ........ccouvireeiriiereesiiiiieeessineeeesnnnneeesseneeeeesnnees 47
Material SEIBCTION.........eii i e e a e e et e e e s e e e e anees 47

(08 1 (o1 U To] 0SSP ES P UPPRPSPPRR 48
FACTOr OF SATBLY .. .eii it e e e e e rrra e e 48
Finite Element ANalySis (FEA) ... e e e s r e e e e e e e 49
MaNUFACTUIING DIAWINGS .....vvveeiiiieee ettt ettt e et e et e e e e e s et e e e s snbb e e s anbbb e e e e ansbeeeeesanbeeeeaans 52
Bill OF IMIEETIAIS ... ettt e ettt e e et e e e et e e e e st e e e e enneeeeans 57
=TT [0 = o I ] PSP RUSPPPRSSPRR 58
MANUFACTUNING PTOCESSES. ... e tteiiitiee ettt ettt ettt et e ettt e et b e et e sttt e e bt e e e anbeeeanbeeeas 68
Testing Procedures and CrIEEIIA .........vvveeiiiiiee e ettt s e e e e e s e e e e e ae e e e enees 69
Test RESUIS and FININGS ......uviiiiiiiee e e e e e e s s r e e e e e e e s s snarrrereeaeas 70
PrOJECT MANAGEIMENT ......eii ittt e ettt ettt e ettt e e et e e e et e e e e st e e e e st e e e e e st e e e e e ansaeeeeeasbneeeennsneeeeans 71
PrOJECT BUAGET. ...tttk ettt ettt sttt e e et e e e s e e e nee s 71



Drive Shaft Bicycle Robby ElKkin, Keaton Glaser, Kyle Rechel

PrOJECT SCREAUIR ...t e e sttt e e e e st e e e et e e e e annaeeeas 72

Sustainability and Material USAgE ...........eieiiiiiiiiieiii e 72
(000 [15] (o] 1 PP UP R UPRPUPRPTPRN 73
Bibliography/Reference Material.............cooviiiiiiiiiiioi e 74
Appendix A — Common ADBDIEVIALIONS. ...........vii i 75
Appendix B — AGMA Standard Variable Names (GEAIS) .......c.cceeviiiiiiiiiiieiie et 76
Appendix C — Shaft Standard Variable NamMeS............oooiiiiiiiiii e 78
Appendix D — MatLab code fOr Front GEAIS............coiiiiiiiiiiiiiiie e 79
Appendix E — MatLab code fOr BaCK GEAIS..........c..eiiiiiiiiiiieiiii ettt 84



Drive Shaft Bicycle Robby ElKkin, Keaton Glaser, Kyle Rechel

List of Figures

Figure 1 — HOuSe OF QUAITLY .......eoiiiiiiiiieiiee ettt 17
Figure 2 — INItial Frame DESION .......vviiiiieiiiie ettt 19
Figure 3 — Bent Pipe Frame DESIGN. ......ccvuiieiiiiiee i ittt e e et e e e st e e e e st e e e e srnreea e 20
Figure 4 — CUt Pipe Frame DESION ....uuviiiiee ettt e e e e e e e s s e e e e e e e e s eeanenees 21
Figure 5 — Bevel Gear CONCEPE DIAWING .....coeiviiiieiiiiiie et ee e sttt e e s e e eitee e e st e e e s snbaeeeesnneeeeans 22
Figure 6 — Spiral Bevel Gear CONCePt DIAWING ........eeeiieriiiiieaiiie it siiee et 23
Figure 7 — Gear and Bearings CONCePt DIAWING ........eeviurriiiiieiiiie it 24
FIQUIEe 8 — SONT SHaft .........viiiiiie et 25
Figure 9 — SMOOth Shafl...........oooiiii e 26
Figure 10 — SHAING Shafl.........ooiiii e e e e e s 27
Figure 11 — CONCEPL SEIBCTION .......vvviieeiiiiee ettt e e e e st e e e e nbreeeean 28
Figure 12 — Bicycle Frame Free Body Diagram ........c..uviieiiiiiieiiiiiiee e siree e nneee e 30
Figure 13 — Frame FEA With 1 fOOL ArOP .......eeiiiiiiiiieiiee e 31
Figure 14 — Zoomed in Frame FEA With 1 fOO Arop ........cooiiiiiiiiiiiiieciice e 32
Figure 15 — Frame FEA under rider's WeIght ..........ooviieiiiiiiie e 33
FIQUPE 16 — GRAI LAYOUL ... .vveiiiiiiiee e ettt ettt e e st e e e e st e e e e sabea e e e st e e e e e asnbeaeeesnbraeeeans 34
Figure 17 — Gear 1 AISI 1045 COId rOlIed ..........vvviiiiiiiieeee e 38
Figure 18 — Gear 1 AISI 4340 NOIMAKIZEM .......c.vvvieiiiiie et e e e e 38
Figure 19 — Gear 1 SCM 415 CArDUNIZE ........coouuiiiiiiiiiie e 39
Figure 20 — Gear 2 AISI 1045 COId rOlIEd ........ccuviiiiieiie e 40
Figure 21 — Gear 2 AISI 4340 NOrMANZEM ..........vveiiiiiiie e e 41
Figure 22 — Gear 2 SCM 415 Carburized ...........c.uuviiiiiee e 42
Figure 23 — Gear 3 AISI 1045 COld rOlIEd ..........vveiiiiiiii e 42
Figure 24 — Gear 3 AISI 4340 NOIMANZEM .......c.vvviiiiiiii e 43
Figure 25 — Gear 3 SCM 415 CArDUNZE ........cocuviiiiiieiii e 44
Figure 26 — Gear 4 AISI 1045 COId rOlIEd .......cccuviiiiiiiiie e 44
Figure 27 — Gear 4 AISI 4340 NOIMANIZEA ........c.vviiiiiiiiiie e 45
Figure 28 — Gear 4 SCM 415 Carburized ............c.uuvviiiiee e 45
Figure 29 — Gear 2 Key Slot Concerns PiC 1 (LETL) ......uvveeiiiiieeiiiiiee e 49
Figure 30 — Gear 2 Key Slot Concerns Pic 2 (RIGNL) .......oooiiirieiiiiiee s 49
Figure 31 — Gear 2 Heat Shrink Fitted Shaft .............ccuviiiiiiie e 49
Figure 32 — Gear 2 0N ShAfEFEA... ... e 50
Figure 33 — Gear 3Key SIot PiC 1 (LeTt)....cveeiiiiiiie e 50
Figure 34 — Gear 3 Key SIot Pic 2 (RIGNL) ...ecoiiiiieieiee e 50
Figure 35 —Pedaling Shaft ... e 51
Figure 36 — BiCYCle Frame DIaWING..........uuieiiiiiiieiiiiiie et e st e et e et e e e s e e e e snbeee e s snbaeeeenan 52
Figure 37 — Gear 1 StOCK DIAWING ... .c.ciiurieeeeiiiieee et e e e eiiee e e st e e e iee e e e st e e e annaeeeeasnteeeeesnseeeeeeans 52
Figure 38 — Gear 1 Maching DIAWING ...........oeoiiiiiiiieiiii e 53
Figure 39 — Gear 2 STOCK DIaWING .....cc.uveiiiiieiiiie ettt 53
Figure 40 — Gear 2 Maching DIAWING ........c.ueeiiiiiiiiieiiii ettt 54
Figure 41 — Gear 3 StOCK DIAWING ... ...cciuviiieiiitiie ettt e e st e e e e st e e e e sbareeeeaas 54
Figure 42 — Gear 4 StOCK DIAWING ......ccoiutriieiiiiiiee ettt e et e e e st e e s s b ee e e anbaeeeeean 55
Figure 43 — Gear 4 MacChing DIaWING ........ceeeiiiiiieiiiiiieeeiiiiee e st e e et eeessteee e e e s nnteeeeassnbeeeeesnsneeeeans 55
Figure 44 — Drive SNaft DIAWING .......coouveeiiiieiiiie ettt ettt et sib e e e e e e e 56
Figure 45 — Pedaling Shaft DIAWING. ........coouuiiiiiieiiii et 56
Figure 46 — Drive Shaft Mounting Block Assembly Drawing ...........ccccovvveiiiieiiiiieiiiee e 57
Figure 47 — Starting BICYCIE ......cooieiiee et 58
Figure 48 — Base Frame With Vertical SUPPOIT..........coiviiiiiiiiiiiiiiec e e 59
Figure 49 — Lower Rear FOrk Welding (Left)........cooiiiiiiiiiiiiees i 60



Drive Shaft Bicycle Robby ElKkin, Keaton Glaser, Kyle Rechel

Figure 50 — Upper Rear Fork Welding (RIGNT) ........coouiiiiiiiic e 60
Figure 51 — End of Lower Rear FOrK (LEFt) .........oooiuiiiiiiiii e 61
Figure 52 — Wheel Mounting BIOCK (RIGNE) .........ooiiiiiiii e 61
Figure 53 — Welded BICYCIE FIamMe ..........ooiiiiiiiiiiiie it 62
Figure 54 — Machined Pedaling Shaft (Left) .........coouiiiiiiiiiii e 62
Figure 55 — Pedaling Shaft on Bicycle (RIgNL) .........ovviiiiiiiiie e 62
Figure 56 — Gear 4 Before Machining (Left).........cooiiiiiiiiiiiiie e 63
Figure 57 — Gear 4 Machined Front (CENEET) ........ceuiiviiieeiiiiee et e e e e e e neeaeeens 63
Figure 58 — Gear 4 Machined Back (RIGNL) .........oeiiiiiiiiii e 63
Figure 59 — Gear 4 with Pins on Internal Gear HUb ............cccooiiiiiiiiiii e 64
FIQUPE B0 — GBAN 2. iiiiee ettt e et e e et e e e et e e e s et e e e e e st e e e e s bt a e e e e e nae e e e e anbraeeeararaeeaan 65
FIGUIE BL — GRAI L BACK ....eiii ittt e e e e e e e s r e e e e e e s s e ennaraees 65
Figure 62 — Gears on Wooden Model Shaft ............oeviiiiiiiiii e 66
Figure 63 — Gear 2 Heat SNrink FIEING........cooiiiiiiiiiiiii e nnraee e 66
Figure 64 — Drive Shaft Mounting BIOCKS ............ooiiiiiiiii e 67
Figure 65 — Drive Shaft Mounting Blocks Assembled on BiCYCIE ...........cccooviiiiiiiiiiiiiciee e 67
Figure 66 — FINISNEA BICYCIE ........cvviiiiiiiiiie e 68
Figure 67 — Finished Bicycle with a good 100King 6'2" ENQINEET...........cccuviiiieeeee e 69
Figure 68 — Drive Shaft Bicycle mounted on BicyCle Trainer ...........coooivivieiiiiiieiniiiiee e 69
Figure 69 — High Performance Bicycle mounted on BicycCle Trainer...........cooovvvveeiiiiieeiiiiiiiiie i 70
Figure 70 — Initial ProjeCt SCREAUIE ...........c.ooiiiiiiiie e 72
Figure 71 — FiNal Project SChEAUIE. ..........coouiiiiie e 72

List of Tables

Table 1 — Material STrENQLNS .........viiiiie e 37
Table 2 — Bending Factors Of SAEtY ...........cooiiiiiiiiiiiie e 46
Table 3 — Factors of Safety from MatLab COE............cccvviiiiiiie e 46
Table 4 — Bill Of MAEIIAIS.........cooiiiiiiii e 57
Table 5 — INtIal ProJeCt BUGET ......ooi ittt e e e e e e e nnees 71
Table 6 — FiNal ProjJECt BUAGET .......cooiuiiiiiiieiiie et 71



Drive Shaft Bicycle Robby ElKkin, Keaton Glaser, Kyle Rechel

Abstract

The purpose of this project was to design and build a more efficient bicycle that utilized a drive shaft
system. Robby Elkin was in charge of the bicycle gearing and ordering parts, Keaton Glaser was in
charge of the drive shaft, pedaling shaft, and was project manager, and Kyle Rechelwas in charge of the
frame design and fabrication. The main goals for this project were to build a bicycle that had an efficiency
that was equal or greater than that of the average bicycle while still being light weight, low maintenance,
durable, and affordable for the average consumer. The largest challenges in this project were getting all of
the parts required while remaining within budget, welding consistently without the use of weld fixtures,
and accurately measuring efficiency of the finished product.
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Problem Statement

We plan to design a more efficient way of transportation through an advanced chainless bike system. It is
suggested by Stanford University thata perfectly efficient bike can travel roughly three times the distance
for the same amount of work as walking (1). This means that if you were to expend the energy to walk
1km, you could spend the same amount of energy to ride 3km. In today’s market, the average consumer’s
bike (If well taken care of and properly oiled) is roughly 74.5% efficient due to the inefficient gearing
systems that are the standard (1). Taking this into account, if you were to expend energy walking 1km, the
average bike would take you 2.235km. There are bicycles currently on the market that can raise that
efficiency up to 80, 90, and even as high as 98% efficiency, however these kinds of bikes can range into
the tens of thousands of dollars, making them unobtainable to the average consumer.

Research

Background of the Problem

Back in the 1870’s, an Englishman by the name of John Kemp Starly created what we know as the chain
drive system for bicycles. This was one of the most important advancements in the history of bikes, as it
not only made it so that the back wheel provided the torque, but the front wheel could be used for
steering. Since this invention, the bicycle has remained mostly the same, only advancing in lighter
materials and cheaper cost of production with some exceptions such as electric, hydraulic, and pneumatic
bikes; however most of these types of bikes are not as practical to the average consumer over a traditional
mechanical bike (2). Today, the bicycle is widely used amongst many people throughout the world.

While it is hard to get an exact number on biking statistics, several studies show that in the US alone there
were roughly 4 billion bike trips made in 2009, doubling that from the year 2000 (3).

The people who are impacted by this lack of efficiency are the daily bike commuters. People who must
bike as their main means of transportation most likely do not have the expendable income for a
performance bike costing thousands of dollars. This would also apply to people who wish to join the
competitive biking scene as performance is of top priority.

As mentioned in the above problem statement, according to Stanford University, the average consumer’s
bike (If well taken care of and properly oiled) is roughly 74.5% efficient due to the standard inefficient
gearing systems. Even with the knowledge of this inefficiency, there have been very few advancements to
the bicycle in the modern age. There is one company named CeramicSpeed who has made a drive shaft
system that uses ball bearings to reduce friction between the input petals to the actual wheels, boasting a
remarkable 99% efficiency. This invention could be the future of the bicycling industry; however, this
advancement currently could cost the average person over $2,500. We won’t be able to reach that level of
efficiency, but we are hoping to produce a bike with impressive efficiency at a cost that is affordable to
the average consumer, with features that put the bike into the modern era.
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State of the Art— Frame

Marin Presidio 1

There are currently a few items on the market that solve our problem statement. The first is a bike known
as the Marin Presidio 1. This bike was chosenasit is called the “best bang for your buck” bike. This bike
features a 6061-aluminum frame, handlebar shift crank, and a few customizable features all for a price of
$650. This bike may not be on the cutting edge of technology, but it is by far the most affordable bike on
this list and provides a great comparison point.

Pros:
e Affordable
Cons:

e Less customizable
e Lacks efficiently

SuperSix EVO

Another bicycle worth looking at is the SuperSix EVO. There are several different versions of this model,
however the main features stay mostly the same. This bike boasts to be the fastest road bike on the market
with a lightweight frame and hardware, narrow body to cut down on drag, and a stiff professional feel.
This bike also has many other quality of life improvements over a standard bicycle with a built in
speedometer, an app, and many adjustable features so that the bike can be tailored to the users'
preferences. This bike would be purchased by people who bike for sport, hobbies, and competition. This
also offers many advantages over a typical bicycle and the cost reflects that higher level of quality. The
cheapest model without all of the fancy bells and whistles is roughly $2000 dollars and up to $9,000 for
carbon fiber. While this bike is certainly one of the most impressive bikes on the market, it is almost
exclusively for competition and extreme hobbyists.

Pros:

e Veryefficient

e High Quality
e Lightweight
Cons:

e Very Expensive
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The Lux

Next, is the bicycle that will most likely change the industry of biking within the next few years. This
bike is known as “The Lux”. Developed by CeramicSpeed industries, this bike is the first to successfully
remove the standard chain gear systemand replace it with a drive train system. This bike boasts an
incredible 99% efficiency by using a ball bearing drive train and a geared hub removing 49% of friction
from the standard chain and gear system. This bike is on the cutting edge of the industry, and while
pricing has not been official released due to there being no production yet, it is expected that this bike
may cost above $5,000 or even $10,000. This means that its availability for the average biker is very out
of reachand only obtainable for competitions, hobbyist, and bicycle enthusiasts.

Pros:

e Extreme Efficiency

e High Quality
e Lightweight

e Price expected to be very high
¢ Nonstandard parts

SRAM NX Eagle

Finally, it is important to look atthe SRAM NX Eagle Groupset. This innovation is not actually a bicycle;
however, it is an efficient gear hub system that can be attached to almost any bike to increase
performance. This is considered to be state of the art as it allows for an average consumer to be able to
upgrade their existing bike's efficiency rather than replacing their existing bike. The cost to upgrade their
bike with this system is around $375 and this includes a feature that allows the bike to be better suited to
off road navigation.

Pros:

o Affordable
e Mostly Universal
e Increases Efficiency

Quality

o Heavier than a performance bike gear hub
e Requires knowledge of bike assembly
e Not as efficient as performance bike gear hubs
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State of the Art — Power Transmission

Chain driven (traditional)

The main advantages to chain driven bicycles are cost, they can transmit large loads, and they allow for
easy gear shifting (4). In addition to this, chains are compatible with all bicycle frames and are easier to
find. The main disadvantages of chain driven bicycles are that they produce noise, the chain can be
dropped, they are relatively heavy, and they require regular maintenance and lubrication (4).

Toothed belt driven

The main advantages of toothed belt driven bicycles are that they have low wear, require minimal
maintenance, run silently, are relatively light, and have a longer life span (4). The disadvantages of
toothed belt driven bicycles are that they are weather sensitive, are expensive, are very wide, and are
manufactured by fewer companies (4). The larger width requires special mounting onto the bicycle frame
making them not compatible on all bicycle frames.

Shaft driven

Drive shafts are different from chains and toothed belts have to be specially mounted to the bicycle frame
on bearings. Their advantages are they are well protected from weather, they last a very long time, and
they have a higher efficiency (4). The main disadvantages of drive shafts are they are the most expensive
upfront cost, have the highest weight, and require extra gears to change the working angle of energy being
transmitted. To make a drive shaft work you will also have to select a gearing system. This method also
doesn't directly allow for different gear ratios unless an internal gear hub or similar device is used.

State of the Art — Transportation Methods

We live in aworld where alternative forms of transportation have become a necessity. Walking to work
every day would be impossible for many people. Partially due to the enormous number of cars in the
world today, global warming has become a serious issue. This has caused a significant increase in the
number of people that choose to use alternative methods of transportation to get to work. While our
project will focus on how to create a more efficient form of bicycle utilizing a drive shaft, there are other
eco-friendly alternatives to help people to get around as well, or even simply to ride for fun. The primary
contenders of our proposal consist of chain driven bicycles, motorcycles, and electric bicycles.

The closest to our design, is the commonly known multi-speed chain bicycle. It is the most efficient and
eco-friendly among these top contenders. Despite this, the average bike (If well taken care of and properly
oiled) is only roughly 74.5% efficient (1). This leaves a lot of room for improvement. The chain driven
bike requires no charging or form of fuel other than the work that the operator does on it. This can be
considered both a positive and a negative. Since the movement of the bike is solely reliant upon the
operator, they expend a large amount of energy using this means of transportation. Despite this, since it
requires no electricity or fuel, it is the cheapest form of transportation and can also be a great form of
exercise for the operator.

Next on the list is the motorcycle. While there are many different types of motorcycle, it has the ability to
be economically friendly as well. They allow the rider to still enjoy the freedom of anagile and fun
vehicle, without any of the work! The negatives to a motorcycle are that while they are often more fuel
efficient thana car, they still require fuel as well as more basic maintenance from the owner when
compared to a normal bicycle. Even when using fuel, internal combustion engines are largely inefficient.
Motorcycles also utilize a chain driven system, which as previously mentioned, is also inefficient.
Motorcycles also obviously cost thousands of dollars. They are typically cheaper than cars, but certainly

10
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more expensive than a bicycle as well. While they may be a lot more convenient for the rider, it is a lot
less beneficial for their health, bank account, and for overall emissions.

A more recent trend is the use of electric bicycles, often called e-bikes. While many still prefer a
traditional bike, others have opted for the easier version that can use an electric motor to propel them.
Riding an e-bike, the operator uses minimal effort, as the motor will be able to handle most terrains on its
own, and pedaling is not always necessary. The problem with this technology is the short operation
distance. While it is nice that they require electricity instead of fuel, their trip range is very limited. This is
dependent on how fast you ride, how much you pedal to help the motor, what the terrain is like, etc. The
average e-bike will get anywhere from 20-50 miles on a single charge, based on speeds ranging from 10-
20 mph. This does not take into account harsh conditions, such as going up hills, sandy or rocky ground
that may be uneven, wind, or degradation of the battery and motor performance over time. However, the
e-bike market is ever growing. According to an experiment conducted in the UK, 80 participants were
loaned an e-bike for 6-8 weeks. Across the sample, average usage was in the order of 15-20 miles per
week, and was accompanied by an overall reduction in car mileage of 20%. At the end of the trial, 38% of
participants expected to cycle more in the future, and at least 70% said that they would like to have an e-
bike available for use in the future, and would cycle more if this was the case (2). Due to this increase in
demand, e-bikes have been increasing in price, and remain limited in their ability to travel longer
distances.

Our drive shaft driven bicycle will include the best parts of each of these alternative forms of
transportation. Similar to a regular chain driven bike, our drive shaft bike will not require any fuel or
energy source other than the rider, but will have an optional electric assist. It will still provide riders with
a better experience than a chain driven bike as it will be more efficient and require less effort to operate.
The drive shaft bike will also be more reliable as there is no chain to drop along the side of the road, and
it may require less lubrication and overall maintenance. The addition of the electric motor assist to the
bike will give users a boost when desired, however will not be necessary for normal operation of the bike.
Overall, the drive shaft bike is 100% state of the art.

11
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End User

The end user of our drive shaft bike design is the general population of children and adults who enjoy
riding bikes on occasion for joyrides, daily commuters, and even people who want high performance
while riding or racing their bike.

No one product that currently exists encompasses all of these customer features. There is a multi-speed
driveshaft bike currently being made by “Ceramic Speed” that is the closest to our design. It is designed
for racing, soit is extremely lightweight and efficient. This high performance means it would also be fun
to ride and the safety is up to par for adults, but wouldn’t be suitable for children. It features an all black
carbon fiber design which is widely appealing, but it does not come in any other colors or designs,
especially for children. The main part that they failed though is the cost efficiency. The bike is projected
to be several thousand dollars, which makes it way more than most people would be willing to pay.

Customer Features:
What is important to the customer?

Lightweight Design

Highly Efficient Design

Cost Efficient (Doesn’t Break the Bank)
Safe and Fun to Operate

Sufficient Number of Gears

Highly Reliable

Low Maintenance Required

Visually Appealing

O NSO~ WN

Engineering Characteristics:
How will you meet the customer features?

1. Will be designed of aluminum as it is lightweight and doesn’t rust.

2. Adrive shaft bike system canreach upto 99% efficiency; which is 49% better than the leading
chain driven bike system (Dura Ace Components).

3. Aluminum is a cheap material when compared to other alternatives. We will also minimize the
number of bearings used and can choose bearings and materials that offer the highest quality for
the lowest prices.

4. Our product needs to be safe. The frame and gear design will be created with not only efficiency
and being lightweight in mind, but also keeping it safe to operate and use on a regular basis.
Covers can be designed to fit over the gears to avoid injury as well as debris from entering the
system. Performance will help to make it more fun for the user.

5. Painting and designing of the frame and drive shaft system will help to make the bike more
visually appealing to different types of people. Different colors or designs could be offered.

12
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Summary of Research

In conclusion, the ideal solution to this problem does not exist. There are no bikes that currently exist that
are highly efficient, lightweight, multi-speed, low maintenance, and with an electrical assist, let alone
while still being at a reasonable price range. Our end user ranges from daily commuters and joy riders, all
the way to performance cyclists. Studies indicate that this population of end users is only growing over
time, while standard bicycle technology has done little to keep progressing. We will design and create a
drive shaft bike that will encompass all of these features and more, putting the bike back into the modern
era.

13
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Quality Function Deployment

Based on a survey conducted on the 30" of September 2020, using google surveys completed by regular
bicycle users, questions of cost, safety, efficiency, etc. were answered. Based on over thirty completed
surveys of which a sample has been attached below, clear product objectives were devised.

Customer Survey Sample
Customer Survey

Bicycle Alternative Designs

This survey will be used to prioritize various features to maximize customer satisfaction. The system in
question will address issues for creating a more efficient bicycle thatis driven by a direct drive shaft.

Name: Date:

What are the primary reasons that you bike?

a) Recreation b) Commuting/Travel c)Exercise d) Competition e) Other (please type)
How many times per month do you ride your bike?

a)<5 b)5-10 ¢)10-15 d)15+

What is the brand of your current bike? (Optional, please type)

What type of bicycle do you currently have?
Mountain Bike Street/Road Bike Racing Bike  Other (please type)
How important is each feature to you in a regular bicycle?

Please circle youranswer. 1= LowImportance 5= High Importance

Initial Investment Cost: 1 2 3 4 5 N/A
Efficiency: 1 2 3 4 5 N/A
Safety: 1 2 3 4 5 N/A
Weight: 1 2 3 4 5 N/A
Number of Gears: 1 2 3 4 5 N/A
Reliability: 1 2 3 4 5 N/A
Mainte nance: 1 2 3 4 5 N/A

14
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Bike Esthetics/Looks: 1

How satisfied are you with current bicycle technology?

Please circle youranswer. 1= Low Importance

Initial Investment Cost: 1
Efficiency: 1
Safety: 1
Weight: 1
Number of Gears: 1
Reliability: 1
Maintenance: 1
Bike Esthetics/Looks: 1

How much would you be willing to invest in new and/or more efficient bicycle technology?

a) $0-$300 b) $300-$600 c) $600-$900 d) $900-$1200 €)$1200-$1500 f) $1500+

2

2

3

3

4

4

5 = High Importance

5

5

Robby ElKkin, Keaton Glaser, Kyle Rechel

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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Customer Features
Customer Features:

© NSO~ LDN R

Lightweight Design

Highly Efficient Design

Cost Efficient (Doesn’t Break the Bank)
Safe and Fun to Operate

Sufficient Number of Gears

Highly Reliable

Low Maintenance Required

Visually Appealing

Engineering Characteristics

1.
2.

Aluminum Frame — Will be designed of aluminum as it is lightweight and doesn’t rust.

High Quality/Efficient Components — A drive shaft bike system can reach up to 99% efficiency;
which is 49% better than the leading chain driven bike system (Dura Ace Components). We are
aiming for at least 85% efficiency.

Material Selection — Aluminum is a cheap material when compared to other alternatives. We will
also minimize the number of bearings used and can choose bearings and materials that offer the
highest quality for the lowest prices.

High Factor of Safety (FOS) and Reliability — Our product needs to be safe. The frame and gear
design will be created with not only efficiency and being lightweight in mind, but also keeping it
safe to operate and use on a regular basis. Covers can be designed to fit over the gears to avoid
injury as well as debris from entering the system. Performance will help to make it more fun for
the user.

Proper Gear Ratios — Has enough gears to enable the user to easily ride on different terrain and
elevation types.

Low Maintenance — The bike will require low maintenance intervals, requiring little lubrication
and care throughout regular use.

Design Appearance — Painting and designing of the frame and drive shaft system will help to
make the bike more visually appealing to different types of people. Different colors or designs
could be offered.
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Product Objectives

Reliability (16.3%)

The bike will not break down or malfunction during normal operation, causing the user to stop and
perform critical maintenance.

Efficiency (15.9%)

Drive shaft bikes are widely accepted as more efficient than chain driven bikes. We plan to achieve an
efficiency of at least 85%.

Safety (15.6%)

Our bike will need to remain safe for a variety of different users, being different shapes and sizes. Our
bike should be safe for users up to 275 Ibs.

Maintenance (14.6%)

The bike will have low maintenance intervals, requiring little lubrication and care throughout regular use.
The bike may require general maintenance or lubrication 1-2 times per year.

Initial Investment Cost (12.9%)

We want our product to be readily available to a larger consumer base, so we will keep our total cost
around $1500.

Number of Gears (12.9%)

Has enough gears to enable the user to easily ride on different terrain and elevation types. This should
allow the user to expend less effort when encountering difficult conditions.

Weight (11.9%)

The bike should remain within the 20-30 Ib range, utilizing lightweight materials. This does not include
the additional weight of a motor or battery that would be optional attachments.
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Design — Frame

Design Alternatives and Selection

There were several design alternatives that were considered during the span of the design process. Mainly
the shape, size, and material for the final product. For the actual size of the frame, the team opted to
design the frame for an average height user (5'8") as opposed to an above average height user. The above
average sized user design consideration was only on the table as our group consists of members who are
above average height. Our team did however design the bike for an above average weight to include
anyone who wants to use the bike for weight loss. This means that the diameter of the bicycle members is
thicker than the members of other bikes of the same size to accommodate the added weight and to avoid
any flex in the rear forks which could result in a misalignment of the gears. For the material, the bike
needed a lightweight and strong frame, but because of our limited resources it also needed to be cheap.
The two options that were considered were 6061 T6 aluminum and galvanized steel. Both materials are
strong enough to handle the capacity and both are corrosion resistant however each had some advantages
over the other. Galvanized steel had the advantage of being cheaper, our group has access to free
galvanized steel. The frame was the most expensive costs to the project, cutting out material costs would
save the project a lot of money. 6061 T6 Aluminum has the advantage of being lighter and stronger than
galvanized steel and it is relatively cheap to obtain. In the end it was decided that the quality of the bike
outweighed the cost savings that the galvanized steel could bring.

Figure 2 — Initial Frame Design

This preliminary design was made based off of the 2D drawing and was quickly scrapped due to its
complex geometry.
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Figure 3 — Bent Pipe Frame Design

This version was the intended to be what the finished product would look like, however the team could
not acquire the tools necessary to make the bends in the rear fork accurately.
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Figure 4 — Cut Pipe Frame Design

This model is the version that was accepted as our groups final model. This version features cut members
to avoid bending and a redesigned wheel mounting system.
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Design — Gears
Design Alternatives and Selection

Concept 1: Bevel Gears

Figure 5 — Bevel Gear Concept Drawing

Bevel gears are good because they allow you to change the operating angle and are simpler gears to
manufacture. Bevel gears' axes intersect instead of being offset. Regular bevel gears have an efficiency of
93-97% (5). For the bicycle, these would be used on both ends of the drive shaft to transmit the power
from the pedals to the rear wheel. Once at the back of the drive shaft it will go through an internal gear
hub. This is how multiple gear speeds will be achieved while having a fixed drive shaft.
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Concept 2: Spiral Bevel Gears

Figure 6 — Spiral Bevel Gear Concept Drawing

Spiral bevel gears are bevel gears with spirally cut teeth. They produce less noise and less vibrations that
traditionally cut bevel gears and spur gears (5). Like a traditional bevel gear, the spiral bevel gears' axes
intersect instead of being offset. Spiral bevel gears are also more efficient than straight cut bevel gears.
Spiral bevel gears have an efficiency of 95-99% (5). For the bicycle, these would be used on both ends of
the drive shaft to transmit the power from the pedals to the rear wheel. Once at the back of the drive shaft

it will go through an internal gear hub. This is how multiple gear speeds will be achieved while having a
fixed drive shaft.

Concept Selection
Spiral bevel gears were selected for their high efficiency and greater strength.
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Concept 3: Gear and Bearings

Figure 7 — Gear and Bearings Concept Drawing

Bevel gears that include bearings have an efficiency of 98-99% (6). Gears with bearings aren't able to
transmit as much torque but have higher efficiencies. The difficulty with this is in the design of the gear
that mates up to the bearings. The downside to this is the added cost of high efficiency bearings and you
also need to select the type of bearings you want. This design would be used in the same application as
the bevel gears on the bicycle.
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Design — Shaft

Design Alternatives and Selection

Figure 8 — Solid Shaft

Concept 1 - Solid Shaft

This concept is a simple solid shaft design. It would be mounted into the bike frame at either end via the
bearings shown. This will allow the shaft to spin freely, as it will be securely fastened into the frame of
the bike. There is a ring of bearings that can be seen, that is directly attached to and would spin along with
the shaft. These bearings will rotate against a prototype gear that is attached to the rear axle. Using this
design, there would be an internal gear hub system in the rear wheel for shifting that is connected to the
prototype gearing system. There would be a matching ring of bearings on the opposite end of this shaft to
connect the shaft to the pedals.

This design would be relatively easy and cheap to manufacture. It would be a sturdy design that could
withstand some abuse. The drawbacks to this concept is that it would be a heavier product, and that there
could be high stress points near the ends where the diameter is reduced for mounting to the frame.
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Figure 9 — Smooth Shaft

Concept 2 — Smooth Shaft

This concept has several similarities to Concept 1. As before, it is mounted into the bike frame via
bearings, and is also a solid shaft design. This would also be used along with an internal gear hub for
shifting and a prototype gearing system. There would also be a matching ring of bearings on the opposite
end of this shaft to connect the shaft to the pedals. Where this shaft differs, is in the shape and material.
The idea behind this design is to have no corners on the shaft. Having a fully smooth profile, there would
be no key stress points throughout the shaft. Ideally, there would be chamfers and fillets to smooth every
corner of the shaft. Through stress analysis, the shape could be altered and slimmed down to reduce the
overall size and weight of this shaft.

Due to the reduced amount of stress, a cheaper or lighter material could be used for the shaft.

Being able to have a smaller profile and reduced weight would be a large benefit of this design. The
drawbacks to this design would be the large increase in manufacturing time, along with the amount of
prototype parts that would need to be created for both destructive and non-destructive stress analysis
testing.
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Figure 10 — Sliding Shaft

Concept 3 - Sliding Shaft

This concept would utilize a sliding shifting system. Mounted to the frame via the bearings shown, it
would be well held in place. There would be a matching ring of bearings on the opposite end of this shaft
to connect the shaft to the pedals. On the rear axle of the bike, a separate prototype gearing system would
be required. This gearing system would have several rows of teeth similar to a normal bicycle, but they
would be facing 90 degrees outwards from the bike, and would be flat instead of angled. The ring of
bearings would rotate along with the shaft, but would be able to slide along the key slot to shift in
between gears. This shifting would be accomplished using a separate worm or other gearing system.

Using this design, the shifting mechanism has the possibility of being more efficient than an internal gear
hub. The drawback is that it is no easy feat. Getting this mechanism to shift properly would be quite
difficult. The shaftand associated rear gear would be extremely complex and expensive to manufacture.
On top of this, the key slot would be under very high stress.
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Figure 11 — Concept Selection

Concept Selection — Solid Shaft

The final selection is based off of Concept 1. This shaft has a high factor of safety, is easy to manufacture,
and should be able to withstand all stresses. At the ends, after further consideration, we decided to move
away from bearings, and selected spiral bevel gears instead, as they offer similar efficiency levels of 95-
99%, require less general maintenance, and can be purchased instead of needing to fabricate a mounting
mechanism for bearings. These were attached using a key slot (gear 3) or shrink fitting (gear 2), and can
be used with an internal gear hub to allow for multiple gear ratios when riding on different inclines.

With this design, we pair high durability with a very simple design, making it cheap and easy to
manufacture. Any hard edges from the machining process were rounded and tapered, and thus minimized
any possible high stress concentration areas or sharp corners.
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Engineering Calculations — Frame

List of equations

7 =7rFsin@

T =torque
T =radius
F = force

@ = angle between F and the lever arm

F=m-a

F = force
m = mass of an object

@ = acceleration

Fx=
Fy=

Loading Conditions — required yield and tensile strength of material.
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AB
BD
BC
EC
CF
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DF
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Ey
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Force(lbs) Compression

300 Compession
306 Compression
328 Compression
293 Compression
261 Compression
258 Tension
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53 Compression
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300
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327

398

In psi

Compressive/Tensional Stress
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AB
BD
BC
EC
CF
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543
2495
594
2387
472
1206
687
302

Figure 12 — Bicycle Frame Free Body Diagram

Material Selection

3827
18408
3663
14646
3224
15662
520
2083

6061-T6 Aluminum was chosen over galvanized steel as it provided 35 ksi of yield strength and
was much lighter than its competition. Itis slightly more expensive as our group has access to free
galvanized steel, however the properties of 6061-T6 aluminum is well worth the slight increase in price.

Robby ElKkin, Keaton Glaser, Kyle Rechel
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Finite Element Analysis (FEA) — Frame

6061-T6 Aluminum under 1440 Ibs. of force at seat tube (Worst Case Scenario)

# Yiuld strengthe 1580044

Figure 13 — Frame FEA with 1 foot drop
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Figure 14 — Zoomed in Frame FEA with 1 foot drop
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6061-T6 Aluminum under 300Ibs of force at seat tube (Typical operating force)

von Mies (pu}
1005 .04
‘ 390 04
219te e
2792 404
130004
L1004
L 1555004
L 119700
7,670 +@
I 29050
1.063e 91

» Field strengthc 1,960 4 D4

Figure 15 — Frame FEA under rider's weight

Factors of Safety

Safety results based on the appropriate criteria: The frame by itself has a safety factor of 10 and
can handle up to 3000 Ibs. on seat tube before frame failure.
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Engineering Calculations — Gears

Gears at back wheel

S at pedals

Figure 16 — Gear Layout

For brevity, the gears are numbered in the order they transmit the force from the crankshaft and pedals to
the back wheel.

AGMA and AISI are the standards that will be used.

List of equations
T = Force * distance * sin(0)

=pixd Itp
* *
vr=pixdp* o

2
B =025+*(12 —Q,)3
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A=50+56+(1—B)
B

1
A+ v2
KV= A

Cs=05|F<05
Cs=0.125 * F +0.4375 | 0.5 < F < 45
Cs=1|F >45
0.2132

d

K¢ = 0.4867 + |0.5< P, <16

Ks=05]16 < P,4
Kpm = Kpp + 0.0036 = F2
C,=2]10% <N, < 10*
C, = 3.4822 * N, »(—0.0602) | 10* < N, < 1010
K, =2.7]10> <N, < 103
K, = 6.1515 = N; %192 103 < N, < 3 % 10°
K, = 1.3558 = N; %0178 |34 106 < N, < 10%°

H H
B1=0.00898 » —% —0.00829 | 1.2 < 22 < 1.7
HBG HBG

N Hpp
CH=1+B1*<——1>|1.2 <P <17
n HBG

B2 = 0.00075 x exp(—0.0122 * f») | 48 HRC < Hpp & 180 < Hp; < 400
Cy =1+ B2x (450 — Hy;) | 48 HRC < Hpp & 180 < Hp; < 400
Kz = 0.50 — 0.25 *log(1 —R)| 0.99 < R < 0.999
Kz = 0.70 — 0.15 *log(1 — R)| 0.90 < R < 0.99

Cp = 2290 | given value for steel
Hp = Hpg | Hpg < Hpp
Hp = Hpp | Hpp < Hpg
Sac = 341+« Hg + 23620 | Material is Grade 1
Sac=363.6 x Hg + 29560 | Material is Grade 2
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Sat = 44+ Hg + 2100 | Material is Grade 1
Sat = 45+ Hg + 5980 | Material is Grade 2

wT 1

SWCZSaC*CL*CH

Sy* Kr*Kg
Contact Factor of Safety = i—“:
St=W?T*Pd*KO*KV*K;X*f]m

Sye = Sat * K|

Sp* Krx Kp
Bending Factor of Safety = SS—M
t

Loading Conditions — required Yield and Tensile Strength of Material

Average Cadence = 60rpm
Force = 350 lbs
Kr =1]32°F < Temperature < 250°F
Ko = 1| Already using maximum force
Knp = 1.25 | the gears on the shaft are not straddle mounted
For K; the general failure equation will be used,not the critical failure equation
Sy=15
Sp=15
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Material Selection
The spiral bevel gears will be made out of SCM 415 (carburized to 55-60 HRC). The expected weight of
all 4 gears is less than 2.5 Ibs.

Material Yield Strength Ultimate Tensile Strength
AISI 1045 cold rolled 76,870 psi 90,648 psi

AISI 4340 normalized 103,000 psi 161,000 psi

SCM 415 Carburized 60,190 psi 95,000 psi

Table 1 — Material Strengths

Power and Torque Calculations
lin 1ft
*
254mm 12in

T1=3501bs * 170mm * = 195.2 ft = lbs

T2 n 78.08 ft* b
= —= . *
25 Jt lbs
T3=T2=178.08 ft *lbs
T4=T3%2 =156.16 ft = lbs
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Finite Element Analysis (FEA)
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Figure 17 — Gear 1 AISI 1045 cold rolled
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Figure 18 — Gear 1 AISI 4340 normalized
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Figure 19 — Gear 1 SCM 415 carburized
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Figure 20 — Gear 2 AISI 1045 cold rolled
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— Yield strength: 7.637e+04
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Figure 21 — Gear 2 AISI 4340 normalized
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Figure 22 — Gear 2 SCM 415 carburized
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Figure 23 — Gear 3 AISI 1045 cold rolled
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Figure 24 — Gear 3 AISI 4340 normalized
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Figure 25 — Gear 3 SCM 415 carburized
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Figure 27 — Gear 4 AISI 4340 normalized
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Figure 28 — Gear 4 SCM 415 carburized
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The desired factor of safety for bending is 1-1.25 since the force being used is the maximum possible

force.

The following values were obtained using FEA within SolidWorks and confirmed with MatLab
calculations. These calculations represent the worst case scenario which is a person putting full force (350
Ibs) on the pedal while the bicycle is stationary.

Gear | AISI 1045 cold rolled FoS AISI 4340 normalized FoS SCM 415 Carburized FoS
# (bending) (bending) (bending)
1 13 2.0 2.0
2 14 2.1 2.4
3 1.7 3.0 3.0
4 1.3 2.0 2.0
Table 2 — Bending Factors of Safety
Gears Bending FoS Contact FoS
1&2 0.85 0.26
3&4 1.14 0.31

Table 3 — Factors of Safety from MatLab Code
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Engineering Calculations — Shaft

List of Equations
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Loading Conditions, Parameters, and Assumptions
Top Speed Goal: 25 mph

Weight Goal: 25 Ibs (no motor or battery), 65 Ibs (with optional electrical assist)

Max Load: 275 Ibs (canexert up to 350 Ibs of force on pedals)

Maximum Force Angle: Angle of crankshaft where maximum force will be applied is 90°
Material Selection: Aluminum 6061-T6 frame, 316L Stainless Steel shaft, SCM415 Steel Gears
Operating Temperature: The bicycle will be ridden in temperatures of 32-250 °F (K = 1)

Shaft Diameter: Diameter will be increased to 1.5 inches for gear mounting and increased strength to
resist torsion and twisting (angle of twist is not to exceed .01 degrees/inch). Minimum shaft diameter is
0.625 inches (5/8) at gear 2 mounting area.

Gear Tooth Forces: Torsional force will be applied to at least 2 teeth faces at all times
Stopping Distance: Distance of 50 ft (10 ft per 5 mph)
Brake Pad Friction Coefficient: u = .4

Material Selection

For the material selection of the shaft, 316L Stainless Steel was chosen due to its corrosion resistance and
high strength. This is a common Stainless Steel that should be able to handle the torsional stresses without
exceeding the angle of twist required. While 6061-T6 Aluminum was also a debated shaft material, it did
not appear that it could withstand the torsional forces without sustaining permanent deformation.
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Calculations

Shaft:

1lin ) 1ft

T=F=«D=xsinf =350 lbs*[<170mm*24mm *12in

] *sin(90) = 195.21 lb * ft
1 1

16Mn4\3 16 * 195.21 * 6\3 ] ] 5.

d=( ) =(—> =.52in - .625in or = in

St 42,000 * 0 8
_nd‘*_n* 1.54_ 4970 int
J=5y =gy =A4970m
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Braking System:

w  2751bs 8.54 sl
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t
9 32.2?51Z
K =imv2 = 5.85450 (25 h 3600%)2 1240.64 ft * Ib
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1.5in .25in 5 -
Aprakepaa =l*w = 12 ft * T Ft = .002604 ft= = .375in
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F 3102 1 brake psi
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Factor of Safety
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Finite Element Analysis (FEA)

Figure 29 — Gear 2 Key Slot Concerns Pic 1 (Left)

Figure 30 — Gear 2 Key Slot Concerns Pic 2 (Right)

With the shaft fixed about the center and a maximum torsional force applied evenly across the key slot,
the analysis showed that the maximum force exerted on the shaft at gear 2 would certainly break. Due to

this, it was decided that the gear’s inner diameter should be increased, and then would be welded onto the
shaft.
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Figure 31 — Gear 2 Heat Shrink Fitted Shaft

After further consideration, it was decided to do a heat shrink fit for gear 2 onto the shaft once the inner
diameter was increased. This allowed for a greater surface area to spread the force across, and resulted in
an analysis that showed no failure or key concerns.
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Figure 32 — Gear 2 on Shaft FEA

With the shaft fixed about the center, and a maximum torsional force applied to a single tooth, the
analysis showed some possible signs of failure. After further consideration, it was found that a reasonable
assumption to make would be that the torsional force would be distributed on at least 2 teeth at all times.
After reanalyzing, there were no points of failure shown on the teeth.

Figure 33 — Gear 3 Key Slot Pic 1 (Left)

Figure 34 — Gear 3 Key Slot Pic 2 (Right)

With the shaft fixed about the center and a maximum torsional force applied evenly across the key slot,
the analysis showed that the maximum force exerted on the shaft at gear 3would be of slight concern, but
would be sufficient given factor of safety calculation. Due to this, it was decided not to machine or alter
gear 3 in any way. This would also allow for removing of the shaft from the bicycle with greater ease.
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Figure 35 — Pedaling Shaft

To accommodate for a wider back fork on the bike frame, a longer shaft to connect the pedals was needed
to avoid hitting the frame while pedaling. While the shaft would be longer (and therefore have a larger
moment), the replacement matched the initial shaft diameter, and a nicer steel was chosen to handle the
additional stress. A medium carbon steel shaft was used from the VP C shop to fabricate the replacement
shaft. FEA showed no major concerns for this piece.
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Manufacturing Drawings
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Figure 36 — Bicycle Frame Drawing

4 3 2 1

Figure 37 — Gear 1 Stock Drawing
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MACHINE DRAWING

Figure 38 — Gear 1 Machine Drawing
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Figure 39 — Gear 2 Stock Drawing
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MACHINE DRAWING
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Figure 40 — Gear 2 Machine Drawing
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Figure 41 — Gear 3 Stock Drawing
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Figure 42 — Gear 4 Stock Drawing
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Figure 43 — Gear 4 Machine Drawing
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Figure 45 — Pedaling Shaft Drawing
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Shaft Mounting
Block
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Figure 46 — Drive Shaft Mounting Block Assembly Drawing

Bill of Materials

Bike Part Quantity Comments
Internal Gear Hub 1 Shimano Alfine 8, pre-mounted in back wheel
Front Wheel 1 Standard front wheel
Tires and Innertubes 2 700C x 23mm
316L Stainless Steel 1.5” Bar 2ft Drive Shaft raw material
Stock
Low Friction Bushings 2 Normal/ | Flange bushings for pedal shaft
(Normal and Flange) 2 Flange | Normal bushings for drive shaft
6061-T6 1” Aluminum Piping 12 ft Bicycle Frame back fork material
with 1/4” Walls
6061-T6 1.5 Aluminum 3ft Bicycle Frame center support material
Piping 1/4” Walls
Gears 1+2 (45 - 18 teeth) Setof 2 | Purchased from KHK Gears US
Gears 3+4 (20 - 40 teeth) Setof 2 | Purchased from KHK Gears US
Assorted Washers/Spacers As Used as necessary for gear alignment from back wheel
Necessary | to pedals

Table 4 — Bill of Materials

57



Drive Shaft Bicycle Robby ElKkin, Keaton Glaser, Kyle Rechel

Build and Test

The process of building the bike first started with the frame. Originally our team had planned to build the
whole frame from scratch, however due to an issue with getting materials, our team was forced to pay
more for local materials rather than wait for the more cost-effective materials to arrive from out of state.
In addition, this caused a 3 week loss of time.

Figure 47 — Starting Bicycle

This change meant that our team had less money for the materials and needed to find a suitable starting
frame as a base for our build. Our team disassembled the rear fork of the base bicycle and began
fabrication on the members that would make up the new rear forks. While the bike was disassembled, our
team added some of our aftermarket parts like breaks, racing seat, and a new front fork.
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Figure 48 — Base Frame with Vertical Support

Each of the members had to be cut and machined on the ends for better contact area between the members
allowing for a sturdier weld. To prep for welding the weld areas needed to be stripped of paint and then
cleaned thoroughly with alcohol. First member to be added was a support tube that would reinforce the
frame as well as provide an area to weld the lower half of the rear forks.
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Figure 49 — Lower Rear Fork Welding (Left)
Figure 50 — Upper Rear Fork Welding (Right)

The next members to be welded on were the short lower and upper forks. The lower forks were welded
onto the support tube and the upper forks were welded to the existing seat tube. Welding the members
accurately was a difficult process and our team had to get creative in our ways to position the members in
the correct orientation. The long members of the rear frame needed to have more intricate cuts into their
ends to allow the frame to line up better and to accommodate the rear wheel mounts.
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Figure 51 — End of Lower Rear Fork (Left)

Figure 52 — Wheel Mounting Block (Right)

With the short members of our back fork in place and our custom machining, our team was then able to
weld the long members into place. At this point most of the rear frame was assembled and the wheel

mounting plates can be welded. For the rear wheel mounting plates, it was crucial for them to be parallel
as this would effect the wheel alignment.
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Figure 53 — Welded Bicycle Frame

After the frame was fully welded, the wheels were attached. Thankfully the bicycle rolled in a straight
line.

Figure 54 — Machined Pedaling Shaft (Left)

Figure 55 — Pedaling Shaft on Bicycle (Right)

With the bike frame widened, our team noticed that the pedal crankshaft would no longer work. This led
to using some medium carbon steel to manufacture our own shaft that is wider than the original.
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Figure 56 — Gear 4 Before Machining (Left)

Figure 57 — Gear 4 Machined Front (Center)
Figure 58 — Gear 4 Machined Back (Right)

Our gears were purchased from KHK Gears US and made of SCM415. Most of the gears required some
minor modifications. Gear 4, which attaches to the rear wheels internal gear hub, required extensive
modifications. The gears thickness was taken down on each side and the inner diameter was enlarged to
accommodate the internal gear hub. Next there were three holes drilled into the gear that lined up with
holes in the internal gear hub. This allowed for the placement of 3 pins to hold gear 4 in place.
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Figure 59 — Gear 4 with Pins on Internal Gear Hub

With gear 4 completely machined, our team was able to install the gear onto the internal gear hub and
secure it in place with the three pins and a locking ring.
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Figure 60 — Gear 2

Gear 2 received a minor amount of modification. Our team used a wire EDM machine to enlarge the
center hole so that the shaft would be able to fit inside the gear.

Figure 61 — Gear 1 Back

Gear 1 required a small amount of modification as the gear originally had a collar that needed to be
machined off for mounting onto the pedal shaft.
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Figure 62 — Gears on Wooden Model Shaft

To determine the length of our shaft, our team made a mock shaft out of wood to test the fit before
committing our only piece of bar stock to the lathe.

Figure 63 — Gear 2 Heat Shrink Fitting

With our shaft turned down to size, it was decided that gear 2 would be better off being heat shrunk onto
the shaft rather than going with our original plan to place a key slot into the shaft or welding it on.
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Figure 64 — Drive Shaft Mounting Blocks

Figure 65 — Drive Shaft Mounting Blocks Assembled on Bicycle

Custom mounting blocks were designed to be mounted off of the horizontal back fork member on the

right side. These were adjustable to allow for optimized gear alignment. These allowed the shaft to spin
by using oil impregnated bushings.
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Figure 66 — Finished Bicycle

Once the shaft was lined up with gear 1 and gear 4, the testing was able to start.

Manufacturing Processes

This project encompassed many different manufacturing processes. Many of the parts that were ordered
needed some form of machining performed to them. The gears required the vertical mill, lathe, CNC, and
a wire EDM machine. Components such as the shafts were turned on the lathe and then needed some
minor milling to be performed to make key slots. The frame needed its members to be cut to size on the
bandsaw, then the ends needed to be milled to the proper geometry, and then lastly they needed to be TIG
welded together.
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Testing Procedures and Criteria

Figure 67 — Finished Bicycle with a good looking 6'2" Engineer

Testing the frame for structural stability was a simple matter. Our team had a member ride the bike. This
tested the bike at 275Ibs. During this time, our team also tested the ease of use and overall feel of the
bicycle to determine if the added weight affected the riding quality. Our testing found that the bicycle
rode very smooth and was easy to control even with the added weight.

Figure 68 — Drive Shaft Bicycle mounted on Bicycle Trainer

Finding the efficiency of the bicycle was a more complicated task. For testing, our team fixed both our
bicycle, a high-performance bicycle, and a unmaintained bicycle onto a bike trainer and attempted to turn
the wheels at the same force the same number of times and counted how many rotations the wheel would
spin.
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TestResults and Flndlngs

£,

Figure 69 — High Performance Bicycle mounted on Bicycle Trainer

During frame testing our team tested the bicycle at 275lbs. The bicycle frame showed no signs of flexing.
While testing the efficiency of the bicycle, the teams’ goal was to meet or exceed the efficiency of a
standard bicycle. From the research conducted, a well-maintained chain bicycle is able to achieve roughly
74.5% efficiency. Data was gathered from the testing apparatus mentioned and was compiled and then
analyzed. After factoring in the different gear ratios of each of the bicycles, it was assumed that the
performance bicycle had an efficiency of approximately 85%. Based on this assumption, our bicycle had
an approximate efficiency of 74.8%, and the unmaintained bicycle had an efficiency of 46.6%. Our
testing shows that the team had managed to meet the goal of matching a standard bicycles efficiency, just
barely beating the 74.5% efficiency goal. The team believes that if given more time and resources, the
efficiency of the driveshaft bicycle could be raised further by replacing the bushings with higher
efficiency bearings, and by applying a tighter meshing between the gears.
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Project Management

Project Budget
Initial Budget = $1500 + 20% = $1200-1800
Bike Part Expected Cost Comments/Conditions
Bike Frame < $500 Dependent on material purchasing vs. frame
modification

Internal Gear Hub $200-400 Dependent on Shimano Alfine 8 or 11 selection

Bike Components < $200-300 Based on purchasing vs. reuse from old bicycles
Wheels and Tires $200 Dependent on wheeland tire quality

Gears $100-250 Dependent on gear material selection

Drive Shaft < $100 Dependent on material purchasing cost

Battery and Motor Leftover Budget Optional addition

Total $1300-1750 Total estimated expenses

Table 5 — Initial Project Budget
Part Qty/Amount | Expected Cost | Max Allotted Budget
1.5" solid 316 Stainless Steel 2ft $152.10 $100.00
6061-t6 piping (Large OD 1) 6 ft $101.46 $250.00
6061-t6 piping (Small OD 2) 12 ft $170.91 $250.00
Internal Gear Hub 1 N/A $400.00
Gears 4 $362.23 $250.00
Bike Components (Brakes, crankshaft, seat, etc) 1 $0.00 $300.00
Wheels and Tires 2 $598.96 $200.00
Bmhinars 4/4 $57.27 $25.00
Washers and Spacers lots $21.90 $25.00
Battery and Motor (Optional) N/A $0.00 N/A
ER630 Weld Material 1lb $0.00 N/A
Total $1,464.83 $1,800.00

Table 6 — Final Project Budget

The total project budget was $1500 dollars, which was to be funded personally by the team, and split
evenly at $500 per person. The final amount spent was $1,464.83 dollars. The total frame material costs
added up to $424.47, which was under budget for that section. The gears and other small components
including the bushings/collars, washers, and spacers, added up to $441.40, which was more than
anticipated for the budget. The gears that were purchased were the only ones able to withstand the stresses
required that were still remotely within the price range. We were able to use scrap materials from the old
Hydraulic Team bicycles for the front brake, seat, and handlebar, as well as stock material from VVPC for
the crankshaft and shaft mounting blocks. The internal gear hub was purchased, having already been
installed into a rear wheel. When adding the cost of the front wheel, innertubes, and tires, this amounted
to $598.96, which was still within the allotted budget. Welding material was able to be used from VPC,
and the decision was made to not add a battery and motor due to time and budgeting constraints.
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Project Schedule
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Figure 70 — Initial Project Schedule

Number of Weeks

Figure 71 — Final Project Schedule

The project schedule changed a decent amount compared to what was anticipated. The key difference that
canbe seenis the grey area in the middle of the timeline. This was lost time due to a shipping
complication when ordering the frame material. The company initially stated a two week shipping period.
After 3-4 weeks, and calling weekly to check in with the company, the team was informed that they had
shipping issues due to Covid-19, and hadn’t started filling the order yet. A local vendor company had to
be contacted to try ordering the material again with accelerated 2 day shipping times at an increased fee.
There were also later late components ordered, which were the bushings, collars, washers, and spacers.
The 3D models were updated towards the end of the project once final dimensions were confirmed.

Sustainability and Material Usage

The frame was constructed from 6061-T6 Aluminum piping with ¥z inch walls. This material will be able
to withstand the forces without breaking down over the years to rust or other forms of wear. The shaft
material was 316L Stainless steel, which is a heavy duty steel that will also not rust or degrade over time.
The gears are made of SCM415, which is a medium carbon stainless steel. They should be resistant to
rust, and strong enough to not have any of the teeth break under maximum stress assumptions and
conditions. The bushings are oil impregnated brass. These were used for both the mounting of the drive
shaft, as well as the pedaling shaft. These are the only components that are expected to need to be
replaced every few years.
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Conclusions

With a tested efficiency of 74.8%, the drive shaft bicycle has shown similar efficiency levels as the
average chain driven bicycle, averaging 74.5% efficiency (1). As a forerunner for this type of bicycle, the
team was pleased to be able to achieve this level of efficiency. The budget was the main limiting factor on
this project, as it was self-funded by the team. The gears that were purchased were the only ones that were
within budget and able to withstand the stresses required, but were smaller in diameter than desired, and
did not provide an ideal gear ratio. Due to this gear selection causing reduced space availability, in
addition to the low budget, bushings were used in place of ball bearings, which was a large source of
efficiency loss. The second largest source of efficiency loss was in gear alignment. In the initial 3D
model, the shaft and horizontal section of the back fork were meant to be perfectly level and parallel with
a flat floor, allowing for the best possible gear meshing. This was difficult to achieve in the real world
without welding fixtures, and thus there is a slight angle to the shaft, which causes a misalignment and
extra friction in the gear mesh. Due to this misalignment, gears 1 and 2 slip when experiencing larger
forces exerted by the rider.

Aside from the level of efficiency achieved, the drive shaft bicycle was a success. It is easily able to
withstand all forces as expected froma 275 Ib rider. The internal gear hub functions properly, and is able
to shift between its 8 gear ratios, allowing for greater ease of riding on different elevation levels. The
assembled bicycle is a bit heavier than was anticipated at 41 lbs over our 25 Ib goal, but our frame weight
was only 28 Ibs, and the assumed shaft material was changed, causing an unexpected increase in weight.
The bicycle rides straight and smoothly, without feeling off center due to the weight of the drive shaft
system.
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Appendix A — Common Abbreviations

AISI = American Iron and Steel Institute

AGMA = American Gear Manufacturing Association

FEA = Finite Element Analysis

FoS = Factor of Safety

Hp = Hardness in Brinell

HoQ = House of Quality

HRC = Hardness in Rockwell C

SCM = Steel Composite Material (In Japanese Classification System)

QFD = Quality Function Deployment
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Appendix B — AGMA Standard Variable Names (Gears)

Cy = Hardnessratio factor for pitting resistance
C, = Stress cycle factor for pitting resistance

Cp = Elastic coefficient for pitting resistance

Cg = Reliability factor for pitting

Cs = Size factor for pitting

Cxc = Crowning factor for pitting resistance

d; = Diameter of gear

dp = Diameter of pinion

E; = Young'smodulus of elasticity for the gear

Ep = Young'smodulus of elasticity for the gear

F = net face width

fp = Pinion surface roughness

Hg = Brinell hardness for allowable contact stress (smaller of Hg; & Hgp)
Hg; = Minimum Brinell hardness for gear material
Hpp = Minimum Brinell hardness for gear material
I = Geometry factor for pitting resistance

J = Geometry factor for bending strength

K; = Stress cycle for bending factor

Ky = Load distribution factor

Knp = Straddle — mounting factor

Ko = Overload factor

Ky = Reliability factor for bending

Kr = Thermal factor

Ky = Dynamic factor

Ky = Lengthwise curvature factor for bending strength
N = Number of gear teeth

n = Number of pinion teeth

Ny, = Number of load cycles

np = Pinion speed
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P4 = Outer transverse diametral pitch
Qv = Transmission accuracy number

R = Reliability factor

1 = Radiusof gear

1p = Radius of pinion

Sac = Allowable contact stress number
Sqt = Bending stress number (allowable)
S¢c = Calculated contact stress number
Sr = Bending safety factor

Sy = Contact safety factor

St = Calculated bending stress number
Swe = Permissible contact stress number
Swt = Permissible contact stress number

T =Torque

v; = Pitch— line velocity at outer pitch circle

wl =
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Appendix C - Shaft Standard Variable Names

o = Stress

M = Moment

ng = Design Factor
n = Factor of Safety
S =Yield Strength

d = Diameter

¢ = Angle of Twist
T =Torque

L =Length

J = Polar Moment of Inertia
G = Shear Modulus
F =Force

D = Distance

6 = Angle

W =Work

w = Weight

K =Kinetic Energy

AK; = Change in Kinetic Energy

P =Pressure

m = Mass

A = Area

u = Friction Coefficient

g = Gravitational Constant
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Appendix D — MatLab code for Front Gears

o°

Robby Elkin

Drive Shaft Bicycle Senior Design Project
MET Class of 2021

IN AGMA standards and AISI standards

o° o°

o°

%% Inputs
lear; close all; clc;

Q

% Number of teeth on GEAR
5

7
NN

% Number of teeth on PINION
n=18

% Diameter of the GEAR
dg=77.289/25.4

% Speed of the PINION (feet per minute)

np=6* (2.5/1) *2*pi*30*(1/25.4)*(1/12)

% Outer transverse diametral pitch Teeth per inch
Pd=45/90

% Diameter of the PINION (Np/Pd)
dp=33.826/25.4

% net contact area
F=(4.79*14)/ (25.4"2)

o)

% Trasmission accuracy #

O

% Straddle mounting of gears
Kmb=1.25

% Crowning Factor

Cxc=1.5

% Overload factor (assume 1)
Ko=1
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o)

o

€]

Lengthwise curvature factor for bending strength (assume 1)

Kx=1

%

I=

%

Contact geometry factor
0.11

Bending factor

J=0.39

o)

o

o

Kt

o

o

N1

%

Temperature K factor
=1

Life cycle *****not stated on website
=10"6

Reliablility factor

R=0.90

o)

o

o

Hardness in Brinell

HBP=17.515*55-401
HBG=17.515*55-401

o)

o

€]

Pinion surface roughness

fp=1

o)

o

€]

Metal Grade quality (1 or 2)

Grade=1

o)

o

Youngs modulus for the GEAR

Eg=27577000

o)

o

o

Youngs modulus for the PINION

Ep=27577000

Torque on PINION?

T=78.08

%% Calculate other factors
% Load sharing ratio

mN=1

$ radii

rl=dg/2

r2=dp/2

80



Drive Shaft Bicycle Robby ElKkin, Keaton Glaser, Kyle Rechel

[e)

% transverse pressure angle
PhiT=(2*(1/dp+1/dg))/(1/r1+1/r2)
% Speed ratio

mG=N/n

% Transmitted load
Wt=T/(14.4725/25.4/12)

% Dynamic Factor
Vt=pi*dp*np/12

B=0.25* (12-Qv) "~ (2/3)
A=50+56* (1-B)

Kv=( (A+Vt~(1/2))/ (A))"B

% Size factor for pitting
if F<0.5
Cs=0.5
elseif 0.5<=F && F<=4.5
Cs=0.125*F+0.4375
else
Cs=1
end

% Size factor for bending
if 0.5<=Pd<=16
Ks=0.4867+0.2132/Pd
elseif 16<Pd
Ks=0.5
end
% Load distribution of gears
Km=Kmb+0.0036*F"2

% Stress-cycle factor for pitting resistance
if 1073<=N1 && N1<10"4

Cl=2
end

if 1074<=N1 && N1<=10"10
Cl1l=3.4822*N1"(-0.0602)
end

% Stress-cycle factor for bending strength
if 1072<=N1 && N1<10"3

Kl=2.7
end
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if 1073<=N1l && NI<3*10"6
K1=6.1515*N1"(-0.1192)

end

if 3*10%

6<=N1 && N1<=10"10

K1=6.1515*N1"(-0.1192)

end

% Hardness ratio factor

if 1.2<=

HBP/HBG && HBP/HBG<=1.7

B1=0.00898* (HBP/HBG)-0.00829
Ch=1+B1* (N/n-1)

else

B2=0.00075*exp (-0.0122*fp)
Ch=1+B2* (450-HBG)

end

% Reliability factors
if 0.99<=R && R<=0.999
Kr=0.50-0.25*10og (1-R)

end

if 0.50<R && R<0.99
Kr=0.70-0.15*1og (1-R)

end

Cr=Kr"(1/2)

o)

% Elastic coefficient for pitting resistance (2290 psi/190 N/m

for steel)

Cp=2290

5(1/ (pi* ((1-Vp"2) /Ep+(1-Vg"~2)/Eqg))) " (1/2)

% Allowable contact stress
i1if HBG<HBP
Hb=HBG

else

Hb=HBP

D
Q
I

S
% Sat =

allowable contact stress
allowable bending stress

if Grade==

Sac=
Sat=

341*Hb+23620
44*Hb+2100

elseif Grade==

Sac=

363.6*Hb+29560
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Sat=45*Hb+5980
end

%% Final Contact Equations

% Fundamental contact stress
Sc=Cp*( (Wt/ (F*dp*I)) *Ko*Kv*Km*Cs*Cxc) ~ (1/2)

o)

% Permissible contact stress
Swc= (Sac*C1l*Ch) / (Sh*Kt *Kr)

% Factor of safety for contact
Contact FoS=Swc/Sc

%% Final Bending Equations

% Bending stress

St=(Wt/F) *Pd*Ko*Kv* ( (Ks*Km) / (Kx*J))
% Permissible bending force

Swt= (Sat*K1l) / (SE£*Kt*Kr)

% Factor of safety for bending
Bending FoS=Swt/St

83



Drive Shaft Bicycle Robby ElKkin, Keaton Glaser, Kyle Rechel

Appendix E — MatLab code for Back Gears

o°

Robby Elkin

Drive Shaft Bicycle Senior Design Project
MET Class of 2021

IN AGMA standards and AISI standards

o° o°

o°

%% Inputs
lear; close all; clc;

Q

% Number of teeth on GEAR
=40

2

% Number of teeth on PINION
=20

3

% Diameter of the GEAR
dg=84.395/25.4

% Speed of the PINION (feet per minute)

np=6* (2.5/1) *2*pi*30*(1/25.4)*(1/12)

% Outer transverse diametral pitch Teeth per inch
Pd=40/101

% Diameter of the PINION (Np/Pd)
dp=42.765/25.4

% net contact area
F=(4.79*17)/ (25.4"2)

o)

% Trasmission accuracy #

O

% Straddle mounting of gears
Kmb=1.25

% Crowning Factor

Cxc=1.5

% Overload factor (assume 1)
Ko=1
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% Lengthwise curvature factor
Kx=1 % for straight bevel gear

% Contact geometry factor
I=0.1025

% Bending factor
J=0.385

% Temperature K factor
Kt=1

for bending strength (assume 1)

% Life cycle *****not stated on website

N1=10"6

% Reliablility factor
R=0.90

% Hardness in Brinell
HBP=17.515*55-401
HBG=17.515*55-401

% Pinion surface roughness
fp=1

% Metal Grade quality (1 or 2)
Grade=l

% Youngs modulus for the GEAR
Eg=27577000

% Youngs modulus for the PINION

Ep=27577000

% Torque on PINION?
T=78.08

%% Calculate other factors
% Load sharing ratio

mN=1

$ radii

rl=dg/2

r2=dp/2
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[e)

% transverse pressure angle
PhiT=(2*(1/dp+1/dg))/(1/r1+1/r2)
% Speed ratio

mG=N/n

% Transmitted load
Wt=T/(14.4725/25.4/12)

% Dynamic Factor
Vt=pi*dp*np/12

B=0.25* (12-Qv) "~ (2/3)
A=50+56* (1-B)

Kv=( (A+Vt~(1/2))/ (A))"B

% Size factor for pitting
if F<0.5
Cs=0.5
elseif 0.5<=F && F<=4.5
Cs=0.125*F+0.4375
else
Cs=1
end

% Size factor for bending
if 0.5<=Pd<=16
Ks=0.4867+0.2132/Pd
elseif 16<Pd
Ks=0.5
end
% Load distribution of gears
Km=Kmb+0.0036*F"2

% Stress-cycle factor for pitting resistance
if 1073<=N1 && N1<10"4

Cl=2
end

if 1074<=N1 && N1<=10"10
Cl=3.4822*N1"(-0.0602)
end

% Stress-cycle factor for bending strength
if 1072<=N1 && N1<10"3

Kl=2.7
end
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if 1073<=N1 && N1<3*10"6
K1=6.1515*N1"(-0.1192)
end

if 3*1076<=N1 && N1<=10"10
K1=6.1515*N1"(-0.1192)
end

% Hardness ratio factor
if 1.2<=HBP/HBG && HBP/HBG<=1.7
B1=0.00898* (HBP/HBG) -0.00829
Ch=1+B1* (N/n-1)
else
B2=0.00075*exp (-0.0122*fp)
Ch=1+B2* (450-HBG)
end

% Reliability factors

if 0.99<=R && R<=0.999
Kr=0.50-0.25*1og(1-R)

end

if 0.50<R && R<0.99
Kr=0.70-0.15*1og(1-R)
end

Cr=Kr”(1/2)
% Elastic coefficient for pitting resistance (2290 psi/190 N/m
for steel)

Cp=2290 $(1/ (pi* ((1-Vp"2) /Ep+(1-Vg"2)/Eg))) " (1/2)

% Allowable contact stress
if HBG<HBP

Hb=HBG
else

Hb=HBP

S allowable contact stress
% Sat = allowable bending stress
if Grade==
Sac=341*Hb+23620
Sat=44*Hb+2100
elseif Grade==
Sac=363.6*Hb+29560

D
Q
I
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Sat=45*Hb+5980
end

%% Final Contact Equations

% Fundamental contact stress
Sc=Cp*( (Wt/ (F*dp*I)) *Ko*Kv*Km*Cs*Cxc) ~ (1/2)

o)

% Permissible contact stress
Swc= (Sac*C1l*Ch) / (Sh*Kt *Kr)

% Factor of safety for contact
Contact FoS=Swc/Sc

%% Final Bending Equations

% Bending stress

St=(Wt/F) *Pd*Ko*Kv* ( (Ks*Km) / (Kx*J))
% Permissible bending force

Swt= (Sat*K1l) / (SE£*Kt*Kr)

% Factor of safety for bending
Bending FoS=Swt/St
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