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ABSTRACT

We have been tasked to design, build, and testcgclbi which incorporates a hydraulic
drivetrain to compete in the Chainless Challengmpetition sponsored by Parker Hannifin
Corporation. The student group, BLUEIab, begas ginoject and will remain involved through
the completion. In conjunction with the hydrauligvetrain, a fluid accumulator will allow the
storage of energy, enabling regenerative brakirdytae release of energy when assistance in
acceleration is needed. The use of regeneratalarny gives our design a competitive edge by
capturing normally wasted energy. We have emphdsidrivetrain efficiency and safe
functioning in order to create a fast, reliableyble, which are essential characteristics in
meeting our goal of winning the competition.



TABLE OF CONTENTS

EXECUTIVE SUMMARY

PROBLEM DESCRIPTION

INFORMATION SOURCES

FUNCTIONAL DECOMPOSITION
THEORETICAL CALCULATIONS
SPECIFICATIONS

CONCEPT GENERATION AND SELECTION
ALPHA DESIGN

ENGINEERING ANALYSIS

FINAL DESIGN AND PROTOTYPE DESCRIPTION
PARAMETER ANALYSIS

INITIAL FABRICATION PLAN

PROJECT PLAN

CHALLENGES

TESTING PROCEDURES

VALIDATION RESULTS

DISCUSSION (DESIGN CRITIQUE)

12

13

14

20

24

24

43

45

52

54

57

58

58



RECOMMENDATIONS
SUMMARY / CONCLUSIONS
ACKNOWLEDGEMENTS
BIOGRAPHIES
REFERENCES
APPENDIX A: QFD

APPENDIX B: GANTT CHART

59

59

60

61

63

64

65

APPENDIX C: PERFORMACE CURVE FOR LARGER DISPLACEMEN T

PUMP

APPENDIX D: HYDRAULIC SCHEMATICS

APPENDIX E: SIMULINK MODEL OF LOGIC CIRCUIT

APPENDIX F: BILL OF MATERIALS

APPENDIX G: BEARING CARRIER CALCULATIONS

APPENDIX H: DESIGN ANALYSIS ASSIGNMENT

APPENDIX I: DESIGNSAFE SOFTWARE RESULTS

APPENDIX J: CHANGES SINCE DR3

APPENDIX K: LETTER TO PARKER

APPENDIX L: WIRING DIAGRAM

67

68

72

76

80

84

93

96

98

100



EXECUTIVE SUMMARY

The project started out as a coalition between N8B 4nd the student group BLUElab, to
produce a hydraulic bicycle to compete in the Cleas Challenge competition sponsored by
Parker Hannifin. BLUElab began design work on Ibieycle in September, 2008, and the ME
450 team is responsible for the design completimh @rototype manufacturing. Although the
competition is currently cancelled, progress onlitke has continued, with the goal of raising
awareness about the energy saving potential ofayids in transportation. Talks of hosting a
hydraulic bicycle exhibition to replace the comathave begun.

At the beginning of the design phase, we genetaébllowing specifications:

Table 1: Summary of engineering specifications

Specification Target value Specification Target vale
Vehicle weigh < 30 k¢ Energy release re 400 W

Fluid pressur < 21 MP% Pedal spe¢ 100 RPN
Pump displaceme 1-8cclrev Pedal torqu 50 N-m
Pump motor efficienc >80 % Front cear rati <10:]
Energy storage capac 30 k< Regenerative brakil Yes

Our design challenges primarily consisted of congmbrselection and placement. The pump
motors were chosen for their efficiency, while sjkets were selected as the most reliable means
of power transmission. The final design incorpesaivo 1.5 cc/rev pump motors with a 9.61:1
front gear ratio and a 4.25:1 rear ratio. The tfigear ratio created a need for a bearing plate to
support some of the load on the front pump. Algsifiged gear rear wheel is used for normal
riding which includes regenerative braking, whilevkeel with an eight speed internal gear hub
can be used to allow for fast acceleration, butregenerative braking. A basket on the front
handlebars holds the battery which will be conredtethe switches and relays controlling the
valves. The hydraulic subsystem is securely a¢ttddio a rack over the rear wheel, which
utilizes a 3.5 gallon accumulator, which increasasenergy storage capacity to 75 kJ. Finally,
we chose solenoid poppet hydraulic valves to mirénpressure leakage leading to a compact,
efficient, and safe overall system design.

Completing the prototype included several differer@nufacturing processes. All of the metal
components were produced using the manual latheyahanill or the CNC mill. Components
such as the frame and brackets were sandblasteceltbey were welded together and finally
painted. The electrical connections required soide while the brackets for the switches were
laser cut from Plexiglas. The hydraulic system wamarily assembled with wrenches, while
some of the fasteners for the accumulator requicdes to be drilled.

Once the prototype was fully assembled, we haddedbthe air out of the hydraulic lines and
test each mode of operation. Although we haveullyt completed this bleeding process due to
time constraints, we have been able to demonsthatgunctionality of each mode. Further
bleeding should allow us to run the higher presswigich the system was designed for and store
more energy in the accumulator.



PROBLEM DESCRIPTION

The Better Living Using Engineering Laboratory (BEldb) at the University of Michigan is
working to develop a bicycle with a hydraulic drit@ race in Parker Hannifin Corporation’s
Chainless Challenge competition in March, 2010.e Tompetition stipulates that power from
the rider must be transferred hydraulically to dnwe wheel. The bicycle may have chains, but
they may not directly connect the pedals to theeh®revious ME 450 teams have built bicycle
wheels capable of regenerative braking, but thesewaable to enter the competition because
they used chains as the primary connection bettfeepedals and the wheel. This semester, our
sponsors, BLUEIlab and Professor Steven J. Skdribg come to ME 450 asking for our help
with this project. BLUElab students have been daome design work for approximately a
year, selected possible components, communicati&dRarker Hannifin, and procured a bicycle.
At the beginning of the project, we were providedhwpreliminary specifications and the
corresponding component research. The requiredablyd system comprising of all of the
necessary components had been laid out in a scicefioat both regenerative and non-
regenerative designs. BLUEIlab had originally degditteuse an accumulator to store energy for
acceleration at the beginning of the Chainless I€hgé race but not to collect energy from
braking. However, we have decided that regenerddraking would give us the edge necessary
to win the race and require few extra componeritese ME 450 team must finish the design,
order parts, and fabricate the prototype. In otdelbe a successful competitor in the race, the
bicycle must be efficient, lightweight, reliablecsafe.

INFORMATION SOURCES

“They're still doing that project?” This is the tgal response when discussing our ME 450
project with others. The hydraulic bike projectiiwits many variations, has been a staple of the
ME 450 lineup for some time now, which has givenbash a lot to learn from, and a lot to
overcome. BLUElab started a new conceptual desighwe will continue to design the system
from the ground up. This has allowed for a lot ofelom, but conversely decreases the
foregoing progress on our specific design. At dse¢ the hydraulic bike project is an innovative
use of hydraulics, more specifically the hydrostakiive principle. This widely used principle
has been expanded upon in recent years for eféigisntransportation. We are not the first ME
450 team to do so. However, because we are gfavith a completely new design, we are able
to learn from the experiences of previous semesbeasd in our own design process. Research
of the hydrostatic drive principle and its recerngplecations has given us a stronger
understanding of our project, and review of oldorep and discussions with previous teams has
given us a peak at what to expect for this project.

The essence of a hydrostatic drive system is sinmples used as a means of transmitting
mechanical energy, but instead of using gearsrdewe other means of mechanical translation, it
converts the mechanical energy to fluid pressut@chvis then converted back to mechanical
energy. This can be seen below in Figure 1.



Figure 1: Basic Hydrostatic Principle [1]

PISTOMN CYLINDER

. —
EQUAL
FORCE FORGCE

I BuT
HERE SRR

CONNECTING
LINE

CMBZF252

Due to the incompressible characteristic of liquidie input forces are directly translated into
fluid pressure, which can then be turned directigkointo output forces. The above figure
shows the hydrostatic principle applied using pistand cylinders. Similarly, the principle can
be used with pumps and motors in place of the pssémd cylinders.

A pump is a machine that is responsible for comvgrtotational, mechanical energy into fluid
pressure and flow. The input torque can be thowfht the same regard as the force seen
above. Applying an input torque to a pump shalt eveate low pressure fluid on one side of the
pump and high pressure fluid on the other. Thié then create a flow in the direction of the
high pressure fluid. A torque in the opposite cin will also create flow in the opposite
direction. Conversely, if a pump receives a higespure flow without any input torque, it will
create an output torque on the shaft and a pressapeover the pump. At this point, the pump
is now considered a motor, as it is convertingdflpressure to rotational, mechanical energy
instead of vice versa. This path of input torqueutput torque can be seen in the following
figure.

Figure 2: Hydrostatic Pump Motor System [2]
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The hydrostatic principle has been employed fotw®s, but it is only recently being looked at
in the world of transportation.

The EPA (Environmental Protection Agency), UPS Batbn have improved on the hydrostatic
drive by designing hydraulic hybrid regenerativeading systems in large, fuel-powered
vehicles. The addition of an accumulator and resehave allowed for the storage of energy
that is normally lost during braking. This new id@scan be seen below in Figure 3.

Figure 3: Hydraulic Hybrid Regenerative Braking System [3]
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The accumulator is essentially a pressure vesseit bas a bladder filled with nitrogen inside of
it. As the vehicle slows down, the motor accejks torque created by its kinetic energy,
converting it to fluid pressure instead of wastings heat as in a vehicle with traditional frictio
brakes. This fluid is then routed to the accunmlatompressing the air in the bladder, leaving
potential energy in the form of pressurized aib&used as a boost of acceleration or an assist
during the launching of the vehicléecause the fluid levels will vary inversely to thessure
levels in the accumulator, there will be a resertmistore the excess fluid when the accumulator
is not at maximum pressure.According to Eaton Corp., these innovations cane giv
improvements in fuel economy around 15-30%, as astllowing for better acceleration when
used in conjunction with a running engine. The U&&ned up with the EPA to design a truck
with a different drive cycle, yet still employinghgdrostatic regenerative system that touts a fuel
economy improvement of 60-70%. Both claim to rectlsgr costs at approximately 3 years,
which the EPA claims to be approximately $7000haitgh we have no fuel costs, this is a great
representation of the energy savings possible5H],[

Although these are examples of hydrostatic drive@esys being applied to trucks, it stands by
many of the same principles as our hydrostatic ldksign. A patent search for relevant
technology has shown that ME 450 is not alone srpiirsuit of this idea. Patent #5,772,225
describes a bike driven by a hydrostatic pump msystem as in Figure 2 [6]. This invention
would fit the qualifications of the Chainless Clealje design, as the energy passes through a



hydraulic gate between the pedals and the rearlwheerawing of the inventor’s idea can be
seen below in Figure 4.

Figure 4: Bike with Hydrostatic Drive system

Although this is completely embodied in our projette idea of applying this to a bike has
already been presented to us by the idea of thepetimon. Therefore, there was no useful
knowledge to pull from this patent. Another pat@patent #4,942,936) [7] was found, this time
employing regenerative capabilities as well as @drdstatic drive. But yet again, there was not
much useful information to draw from the patent.

Figure 5: Electrohydraulic/Air Bike

As can be seen from the picture, this inventionesedibly complicated, but even with all of the

possible information to draw from it, we learnedhiog other than the fact that other people had
invented a hydraulically regenerative bike in tlastp Again, our design will incorporate many

of the same features, but the patent, yet agaies @@t provide any useful knowledge. Our
regenerative system had been designed by BLUEldlcampany before we started this project.
These patents simply show us that other peoplevarking on projects that are closely related to
ours. Because they have not helped in our desigreps at all, they are really only relevant in a
commercial scenario with issues of competition witiier companies and patent infringement.

As previously stated, the hydraulic bike projecs laafairly deep history with ME 450. There
have been many projects with the intent of creadiftydraulically regenerative bike, but with a
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traditional drive system instead of the hydrostatithere was even a team to strive for a
hydrostatic bicycle just like ours, but no regetigeacapabilities. Although our project this year
is still a “hydraulic bike”, it is, in essence, gnshesis of the two previously stated design
characteristics. We are setting out to create drdsyatically driven bike with regenerative
capabilities. This has allowed us to a) start witliesh design, and b) view the entire bike as a
system, instead of trying to fit the regenerativakies inside of a wheel as many of the previous
teams have done. The winter 2009 semester wasyasuecessful team, and almost created a
working prototype. However, the packaging becamoblpmatic when it came to fitting their
entire system in the front wheel of the bike. Alilgh we are not creating a hub-based design,
the system components are still the same. We ntbtthhem early in the semester to discuss
their project. Their design can be seen belowigire 6.

Figure 6: CAD Model of Winter 2009 Design [8]

The need for a high amount of precision was ongheflargest obstacles this team had to
overcome. Talking to this group has helped us stdied what our largest challenges are going
to be and how they are going to fit into our newgige. We also learned that many of their
difficulties were caused by the necessity to kdepdomponents inside of the hub. Because we
are not as constrained in size as they were, thishepefully mean there will be less related
problems for us. They also ran into problems vethking fittings for their lines, which was a
great warning for when we reach that point on @sigh [9].

FUNCTIONAL DECOMPOSITION

Due to the HRB design of our bike, it will emplolyet following five modes of operation:
pedaling, coasting, accelerating, braking, andgihgr During pedaling, the energy input from
the rider’s feet will be directed as hydrostatiwvdrto the rear wheel. A flow chart of this energy
transfer can be seen below in Figure 7.



Figure 7: Energy Flow During “Pedaling” Mode
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During coasting, there will be no energy transfeany sort. Fluid will simply be circulated
without any energy input, output or storage (neghgcfluid losses). This mode was created so
that the rider will not have to be pedaling attiafies. The circulation of the fluid without energy
transfer emulates the “free-wheeling” feature thgtossible on the average bike.

Figure 8: Energy Flow During “Coasting” Mode
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While accelerating, the energy stored in the acdatouwill be released to accelerate the rider.

Figure 9: Energy Flow During “Accelerating” Mode
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During braking, the rider’s kinetic energy will lsenverted into fluid pressure, which will then
be directed to the accumulator for storage.

Figure 10: Energy Flow During “Braking” Mode
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Charging will also increase the amount of energyest in the accumulator by the rider pedaling.
This mode will normally be used while the bike tat®nary.
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Figure 11: Energy Flow During “Charging” Mode
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As shown in Figures 12 and 13 below, multiple motkas operate at once. The system will also
employ parallel functioning of accelerating/pedglend braking/charging, allowing the rider to
pedal at all times. Due to the design of our systeand for the convenience of the rider, there

will be no required user signal to allow for thes®des to function simultaneously. Don’t
understand what this means?

Figure 12: Parallel Energy Flow of “Accelerating” and “Pedalling” Modes
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Figure 13: Parallel Energy Flow of “Braking” and “ Charging” Modes
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As you can see from the foregoing figures, the @aystem and fluid lines are integral to each
mode of operation, and will be responsible for mgksure each mode functions correctly. The
position of the valves (open vs. closed) will betalied by a user-input driven control system.
This will then direct the fluid pressures in thesided direction. The control system, valve

positioning and resulting fluid pressures will beadissed in more detail in the Alpha Design and
Final Design sections of this report.
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THEORETICAL CALCULATIONS
Many of the components and subsystems are intextglaneaning that the design and the
specifications of one part are highly intertwineihwanother. In order to develop specifications
and transform them into a final design, there ndedse a strong understanding of all of the
theory surrounding each component.

Pump motors

The purpose of the pump is to convert mechanicarg@nto fluid energy, while the motor
converts the fluid energy back to mechanical enertjythe pressure is reversed, a pump can
become a motor. The equations for mechanical enangly fluid energy are given below in
Equations 1 and 2, respectively.

W=r1+w Eqg. 1

WhereW is the power supplied by the rider (W)is the rider input torque at the pedals (N-m),
andw is the rotational speed of the pedal crank (rajl/se

Pxd*w
21

W = Eq. 2
Wherel/ is the power added to the fluid (WB,is the fluid pressure change through the pump
(Pa),d is the displacement of the pump3(rev), andw is the rotational speed of the pump
(rad/sec).

Assuming perfect efficiency, the power added bydheer would equal the fluid power which
would then equal the power at the rear wheel. Hewehe pump motors are not 100% efficient
and the relationship is shown below in Equation 3.

_ Wout

=W Eq. 3

It is important to note that the rotational speed #orque at the pedals, pump motors, and the
rear axle will be different because of gearingh@ligh there is equal power transfer throughout
them, neglecting efficiencies. For this reason must also understand power transmission
systems in order to pick the pump motors.

Mechanical power transmission

The mechanical power transmission systems betwkenpédals and the pump as well as
between the motor and the wheels are used to dotheemechanical power into a torque and
speed that is useable. The pump motors will tylyicaerate best at speeds much higher than
the pedals or the rear wheel spin and they alsd tarsdle much lower torques. Equation 4
below shows the relationship between these paramet®©nce again this assumes perfect
efficiency.

Nteeth1 _ T_l — & Eq 4
Nteetnz T2 w1
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WhereN is for the tooth count of the gears/sprockeis,the torques at the gears/sprockets, and
w is the rotational speed of each component. Thes wilo not matter as long as they are
consistent. This formula shows how these systeamsbe used to either reduce torque and
increase speed, or reduce speed and increase.torque

Energy storage and transport

The energy will be stored in fluid form in the aomuator. Equation 5 is used to calculate the
energy stored in the accumulator. We assume tletatdcumulator is large enough so that
pressure can be approximated to be constant.

E=PxV Eq.5

WherekE is the energy stored (J,is the pressure in the accumulator (Pa), \érsl the volume
of fluid stored in the accumulator {jn

This energy will then be converted to mechanicargy with the equations above and finally it
will become kinetic energy.

SPECIFICATIONS

We determined the proper specifications for thentess bicycle, based on parameters of the
competition, and have listed them in Table 1. TQ#D (located in Appendix A) allowed us to
understand how the technical specifications satisfine requirements of the sponsor. Since the
bike is to be used in a racing competition scenarimust be capable of handling aggressive
driver inputs. It must be efficient and acceleffats, while still being maneuverable and easy to
ride.

Starting with these demands we had to determine rhaeh force and at what speed the driver
would pedal the bike. BLUElab conducted a survejtsomembers to determine the average
torque and speed output of potential future ridddsing this data we set a target pedal torque
capacity of 50 N-m. The pedal speed range was $eérbelow 150 RPM, with the average
speed at 100 RPM. Since the pumps typically rumwath higher speeds, we decided to gear up
the pedal input to the pump drive shaft. In orleuse a chain/sprocket system we determined
that the practical maximum gear ratio for a singiain setup could be no more than 5:1. From
this limit we determined the target torque capaoityhe pump to be at least 10 N-m. We set a
target pump displacement of 5 to 10cc per revatutive wanted the pump to be compact but
not have a displacement so small that the prefmo@mes unsafe.

The efficiency of the pump is also a major consatlen. The pumps will be operating at speeds
around 500 RPM, while the optimal operating rargyg/pically between 1000-2000 RPM. This

means that the efficiency may be lower than desirédom looking at some of the major

components we expect the pump motors to be théingnfactor on the peak system pressure.
We have set a target maximum pressure of 34 MRawet pressures, however, will result in

more fluid flow for the same amount of work. Ornistimote, increasing pressures will reduce
fluid losses (increase efficiency) at the expenlspatential safety risks if the system were to

burst. Therefore the system parameters are targédie keeping in mind many tradeoffs.
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The prototype will have regenerative braking thkdves kinetic energy to be stored in an
accumulator. The energy and power that the syatest handle is directly related to the weight
of the vehicle driver combination. We set the ¢argike weight to be less than 30 kg and the
estimated combined weight with driver to be lessth10 kg. Then the kinetic energy at various
speeds can be found, which resulted in our grottjngehe minimum energy storage at 30 kJ.
Using this variable and the system pressure, waletarmine the volume of the reservoir that is
needed. We have determined that a volume of at Rditers is needed. However, a larger
volume will ensure more consistent pressure afiuitevolume in the accumulator fluctuates.

To control the rate at which the bicycle accelesaed decelerates, we must control the rates at
which fluid enters and exits the accumulator. THaie is essentially the power to the wheel,
either in acceleration or deceleration. If theedea@tion force at the back wheel is too great, the
bike might lift the front wheel or lose tractiorgsulting in a loss of control. If the deceleration
force is too great, the wheel will also lose tractcausing a loss of control, as well as no power
generation. 1t is difficult to have power savingdgoower delivery at different rates because the
fluid will likely enter and exit the accumulatorttugh the same restrictor valve. For this reason
we have set the target power delivery and recovegs to 0.4 kW. These parameters, along
with our research of similar products and develapisi@ave given us a good starting point. We
are currently working on finding components thatethe individual targets and integrate into
the system well, meeting the overall goals.

The above specifications were initially developemmpto design review one, but as the alpha
design was being developed, some of the specdmsithave evolved. Due to the limited
availability of these relatively small pumps we Baadjusted our target displacement range to
between 1 to 8cc per revolution. We have also @ddeefficiency target for the pump motors to
greater than 80 percent. The target maximum presBas now been reduced to 21 MPa,
because this is the maximum pressure rating oatlkemulator Parker Hannifin has donated. In
order to retain the same driver torque input weehaew allowed for gear ratios of up to 10:1.
These ratios may create other engineering chaltewhech will be discussed later in this paper.

CONCEPT GENERATION AND SELECTION

Pump motors

We need two pump motors: one to pressurize the fising power from the pedals and one
attached to the rear wheel to supply power to theelduring normal operation and pressurize
the accumulator during regenerative braking.

The Parker 09 series pump motors are compact dimerf. A photo of these pump motors
appears in Figure 14. Using data from the perfooeamrves in Figure 15, we determined their
efficiency to be 92% at 3000 rpm and 34MPa (5000p5ithough the accumulator Parker
provides may force us to operate at 21 MPa, effyeshould be equally high at lower pressures.
We used Equations 1-3 to calculate the efficiericsthe pumps under our operating conditions.
We assume that this efficiency will be the sameuatiower operating speeds because the output
torque of the motor should remain constant at lospereds. However, these pump motors could
easily pressurize the fluid beyond 34MPa, which Mouaste energy by opening the pressure
relief valve.
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Figure 14: Parker 09 series pump motors

Figure 15: Performance curves for Parker 09 seriesump motor implies 92% efficiency
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We also considered pumps such as the Parker 5@8 séth larger displacement which operate
at lower pressure for a given torque. Using datanfthe performance curve in Appendix C, at
500 rpm and 27.5 MPa, these pumps are only 64%iexifi

We selected the Parker 09 series for their supeffaiency and compact size. Although larger
pumps would be less likely to exceed the systemisdr pressure and force the pressure relief
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valve to open, 64% efficiency is not high enoughe Wdered the 09S-E-CK-P model which
offers face mounting and a standard 19mm long kehedt.

Rear wheel hub

In a traditional bicycle (Figure 16 below), a hubthe rear wheel is necessary to transmit power
from the cassette to the spokes and rim. It typialows the rider to coast without pedaling by
“freewheeling,” a ratcheting feature that allowe ttassette to spin slower than the wheel. A
fixed gear hub is less common and does not havér¢leeheeling feature, so the pedals spin
whenever the bicycle is in motion.

Figure 16: Traditional Rear Bicycle Hub

Cassette

Spoke

Derailleur

Our needs are different from those of a traditidnaycle. A cassette is difficult to connect to a
pump motor mounted above it. However, we want teehe variety of gear ratios to allow the
rider to pedal at a comfortable speed. In ordeddtermine the minimum number of gears, we
assumed the bicycle would climb a maximum graded6fand descend a maximum grade of -
.05. When changing gears, we wanted the slow gugdd to be no less than .7 times the pedal
speed in the faster gear. Thus, we determinedaat &x evenly spaced gears are necessary. For
the bicycle to have regenerative braking, the hulstmot freewheel because the wheel must be
able to transmit a torque to the sprocket on the hu

An internal gear hub provides the best packagircabse it requires only one sprocket on its
shaft and shifts gears internally. We selectedShenano Nexus 8SG-8R36 because it offers
eight speeds over a wide range (3.07 gear ratad thiference) and high efficiency. Although

we received this product as a donation, its prit&I®0 is competitive with a cassette and
derailleur combination. However, like all otheramal gear hubs, it has the freewheel feature.
We will need to disable freewheeling to have regaines braking. Although we will have to

modify an internal component of the gear hub tooagdish this, its advantages outweigh the
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difficulty of this modification. It has more thameugh gears for the rider to maintain a
comfortable cadence. It will be easier to connleetrear pump motor to a single sprocket on the
gear hub than to a cassette using a chain becazssette requires a derailleur.

Figure 17: Nexus 8 Gear Hub [11]

Mechanical connection of pedals to pump and motor to wheel

The shaft of one pump motor must be connectede@édals, and the shaft of the other must be
connected to the hub on the rear wheel. The coiometd the pedals is the most challenging
because it requires a gear ratio of 9.6:1. Thesgey transmit a force of up 380 N from one to
the other, so enough teeth must be engaged tomirewe of them from shearing off. The
combination of pump and gear must be narrow entadjhbetween the rider’s legs.

We considered ring gears, spur gears, bevel ggaas)s, and worm gears. Although worm gears

are capable of large ratios, we ruled them out lseeshe worm cannot drive the gear. The pros
and cons of each other choice are summarized ifollosving table.
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Table 2: Mechanical Transmission Selection

Connection type Advantage: Disadvantage
Spurgear: * Inexpensive * Misaligned gears transmit
x4 » Easy to mount power poorly
* Clothing may «catch in

Ring gear * More teeth are engaged than om
spur gears, allowing more power
transmission .

* Clothing is less likely to catch

* No exposed sharp edges

* Lighter than spur gears

Bevel gear * Allows pump assembly to bee

narrower by mounting pump
parallel to the bicycle frame .

Chain and sprocke
A

* High tolerance for misalignment e

» Easy to mount

» Easy to change mounting of the
pump by changing the length of

between the two gears
Exposed sharp edges

Misaligned gears transmit
power poorly
Requires custom bracket to

mount

Misaligned gears transmit
power poorly
Clothing may catch in

between the two gears
Exposed sharp edges
Heavier than other gears

Clothing may catch in
between the two gears
Possible to shear off teeth on
the small sprocket

chain

Photos are courtesy of sdp-si.com.

We selected chain and sprockets because it waklsg to attach to the existing crank and wheel,
and it allows for greater misalignment than theeotbears. A guard can be used to prevent
clothing from catching in the sprocket and chaing a chain tensioner may engage more teeth to
prevent shearing. Although the name of the comipetis the “Chainless Challenge,” we are
permitted to use chain as long as the pedals aeélvane connected hydraulically.

Valves

Three valves are necessary to control fluid flowirty the three modes of operation: normal
pedaling, regenerative braking, and assist. Onet finesnormally closed, and two must be
normally open. We considered ball, spool, and pbpakres. Although they are inexpensive and
reliable, manual ball valves are not appropriateabbse our valves must be able to be actuated
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remotely. Spool valves are not ideal because thgir leakage rate would decrease the system’s
efficiency. The valves must also be able to opemteepressure of 34 MPa and a flow rate of 0.5
L/min.

We selected Eaton Vickers poppet solenoid valve¥13B3-O-S6T-12DQP (normally open)
and SBV11-8-C-S6T-12DQP (normally closed). Althoughy are only open or closed and do
not have any capability to throttle, they have s leakage rate of five drops per minute and are
rated for 35 MPa and a flow rate of 60 L/min. Wgoatonsidered Parker valves, but their price
of $108 is higher than Eaton’s price of $81, andk@avalves do not offer any extra features
important to us.

Hose and Fittings

Parker has offered to donate and fittings to tlentebut we must select the best model from
their catalog. The hose needs to be rated foraat B4MPa and should have SAE 6 fittings. Two
hose models meet these specifications: 471TC ahdB@th of these hoses are compatible with
a variety of hydraulics fluids and are rated foe @ temperatures from -40°C to 100°C. We
selected the 471TC because it has a smaller minitmemd radius of 65mm which allows the
hose to turn sharp corners. We also considered tugje, but alignment issues made this option
problematic for the previous ME 450 team.

Electrical System

As mechanical engineers, we did not have the espetd design the electrical system on our
own. With the help of Andrew Richardson, an EECganhere at the university with extensive
experience in controls, we were able to createnaeqat of how the system should be design.

When designing the electrical system, we needetidose something that is capable of creating
logical decisions based on mode priority (more lws tan be found later in the Final Design
section). This left us with the options of logiatgs, a micro-controller, and a web of relays.
The logic gates were chosen based on advice frodied Relays would create an even more
complicated — not to mention expensive — circudntlthe logic gates, and the microcontroller
would require additional research in programmingilevithe logic gates only require an
understanding of circuits.

We also had the choice of using perfboard or atguirtircuit board (PCB) designed for our
circuit. Due to time constraints, the perfboardswhosen, as the PCB would not be able to be
printed in time. The perfboard also allows for miladity if changes need to be made to the
circuit design.

We also needed to choose a proper battery foryters. Lead-acid, lithium-ion, and Nickel-
Metal Hydride batteries were considered. Althoull latter two offer lighter and smaller
batteries, the lead-acid battery was chosen fdowtsprice, and its ease of use. We knew that we
had the correct charge available for a 12V lead-beitery. We chose it to have 7Ah, because it
would allow us to operate the bicycle for at leasthour at its highest current output of 6A.
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ALPHA DESIGN

Figure 18: Placement of components on bike
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Figure 19: Technical tube names for a bicycle
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Having chosen the 1.5cc/rev pumps, it was necedednpve a large gear ratio going from the
pedals to the pump, as shown in Figure 18. Thgelgear ratio creates a large radial load on the
pump shaft, so we are required to design a wagd¢arsely attach the pumps to the bike frame.
Our design shows a mounting plate is to be welddtié seat tube of the bicycle. We will need
to do some analysis on the seat tube to ensuréo#iis on it will not cause any structural
problems to the frame. If there is concern of that sube not being strong enough to support the
loads applied to it, we can reinforce it. This &siéy done by taking the seat off and sliding a
reinforcing tube inside of the seat tube and thelding them together.
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Figure 20: Location and method of mounting the pumpand motor

Bearing

The pumps are attached to the mounting plate uemfpce mount on the pumps and three bolts,
as seen in Figure 20. Due to the large radial toathe pump shaft, it may be necessary to create
a bearing carrier. Two bearings and a sprocket bvdllpress fitted onto a shaft which will be
connected to the shaft on the pump. Its purposiebeito take the loading off of the bearing on
the pump and place it on the bearings of the bgaamrier.

The placement of the motor is limited by the seéaysangling towards each other, as shown in
Figure 21. We cannot move the motor higher up #a 8ibe because the path of the chain will
intersect with the seat stays. Ideally we woulé li& have both mounts be placed together so the
reinforcing tube does not have to be very longMg require a reinforcing tube). The bearing
plate is easier to manufacture and stronger ifratteer than two. However, the placement of the
pump may have to be moved up to where the seatanfdéop tube come together. There are
several advantages to having the pump at thisitotahe mount can be welded to the top tube
as well as the seat tube which would result inr@ngier mount, the larger distance between the
sprocket at the pedals and the pump would allowentooth engagement at the pump, and the
driver would be less likely to hit the pump and émsvith his or her legs when pedaling.
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Figure 21: Back view of bike showing the seat staysngling towards each other as they
approach the seat tube

Seat Stays

Due to the large size of the accumulator in refatio the bike, there is isn't enough room to
mount it directly to the bike frame. Therefore, plan to use a bike rack over the rear wheel and
mount the accumulator to it. Not pictured in thesederings is the reservoir. The reservoir is a
low pressure holder of the hydraulic fluid and wi# about the same size as the accumulator.
There are two options for the location of the reser It can either be placed at the front of the
bike, mounted to the top, head, and down tube®radtively, we could build another layer to
the rack and mount the reservoir there, but we dvguéfer not to do that because that would
raise the center of gravity of the bike. We mayl sWweak the locations of some of our
components so we are holding off on showing the lavgl valves until DR3. We also have not
decided whether or not we will be using mechanicalectrical actuated valves, so the location
of the battery and electrical lines are not shown.

In order to direct the hydraulic fluid to the righiace, and in turn create the possibility of the 5
different modes, we will have to employ a rider-tohed system of valves and fluid lines. A
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schematic of our design can be seen below in FigreV1, V2, and V3 are our solenoid valves
that will be either open or closed depending on enod he other valves pictured are check
valves responsible for only allowing fluid flow the correct direction (as indicated on diagram).
All other components can be seen as labeled.

ENGINEERING ANALYSIS

Our current alpha design is only a rough conceptfusther refinement and analysis on the
design is necessary. We have many of the comporédnetady selected and ordered because of
the lead times. These components, which includgthmp motors and all of the control valves,
cannot be changed. However, the other componeaksas the gears, accumulator, and the lines
still must be finalized. Part of this finalizatiggmocess will include more development on the
control strategy for the different modes of openatilescribed in the concept generation section.
At the same time we must refine the CAD model ® lgvel that is necessary to complete the
manufacture and assembly of the prototype.

To complete the control strategy for the valves wit use knowledge of circuits and cable
actuation. This will depend on the difficulty obroverting the solenoid valves to mechanical
actuation as well as the challenges in mechaniealiyating different combinations of valves. If
we decide that using the electric solenoids isbib&t strategy, we will need to design circuit to
control all of these functions. Also, we will netxlselect and package a power source capable
of operating the valves for the length of time tatdetermine.

Completing the CAD model will require knowledge fofid mechanics to minimize the fluid
losses in the hoses and fittings. This is donsttategic component placement, specifically the
pumps and the accumulator. We already have thempmary placement of these major
components, but it may vary slightly due to mougtomallenges. The pump motors will be the
most difficult to mount because they will have highgues applied to them from the mechanical
power transmission systems. The mount designhiese pumps will primarily deal with solid
mechanics. The mounting of the pumps also includesmounting of the bearing plates that
will most likely be needed to reduce the high rathads that would otherwise be acting on the
pumps. Another avenue we are considering is remgothie bearing plates and transmitting the
entire radial load to the pumps. At times the peskal load on the pumps would exceed the
manufacture recommended load rating, but theseeeerckloads would be sustained for only
several minutes or less. Typically, the manufastiecommended radial load limit is for
sustained load. This design change would elimitla¢efrictional losses added by the extra
bearings, improving the overall vehicle efficienci/o make this change we will need to consult
a technical specialist at Parker Hannifin and dissome solid mechanics analysis on our own.

FINAL DESIGN AND PROTOTYPE DESCRIPTION

Because the intention of our bicycle is to compet@ race and not to enter mass production, our
prototype is our final design. By the end of thisise, the Chainless Challenge team should be
able to use the final product in its competitiorithAugh the team may choose to make some
minor modifications, we intend to deliver a finishgroject that requires no extra work.
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Overall design

Our design consists of three major subsystems: améchl, hydraulic, and electrical. The
mechanical subsystem transfers power to and fraenhiydraulic subsystem. The hydraulic
subsystem transfers power from the pump to the matd stores energy from braking in the
accumulator hydraulically. The electrical subsystereives an input from the user and sends
voltage to the correct valves based on the desn@ie of operation.

Figure 22: Overall design

Mechanical subsystem

The mechanical subsystem consists of chains, spt®ckhe gear hub, a bearing carrier and
mounts for the pump motors. A detailed descriptbeach of these components appears in the
Purchased Mechanical Components and the Manufac@omenponents sections. An overview of
the mechanical subsystem appears in Figure 23.
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Figure 23: Mechanical components

Motor mount
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Pump and motor mounts

Two separate mounts will connect the pump and tb®nto the frame. They will be made out
of ¥4” steel plate and will be welded on to the delée. The faces of the pump motors will bolt
to the mounts.
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Figure 24: Pump and motor mounts

Bearing carrier

Because of the 400 N of tension in the pump’s chaendesigned a bearing carrier to reduce the
radial load on the pump’s shaft. CAD models appe&igures 25 and 26.

Figure 25: Bearing carrier
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Figure 26: Bearing carrier exploded view

Shaft  Sprocket Support Bearing Bearing

holder
Shaft extensions

Loads on the motor are not as high as those oputimp, so the motor does not require a bearing.
We will manufacture two shaft extensions, one f@ motor and one for the pump, which will
allow us to attach the sprockets to the pump antbmghafts. These will use a shoulder bolt
through the shaft to transmit the torque. A CAD welanf this part appears in Figure 27.

Figure 27: Shaft extension for motor and pump

Gear hub assembly

We will use the Shimano gear hub attached to amo8th industrial sprocket. The industrial
sprocket will be welded to the original bicycle agpket designed to fit on the Shimano hub. A
figure of this assembly appears in Figure 28.
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Figure 28: Shimano gear hub and industrial sprocket

Hydraulic subsystem

The hydraulic subsystem consists of pump motorg/ega an accumulator, a reservoir, and
fittings. A detailed description of each of thesenponents appears in the Purchased Hydraulic
Components section. We have chosen a varietytofg# to convey the hydraulic fluid from one
part to another: high pressure hose, tees, adaptsvspressure hose, and barb fittings. An
overview CAD model of the hydraulic subsystem app@aFigure 29.

Figure 29: Overview of hydraulic subsystem
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Hydraulic Schematic

In order to direct the hydraulic fluid to the righiace, and in turn create the possibility of the 5
different modes, we will have to employ a rider-tolied system of valves and fluid lines. A
schematic of our design can be seen in Figure 30\, and V3 are our solenoid valves that
will be either open or closed depending on modes dther valves pictured are check valves
responsible for only allowing fluid flow in the aect direction (as indicated on diagram). All
other components can be seen as labeled.

Figure 30: Hydraulic Schematic of Our Valve Systenand Fluid Lines

Accumulator

P3
P1
/\
\/
P2 P2
V3 !
Reservoir
Table 3: Valve Positions and Resulting Pressuresrf&éach Mode
Valve Postitiol Pressure

Mode V1 V2 V3 P1 Pz [ P4
Pedalin Close( Oper Oper High Low High Low
Coasting Close( Oper Close( Constar | N/A N/A N/A
Acceleratine | Oper Oper Oper High Low N/A N/A
Brakinc Oper Close( Close( Low High N/A N/A
Charginc Oper Close( Close( N/A N/A High Low

The position of the 3 solenoids in our fluid systesti dictate the pressures on each side of our
pump and motor, as well as where the resultingdlave directed. Depending on which side has
a high pressure and which side has a low pressillramslate into which way torque is applied
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to the pump motor shaft. A difference in pressover the pump or motor will indicate an
energy transfer from mechanical energy to hydrauiessure (or vice versa).

With the pump, it will only ever be able to inputezgy to the system, by means of the rider
pedaling. This will result in a low pressure at BRd a high pressure at P3, converting the
rider's mechanical input into high pressure fluidhtt can directed to either the motor or the
accumulator.

With the motor, a high pressure at P1 and a lovequne at P2 will result in an accelerating
torque being applied to the rear wheel (by mearth@imotor gear system). A low pressure at
P1 and a high pressure at P2 will mean a torqtleeiropposite direction, which will then cause
the rider to slow down. The ability to apply toegqu both directions is what gives our system its
regenerative capability. This however, requiresea hub that can apply torque as well, as
explained in the Concept Generation section of th@ort. In order to emulate the “free-
wheeling” ability of a normal bike, our motor witirculate the fluid in a closed loop with no
energy transfer. This will create a constant pressluring circulation, and therefore there will
be no torque on the motor shatft.

Some of these modes can also function simultangodéiile accelerating, the rider will also be

able to pedal, creating a parallel functioning bé t“accelerating” and “pedaling” modes.

Similarly, the rider will also be able to pedal Vehbraking, employ both modes “braking” and

“charging”. Both of these situations will requiaelarge torque from the rider to overcome the
high pressures involved, but the possibility of farallel functioning exists nonetheless. A
more comprehensive depiction of the different maates their respective fluid flows can be seen
in Appendix D.

Valve 1 is normally closed, and valves 2 and 3ramnally open. This gives a default mode of
“pedaling”. The other modes will be driver chosand executed by the electrical subsystem,
which is described in the following section.

Electrical subsystem

The purpose of the electrical subsystem is to obtre hydraulic solenoid valves. As stated

before, the “pedal” mode is the default mode oftihke due to the valves’ unpowered positions.
The electrical subsystem is responsible for chapsiny of the other modes of operation. It

receives a signal from the user via switch, antliin supplies power to the valves to create the
desired mode as can be seen in the previous hydsmhlematic.

Acrylic Button Brackets
The buttons responsible for supplying the user inpill be mounted to the handlebars using
acrylic brackets. These can be seen below in Eiglr
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Figure 31: Acrylic button brackets mounted on handebars

If the electrical subsystem receives more thaniopet from the user, it will output a safe valve

selection. The electrical subsystem consists bhtéery, a voltage regulator, switches, logic
gates, relays, and wires. The subsystem will banteal to acrylic, and attached to the basket
that can be seen above in Figure 31.

The logic gates are used to ensure that the userbsth the desired mode, and at times of
ambiguity, the safest mode. Protecting from thitige accelerating at the wrong time is
especially important in creating a safely functianbicycle. Because of this, “charge” mode is
given the highest priority with “braking”, “coasti and “accelerating” following respectively.
This order has been chosen with an emphasis otysafecan be seen by the order of the last
three. The reasoning for putting “charging” modstfis also for safety, but will be explained
later. Each mode is chosen by the user, by mdamswitch, and if two are pressed at once, the
system must choose whichever has higher prioriylogic schematic that was constructed in

Simulink to make this choice of priority can berséelow in Figure 32.
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Figure 32: Logic Schematic of Control Circuit

The switches can be seen on the left side of theemsatic. The “brake”, “coast” and
“accelerate” switches will be pushbuttons that meemally open unless pressed. The “charge”
switch will be a 2-position switch, allowing theeusto stay in charge mode without holding
down a button. This will be helpful as chargingleme while the bike is stationary, and has the
possibility to take a long time. Fittingly, “chagmode was given the highest priority, as it
would be unsafe for the other modes to engage whaeging, by simply bumping a button.

Once these switches are closed, they will be s&M signal through the network of AND gates,
with the destination being the OR gates labeled’;XAI2” and “V3”, which are names for their
respective valves. The purpose of this is to ted@sa mode-based signal into which valves
should be powered during that mode. The AND gates responsible for ensuring that if
“accelerate” is pressed, the other modes of highierity (“brake”, “coast” and “charge”) are
not pressed. Once the AND gate network has dsnebt the OR gates will get signals telling
them whether or not to allow power to their respectalves. If any of their inputs provide 5V,
they will pass that 5V through. The combinationhalving different switches closed, and their
respective OR gate outputs can be seen in AppdadiXThis 5V output will then switch a
transistor, allowing the battery to provide 12V mowo a relay, in turn allowing the battery to
provide 12V at high current to the valves. A schgmof the entire electronic subsystem can be
seen in Figure 33.
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Figure 33: Diagram of Electronic Subsystem
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The logic part of the control circuit from Figur@ & embodied in the “Logic circuit” block,
which also contains the transistors and relaysaltowing power to the valves. (Note the
terminals for switch inputs and the terminals fatput to the valves). Because the logic circuit
runs on 5V, there is a voltage regulator to stefown from the 12V battery, but also make sure
it is a clean, non-noisy signal.

As you can also see from the diagram, there is asthbr Switch” located right next to the

battery. This will allow us to turn the entire sy off, preventing the battery from draining and
eliminating any unwanted mode changes. Figures&inmply a figure to represent the general
layout of the system, and not a wiring diagramisTan be found in Appendix L.

Purchased mechanical components
This section describes all purchased mechanicapoasnts. A detailed bill of materials with
manufacturers, suppliers, and prices appears ireAgg F.

Sprockets
Model numbers: A 6C 7-25013, A 6C 7-25020, A 6C5D&5, A 6C 7-25125

Description: These four sprockets are necessaryro the chain which connects the pump
motors to the pedals and the wheel. The crank hvaille a 125 tooth sprocket, and pump will
have a 13 tooth sprocket, giving a 9.6:1 gear ratie motor will have a 20 tooth sprocket, and
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the rear wheel will have an 85 tooth sprocket,rgiva 4.3:1 gear ratio. They are made of carbon
steel. We will machine the inside of the 125 tospinocket so that we can attach it to the crank
and weld the 85 tooth sprocket to a Shimano bicyptecket.

Chain
Model number: A 6Q 7-25

Description: Chain transmits a force between sptsckit is made of carbon steel and can
support a tensile load of 4115 N.

Internal gear hub
Model number: SG-8R36

Description: The gear hub connects the rear witeis tsprocket. It offers eight different speeds
without an external cassette. We will modify itdisable the freewheeling feature which allowed
the rider to coast. This is necessary becauseewé the hub to apply torque to the motor under
braking, when it would otherwise be coasting iroaginary bicycle.

Bearing
Model number: McMaster-Carr 6384K49

Description: The bearing reduces the radial load shaft of a pump motor.

Racks
Description: The rear rack holds the accumulatavalihe rear wheel. The front rack holds the
battery and electrical equipment that cannot bentezlion the handlebars.

Purchased hydraulic components
This section describes all purchased hydraulic aorapts. A detailed bill of materials with
manufacturers, suppliers, and prices appears ireAqlig F.

Accumulator
Model number: SKC402921

Description: The accumulator stores energy hydrallyi by compressing an internal nitrogen
bladder with the fluid. It is necessary to allowtasstore energy from braking and reuse it for
acceleration. It is rated for 20.7 MPa and has larme of 13.2 L (3.5 gallon). It is made of

carbon fiber which is much lighter than the stession (11.8 kg vs. 43 kg).

Pump motors
Model number: 09S-E-CK-P

Description: Pump motors convert a rotational terqan their shafts from the chain and
sprockets to fluid pressure and back again intatiaral torque. Fluid flows from the pump to
the motor or into the accumulator during energyagie. These are rated for 34.5 MPa and have
a displacement of 1.5 cc/rev.

35



Valves
Model numbers: SBV11-8-C-S6T-12DQP, SBV11-8-O-S&DOP

Description: Valves control the direction of thaidl, directing it into the accumulator or into the
pump motor on the wheel. They are normally fixedspscified, in either the open or closed
position and they require a 12 V signal to actithtesolenoid. We have purchased one normally
closed valve to close off the accumulator and twonmally open valves to use during
regenerative braking and acceleration. They aeslrfatr 34.5 MPa.

Check valves
Model numbers: C620S, C620S1

Description: Check valves allow fluid to flow in @dlirection only. They are rated for 34.5 MPa.

Relief valve
Model number: A02A2PZN-6T

Description: The relief valve prevents the systemspure from exceeding the rated pressure.
When the pressure reaches the rated pressureglteevalve opens and dumps fluid to the
reservoir until the system pressure is below thedrgressure. It can be set to relieve any
pressure below 34.5 MPa.

Reservoir
Type: Dodge Caravan coolant reservoir

Description: The reservoir holds fluid at atmospheressure, fills up as the accumulator
empties, and provides a source of fluid for fillitge accumulator. It is closed at the top to
prevent splashing but has a small vent to ensaatetlile pressures inside and outside are equal.
Qil

Type: Automatic transmission fluid

Description: The system will use specially formaththydraulic fluid, which is designed to
handle the pressures, temperatures, and matesiaig in many hydraulic systems.

High pressure hose
Model number: Parker 302 series

Description: Provides a flexible and lightweight ane for fluid transport. It is rated for 32.8
MPa and is compatible with field attachable fitsng

High pressure hose fittings
Model number: Parker 30 series
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Description: Fittings attach to both ends of eaigh Ipressure hose and allow the hose to connect
with other hydraulic fittings. These fittings areelfl attachable, which means that they use
threads to secure the hose instead of crimps, @tpus to assemble the hose ourselves.

Hydraulic fittings

Description: Adapters are used to attach all of ieeessary components as well as convert
differing threads. These are necessary, for exgnplallow us to attach our JIC hose fittings
into the SAE fittings on our pump motors. Tees @mtrthree hydraulic lines at one point, and
elbows allow 90° bends. We are using SAE and Jihds for high pressure because they are
readily available and leak free. We are using Ni@ihd@s on the pressure gauge and on the low
pressure side. We tried to avoid NPT fittings faghhpressure because they are more difficult to
seal and reuse. All high pressure fittings aredrébe at least 34.5 MPa.

Pressure gauge
Model number: McMaster-Carr 3846K84

Description: The pressure gauge tells the rideratmumulator pressure, which indicates how
much fluid and energy is in the accumulator.

Low pressure hose
Vendor: Carpenter Brothers

Description: 3/8” and 1/8” ID polyethylene lightvghit hose for the low pressure lines, instead of
the Parker hose used for high pressure. It cafiuesto and from the reservoir. It is rated for
low pressures and is compatible with oil.

Barb fittings
Model numbers: Parker P6MCB6, P6MEB6, P3MCB2, PB3U

Description: Barb fittings connect low pressure énds other ports. Low pressure hose slides
over one end, and the other end has pipe threadréav into another fitting. They are rated for
low pressures and are compatible with oil.

Purchased Electrical components
This section describes all purchased electrical pmrants. A detailed bill of materials with
manufacturers, suppliers, and prices appears ireAgig F.

Battery
Model number: Newark 87F637

Description: A battery is necessary to provide teleal power to actuate the valves.
Prototyping board

Description: The prototyping board holds all of #wnponents necessary to perform the logic
needed to actuate the valves.
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Buttons
Model numbers: Newark 46F1756

Description: The user depresses one of these ptishbuo specify which mode to use: brake,
coast, or accelerate. When no buttons are depréassebicycle is in pedal mode.

Rocker switches
Model number: Newark 01M9108

Description: There are two on/off two slide switshene for charge mode and one master power
switch. The master power switch disconnects theelyatrom the circuit when the bicycle is not
in use. The charge switch is set to on to fill siseumulator by pedaling.

Logic gates

Model numbers: Newark 69K7675 (AND), 31C5904 (O69K5154 (Inverter)

Description: The logic gates determine which valkaseive a voltage based on which buttons
the user has depressed. If the user pushes mor@tieabutton at the same time, the logic gates
ensure that the valves remain in a safe mode ahtpe.

Voltage regulator
Model number: Newark 58K1803

The voltage regulator takes 12V from the battery mrovides 5V to the logic gates.

Transistors

Model number: IRL510PBF

Description: The logic gates cannot handle enaughent to actuate the valves. If a transistor
receives a signal voltage from the logic gateslliws power to the relays. There are three
transistors, one for each valve.

Relays

Model number: Newark G5LE-1-DC12

Description: The transistors allow 12V power to thkays. Once the relays have been switched,
the high current loop is closed, and the associeddeks are powered. There are three relays,
one connected to each of the transistors.

Manufactured components
All manufactured components fall under the mecharsabsystem.

Shaft extensions

There will be two shaft extensions: one for the puand one for the motor. They connect the
shafts to the sprockets. The sprockets will begpfiesn to the shaft extensions, and we will drill
holes through the pump motor shafts and connech tttethe shaft extensions with shoulder
bolts. We will turn a 1” diameter steel rod on ehéato manufacture the shaft extensions.
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Figure 34: Shaft extension

Pump motor mounts

Two separate mounts will connect the pump and tb®mnto the frame. They will be made ¢

of ¥4’ steel plate and will be welded on to the seattukhe faces of the pump motors will k
to the mounts.

Figure 35: Pump mount
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Figure 36: Motor mount
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Bearing holder

The bearing holder holds the bearing that suppbeshaft extension. It will be made from a

thick steel plate.

Figure 37: Bearing holder
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Bearing carrier support
The bearing carrier support connects the bearindehdo the pum moun. It will be made of

steel tubewith the flange welded to the outer edge. The sipposite of the flange will b
welded to the pump mount.

Figure 38 Bearing carrier support

Sprockets

Although we are purchasing sprockeall of them will require machining opeiions. We will
machinethe center of the 125 tooth sprocket (Fig39) to attach tohte existing crank. We wi
borea larger hole on the 85 tooth sprocket and weld the Shimano bicycle sprocket to att:
to the gear hub.The 13 and 20 tooth sprockets ' alsorequire the centers to be bored ou
allow them to be pressed on to the shaft exten: Another 85 tooth sprocket has be
designed to be attached to our original rear wiaehe bike. Th profile can be sen in Figure
40. We will also need to machine spacers for its mtiog that can be seen in Figi41.
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Figure 39: 125 tooth sprocke

Figure 40 85 tooth sprocket (single gea

=181

\-.-J(J

=156
P+ 366 —

42



Figure 41 Single gear sprocket spact
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PARAMETER ANALYSIS

There are many complicated components on the lbke,we determined that only seve
required in depth analysis. These compondnclude theshaft extensic, bearing carrier,
bearing support and bolts, torque transmitting &erbolt, and the stre:at the pump and motor
mount welds. The relevant equations surrounding d@halysis can be found in AppencG,
along with the analysis on shrink fitting the spets onto the shaft extens. Other
components were sized using engineering reasonnsore that the safety factors we
sufficiently large.

To help us select and assess environmental impachterials and identify safety risks, we u:
CES EduPack, SimaPro, and Designsafe software.t#letk report on our findings appears
Appendix H.We used CES EduPack to identify the best matefaalthe shaft extensions a
safety shield. We identified carbon steel and dest as good candidates for the st
extensions. We used SimaPro to compare the enveotainimpact of these two materiand
found it is about the same for each. Aluminum aarban fiber were candidates for the sa
shield. Carbon fiber is lighter and has less emvitental impact than aluminum but is m
expensive.

Forces on bearing shaft extension
The peak torqueacting on the pump is 45 Ib*in. We are able to fthe radial load on th
sprocket by using

Eq. 6
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Where T is the torque in Ib*in, F is the radialderin Ib, and r is the pitch radius in inches. We
calculated the radial load to be 90lbs. This exsabd recommended radial load on the pump
shaft, so a bearing carrier was designed to lothweifdrces on the shaft. A simple force balance
results in

Fradial = Fpump + Fbearing Eq. 7

The radial force on the bearing is determined t@@es, which gives us a safety factor of 2.25.
This will allow some misalignment when manufactgrin

Stress and deflection of bearing support

The bearing support will be welded to the mount afitibehave as cantilevered beam, so it is

necessary to analyze the bending stress at theameldhe deflection at the bearing. Due to the
geometry, we are able to use beam theory to deterthese values. The stress is found by using
the following equation

Mxc
1

o= Eq. 8
Whereo is the bending stress in psi, M is the bending ewinin Ib*in, c is the max distance
from the neutral axis in inches, and | is the sdcmoment of area in fnWe determined that the
bending stress was 230psi, giving a safety faftbsé against yield. The deflection at the end of
the support is found by using

_ _Fbearing*L3
6= —p Eq. 9
Wheres is the deflection at the end of the support imes; L is the length of the support in
inches, E is the Young’s modulus in psi, and |ts second moment of area ir.iWe
determined the deflection to be 1.77%1i@.

Shear stress in support bolts
The shear stress in the bolts connecting the bgatipport and bearing holder can be calculated
by use of the following formula

V*Q
=1 Eq. 10
Wherer is the shear stress in psi, V is the shear fardbg, Q is the statical moment of area in
in®, 1 is the second moment of area if}, iand t is the thickness in inches. With a diamefe
1/8”, the shear stress in each bolt is 4900 p<.t€hsile strength of each bolt is 144,000 psi and
the shear strength can be approximated at 60%edetisile strength. Therefore the bolts will be
strong enough to transmit the load, with a safatydr of 17.

Shear stress in torque transmitter
The shoulder bolt that connects the pump shafécsprocket has to safely transmit the torque.
The shear stress is the main concern in strengtlcan be found by using Equation 10. With a
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shear force of 90 Ibs and a thickness of ¥4" givetiear stress of 458 psi which is well within
the shear strength of 84,000 psi.

Stress at the weld of the pump mount
The radial load on the pump mount will cause a bendtress at the weld. This can be
calculated in a similar manner as what was doné¢hbearing support, using Equation 8. With
a height of 2.25in and a thickness of ¥4, the stneas found to be 1500 psi, which is well
within the yield strength of 36,000 psi.

The radial load for the pump is larger than thathef motor, so the stresses are going to be less
on the motor mount weld. Therefore, it was not seagy to calculate the stress at the weld of
the motor mount since the pump mount proved totlmng enough. Also, the stress caused by
torsion is very small in comparison to the benditrgss, so it was neglected.

INITIAL FABRICATION PLAN

Because our final design is the same thing as oototype, our initial fabrication plan will
consist of manufacturing all of our parts we nesdnake and modify ourselves, as well as the
assembly of all of our manufactured parts and mset parts. Although our project is for ME
450, we are working in conjunction with the studgrdup BLUElab. This has allowed us access
to the Wilson Center, as it is for a student contipet Given this, we will be doing all of our
machining and assembly at the Wilson Center. Tty of our bike’s components are parts
acquired from outside suppliers, but we will hagentachine some parts ourselves before the
assembly process.

The following table describes the processes fontaehining of our manufactured parts.
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Table 4: Parts to be made and associated machinimgocesses

Part Machine Material Tool Spee
Pump Mount CNC Mill Stee %" End Mill / ¥" 800 rpm / 1500 rpi
Drill
Motor Mount CNC Mill Stee %" End Mill / ¥" 800 rpm /1500 rpi
Drill
Bearing Support Tube Band Sav  Steel Tubint  N/A Set @  Wilsor
Center
Bearing Support Flange CNC Mill Stee %" End Mill / ¥4" 800 rpn
Drill
Bearing Holder CNC Mill  Stee %" End Mill / ¥4" 800 rpn
Drill
Shaft Extension (x2 Lathe/Mill  Stee Turning tool / ¥ 1002000 rpm
Drill 1500 rpm
Gear Hub Tabs Mill  and Stee 1/8”" End Mill 2500 rpn
File
Reinforcement Tube Band Sav  Stee N/A Set @  Wilsor
Center
Button Brackets Laser Acrylic N/A Set in Machine She
Cultter
Electrical System Mount  Laser Acrylic N/A Set in Machine She
Cutter

The bearing support flange will then be TIG weldedo the end of the bearing support tube.
With the shaft extensions, the cylindrical formdlwe turned using a lathe, and the mill will be
used to drill the holes for pin-mounting. The glab tabs will originally be milled for their
general shape, but small modifications will be mbglehand using a file to give its functional,
but not manufacturable characteristics. The falh@aable describes our parts that need to be
modified for our design.

Table 5: Parts to be modified and associated machirg processes

Part Machine Material Tool Speed

Pedal Sprocket CNC Mill  Stee %" End Mill / ¥4" 800 rpm / 1500 rp!
Drill

Pump Motor Sprocket (x2) CNC Mill Stee Y4" End Mill 1600rpm

Rear Sprocket (Gear Hub) CNC Mill  Stee ¥5" End Mill 800 rpn

Fluid Hoses Chop Sax  Hose N/A N/A

Pump Motor Shaft (x2) Mill Stee Y4 Drrill 1500 rpn

Rear Sprocket (Single Gear) Mill Stee 1/8" End Mill 2500 rpn

Sprocket Spacer Mill Stee 1/8" EndMill 2500 rpn

Before we begin the assembly process, we muststrstiblast the bike. We will need to weld to
the frame, but the paint and coating are in the @fayetting to the steel frame itself. We will be
sandblasting the entire frame, and it will be dahthe Wilson Center using their sandblaster.

Once all of the parts have been machined, andrémeef has been sandblasted, we will start the
assembly process. There will be many processag U3G welding, most importantly the pump
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and motor mounts. It will be important to pay dalettention to the alignment, because

misalignment in the chain can reduce efficiency eadse premature failure. This will require

an accurate and reliable jig to hold the partslatg@ These jigs will be made as needed from
spare materials sourced from the shop.

To begin, we will attach the pump and motor mouatthe seat tube on the bike. This will be

done using a TIG welder, but will first need to bdte steel reinforcement tube inserted inside
of the seat tube. With the seat assembly rematedreinforcement tube will be pressed in

through the hole in the top of the frame. Thisl wibth strengthen the seat tube and provide
more material for the welds on the pump and motoumts as well. Once attached, the pump
and motor mounts will look like the following figer

Figure 42: Pump mount and motor mount attachment

The jigging process for the welding of these mowats be seen below in Figure 43.
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Figure 43: Jig for pump mount

The sprockets for the pump motors will be attacteethe shaft extension by means of a shrink
fit. This will consist of heating the sprockets200 C, making their bores wider than the shaft
extension. They will then be pressed onto thetshdénsion and seated next to the step in the
shaft. As they cool, they will create an interf@cessure that will allow them to transmit torque.

After the sprockets are placed on the shaft extenshe shaft extension will be attached to the
shaft of the pump motors. This will be done usanghoulder bolt, matching the hole on the
pump shaft with the hole on the shaft extensiohe fbregoing processes will be done to both of
the pump motors.

Figure 44: Pump motor with shaft extension and sproket

Next, we will assemble the bearing carrier. Toibgthe bearing support flange and tube will be
welded together in the same process as weldindgéheing support tube to the pump mount.
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This will hold the forces that will be applied toetbearing. he pump will then be placed insi
of the pump moundnd the bearing holder attached to the bearingmstifipnge to ensure prop
alignment. The jigging process for the welding process caisden below in Figure5. After
which, the bearing holder vl be taken off of the bearing supporthis configuration can be
seen in Figure 46 The motor will also be attached to the motor nman the same fashii as the
pump to the pump mount.

Figure 45. Jigging process for welding the bearing supportube and flange to pump moun
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Before moving any further with the bearing carrsmsembly, we must first attach the pedal
sprocket to the pedals. This will be done usirgydhginal sprocket bracket that came with the
bike. The sprocket will be bolted onto the brackétich will then be attached to the pedal shatft.
The assembly can be seen below.

Figure 47: Pedal assembly

The chain will be set around the pump sprocket pedal sprocket, creating a mechanical
connection between the two.

The bearing must then be press fit into the beahiolger. The bearing holder will then be
bolted to the bearing support, with the shaft esiteam going through the bore of the bearing, as
seen below, completing the assembly of the beaanger.
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Figure 48: Complete assembly of the bearing carrieand pump assembly

r

Next, the old gear hub tabs must be replaced \wwghnew gear hub tabs. This will be done by
disassembling the gear hub, and isolating the eéitup piece. The old tabs are held on by e-
clips, which can be taken off using a screwdriv@nce the new tabs are in place, the gear hub
must be reassembled. At this time we will be &itag it to a new wheel. The attachment
process will be done externally by BLUElab membatah Feldman.

After the rear wheel has been constructed, we attesth the rear sprocket. Because the hub has
a very characteristic mounting of sprockets, we gl using the welding the old sprocket to our
rear sprocket. This assembly will then be attadioetthe rear hub in the same fashion that the
sprockets that came with the hub are attached.wheel will be placed in the rear wheel holder
on the frame. The chain will then be set aroumdniotor sprocket and rear sprocket connecting
the two parts mechanically.

The next subsystem up for assembly is the hydrauilbsystem. This will consist of attaching
the hoses to the fittings, and the fittings to thespective valves, pump motors, pressure gauge
and accumulator. This will be done using a wrendtlh an awareness of the proper torque
levels for each fitting. The final assembly ofstlystem can be seen in Figure 49.
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Figure 49: Assembly of hydraulic subsystem

We must now attach the hydraulic subsystem to ike itself. The low-pressure reservoir will
be attached to the bike frame via cable ties. ddwimulator and fittings will be resting on the
rear rack of the bike, with the accumulator corediby a Coke rack designed to hold 24 200z.
plastic Coke-containing Coke bottles, but it conéve Dr Pepper, depending on the geographic
region. The Coke rack will be attached to the neank by means of steel bolts, and the
accumulator will be strapped into the Coke rackeh#er. The valves, fitting, and hoses will be
supported by the accumulator. To protect agaiitsation, we will be placing damping material
beneath the accumulator.

Lastly, we must assemble the electrical subsysténis will be placed in a basket hanging from

the bikes handlebars, so that must first be atthaseng the instructions that have come with the
basket. We must also construct the logic cirduat twill be responsible for the controls. This

will be done using wire-cutters and solder, andcathponents other than the valves, switches,
and battery will be attached to perfboard. Thengidiagram for this can be seen in Appendix
L. The valves have already been assembled asfae hydraulic subsystem, the switches will

be cable-tied to the handlebars, and the battellybeviplaced in the basket near the perfboard.
The perfboard and battery will be strapped dowmtke sure that movement does not affect
their connections/functioning. An electric speeéten will also be attached to the bike to

monitor its speed. The mode-selecting buttons ballmounted to the handlebars using the
acrylic button brackets, which will be mounted be thandlebars of the bike using bolts. The
attachment of these brackets can be seen previougig report in Figure

PROJECT PLAN

With the goal of entering the Chainless Challengmetition, we felt it would be good for us to
research previous designs of vehicles with regénerdraking and launch assist features.
Although their project was much different from qunsee met with last semester's ME450 team
to discuss what they learned from their project. Vaee also set up a meeting with David Swain
at the EPA to inspect previous vehicles with regaineé braking and launch assist.

With our largest challenge on this project being kad time on the components, our first and
most important milestone is to nail down our desagid engineering specifications. If parts are
not ordered early it is a possibility we won't raeethem in time for the Design Expo. We will
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finish the specifications and order the pump, motord valves by September 30. The less
specialized components in our design (hoses, dgtietc.) do not have large lead times, so they
can be ordered in late October.

In the time between ordering and receiving ourga will be creating the CAD files and any
numerical analysis that may be required. At thigzetwe will also be creating the manufacturing
plans and scheduling when each piece gets machiimewill allow us to begin machining the
major components no later than November 6. Witk timeframe we will be able to begin
assembling on November 23. This allows us two arwhla weeks to test, trouble shoot, re-
machine, and fine tune before we present the fir@btype at the design expo on December 10.

A summary of milestones appears in Table 6 below.

Table 6: Summary of Milestones

Milestone Date
CAD fine tunec 10-31
Order hose and fittin 11-2
Purchase raw materi 11-4
Begin machining 11-6
Decide mechanical or electrical val 11-15
Gear hub fixec 11-22
Begin assemblin 11-23
Valve actuation complet 12-5
Design Expc 12-10

Chainless Challenge competition (tentati 3-25

A current major task is to finish the CAD model. \Wave drawn the bicycle and placed major
components such as sprockets, pump motors, accuomudad rack. We still need to add valves
and route hose. Once CAD is complete, we will kiimse lengths and end types. Although we
previously had planned to finish CAD by Novembervie have decided to accelerate its
completion to October 31 so that we can order leose fittings on November 2. The CAD
model will also help us decide what raw materialpirchase. We plan to purchase raw material
by November 4 in order to begin machining Noventad?hil and Chris will complete the CAD,
create a manufacturing plan, and purchase raw rakstadenry will order the hose and fitting.
We have determined the part to remanufacture tabtisthe freewheeling of the Shimano gear
hub. By October 30, we will have created a CAD nh@hel manufacturing plan for it. Andrew
will be in charge of designing, manufacturing, amstalling this part. We may decide to cut this
part on a water jet. In this case, we have alloaegble time in advance of our November 22
deadline to gain access to the machine. We havéhisetleadline early enough to be able to
install the hub in a new wheel in advance of thei@re Expo.

Although the solenoid poppet valves may not arcmél December, we will have decided if we
will actuate them mechanically or electrically bp\mber 15. Following this decision, we will
purchase either a battery and switches or cablddemers. Henry will conduct a preliminary
investigation of the possibility of mechanical attan. If he determines mechanical actuation is
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not practical, Andrew will design an electrical tmh system. The entire valve system will be
installed by December 5.

We have ordered all major hydraulic parts. We sided to order hose, fittings, bicycle parts,
chain and sprocket, and possibly electrical supie the valve. Phil will order the chain and

sprocket, and Henry will order the hose and bicpasds. Hose and fittings should take no more
than four weeks to arrive, and the remaining segpthould take about a week.

Since Design Review 2, we have updated our schedushown in Table 7 to identify all major
manufacturing operations.

We hope to be able to give the weekend of Noverglhdo a BLUElab member to assemble the
rear gear hub and the wheel, which he has purchékedy and Phil will be able to access the
Wilson Center during Thanksgiving break to machine sprockets, shaft extensions, and the
mounts for the pump motors and bearing. After thmaehining processes are complete, we will
move on to assembly. Andrew will solder the circbidard, and Henry will prepare the
accumulator for use and assemble hydraulic fittifRysl will cut the hydraulic hose. Chris will
be in charge of securing the accumulator to thke aacl painting.

Table 7: Project plan with dates

Milestone Date
Fix gear hut 11-20
Machine sprocket 11-20
Assemble gear hub on whe 11-23
Turn bearing sha 11-29
Machine and weld pump and bearing mot 11-29
Press fitting 11-29
Circuit board and electrical assem 12-3

Assemble hydraulic syste 12-5

Design Expc 12-10

We have obtained all of the parts in the bill oftenels except for those that will be bought at
the local hardware store, the electronic componams pump motor, and three poppet valves.
The two normally open poppet valves are schedueship November 24, and the normally
closed poppet valve is scheduled to ship Decemb®feBhave borrowed a valve from the EPA
to use, in case ours does not arrive in time fotqtype testing.

CHALLENGES

Aside from the difficulty of the engineering godllegand, one of the largest and most evident
challenges is the lead time on the components de&meconstruct the system. It is also
important to find components, like the pump andanawhich are efficient and meet our desired
specifications. The manufacturing time is alsoyvénited and the complexity of the project
will most likely require an above average allowafmemanufacturing. Also, we want to make
the bike reliable which is difficult to achieve many first time prototyping scenarios. Similar
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projects have been attempted many times in the pastthey have not functioned reliably or
even at all. Finally, safety is one of the mospartant parameters of this project. For this
reason, the manufacturer recommendations and dafetys are taken very seriously. The high
pressures in a very complex system can be a sad&tybut with proper safety precautions, the
risk of injury can be greatly reduced. In ordertercome these challenges, we have set up a
Gantt chart which will be strictly followed in ord& keep the team on track towards the goal.

Rear wheel hub

As previously stated, we have intended to use the&o Nexus 8 as our rear gear system, but
have run into the problem of disabling its freewimgpcapabilities. In order to find which part
of the hub causes the freewheeling, we have b&#ntithe hub apart, and contacted the technical
department at Shimano. The people at Shimano dhelgeby pointing us toward the proper
components, and after some tinkering we have fabatthe components seen in Figure 50 are
responsible for the freewheeling properties ofitlesus 8 gear hub.

Figure 50: Internal functioning of gear hub

On the internal assembly of the gear hub, ther@ iatcheting system comprised of a mono-
directional engagement piece, part “A” in Figure &0d a torsion spring, part “B”. Face 1 (F1)
engages when rotating in direction shown, and ®@rgan be translated. However, when
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spinning in the opposite direction, the geometrpartt A allows for the surrounding gear to pass
over Face 2 (F2) and deflect the torsion sprinfgis @llows for no torque to be translated and the
hub “freely” spins around the internal assemblyithdugh we have identified the pieces of the
system that are relevant to the hub’s free-wheglvey are still in the process of developing a
new design that will engage in both angular dimi

If we are unable to disable freewheeling on theermal gear hub, we may use two
interchangeable wheels. One would have a fixed fmause in events where regenerative
braking is important, and the other would haveithiernal gear for events where being able to
shift gears is important.

Integration of this hub into the bike will also bechallenge, albeit a small one. The Shimano
hub will not fit on the current wheel, so we wiked a new wheel built. We have found a vendor
willing to do this for $100, or a BLUElab membersheolunteered to do it. It may take several
days or more to build the new wheel.

Radial load on pump motor shaft

The Parker pump motors are designed to suppod @@2N of radial load on their shafts. With a
large gear ratio and small sprocket on the pumpafts we may exceed this force. Thus,
bearings will be necessary to support the radiadlId’he challenge is to find bearings that are
strong enough to support the extra force of 380eNgmall enough to mount on the pump’s
19mm long shaft. Additionally, mounting them withaunterfering with the sprocket will be
difficult.

Competition currently cancelled

Parker has informed us that they are cancelling20#0 Chainless Challenge competition
because of a lack of commitment from other teanhss @iecision may affect our eligibility to
receive donated product from Parker or other spsnd&e hope to be able to make Parker
reconsider its decision or at least hold a scabsk ltompetition and provide still donate what it
has committed.

Valves

The Eaton Vickers solenoid valves we selected astgded to be either open or closed with no
intermediate partially open position. They alsouieg)a supply of electricity to remain in one
position. Converting these valves to be manualtyated via a cable would be ideal because it
would allow the rider to throttle them open and Woeliminate the need for a battery. However,
this may not be possible to do safely.

Accumulator

Parker has offered to donate a carbon fiber acatoutated for 21 MPa. However, we have
been designing our system to operate at 34 MPassw this accumulator will require us to
either reduce the system pressure or add an eslied valve. We could purchase our own
accumulator, but a steel accumulator rated forpoessures has a mass of 23kg.

Hose and Fittings

Parker has agreed to donate hose and fittings. \W& specify the type and length hose in
advance and must be careful to order the corregthebecause changing the hose length later
will be costly.
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Since Design Review 2, we have overcome many oblthehallenges and some new challenges
have emerged. We have developed a strategy fioigftke rear gear hub. We have designed a
carrier bearing for the pump shaft to reduce tlas land the motor gear ratio was modified to
keep the loads low. We have decided that we vpiirate the valves electronically because of
safety. The hoses and fittings have been drav@AD, ordered, and received.

The new challenges primarily consist of communarathallenges with Parker. We sent Parker
a letter about the status of the completion andawmeecurrently working with them on possible
solutions. This letter can be found in Appendix KWe hope to have the competition
rescheduled or gain their support in a hydrauloyde exhibition which we would organize here
in Ann Arbor. We have just received a 3.5 gallacuemulator from Parker, when we were
expecting a 1 gallon accumulator. This is muclgdarthan the one we currently have in our
CAD model and therefore it may cause new mountimglenges. Also, we are still waiting to
receive one pump motor from Parker.

Other challenges include receiving the valves, rfasturing with tight tolerances and safety

considerations. As mentioned previously the pomadte delivery times have been delayed.
Many of the components will require careful machgnas well as precise jigging for the welded

parts. We are also considering possible safetyessthat may arise during the testing of the bike
and ways to prevent them.

TESTING PROCEDURES

Low Pressure Testing

Once our hydraulic assembly has been completedyiWéill our reservoir with the Pennzoil
automatic transmission fluid, and pump it into Hyelraulic system by spinning the pedals. The
bike will be lifted and leaned to try and free thie from being trapped in the system. The
bicycle will be placed on a bicycle trainer to alléor stationary pedaling of the bike. This will
require no valve actuations, and will not reaclspuees that could possibly cause harm during a
failure. During the low pressure testing, we wilily be able to employ our “pedal” mode of
operation. This will demonstrate the hydrostatitvel capability of our system but not its
regenerative or energy storage capabilities. Théléde employed through our other modes of
operation during high pressure testing.

High Pressure Testing

After the system has successfully been filled \liiid, and pedal mode has been validated, we
will begin using different valve positions to ackeehigher pressures. All subsequent tests will
involve safety glasses and a keen awareness ditdlbe of our system. High pressure failures
can be catastrophic, so we will need to be vergfaar The first part of these tests will still be
done on the bicycle trainer. “Charge” mode will éraployed, and the pedals will be turned,
sending pressurized fluid to the accumulator. Wk tiven release the stored energy of the
accumulator by employing “accelerate” valve posisipand if the rear wheel spins, this will
validate both the charge mode and the acceleratiem®o test “brake” mode, we will spin the
rear wheel with the valves set in “brake” positi@mulating the reverse torque applied to the
motor when slowing down. We will then apply theaerate mode again, and if the rear wheel

57



spins, brake mode will be validated as well. Astpoint, the bicycle is ready for on-road
testing. This will require dry weather and an oppace. We are not planning on doing on-road
testing for ME 450. This will need to be done neamnester by BLUElab members.

VALIDATION RESULTS

Preliminary testing was done by attaching the bBeyo a stationary bicycle trainer. We were
able to show that the hydrostatic pedaling modekeabr This was tested by having the rider
simply turning the pedals while in “pedal” mode, ieth resulted in the rear wheel turning.
However, when pedaled at lower speeds, the motbnali turn. We believe this is due to air in
the lines because the pump should always displacenatant volume of fluid per rotation.
Further bleeding of the lines will need to be danerder to fix this problem. We were also able
to verify correct operation of valves in “chargebde but were unable to store any fluid within
the accumulator. When pedaling the pressure gehmeesl pressure jumps of up to 13 MPa, but
when the rider stopped pedaling the pressure quitidpped. We believe this pressure is from
air in the system being compressed, so again,duliteeding is necessary. Also, the torque the
rider felt when pedaling at 13 MPa was moderatégda&#ng that a rider could pedal at 21 MPa
with the gear ratios chosen.

DISCUSSION (DESIGN CRITIQUE)

Figure 51: Team Members with Final Prototype

|

The key strengths of our design are the high efficy pumps we have and the ability to
recapture energy through regenerative braking.i®usvhydraulic bicycles have much larger
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pumps whose efficiencies are typically around 6@4tiJe our pumps operate at 92% efficiency.
Physically, this means that much more of the warkipto our system is returned as compared
to previous teams’ systems. Also, this is the 8esies hydraulic hybrid bicycle that we know of
that incorporates regenerative braking.

The main weaknesses of our design are its comp|axiteability, and safety. Having the five
modes of operation makes the hydraulic and electridrol system complicated. This makes
troubleshooting any problems with the bike difficth locate and possibly hard to fix. The
weight and placement of the accumulator makes tbgcle cumbersome. This will make it
harder for the rider to stay upright when startiagpedal from a stop. Also, cornering will be
difficult. In the event that the bicycle is in ash there is concern for the rider’s safety. Sofme o
the fittings would impact with the road and theylicbfracture or develop a leak, which would
expose the rider to fluid at pressures up to 21 .MPa

Given the opportunity to do this project again, weuld have looked into a three wheeled

bicycle. In our current design we have a heavy iacdator that is placed on a high spot on the
bike. This is not ideal for a bike that is intendedbe entered into a race. A three wheel bicycle
would allow for the accumulator to be placed muaWwdr on the frame and would have little

effect on the center of gravity of the bike. A taneheeled bike would be better for packaging
the rest of the hydraulic components and wouldebegthield the rider from any high pressure

leaks. A downside to this design is it would beviera have more rolling resistance, and be less
aerodynamic.

RECOMMENDATIONS

We recommend that a bleeder valve be installedinvitie hydraulic system. This would make
bleeding the lines of air easier and more effectiMe also recommend that more research go
into disabling the freewheel feature of the gedb.Hdaving a fixed gear hub would allow the
rider to optimize accelerating and regenerativ&ibgaby simply changing the hub gears.

SUMMARY / CONCLUSIONS

Our team has set out with the goal of building arhwlic bicycle capable of winning the
Chainless Challenge competition sponsored by Pafleanifin. Hydraulic bicycles have been
experimented with extensively in ME 450, however design will incorporate a complete
hydraulic drive with regenerative braking. We hegthe design by calculating target
specifications for our major components and outlyhe timeframe for when objectives need to
be completed by. We then fine tuned the specifinatand evolved them into an alpha design,
while remaining conscious of the accelerated deadli This alpha design has evolved into a
final design from which the prototype was built.e\WWere able to verify that all of the modes of
operation function correctly, but the bicycle wstill need further refinement to achieve its full
potential. With further fluid bleeding, testingidasystem refinement, we believe our prototype
will be efficient, safe, and capable of winning tkainless Challenge competition.
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APPENDIX A: QFD
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APPENDIX B: GANTT CHART

Task Name Duration Start Finish

W orking on DR1: Presentation 4 days? Mon 8/21/09 Thu 9/24/08
W orking on DR1: Written Report 5 days? Mon 9/21/09 Fri 9/25/09
DR1: Presentation 0 days Thu 9/24/09 Thu 9424108
DR1: Written Report 0 days Fri 9/25/09 Fri 9/25/089
Finalize Specifications 4 days? Fri 9/25/09 Wed 9/30/09
M odeling and Simulations 20 days? Fri 925/09 Thu10/22/08
Order Parts 0 days Wed 9/30/09 Wed 9/30/09
Acquiring Relevant Project Info 20 days? Fri 925/09( Thu 10/22/09
DR2 0 days| Thu10/22/08] Thu 10/22/09
CAD M odels 6 days? Fri 10/23/09 Sat 10/31/09
Order Hoses/Fittings 2 days? Sun 11/1/09 Mon 11/2/09
Purchase raw material 2 days? Tue 11/3/09 Wed 11/4/08
M anufacturing Plan/Schedule 5 days? Mon 11/2/08 Fri 11/6/09
M anufacturing 12 days? Fri 11/6/09 Mon 11/23/09
DR3 0 days| Tue11/17/08] Tue 11/17/09
Finish Orders 0 days| Mon11/16/09( Mon 11/16/09
Thanksgiving Break 2 days? Fri 11/27/09( Sun 11/29/09
Assemble Prototype 3 days?| Mon11/23/09) Wed 11/25/08
Design Testing V alidation 3 days?| Sun 11/29/09 Tue 12/1/09
Finalize Prototype 4 days| Mon 11/30/089 Thu 12/3109
DR4 0 days Thu 12/3/09 Thu12/3/09
Fine Tuning 6 days? Thu 12/3/09| Thu 12/10/09
Design Expo 0 days| Thu12/10/09] Thu 12/10/09
Final Report 0 days| Tue12/15/09| Tue 12/15/08

65




g1 g lost o m lo:t28 18 My - 08 Jirez 1 oy 12 08
[F=le tlu-Twlrlelile alvslwlrelslalu -IwliTelalseln [Tl Telalslnlrlw

| o 22 6 [ror 29 ca Jou

TIF IS [ETUTT IWITTF I8 [BTRTT N [T T F ITEISTNTT W T IFIE]

3 |pec 13, 08
T I WITIFIE[BINITIWIT

» 1T
PRIt

Sum

PRl

66




APPENDIX C: PERFORMACE CURVE FOR LARGER DISPLACEMENT PUMP
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APPENDIX D: HYDRAULIC SCHEMATICS

Hydraulic Schematic with Respective Fluid Flows/Pressure for Each Mode

In each of the diagrams, the following conventicas be used to understand what is pictured.
A red arrow indicates high pressure flow, wheréashiue arrow indicates low pressure flow. A
green circle with a red X indicates a closed vaWRile the absence of the X indicates an open

valve.

» Pedaling

r A
7

Reservoir

(=
=y

» Coasting

®

Motor
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» Charging

Accumulator

Motor @\D

» Parallel Mode: Accelerating/Pedaling
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N
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Lo )
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Parallel Mode: Braking/Charging

Accumulator

Mo

_®

Reservoir

71



APPENDIX E: SIMULINK MODEL OF LOGIC CIRCUIT

This appendix will demonstrate the Simulink modebor logic circuit. On the left side of the
model, one can see which of the switches are cloSedthe right side, the outputs of each of the
scopes are shown. When the output equals onengass that the system will apply voltage to
that valve. The switches on the left side areKbta“coast”, “accelerate” and “charge” from top
to bottom. The scopes on the right side repre8&te 17, “Valve 2” and “Valve 3” from top

to bottom as well. Notice that the logic systeracassfully follows the mode priority explained
in the “Electrical Subsystem” section.

Zero switches closed; “pedal” mode; zero valves paved
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Charge switch closed; “charge” mode; all valves poered

5] —0Q_
" -
O
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Accelerate switch closed; “accelerate” mode; valvé powered
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Coast and brake switches closed; “brake” mode; aNalves powered
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APPENDIX F: BILL OF MATERIALS

Item Manufacturer
Bike Raleigh
Internal hub Shimano
Rack

Basket Pyramid
Shipping USPS

Wheel

Spokes

Spoke nipples

Tubes

Tire

pump motors Parker
302 series #6 hydraulic

hose (inches) Parker

Female JIC 37° - Swivel -
90° Elbow - Short Drop Parker

Female JIC 37° - Swivel Parker

Female JIC 37° - Swivel -
45° Elbow - Short Drop Parker

Straight Thread Connector
-37° Flare / SAE-ORB Parker

Swivel Elbow Connector -
37° Swivel / NPTF Parker

Pipe Coupling - NPTF /
NPTF Parker

MCB - Male Connector -
Adapter Parker

Model number

Bike and parts

SG-8R36

Priority Mail

Hydraulics
09S-E-CK-P

302-6

23930-6-6
20630-6-6

23730-6-6

6 F50X

6-6 X6EF

3/8 GG

P6MCB6

76

Supplier

Steve Hannon

Shimano

Andrew
Berwald

Niagara

Niagara

Two
Tango

Two
Tango

Two
Tango

Two
Tango

Two
Tango

Parker

Parker

Parker

Parker

Parker

Parker

Parker

Parker

Parker

Cycle

Cycle
Wheel

Wheel

Wheel

Wheel

Wheel

Quantity

36

36

120

16

Unit cost

$ -
S 8.50
S 6.20
S 42.00
S 1.00
S 0.10
S 6.99
S 17.99
S 670.00
$ -
$ -
$ -
$ -
$ -
$ -

Total

$ i,
S 8.50
S 6.20
S  42.00
S  36.00
S 3.60
S 20.97
S 35.98
S 1,340.00
$ i
$ i
$ i
$ _
$ i
$ i



MEB - Male Elbow
Connector Parker

Female Pipe Adapter - SAE-

ORB / NPTF Parker
MCB - Male Connector -

Adapter Parker
TUB - Tee Union Parker

Swivel Nut Union Tee - 37°
Swivel (all three ends) Parker

Swivel Nut Branch Tee -
37° Flare / 37° Flare / - 37°
Swivel Parker

Swivel Nut Run Tee - 37°
Flare / 37° Swivel / - 37°
Flare Parker

Swivel Straight Thread
Connector - 37° Swivel /
SAE-ORB Parker

Extender and Expander -
37° Flare / 37° Flare Swivel Parker

Femle Elbow - 37° Flare /
NPTF Parker

Swivel Nut Elbow - 37°
Flare / 37° Swivel Parker

Swivel  Straight Thread
Connector - 37° Swivel /

SAE-ORB Parker
Worm Drive Clamp Parker
Worm Drive Clamp Parker
Accumulator Parker

Extender and Expander -
37° Flare / 37° Flare Swivel Parker

Swivel Nut Run Tee - 37°
Flare / 37° Swivel / - 37°
Flare Parker

Crimped hose assembly ~ Parker

Female connector- 37°

Flare / NPTF Parker
Female JIC 37° - Swivel Parker
Male JIC 37° - Rigid Parker
Pressure relief valve Parker

Normally closed poppet

valve Eaton Vickers

P6MEB6

6-3/8 F50G

P3MCB2
P3TUB3

6 JX6

6 S6X

6 R6X

6-8 F650X

6 XHX6

6-6 DTX

6 C6X

6 F650X

97HC-3

97HC-12
SKC402921

6 XHX6-S

6 R6X-S

Parker

Parker

Parker

Parker

Parker

Parker

Parker

Parker

Parker

Parker

Parker

Parker

Parker

Parker

Parker

Parker

Parker

F-431-06-39-04-06-04-24 Parker

4-4 GTX-S

20630-6-6

20330-6-6
AO02A2PZN-6T

SBV11-8-C-S6T-12DQP
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Parker
Parker
Parker
Parker

RHM
Power

Fluid

= N AW

S 49.00

$ 80.85

$  49.00

S 80.85



Normally open

valve Eaton Vickers
Check valve Parker

Check valve Parker
Automatic

fluid Pennzoil
Gauge

Caravan coolant reservoir Dodge

3/8" ID  polyethylene
tubing
1/8" ID  polyethylene
tubing

Lead acid battery Enersys

Prototyping board

Pushbutton C&K

Rocker switch Cherry
Fairchild

Logic gate Semiconductor
Fairchild

Logic gate Semiconductor

Relay Tyco Electronics

Shipping UPS

Relay Omron

MOSFET Vishay

Shipping UPS

13 tooth hubless sprocket SDP/SI

20 tooth hubless sprocket SDP/SI

85 tooth hubless sprocket SDP/SI

125 tooth hubless sprocket SDP/SI

#25 pitch roller chain per
foot SDP/SI

Offset master link SDP/SI

SBV11-8-0-S6T-12DQP

C620S
C620S1

3846K84

Electrical

NP7-12

KS12R21CQD

SRB24A2HBBNN

74AC08PC

LM78MO5CT

PCH-105D2H
Ground
G5LE-1-DC12
IRL510PBF

Ground

RHM Fluid
Power

Connector
Specialists

Parker

Kroger

McMaster-
Carr

Aachen Auto

Carpenter
Bros.

Carpenter
Bros.

Newark
Radio Shack
Newark

Newark

Newark

Newark

Newark
Newark
Newark
Newark

Newark

Mechanical Drive

A 6C7-25013

A 6C7-25020

A 6C 7-25085

A6C7-25125

A 6Q7-25

A 6Q 7-H250SCLS

78

SDP/SI

SDP/SI

SDP/SI

SDP/SI

SDP/SI
SDP/SI

N W W

[ ~ N~ R OV

“wv n un n n

w

81.17

27.00
22.00

2.79

7.85

10.00

0.89

0.39

$23.67
2.00
2.55
0.82

0.16

0.41

1.47
11.72
0.73
0.44
5.01

3.31

3.75

28.04

46.57

3.69
5.77

w o oy 0

162.34

27.00
22.00

11.16

7.85

10.00

5.34

1.56

031

0.81

441
11.72
2.94
1.78
5.01

331

3.75

84.12

46.57

33.21
11.54



Spring clip master link SDP/SI A 6Q 7-H25SCCL SDP/SI 2 S 200 S 4.00

Shipping UPS Ground SDP/SI 1 $ 1265 S 1265

Shipping UPS Ground SDP/SI 1 $ 1196 S 11.96
McMaster-

Ball bearing 6384K49 Carr 1 S 783 § 7.83

Raw materials

McMaster-

Steel tubing, 1"0OD, .87" ID 7767723 Carr 1S 11.78 $ 11.78

Steel rectangular bar, 1/4" McMaster-

thick 90075K231 Carr S 737 S 7.37
McMaster-

Steel rod, 1" diameter 90075K231 Carr 1 S 783 § 7.83
McMaster-

Shipping FedEx Ground Carr 1 $ 1050 S 1050

24"x24"x.032" 6061

aluminum sheet Alro 1 S 1587 S 15.87
Carpenter

Primer Do It Best Bros. 2 S 529 § 10.58
Carpenter

Spray paint Do It Best Bright yellow Bros. 1 S 399 § 3.99
Carpenter

Spray paint Do It Best Navy Bros. 1 S 399 S 3.99

Total
$ 2,227.14
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APPENDIX G: BEARING CARRIER CALCULATIONS

Table G1: Description of variables used in calculans

Variable: | Descriptiot Units
vl Coefficient of frictior NA
P Pressure at interfa ps|
A Area of interfac in’
Finterface Radius of interfac in
S.F Safety factc NA
T Torque Ib*in
T Shear stre: psi
\Y Shear loa Ibs
Q Statical moment of ar. in’
A’ Cros«-sectional area above in®
y' Distance from neutral axis where shear stresddsiledec in

y Distance from neutral axis to centriod ol in

I Second moment of ar in’

t Thickness perpendicular to sh in

E Young’'s modulu ps|
M Bending momel Ib*in
) Deflectior in

ry Outer radiu in

r Inner radiu in

o Max distance from centrc in

L Length of beal in

v Poison’s Rati NA
a Coefficient of thermal expansi 1°F

Forces on bearing shaft extension
The peak torque acting on the pump is 45 Ib*in. & able to therefore find the tension in the
chain by use of the following formula.

T=F=x*r Egn. G1
With a pitch radius of 0.5225in, the tension in tiein is 85 Ibs. However, in the following
calculations 90 Ibs was used because it gives assmieh rounded values. Increasing the force

by 5 Ibs in the calculation doesn’t underestimatg af the forces, stresses, or deflections found,
but in fact installs a safety factor, albeit small.
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Figure G1: Force Balance on Shaft Extension
I:radial
__________ x1 ,l

Fpump |:bearing

The pump is limited to a radial load of 45lbs, amel have designed this bearing carrier with a
safety factor of 2.25, which results igu&= 20Ibs. This was done because when manufacturing
it is impossible for there to be zero misalignmespecially when welding components together.
A simple force balance was used, giving

Fragiat = Fpump + Fbearing Eqn. G2
With values of Rgia=90lbs and fym=20Ibs, we find that fgaring=70Ibs.

We aimed at making the shaft as short as possibleje looked at possible ratios of x1/x2. This
was done by summing moments arougghf giving,

Fragiar *x1 = Fbearing * X2 Egn. G3

Due to the packaging constaints, we determined ad tb equal 1.25 inches. This results in
x2=1.607inches.

Stress in shaft extension

A conservative estimate of the stresses in thet gsh@aénsion can be found by modeling the
problem as a cantilevered beam. By use of Equaiowith M=112.5 in*lb, ¢=0.25 in, and
1=0.0031 iff, we get a max stress of 9,167 psi, resultingsafaty factor of 4 against yield.

Stress and deflection of bearing support

The bearing support will be welded to the mount asitibehave as cantilevered beam, so it is

necessary to analyze the bending stress at theameldhe deflection at the bearing. Due to the
geometry, we are able to use beam theory to deterthese values. The stress is found by using
the following equation

Eqgn. G4
Wherec

M = Fyearing * %2, = g(r; —r}) Eqn. G5, G6
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The geometry of the bearing support at the weld,#4.25in and =1.125in, which gives
1=0.32971if. With this, we can calculate the max stress giving30 psi, which is well within
the yield strength of 36,000 psi.

The deflection of the bearing support can be fadompdsing

_ .3
§ = —fbearing*L” Eqn. G7

3*Ex]

With a length of 1.8in, the deflection was found®1.77*1C in.

Shrink Fit
The framework used to solve this problem was toutate:
1. Interface pressure to resist sprocket slippinghaits
2. Interference to create that interface pressure
3. Temperature difference so sprocket can slide dvershaft and shrink down onto
shaft at the correct interference
4. Stress in sprocket/shaft to ensure there is ndipkdsformation in either pieces

To calculate the interface pressure from stepelfdhowing equation was used
uxPxAxr=8FxT Eqgn. G8

The coefficient of friction is 0.8, the radius i28 in, the thickness of the interface is 0.1%he,
torque is 45 Ib*in, the safety factor is 10. Thiges an interface pressure of 13,000 Ibs.

To calculate the interference we had to look atstinesses of the shaft and sprocket. Due to the
relatively low RPM and the small size of the spreckhe expansion of the sprocket caused by
centripetal forces was negligible and was excludaa the following calculations. For the shaft,

Bsh
Orrshaft = Ashast T —helt Egn. G9

r2

with  B.C. opsha€o at =0, and opshai=-13,000 at r=0.25in, giving
Asnare = —13,000 and Bgy,p = 0. For the sprocket,

_ Bsprocket
arr,sprocket - Asprocket + r2 Eqn- G10

Wlth B.C. Grrysprocke‘[_—'l'?),ooo at r:0.25|n, andrrysprocke'[_—o at I’:.5225In, giVingAsprocket =
1053 and
Bsprocket = 3860.

The deflection of each the shaft and sprocket is
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_ Ashaft(l_v)*r _ Asprocket(l_v)*‘f (1_V)*Bsprocket
ur,shaft - E ’ ur,sprocket - I - Exr

Egn. G11,
G12

With a Poisons ratio of 0.3 and a Young’s Moduli8@*10° PSi, Upghare = 7.6 * 107%in and
Ursprocket = 3.7 * 107*in. The interference is then calculated from

6= Uy sprocket — Ur shaft Eqgn. G13

To find the temperature difference so that the cgggbcan slide over the shatt is found by

AT =2 Eqn. G14

r*a

With a radius of 0.25in and coefficient of therneabansion of 718 1°F, we determined we

needed to heat the sprocket to a temperature ofR50his low heating temperature will have
no heat treating effect to the sprocket.

It was also necessary to check that the ultimatsstwas not exceeded. The largest stress is
found at the interface, with a value of 48,000vakich is within the max strength of 58,000 psi.
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APPENDIX H: DESIGN ANALYSIS ASSIGNMENT

Materials Selection Assignment (Functional Performance)

Component: shaft extension

Figure H1: Shaft Extension with Sprocket

The shaft extensions connect the shafts of the ponojors to their sprockets. They must be
machinable, low cost, support a load of about 4Q0ahd connect to the sprocket without

slipping.

To ensure that the sprocket does not slip, we mestent the shaft extensions from becoming
indented by choosing a material with a high hardnés order to support a load of 400 N, the
shaft extension must have a yield strength of 1P&Nsafety factor of 2).

To select the best materials, we plotted pricenasdness (Figure H2) using CES EduPack and
drew a line to expose the materials with the highasdness and lowest price. We also added a
limit selection to remove any materials with yiedtrengths below 126 MPa. The software
exposed five possible materials: alumina, carbeelstast iron, low alloy steel, and reactive
powder concrete.
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Figure H2: Density vs. Price for Shaft Extension

1007

Price (USD/Ib)

T T T T T T T
50 100 200 500 1000 2000 5000
Hardness - Vickers (HV)

Alumina is not easily available in the size andpshave wanted, and we cannot easily form
reactive powder concrete with our equipment. Algiiowve initially planned to shrink fit the
sprocket to the shaft extension, we limited ource#o steel alloys because we wanted to leave
open the possibility of welding it to the sprockeitimately, we selected 12L.14 carbon steel
because it was the cheapest alloy from McMaster-tbat was available in the size and shape
we needed. Further, it is machinable and its neltproperties meet our needs.

Safety shield
The safety shield protects the rider from leakimgbarsting hose or fittings. It should be
lightweight, bendable, and able to absorb the impha bursting fitting.

To prevent the shock of a bursting fitting from eeating the shield, we want to maximize
fracture toughness. To keep the weight low, we wanminimize density. To select the best
materials, we plotted fracture toughness vs. deiiBigure H3) using CES EduPack and drew a
line to expose the materials with the highest trectoughness and lowest density. The software
exposed five possible materials: aluminum, alumirgi@ foam, woods, carbon fiber, and
polyethylene foam.
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Figure H3: Density vs. Hardness for Safety Shield
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Aluminum-Si foam would have been a good choice iangpically used for energy absorption
and crash protection. However, its cost of neatl§Gsfor a 24” by 24” sheet is high. Woods are
lightweight but thick and not easily bendable. @arliber is too expensive; the cost would
exceed $100 for the amount we need. Although plojyene foam is lightweight, flexible, and

resistant to cracking, we worried that a whippirggédn would break through it. Ultimately, we
chose a sheet of 6061 aluminum because it is ligigtw, able to absorb impact, easily formed
into our desired shape, weldable, and inexpensive.

Material Selection Assignment (Environmental Performance)

In this assignment, we compared the environmentphtts of two material candidates for each
of two different parts: the shaft extensions anel shfety shield. We used SimaPro 7 software
with the Eco-indicator 99 method. This method clatas emissions associated with various
materials and can assign an overall amount of enmiental damage each material causes
through a point system. The Eco-indicator 99 meteedms to consider the damage meta-
category of “resources” to be the most important.

Shaft extension

We considered using cast iron (GG35 ) and ste8-7G |I) for the shaft extensions. These are

similar materials, but steel has slightly largegatévze environmental impact, as shown by the

total number of points in Figure H7. The impaceath material relative to the other is probably

the same when considering their entire lifecyclesalise they employ the same processes for
shipping, machining, and disposal.

Based on this environmental analysis, we wouldcaha@inge materials from steel. Although steel
has a slightly greater negative environmental imjpaoffers strength and cost advantages.
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Figure H4: Emissions associated with cast iron ansteel shaft extensions
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Figure H5: Relative impacts of cast iron and steedhaft extensions
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Figure H6: Normalized score of cast iron and steedhaft extensions
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Figure H7: Single score comparison of cast iron ahsteel shaft extensions
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Safety shield

We considered using sheets of aluminum and cariben for the safety shield. We discovered
that the environmental impact of aluminum is sutsadly greater than that of carbon fiber.
Although it produces more raw emissions, carboarfiair emissions and energy use are much
lower than aluminum’s. Further, we would need lasss of carbon fiber.

When working with small quantities as we did for quoject, it is possible that carbon fiber
would have more impact over its lifecycle than alwm. Carbon fiber requires a mold and
would generate more packaging material. Aluminumsugwer resources to form; it was bent
and cut using a manual punch, shear, and bender.

If we had the budget or wanted to make larger quesitwe would consider changing our safety
shield from aluminum to carbon fiber. In additianhaving less environmental impact, carbon
fiber is lighter, an advantage for a race bicytlewever, carbon fiber is much more expensive
than aluminum.

Figure H8: Emissions associated with carbon fibeand aluminum safety shields
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Figure H9: Relative impacts of carbon fiber and aluminum safety shields
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Figure H10: Normalized score of carbon fiber and uminum safety shields

0.012

0.011

0.01

0.009

0.008

0.007

0.006

0.005

0.004

0.003

0.002

0.001

Carcinoge Resp.org Resp.inor  Climate Radiation Ozone Ecotoxicity Acidificatio Land use  Minerals
ns anics ganics change layer n/ Eutroph

I AIMgSi0.7 (6005) T M Carbon fibre I
Comparing 1 kg 'AIMgSi0.7 (6005) I' with 0.5 kg 'Carbon fibre I'; Method: Eco-indicator 99 (I) V2.02 / Europe EI 99 I/I / normalization

90



Figure H11: Single score comparison of carbon fibeand aluminum safety shields
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Manufacturing Process Selection Assignment

We designed our bicycle with the intention of biuntyl one to compete in the Chainless
Challenge competition. We do not envision sellinglioms of them to consumers, but it is
possible that there is demand for about 20 moreigeras an educational tool. Other Chainless
Challenge teams may want to buy these bicycles aadify them to suit their own riders.
Additionally, trade schools and colleges could tilsem as an aide in teaching hydraulics. A
quantity of 20 bicycles would still be hand bubut their components could be manufactured
more efficiently.

Bearing carrier manufacturing

The bearing carrier has tight tolerances for igsrditer of about £ 0.001 to allow the sprocket to
shrink fit on to it. Turning the bearing carrieiofn stock can meet these tolerances and is
economical for producing a quantity of 40. Mosh&s are easily able to produce a part of this
size. Casting would be a possibility for a largesawtity. However, a cast part would likely
require additional machining operations to reaok téquired tolerances. CES EduPack also
suggests electro-discharge machining and electrofgy, but these processes require equipment
that is more difficult to find.

Safety shield manufacturing

The safety shield requires pieces to be cut frosheet of aluminum and holes to be punched.
Tolerances are loose on both the location of haled size of pieces. Although cutting the
aluminum with a shear and punch produces the reduolerances, laser cutting is faster. Laser
cutting eliminates the separate steps of cuttirgy grofile of the sheet, rounding edges on a
sander, and punching holes. Additionally, laseticgtproduces less scrap because the operator
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can plan the layout of parts on the sheet in advaoaninimize waste. One drawback of laser
cutting, however, is that the equipment may notdaglily available, and not all laser cutters can
cut metals.
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APPENDIX I: DESIGNSAFE SOFTWARE RESULTS

tem id User Task Hazard Category Hazard
1-1-1 All Users All Tasks mechanical drawing-in / trapping /
entanglement
1-1-2 All Uzers All Tazks mechanical unexpected start
1-1-3 All Users All Tasks mechanical fatigue
1-1-4 All Ugers All Tasks electrical / electronic| lack of grounding (earthing or
neutral)

1-1-5 All Users All Tasks electrical / electronic| insulation failure
1-1-6 All Users All Tasks electrical / electronic| improper wiring
1-1-F All Ugers All Tazks ergonomics / human | posture

factors
1-1-8 All Users All Tasks ergonemics / human | duration

factors
1-1-9 All Uzers All Tazks material handling inztability
1-1-10 All Users All Tasks chemicalzs and nitrogen

gases
1-1-11 All Uzers All Tazks fluid / pregzure hwdraulice rupture
1-1-12 All Users All Tasks fluid / pressure wacuum
1-1-13 All Ugers All Tasks fluid / pressure surges / gloshing
1-1-14 All Ugers All Tazks fluid / pressure fluid leakage / ejection
1-1-15 All Ugers All Tasks fluid / pressure hydraulice rupture[2]
1-1-18 All Users All Tasks fluid / pressure hydraulics rupture[3]
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Cause/Failure Mode Severity Exposure Probability Rizk Level
Clothing catches in chain Minimal Frequent Possible Moderate
Accumulator valve opens unexpectedhy Slight Frequent Unlikehy Moderate
Tubes crack Serious Remote MNegligible Low
Short circuit Minimal COccasional Unlikehy Low
Short circuit Kinimal Occasional Possible Moderate
Incorrect valve actuation Kinimal Occasional Poszible Moderate
Strain to 2ee gauges or reach buttons Minimal Freguent Possible Moderate
Rider tire= on loeng ride Minimal Remote Unlikehy Low
Rider lozes balance Serious Ocecasional Unlikehy Moderate
Gas ezcapes and dizplaces oxygen Serious Remote Unlikehy Moderate
Hosze, valves, fittings, or accumulator burst due to | Serious Occasional Probable High

high pressure

Pedaling backwards creates a vacuum Minimal Ocecasional Probable Moderate
Reservoir overflows Minimal Occasional Possible Moderate
Pinhole leaks in hoses or at connections Catastrophic Remote Unlikehy Moderate
Accumulator exceeds rated pressure with its Catastrophic Remote Unlikehy Moderate
valve closed because of heating heating

Fittings or hose in front of accumulator become Serious Occazional Poszible High

Iooze and whip
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Reduce Rizk Severity Exposure Probability Rizk Level
Add chain guard Minimal Freguent Unlikehy Moderate
Heat =hrink electrical wiring Slight Frequent Negligible Low
Regularly inspect for cracks Serious Remote Negligible Low
Heat shrink electrical wiring Minimal Cccasional Unlikehy Low
Check valring at low pressure Minimal Occaszional Negligible Low
Place gauge and buttons within reach |Minimal Freguent Unlikehy Moderate
Ensure rider iz physically fit Minimal Remote Negligible Low
Position heavy components low Serious Cccasional Negligible Moderate
Store accumulater only in a large or | Slight Remote Unlikehy Low

well ventilated room

Add pressure relief valve Serious Cccasional Unlikehy Moderate
Instruct rider not to pedal backwards |Minimal Occasional Unlikehy Low

Do not add too much il to system Minimal Cccasional Unlikehy Low
Check for leaks with cardboard, not | Catastrophic Remote Unlikehy Moderate
hands. Use thread sealer on

connections. Prevent hose abrasion.

Meonitor accumulator temperature and |Catastrophic Remote Unlikehy Moderate
do not expose to heat

Install safety shield to absork impact | Slight Remote Pozzible Moderate
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APPENDIX J: CHANGES SINCE DR3

Gear Hub

Originally, we had intended on having a gear hut thas both able to apply torque in both

angular directions and change gears as well. tinfately, the disabling of the gear hub’s free-

wheeling feature has proven to be more difficulirttwe had thought, and our design did not
successfully create a hub that could apply torquaoih directions. The part of the gear hub that
we had isolated as the piece that allowed it te-firdeel was not the only thing responsible for
this. There was another ratcheting mechanism dehim one in question that we found after our
attempt to disable the first. This has causea usdate a fixed gear hub on the bicycle’s original
rear wheel, so that the rear wheel can transnguiin both directions, as is necessary for the
regenerative braking.

Figure J1: Picture of Fixed-Gear Rear Wheel

From Shrink Fits to Welds

The shrink fits that we had originally intendedutse on the shaft extensions on the pump motors
did not hold as well as we had hoped, and the faterslipped before we could apply the
necessary torque. This is most likely due to srinrmanufacturing tolerances. The sprockets
have now been welded to the shaft extensions amdswaecessfully supplying the necessary
torque.
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Parker Valves instead of Eaton Valves

Due to the late arrival of our normally open Eapmppet valves, we have borrowed 2 normally
open Parker spool valves from the EPA. The Paklmoids are 12V just as the Eaton valves
are, but because they are spool valves, they edlk Imore than the Eaton valves will. The
Parker valves are 3-way valves, while we only nde2lgvay. This has resulted in the need to
plug one of the ports, and due to the different pmcation, a slightly different layout of our
hydraulic system. The Parker valves are also kedlian the Eaton valves. The Parker valves

will be used for preliminary testing procedurest Will be replaced by the Eaton valves as soon
as they arrive.
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APPENDIX K: Letter to Parker

Steven ]. Skerlos

Mechanical Enginesring
UNIVERSITY OF MICHIGAN -
_— Mecharical
College of Enginesering Enginearing
£250(363 Brwen Baildin g
iﬁ';.e?.'ul.’lwna

abmcioiumicrosde » wwrw enich adn f ~-scerins
Movember 8, 2009
RE: Request for your Support to Hold a Design Exchange on Hydraulic Hylbrid Bicyde Technology 2010

Dear Stephanie, Bogdan, and Joseph,

Az you know the student team working on the UM entry to the Chainless Challenge was taken
aback by the decision to cancel the 2010 Chainless Challenge. The reasons are likely
unsurprising: a year of work, the loss of an opportunity to benchmark progress among other
aspiring engineers, and a significant financial investment— which pulled resources away from
other worthy projects under development. Many students had informed their families that
March 25 and 26 were the dates of the competition, and some made plans to use wacation time
toattend. By 2011, all the current participants will have graduated and we do not expect many
to be available in future years to participate in the event.

Rather than get into the specifics, it is our interest to move forward in a positively constructive
manner that would close the loop on the 2010 Challenge and meet the objective of providing
incentive to finish on-going work and for the students who have been involved to benchmark
and learn from the approaches of students at peer institutions.

One way to achieve this is for UM to host a gathering of interested participants, not to replace
the Chainless Challenge, but to provide an opportunity for design exchange and exhibition on
hydraulic technology for two wheeled machines. As we thought thirough the logistics we
realized that this would be low-cost and rather easy to achieve. We expect most of the
participating schools are within driving distance of Ann Arbor and travel costs would therefore
be minimal and in the range that could be absorbed by the participants.

If such an exhibition occurs, cbviously we would acknowledge all the great financial and
intallectual support provided by Parker. In fact we invite you to participate fully in any manner
yvou find appropriate. Further we would be thrilled if you would re-consider calling the
competition for Spring 2010 — perhaps under different boundary conditions that would make
the event feasible from your end.

Short of that, we are requesting that you share contact information for other schools that have
worked on entries to the Chainless Challenge so that we could invite them to an exhibition on
hydraulic bike technology here in Ann Arbor. We hope that you would be able to provide that
information within the next two weeks to facilitate our efforts.
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We ackmowledge your profound contributions to student education here at UM and the
difficult state of the manufacturing industry. We are grateful for your continuing material
support as we ready our entry for its public viewing in one form or another.

We also look forward to continuimg interactions and hope you understand our strong
motivation to move forward with some event in 2010.

Sinceral

Steven J. Skerlos
Associate Professor and Chair of Graduate Education
Mechamical Engineering

On behalf of:

Henry Kohring, senior design team member and BLUEIab member
Andrew Berwald, senior design team member

Phillip Bonkoski, senior design team member

Christopher Levay, senior design team member

Aidan Feldman, BLUElIab member

Stephen Hannon, BLLElab member

Joshua Langsfeld, BLUEIab member
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APPENDIX L: Wiring Diagram
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