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2.0 Introduction

2.1 Definition of HPV

A human powered land vehicle, or HPLV, is any vehicle that is powered only by a human. Wind and solar power are not allowed, neither is an internal combustion engine or battery-driven motor. The energy propelling the vehicle may not be stored before the vehicle is driven; all the power must come from its human driver during the ride.

2.2 Objective

The American Society of Mechanical Engineers (ASME) hosts an annual human powered vehicle design competition for engineering students. The competition has two categories: speed and utility.  Our team is designing a vehicle for the speed competition, which consists of two events: a sprint and a forty-mile endurance course.  These test the vehicle for acceleration, handling, speed, and braking.

The objective of our project is to design and construct a human powered vehicle (HPV) in compliance with the ASME speed competition rules in the hope that another team will complete our work and advance to the ASME competition next year or the years following.  Our design focuses on completing a functional vehicle, including the frame, propulsion, and control systems. The ASME competition rules also require a fairing and rollover protection, but we have excluded them to save time, leaving work for a future team. 

2.3 Background Information

The speed record for a human powered vehicle stands at 81 mph, accomplished by Sam Whittingham in the World Human Power Speed Challenge in 2002.  For endurance purposes a speed of 52.3 mph is the upper limit for speed (also set by Whittingham).  This record was set on Nov. 19, 2003 on a test track in Uvalde, Texas.

HPLVs require the newest materials and technology to obtain speeds this high. Designed specifically to break records, they are often not very practical, but serve to prove that human power is a feasible means of transportation and to push technological advances in the subject.

Although the team does not expect the vehicle to outperform high-speed recumbents, we expect it to be in a class above that of standard recumbents or road bicycles, giving it a good opportunity to succeed in the ASME competition. 

The ASME rules for this year and past competitions require the vehicle to brake from 15mph in 20 ft, turn within a radius of 25ft, and travel in a straight line for 100ft. The vehicle must have a fairing that covers at least 1/3 of the frontal surface area. Safety requirements include a rollbar and shoulder strap. The team’s design must make room for all these constraints, limiting the vehicle’s performance in favor of the competition.

3.0 Management
3.1 Scope


Figure 1 divides our project into four sections: ergonomics, controls, propulsion, and frame. These sections are linked closely together, since reviews were frequently necessary to determine the best ideas for each. ‘Ergonomics’ has been the center of the bicycle’s design. It deals with making the rider comfortable, giving him maximum blood circulation, visibility, an ideal position to deliver power, and control over the bike. ‘Controls’ determines the bike’s ability to turn, stop, change gears, and how all of these affect the stability. ‘Propulsion’ must convey the rider’s power to the road using the pedals, chain, and gears. All these components must be united under the frame, which focuses on the overall shape of the vehicle and how it will support the rider, what structure is ideal to support this shape, and what type of tubing should be used to construct the frame. The seat was also listed under the frame, since it provides an immediate shape to the rider’s posture, and is closely connected to the overall shape. Since the fairing will not be completed this semester, we relegated aerodynamics under the frame work. However, aerodynamics remains an important section under the frame, since it is the frame’s purpose to constrain the rider, wheels, and other components within the smallest front cross-sectional shape possible, while keeping the rider close to the ground. Analysis and construction are the final components of the frame category. Analysis includes finite element analysis; construction includes the seat and jig, as well as cutting and welding the tubes.

[image: image13.jpg]Legend:

Shifter Cables B




[image: image14.jpg]Bridge Tube





Most elements of the scope have been met at the writing of this report, and all should be fulfilled by the time the team has presented. The team believes it has created a vehicle that offers excellent comfort and control to the rider, with components that encourage a natural stability at high speeds and assist the rider’s safety. With the chain layout nearly complete, the vehicle’s propulsion should be efficient and practical. The frame links all the components of the vehicle and provides a shape that is functional as well as aerodynamic.  

3.2 Schedule

The schedule has been modified several times since the project began two semesters ago. The large scope of the project and limited resources required a redefinition of the goal and deleting certain tasks, and sometimes caused others to be delayed.  The project was broken into five main phases: planning, research, design, construction, and testing.  The construction phase was held up due to the large amount of design work that had to be done, but other than that the phases were completed almost as planned.

Early on the team decided to use a detailed Gantt chart as a graphical guideline for the project's many tasks.  The chart got more and more detailed as the project progressed and was mainly used by the project manager to evaluate the status and determine when things needed to be sped up.  The Gantt chart is shown in Appendix 7.1 and has been updated to reflect the completed tasks as of Thursday, April 22, 2004.  The red line represents the 22nd.  Several construction and assembly tasks have not been fully completed, but are expected to be by the time specified.


For the final eighteen days of the project the Gantt chart was supplemented with a detailed task list that was updated daily and shared with the group through email.  This is shown in Appendix 7.2 and was last updated Tuesday, April 20, 2004.  This proved to be more valuable to the team during the last leg of the project than the Gantt chart because was much more detailed.

The team does not foresee any more major delays that will prevent the completion of the project.  If anything does occur, then the weekend testing will be reduced to accommodate any added fabrication and assembly tasks.  By April 27, 2004 the first phase of the project will be completed and ready to be handed over to the second phase team.

3.3 Resources

People

The team is composed of four members and an advisor.  Each person brought a specific set of skills to the team that were used to complete the goal.

Kendrick Cary is a recumbent bicycle enthusiast with knowledge in materials and aerodynamics.  He participated in a solar heat pump senior design project as a junior, and will use his experience to help the team.

Eric Terry brings has strong background in machining and fabrication. He has been an inside and outside machinist for 15 years in various industries. His expertise will be required on the construction, especially welding, of the frame and seat. 

Jason Moore brings several useful engineering skills to the team, including 3D modeling/drafting, mechanism/drive-train analysis and computer aided manufacturing.  His experience includes cycling, racecar design, and design at a manufacturing plant.

Derrell Lorthridge adds useful engineering tools to the group. These include static analysis (computer-aided and traditional),  knowledge of drive trains, echanisms / linkages, and human ergonomics. As a wrestler, his knowledge of human power output, fitness training, and ergonomics will be valuable. 


The team’s advisor, Dr. Drew Landman, will help guide the team through the project with his expert knowledge in racing and recumbent bicycles, and ground vehicle aerodynamics.  He has advised a human powered vehicle project in the past and his experience will be extremely useful.

 Budget

The Human Power Vehicle Project was very successful with its budget; the final result was 24% under budget for the entire Phase I of the project. The following table shows the projected cost versus the actual cost.

	 Table 1: Budget Comparison

 
	Projected Costs
	Actual     Costs

	Frame:
	 
	 

	 
	 
	 

	Tubing (30 ft of 2” Chrome Mol thin walled tubing) 
	$200.00
	$103.83

	Handlebar Tubing
	 
	$21.18

	Derailleur Tubing
	 
	$10.07

	4130 Sheet Metal
	 
	$10.00

	Front Fork
	$200.00
	$30.00

	Fork Extension Tube
	 
	$20.39

	Head Tube
	$20.00
	$10.76

	Head Set
	 
	$18.03

	Seat
	$50.00
	$198.63

	Seat Stay Alum Angle
	 
	$8.63

	Drop Outs
	 
	$10.00

	Fabrication
	$350.00
	 

	 
	 
	 

	Propulsion:
	 
	 

	 
	 
	 

	Pedals 
	$30.00
	$21.95

	Crankset (Front Sprocket /Arms)
	$100.00
	$87.73

	Bottom Bracket
	$40.00
	$25.24

	Chain
	$40.00
	$85.79

	Chain Tool
	 
	$8.42

	Front Derailleur
	$35.00
	$23.13

	Rear Derailleur
	$50.00
	$20.89

	Cassette (Rear Sprocket)
	$35.00
	$31.25

	Wheels w/ Hubs
	$200.00
	 

	Wheels
	 
	$250.00

	Rear Hub
	 
	$34.85

	Front Hub
	 
	$20.43

	Tires and Tubes
	$72.00
	 

	 
	 
	 

	Controls:
	 
	 

	 
	 
	 

	Shifters
	$50.00
	 

	Brake Levers
	$60.00
	 

	Brake/Shifter Levers
	 
	$162.24

	Handle Bar Stem And Handle Bar
	$50.00
	 

	Cables
	$30.00
	 

	Brakes
	$120.00
	$31.25

	Grips
	$10.00
	 

	Chain Stays
	 
	$10.00

	Idlers
	 
	$27.04

	 
	 
	 

	Misc:
	 
	$43.66

	 
	 
	 

	Total:
	$1,742.00
	$1,325.39


Sponsors

The team would like to think its sponsors for their time and donations.  Gordon Freedman of Cycle Classics in Portsmouth donated chain stays and dropouts. He also gave us a reduced price on the front fork, front hub, and wheels and gave free expert frame building advice.  Michael Shipp of East Coast Bicycles in Norfolk gave us a significantly reduced price on all the other bicycle components.  Dr. Drew Landman donated materials for building the frame. He also donated a lot of his time and knowledge by being our advisor for the project.  Rilla Terry of Atlanta, GA donated martial for the seat.  Last but not least the Machine shop at ODU.

4.0 Technical
4.1 Propulsion

Drivetrain Components

The components that were chosen were out of the Shimano 105 road bicycle group.  This was the most efficient way to receive all the parts needed for our bike.  Two components that are not out of the Shimano package are the rear derailleur and the front wheel hub.  The rear derailleur is different out of convenience and the front hub had to be specially ordered to fit the specialized twenty-inch front fork.
We decided to go with a 20-inch diameter front wheel and a 27-inch diameter rear wheel.  The 20-inch diameter front wheel has two functions.  The lower diameter wheel will help to keep a small frontal area which will help decrease drag.  Also, this wheel will fit under the legs of the rider rather than through them giving the rider more comfort.  Furthermore, the team has agreed to highly pressurize the wheels in order to reduce rolling resistance.  The rear wheel hub is for a standard size wheel and the hub comes standard in the Shimano series, but the front wheel has a specialized fork with a 74mm spacing slot for the hub.  The standard size hub is 100mm.  For this reason a specialized hub had to be order to fit the front fork.

Gear calculations

[image: image15.jpg]













[image: image16.jpg]


[image: image17.jpg]


[image: image18.jpg]


[image: image19.jpg]


[image: image20.jpg]


[image: image21.jpg]



[image: image22.png]Ergonomics —— rider position

steering /\
N\

brakes —__

) /gearing
Controls  Propulsion=_ ...

shifters // \/
stability aerodynamlcs

body
tubing -~ Fra mefanalysls

\
seat construction



[image: image23.jpg]


[image: image24.png]Recumbent  Upright



[image: image25.jpg]



[image: image26.jpg]Eye Level

Leg Reach

Front Wheel Rear Wheel



r



          #t2
 
[image: image27.jpg]


[image: image28.jpg]T
>





From the drawing, the bike’s velocity is:

Equation 1: (feet  * teeth2/ teeth1 * R1 = Vbike
where (feet  is the rider’s cadence (applied to front pedals), teeth2/teeth1 is the gear ratio between the front and rear, and R1 is the rear wheel diameter.

Known values for maximum performance are listed below:
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Applying conversion factors,

(feet*(1min/60s)(2( rad/ rev)* teeth2/ teeth1*R1*(1ft/12in)(1mi/5280)(3600s/h)= Vbike
gives Vbike = 53.22mph, a speed within the team’s goal. It is convenient that this speed can be achieved with the standard racing bicycle’s gear system.

Chain Layout

The chain layout was chosen as a compromise between speed and maneuverability.  When the chain was first installed on the vehicle, it touched the wheel before the wheel had even been turned.  This is shown in Figure 3.  This prevented any steering ability, and would have required an idler set at a significant distance from the frame tube.  Steering would still have been limited with this adjustment, limiting the vehicle to fast, straight paths and preventing it from making sharp turns.  Instead, the team opted to bend the chain to follow the frame contour as shown in Figure 4.  This will result in a loss in chain efficiency and decreases the maximum speed, but will offer a great increase in maneuverability, making the vehicle better for city travel.  The team believes this is required for the ASME endurance course, in which the entire 40 miles wraps with many sharp turns into a single parking lot. 

After bypassing the front wheel, the chain path was chosen for least resistance. The changes in angle were minimized to keep friction losses as low as possible, while avoiding the structure. The seat is the greatest obstacle: it prevents the lowest idler from being mounted higher, which would allow a more direct path. The position of this idler may be raised in future stages of adjustment, after the seat is trimmed. 

Idler Choice

The idlers will use bearings to minimize their friction. They will ride on shoulder bolts, which will be attached to small pieces of 4130 sheet steel, which in turn will be welded to the frame. The steel pieces will be small, of trapezoidal shape, and will contain slots for adjustment of the idler position. The idlers may be enhanced later to prevent the chain from falling off. A small metal strip would be bent to form a closed ‘V’ shape around the idler, attached to the same bolt by press-fit. This is a simple adjustment and will only be used if necessary. 
4.2 Controls

Stability


Most people who ride a bicycle observe that it is harder to ride at first, and then becomes easier as speed increases, indicating that bicycles are inherently stable.  A two-wheeled vehicle appears to be unstable at rest because it needs support to keep it from falling over, but becomes stable when its speed is high. In spite of popular opinion, the gyroscopic motion of the wheels has little effect on the bicycle’s stability once the rider is on it. The majority of the stabilizing effect is instead caused by the tendency of the front wheel to turn in the direction of radial acceleration, a negative feedback system.


Although bicycles are inherently stable, they must also be controllable.  The stability is defined as “the resistance to control”.  An acceptable balance between stability and control must be found, allowing the bike to travel in a straight line without much effort and be controllable when a change in direction is desired.  A stable bicycle is also defined as one that is easy to ride without hands.


A two-wheeled vehicle’s stability is a function of many variables, including the mass of the rider and vehicle, the wheels’ moments of inertia, front fork geometry, wheelbase, wheel diameter and many more.  The physics behind a moving bicycle are quite complicated, as shown by the many variables involved, and no study has ever correlated them all.

For the design of this vehicle the front wheel/fork geometry was analyzed and some criteria for selecting a wheelbase was used.  The other variables were neglected because not enough information was available to incorporate them into the analysis.  However, one study links the front wheel and front fork geometry to the bicycle’s stability. 

The study was performed by chemist David Jones (Whitt & Wilson, 1982, p. 218).  He tried to build several unridable bicycles with variations in geometry. Then, he used computational dynamics analysis to produce a formula, shown here as Equation 2 (Whitt & Wilson, 1982, p. 221).  Jones also made graphs of experimental data that illustrate the formula.  Figure 5 (Whitt & Wilson, 1982, p. 216) depicts the front fork geometry of a two-wheeled vehicle, where y is the front fork offset, d is the front wheel diameter, H is the head tube angle in degrees and u is the Jones stability index.

Equation 2: y/d = 0.00917[(90( - H)(sinH) + 4u]

The stability index, u, can be solved for any bicycle geometry. The smaller the index, the more stable the vehicle.  Standard bicycles produce a stability index between   –1 and –3 and tend to show good steering characteristics this range (Whitt & Wilson, 1982, p. 221).  Figure 6 (Whitt & Wilson, 1982, p. 221) shows a graphical representation of the Jones formula.



The various shapes represent several different styles of bicycles.  The large clump represents the standard bicycles.  The two extremes, lowest and highest u values, correspond to two of the experimental bicycles created by Jones.  The extreme black triangle stands for the most difficult to ride vehicle he created and the extreme white triangle represents the most stable one.

After deciding how stable the bike should be, based on the type of course it will compete on and the team’s experience with different bicycles, a stability index of –2.75 was chosen.  The previous figure along with Table 2 that was generated for several familiar bicycles was used to choose this number.  There is a need for better stability due to the high speeds that may be reached, but good control is needed for the tight turns in the endurance event.

	Table 2: Bicycle Stability Comparison

	Bicycle
	Type
	y
	d
	H
	Wheel Base
	u

	Schwinn Frontier Mountain
	Mountain
	1.6875
	26.00
	71.46
	42.75
	-2.63

	Vision Recumbent
	Recumbent
	1.6150
	18.50
	65.04
	37.75
	-3.28

	Kendrick's Recumbent
	Recumbent
	 
	 
	 
	68.50
	 

	Cheetah (Previous Record Holder)
	Recumbent
	1.4286
	18.10
	64.00
	 
	-3.69

	2004 Schwinn Frontier
	Mountain
	1.5000
	26.00
	70.30
	 
	-3.06

	2004 Schwinn Fastback
	Road
	1.6535
	27.56
	73.00
	 
	-2.43

	2004 Schwinn Super Sport
	Road
	1.6929
	27.56
	73.50
	 
	-2.28

	Cannondale Optimo
	Road
	1.7717
	27.56
	73.00
	38.98
	-2.31

	Trek Madone 5.9
	Road
	1.7717
	27.56
	73.80
	39.21
	-2.14

	ODU HPLV
	Recumbent
	1.5748
	18.50
	68.17
	54.00
	-2.75



The front wheel diameter and the fork offset were already defined for the vehicle, due to other constraints.  After selecting the stability index the only variable left was the head tube angle.  When H becomes the only variable in Equation 2 the formula becomes implicit.  The software package MATLAB was used to solve for H using computational methods.  The result supplied the team with a head tube angle of 68.17( for the required stability index of –2.75.  This number was then used to refine the frame dimensions.


Table 2 was also used for comparing the wheelbase lengths from several bicycles.  The fact that long-wheelbase cycles tend to be more stable but less controllable and that short-wheelbase cycles tend to be more responsive was used (Whitt & Wilson, 1982, p. 226) used to evaluate the different bicycles.  The minimum wheelbase that could be used for the current design was about 48 inches.  This falls in the medium wheelbase category thus making a small wheelbase not feasible. The team did not want to increase the wheelbase much due to control decline, weight increase and frame integrity.  A medium wheelbase of 54 inches was chosen to allow just enough room for seat adjustment.


Through Jones stability criteria and the choice in wheelbase, the vehicle should have good steering characteristics suitable for the ASME HPV competition.

Steering

The ASME HPV Rules state that the vehicle should be able to turn within a 25-foot-radius and travel for 100 feet in a straight line (ASME, 2003).

At low speeds the turning radius of the vehicle is governed by the rotation angle of the front fork and wheel.  There were three physical constraints that limited the vehicle's fork rotation: the rider's legs, the chain, and the pedals.  Each of these could possibly rub the front wheel and fork and limit the steering rotation.  As described in Section 4.1: Chain Layout and Idler Choice, the chain was routed around the front wheel and front fork to eliminate the chain interference as much as possible.  The other two constraints, legs and pedals, only interfere with the front wheel when the leg is fully extended.  If the rider takes care to stop pedaling in sharp turns and fully extends her or his leg on the outer side of the turn, no interference should occur.  This will take some training to get completely used to, but most cyclists easily learn to do this when turning on standards bikes to keep the pedals from rubbing the ground.

The stability calculations presented in the previous section should guarantee that the vehicle be able to travel 100 feet in a straight line.  The team chose a higher stability index, which should be ideal for speeds at and above cruising speed. This may make the vehicle difficult to maneuver as it accelerates from a full stop, but should not cause any major problems.

Handlebar

The handlebar is not large, and bears little weight, but its importance to the success of the vehicle and rider is great. Accordingly, many factors were taken into account in its design:  material, attachment point, distance of grips from the steering axis, brake-shifter mounting, visibility, rider comfort, and safety.

The handlebar, like most of the bike, was made from 4130 steel tubing. A 7/8-inch diameter was chosen, as it is a standard size, and does not have to bear much load. 

The handlebar is attached to the head tube by an expanding bolt. The main advantage of this is that it does not require any external weld or bolt, which could damage the threads on the head tube. Although it is heavier than a weld or standard bolts, it allows the handlebars to be removed easily. 

Two factors determined how far the handlebar grips were placed from the steering axis (head tube): stability / control and safety. For best control, the grips should not be as close to the steering axis as in a standard upright bicycle; this would make the vehicle too sensitive at high speeds. Nor should it be too far, requiring too much motion to accomplish a turn.  A compromise was necessary, but the final position had to be decided by the rider’s comfort, discussed in a following paragraph. 

As the main control interface between the rider and vehicle, the handlebar had to accommodate brakes and gear-shifters (combined as single units).  Since the 7/8in tube is standard for handlebars, no special mechanisms had to be installed to hold the brake-shifters—they were attached directly to the grips.  One consideration was important in making room for the brake-shifters: because for this design the rider’s hands tend to point inward is they grip, sufficient room had to be made to allow these pieces to occupy some of the visual area. Thus, the grips were spaced farther apart than necessary for the rider to see between them. More visibility considerations are mentioned in the next paragraph.

Because the handlebars are located directly in front of the reclined rider, visibility was important. To maintain visibility in the relatively high handlebars, the designer placed the grips nearly vertical above a horizontal bar, giving a view that resembles a gun-sight. With the majority of the handlebar as low as possible, and the hands in near-vertical position in front of the face, a clear path for vision was established.   

One major consideration for the rider’s comfort was the proximity of the handlebar grips to the rider. If too close, the arms could be compressed against the rider’s body, or forced to the sides, an aerodynamic issue. The grips were finally placed relatively high and at a good distance from the rider’s chest, just avoiding the legs. This allowed the rider’s arms to stretch, benefiting aerodynamics. Comfort also applies to the range of steering, as the elbows should be slightly bent to allow for a range of motion. If the arms were too straight, the shoulders would have to be employed in turning.  

The geometry of the grips was adjusted to maximize comfort; they were tilted twenty degrees in each of two directions: towards the rider (side view) and outwards from the vertical axis (front view).  Though an unusual configuration, it feels natural and offers good maneuverability.

The handlebar has several features that make it safe.  As the vehicle was designed for high speed, and the handlebar is the only thing in the path of a rider who crashes, this is very important.  It is convenient that steel exhibits a high elasticity, and would yield in plastic deformation long before breaking.  This is much safer than a brittle steel or other metal that might shear off and leave a dangerous sharp edge. The thickness of tubing was also important. It was stated earlier that the handlebar was not made to bear much load. Actually, it was not made to bear much load successfully. A thicker tube could prevent the handlebar from deforming under impact, delivering the full force to the rider. Rather, the designer believes the 7/8in tube is ideal for absorbing an impact.

While meeting specifications for comfort and maneuverability, the handlebar’s shape was also chosen for safety. Rather than pointing directly into the rider, the grips (in side view) follow an imaginary radius that points outward from the rider’s waist. This is intentional; because the waist is the rider’s first pivot point during a crash, the angle of the chest will maintain a radius on the same arc, meeting the full area of the grips and distributing the impact as broadly as possible. The handlebar height was also chosen with safety in mind; its altitude puts it at the rider’s chest during impact, just under the head and just over the stomach area.

Figure 7 below shows the Inventor drawing of the handlebar, with simulated rider.
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Brake System Analysis


The ASME competition requires that the vehicle must be able to “come to a stop from a speed of approximately 15 miles per hour in a distance of 20 feet or less” (ASME, 2003, p. 5).  To comply with this rule, the team used dynamic calculations to provide criteria for a sufficient braking system. The maximum deceleration depends on the friction between the tires and the ground and also the location of the center of gravity relative to the wheel/ground contact points.  If the vehicle has a center of gravity that is low and towards the rear, the maximum deceleration will depend on the coefficient of friction between the tires and the ground (Whitt & Wilson, 1982, p. 199).  

To determine whether or not the center of gravity would have an affect on the deceleration, a free body diagram of the system was drawn (Figure 8).  The normal force at the rear wheel was set to zero to represent the rear wheel lifting from the ground in a forward topple at high deceleration.  By summing the moments about the system, the maximum deceleration can then be determined based on the frame geometry and the location of the center of gravity.  The maximum deceleration can be determined by summing the moments about the system when both wheels are touching the ground.  This shows that deceleration only depends on the coefficient of friction and gravity.  Equations 3 and 4 show the two relationships for maximum deceleration.


Equation 3: a = (CGx/ CGy)g

Equation 4: a = (kg

This shows that the maximum deceleration will be limited to the smaller of CGx/ CGy or (k.  So as long as the CGx/ CGy ratio is larger than (k then there is little chance of the bike toppling forward and the coefficient of friction between the tires and the road ((k) will define the maximum deceleration.

The team’s current design has a CGx/CGy ratio of 1.23.  The maximum (k for bicycle tires against asphalt is about 0.85 (Whitt & Wilson, 1982, p. 200).  Since the vehicle’s CGx/CGy ratio is much higher than the (k this will cause the vehicle to be safer and further investigation of the required braking system will revolve around the maximum deceleration due to the coefficient of friction between the tires and the road.

The next step in determining an appropriate braking system is to analyze the actual friction forces against the wheels.  The same free body diagram was used to determine the normal forces at each wheel in a maximum deceleration situation, thus allowing the friction forces to be determined.  Summing the moments and forces about the system produced Equations 5 and 6 for the normal forces.

Equation 5: 
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Equation 6: 
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The relationship between the frictional force and normal force (Ff=(kN) was then used to determine the friction force at each wheel.


The force that is required from the brake should be just under the amount needed to lock the wheels in a maximum deceleration situation.  This will allow for controlled braking, i.e. no skidding or fishtailing.  The brakes that are chosen will actually be able to lock the wheels, but it is up to the rider to apply the correct braking force that keeps them from locking.  So the criterion will simply be a braking system that can apply the needed braking force from zero to just above the force needed to lock the wheels.

To determine this required force a free body diagram of each wheel was drawn, Figure 9.  By summing the moments about the center of the wheel the required force that each brake needs to apply to the wheel can be determined.  Equation 7 demonstrates the relationship.

Equation 7: Fb=Fw(Rtire/Rrim​)


The coefficient of between the brake pads and the aluminum rim can be estimated to be about 0.9.  Once again the relationship between friction force and normal force was used, but this time to generate the required force for the front and back brake to successfully lock the wheel.  Equation 8 shows the corresponding formula.


Equation 8: Nb=Fb/(k2

This equation produced the maximum needed brake forces to be 265 lbs and 80 lbs for the front and rear wheels respectively with rider of 250 lbs.  The average person can apply about 65 lbs of force using his hand in a gripping action (Wood, 2004).  Using Equation 9 the maximum needed mechanical advantage for the braking system can be computed.  The required mechanical advantage is approximately 4:1.


Equation 9:  ma=Nb/Fb

Standard side pull caliper brakes provide a mechanical advantage of about 4:1.  They are also well suited to the type of wheels that will be used on the vehicle.  The selection for a braking system will most likely be a mid grade quality set of side pull calipers.  The Shimano 105 side pull caliper is shown along with its accompanying brake levers (Shimano, 2004) in Figure 10.
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The final question for brake analysis was whether or not the braking system will slow the vehicle in compliance with the competition rules.  Equation 10 (Whitt & Wilson, 1982, p. 199) was used to calculate the minimum stopping distance.  The equation generates stopping distance (Ds) in feet for pneumatic bicycle tires from the inputs: speed in mph (v), coefficient of friction ((k) and coefficient of rolling resistance (Cr).


Equation 10:  Ds= v2/30/((k+Cr)


The coefficients 0.85 and 0.014 were used for (k and Cr respectively (Whitt & Wilson, 1982, p. 200).  For a vehicle traveling 15 mph the minimum stopping distance is approximately 8.7 feet.  This is much less than the stopping distance of 20 feet required by the rules.  At vehicle’s maximum projected speed of 50 mph the minimum stopping distance will be about 96.5 feet.  This neglects deceleration due to air resistance, so the stopping distance should actually be somewhat smaller.


In conclusion, the analysis of the vehicle’s braking capabilities has proven that it will be in compliance with the competitions rules and the chosen system will provide superior and safe braking capacity.

It was previously shown that the minimum mechanical advantage needed was a 4:1 ratio.  The team chose the Shimano 105 brake levers along with the Shimano Tiagra side pull rim brakes for the braking system.  The mechanical advantage of the brake lever and the brake are 5.67:1 and 1.91:1, respectively.  This gives a total maximum mechanical advantage of 10.82:1.  The chosen braking system will easily be able to meet the competition's braking requirements and should be able to stop the vehicle in the minimum amount of time with the only limit being the frictional force between the ground and the wheel.

List of Symbols:

(k
Coefficient of kinetic friction between the tires and the road

(k2
Coefficient of kinetic friction between the aluminum rim and the rubber brake pad

CG
Center of gravity (bike and rider)

CGx
Distance from center of front wheel to the center of gravity along the x-axis

CGy
Height of the center of gravity

Cr
Coefficient of rolling resistance for pneumatic bicycle tires

Ds
Minimum stopping distance in feet

Dw
Wheel Base Distance

Fb
Friction force between the brake pad and the rim

Ff
Friction Force

Ff1
Friction force acting on the front wheel

Ff2
Friction force acting on the rear wheel

Fw
Friction force between the wheel and road

g
Acceleration due to gravity

N
Normal Force

N1
Normal force acting on the front wheel

N2
Normal force acting on the rear wheel

Nb
Brake normal force

Rrim
Radius from the center of the wheel to the brake pad application point

Rtire
Radius from the center of the wheel to the ground

v
Velocity in miles per hour

Wb
Weight of the bicycle

Wr
Weight of the rider

Shifters


The Shimano 105 brake levers also incorporate the gear shifting mechanisms into the device.  This design keeps the rider from having to move his hands from the handlebars in order to shift and brake.  The shifter also gives the option of shifting the rear derailleur through 1, 2, or 3 gears in one depression of the lever.  This allows for larger jumps in the gear ratio when needed.  Recumbents have the reputation of not being able to be ridden without hands as easily as standard bicycles.  This shifter choice will allow for better control of the vehicle because the rider's hands can stay on the handlebars at all times.

Cable Routing

The Shimano brake system comes with the necessary cables and cable casing for a standard bicycle.  The standard cable for the front brake and the front derailleur will be used, but the cable for the rear brake and rear derailleur will have to be longer than a standard bicycle.  Figure 11 shows then approximate routing of the four cables.  The rear shifting and braking cables will follow the frame tube from the handlebars to the rear will and will be on the opposite side of the frame tube as the chain.  This will prevent any interference between the chain and the cables.

Cable stops will be brazed onto the frame as well.  The stops will allow for minimum use of the Teflon coated cable casing.  The cable casing is only needed when the cables do not follow a linear path.

The gear shifting system is of a high quality and should be more than adequate to serve the needs of the vehicle.

4.3 Frame and Seat

Frame Layout and Geometry

The two main criteria that define the vehicle’s design are simplicity and speed.  The frame was designed with these two ideas in mind.  The vehicle needs to go as fast as possible with minimal weight and air resistance to be a successful contender in the ASME competition.


 The first design decision regarding the frame was the position of the rider.  Most speed oriented human powered vehicles have the rider sitting in a recumbent position rather than an upright position that standard bicycles display.  Figure 12 (Beauchamp, 2004) shows the seating position of the HPV land speed record holder, the Varna Diablo driven by Sam Whiitingham. The main reason for the recumbent position is that it reduces the frontal area of the vehicle, improving the aerodynamic performance.

Two types of aerodynamic drag affect ground vehicles, pressure drag and friction drag.  Both forces need to be minimized.  Approximately 90% of a human’s energy on a standard bicycle is spent to overcome the air resistance at a speed of 30 mph.  The power needed to propel the vehicle forward in air is roughly proportional to the cube of the vehicle speed (Whitt & Wilson, 1982, p. 86).  

The majority of the drag for two wheeled vehicles is from pressure drag (Whitt & Wilson, 1982, p. 85).  Pressure drag is defined as the drag force due to the non-uniform pressure distribution about an object immersed in a fluid.  At constant velocity the pressure drag force is proportional to the frontal area of the object (Munson, B. R., Young D. F., & Okiishi, T. H., 2002, p. 539).  So by decreasing the frontal area, the drag force can also be decreased.  In the case of an upright cyclist, the easiest way to reduce the frontal area is by laying the cyclist horizontally.  The team applied a sixty-degree lean (from a vertical sitting position) to the rider to reduce the frontal area.

The second way to reduce the total frontal area of the vehicle was to combine the frontal area of the machine with the frontal area rider.  An upright bicycle has a frontal area made up both elements, machine and rider, because the rider sits above the wheels.  The rider position was lowered near the ground and the rider’s body was placed between the wheels instead of above them.   This gave a frontal area of about 2.4 ft2, compared to an upright cyclist that has a total frontal area of about 3.6 ft2 (Whitt & Wilson, 1982, p. 91).  Figure 13 (Flint, 2003) shows the comparison of a recumbent and upright’s frontal area.  The recumbent has about 30% less frontal area than the upright.

The second step in reducing the drag force is to decrease the friction drag to a minimum and to create a smooth flow over the bicycle.  The standard non-enclosed two-wheeled vehicles have an extremely irregular shape.   This causes chaotic flow around the rider and machine that leads to high friction drag (Whitt & Wilson, 1982, p. 87).  The solution to this problem will need to be addressed in the future; most likely with the addition of a fairing, or shell, that transforms the vehicle into a streamlined body.

By keeping these aerodynamic concepts in mind in the initial design, the team hopes to lay the groundwork for the design of the aerodynamic fairing.

After the rider position and vehicle height was decided on, the placement of the drive train was considered.  The drive train consists of the wheels plus and the crank/pedal assembly.  To accurately design the bike to fit the team members, body dimensions of each member were collected.

The reach of the rider’s legs defined the location of the crank assembly.  The maximum height of the crank was then defined by the height of the rider’s eyes.  The crank and the rider’s knees could not be raised into the path of the rider’s vision.  The crank position was further defined from the placement of the front wheel.  The front wheel location was chosen to be somewhat under and between the rider’s legs.  The reasoning for this was the avoidance of a long wheelbase.  The front wheel could basically be located either in front of the rider’s feet or in between his legs.  The selection of the shorter wheelbase locked the crank position into a small, defined area.  The downside of a long wheelbase will be discussed later in this section.

The head tube/front fork angle was also a critical frame dimension and was used to define the shape.  This will also be discussed later in this section along with the wheel base choices.

After the front wheel, head tube angle and crank assembly were defined, the rear wheel was then placed behind the rider’s back with room for the seat and seat adjustment.  These five items: the rider, crank assembly, front wheel/front fork, head tube angle and rear wheel were used to locate the critical frame connection points.  These decisions are reflected in Figure 14.  To keep the frame as simple and as light as possible, the frame members were designed to simply connect these points with the least amount of material.

Three frame designs were produced and analyzed for simplicity, ease of manufacture, strength and weight.  The three designs, 5-Bar, 3-Bar, and Truss, are shown in Figure 15.  The team selected the 3-Bar design because it was the simplest, easiest to manufacture and the lightest.  The 3-Bar is the weaker design of the three, but stress analysis was used to select the appropriate material and tubing shape to give it adequate strength.  The initial stress analysis will be discussed in later in this section.


The final dimensions and shape of the frame were refined to fit all of the physical constraints given by the purchased components.  The critical components that affected the design the most were the wheels, front fork, chain stays, bottom bracket shell, and the dropouts.  The frame technical drawings are shown in Appendix 7.3.  They can be used as a reference for visual descriptions of each part.  Along with the physical dimensions of the purchased parts, several dimensional constraints were also defined by design decisions, such as wheel base, pedal placement, head tube angle, and ground clearance.  These decisions were explained in Section 4.3 of the midterm report.

All of these constraints were built into a parametric assembly model in AutoDesk Inventor.  Due to the fact that most of the parts had not arrived at the time the frame was being designed and the exact dimensions of the parts were unknown the parametric capability of Inventor made things much easier.  As the parts arrived and were measured the parametric model allowed the team to easily change any dimension of the model via an Excel spreadsheet.

After all the primary constraints were defined, few frame dimensions remained for manipulating.  The last dimensions were defined based on simplicity and ease of manufacture.  Once the model was finalized, technical drawings of the frame, its components, and subassemblies were created.  The team and the fabricators used these to properly construct the vehicle.

Finite Element Analysis

The final tube selection was that of 4130 Steel having a diameter of 2.20”.  The original design for the bike (now slightly different) was entered into a Finite Element Analysis program.  The loads and boundary conditions that were used for this included a 900 pound dynamic loading force on the seat, along with a 60 pound crank arm force.  The front fork was constrained in all directions except rotation about the y-axis and the back wheel was constrained in all directions except the x-axis translation.  With these loads and boundary conditions the design failed to get under the fatigue limit of the material.  However, we decided to go with the design to be competitive (low safety factor), and also because we do not expect to reach 900 pounds of force on our bike.  This 900-pound force is a huge safety factor in itself and is representative of a 300-pound dynamic load.  For this reason we feel our bike is of sound design.  

Chain Stay Weld Design

The finite element analysis showed a high stress area where the chain stays met the bridge tube.  The original design was to attach the chain stays to the bridge tube by fillet welds as shown in Fig 4.  The bending stress calculations for the chain stays and the FEA showed that the stresses were at a safe level at the connection point.  The next step was to check the stress in the welds.  Using weld stress theory from Reference 2, the stress in the chain stay welds was computed.


Fig 14 shows a representation of one rear chain stay, the weld, and the applied load.  The force, P, was set to 150 lbs.  This is three times the static loading of 50 lbs, to account for dynamic loading.  The length of the chain stay, L, is 14” and the diameter of the chain stay, D, is 7/8”.  The weld height, h, is 1/8”.




The geometric properties were computer first using Equations 11 and 12.  This gave the weld throat area and weld second moment of inertia respectively.

Equation 11:
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Equation 12: 
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Using Equation 13, the normal stress due to bending was computed at the weld.

Equation 13: 
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Mohr’s Circle was then used to calculate the principal stresses. Equation 14 shows the calculation.

Equation 14: 
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The principal stresses were then used to find the von Mises stress using Equation 15.

Equation 15: 
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The von Mises stress was then compared with the yield strength of the weld material, Sy, as shown in Equation 16 to compute the factor of safety, f.

Equation 16: 
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The factor of safety turns out to be unacceptable.  The factor of safety should be at least greater than 1.5 for this application.  To reduce the stress in the welds, the chain stays were inserted completely through the bridge tube and two additional welds were added on the other side.  This is shown in Figure 17.  This design should reduce the stress in the welds to a minimum and all the stress will be in the chain stay and bridge tubes, which was acceptable according to the FEA.
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Front Fork


The team was able to acquire, with the help of Gordon Freedman at Cycle Classics, an extremely light slim aluminum 20" front fork.  The fork was obtained from Dahon Folding Bicycles and is used on their higher quality bikes.  The fork takes a 74mm slim hub, has mounts for cantilever brakes, v-brakes, and side pull brakes, and has a 1-1/8" threaded steer tube.


Originally the team had planned to rout the chain across the front fork and wheel.  The team hoped the slim fork would have provided enough clearance between the chain and the fork to allow that type of chain configuration.  Unfortunately it did not provide adequate clearance, so the chain was routed around the wheel.  The chain layout is discussed in more detail in Section 4.2: Chain layout and Idler Choice.


The fork steer tube was approximately 4.5 inches long.  This posed a problem because the minimum steer tube needed for out design was 6.25 inches.  After reviewing the problem with our advisor and the ODU Machine shop personnel, it was determined that the single weld holding the steer tube to the fork could be cut and a new, longer, steer tube could be inserted and welded in its place.  Figure 18 shows the front fork before and after the modification and Figure 19 shows the single weld that holds the steer tube in place.


This design adds some weight to the front fork because of the extension and the larger steer tube wall thickness, but it is now much stronger to accommodate the new length.

Fabrication Errors

There were a few small changes to the frame dimensions during fabrication.  Most were errors and the other was a small change to improve the design.  The crank tube and crotch tube were both cut slightly longer than specified by the drawing.  This was due to miscalculation of the tube lengths.  The crank tube was cut approximately 0.5 inches too long and the crotch tube was cut approximately 0.75 inches too long.  The crank tube error only increased the distance the rider’s legs have to reach the pedals by a small amount.  Not enough to matter.  On the other hand, the crotch tube error actually decreased the ground clearance by about 1 inch.  This hopefully will not be a problem, because the vehicle will only be used on smooth pavement, but if it does pose a problem, the extra length will have to be cut from the frame.  The frame would then have to be re-welded.  The hole for the bottom bracket shell on the crank tube was changed to a full circle instead of three quarter circle as shown in Appendix 7.4.  This was done to allow a full circle weld around the bottom bracket shell.  Other than these changes, the frame is the same as the drawings and was held to exceptional tolerances.

Seat Design and Construction


The design and construction of the Seat was a laborious process, which took more time and money than expected.  The original design for the seat was set so that the bottom and back portion of the seat would make a 30 degree angle with the horizontal, and the seat was set to be contoured to the shape of the human body.  To achieve this angle, an inclined weight lifting bench was used as well as quick setting foam to develop the contoured shape. 

After two attempts, the foam set and made a contoured body print, as shown in Figure 20.  Prior to using this body print, the foam had to be sanded until it was reasonable smooth.  After sanding a layer of newspaper was laid down, and then the fiberglass layers were placed on top.  After four layers were added to the front of the seat, a foam core was shaped to fit on the backside of the seat; next the core was attached to the seat using three layers of fiberglass as shown in Figure 21. Furthermore, two attachment points (wooden blocks) were also fiber-glassed into the seat for the seat bracket attachment points.
The attachment of the seat to the frame consists of two joints.  One rests on the horizontal bar of the frame (lower joint) and another that is behind the rider's head and is connected to the chain stays through aluminum L's.  The lower joint was made from a 4130 steel sheet.  The basic design of the clamp consists of the sheet steel, nuts, bolts, washers, and rubber gaskets.  The steel sheet was cut into two pieces and then in was bent to fit around the bar.  Rubber gasket material was placed between the clamp and the frame tube to provide better friction and less wear on the surface of the metal.  The top portion of the clamp was connected to the seat using screws.  Nuts and bots are used to tighten the clamp and hold the seat in position.  Figures 20 and 21 show the bottom clamp. 
The upper clamp will rest on the upper attachment point and will be attached to the rear stays, which will support the seat.  The fabrication of this support is still in progress.
5.0 Conclusion

Future


By the end of the semester the team will have successfully completed its goal.  This should lay the groundwork for a vehicle fit for competitive human powered racing.  Hopefully the project will expand in the future and help show the strength of the Old Dominion University's Engineering Program.  The following describes the future of the project.

Website


The team has gathered a great deal of information and resources over the course of the project.  This information has been organized several times throughout the past two semesters, but becomes more disorganized as the project reaches its last phase. This information will hopefully be very useful to the Phase II team, but will need to be compiled first.  Over the summer the team plans to create a project website to display all the information.  This will serve as a resource for news, updates, information, and communication for the future team.  It will also be used to share the project with sponsors, professors, other teams, and any other people who may be interested.

Phase II 
The current team will address the Project Design and Management I classes in the fall of 2004 about the HPLV project and contest.  At this presentation the team will announce that they are recruiting team members to design the fairing and to take the bike to competition.  The current team will be assisting the new members as needed and will be going to the competition too.
Phase II will start in the fall of 2004.  It will consist of designing and building the fairing, rollover protection, and safety harness and also the testing of the HPLV. 

The fairing is a required item for all classes of vehicles in the competition and will be design in Phase II. The fairing at a minimum must cover 1/3 of the frontal area of the vehicle and it must extend rearward from the front of the vehicle to a point far enough along its length on both sides to provide adequate space for clearly displaying the vehicle number, ASME logo, and school identification, as described in the rules. The rules do not preclude changes in the fairing configuration from one event to another or within a single event as long, as the safety requirements and minimum requirements are not compromised. This will allow for a lot of creative design for the team in Phase II.

The rollover protection must be structurally attached and braced to the vehicle frame or fairing and , with the vehicle in the upright position, must extend above the rides’ helmeted head such that no part of any rider will touch the ground in a rollover condition. The rollover bar or other protection will be at least equivalent to chrome-molybdenum steel tubing with an outer diameter of 1.5 inches and a wall thickness of no less than 0.049 inches.
All riders of all vehicles in all classes and events of the competition will be secured to their vehicles by safety belts and, where feasible, shoulder harnesses at all times that the vehicle is in motion. Seat belts and shoulder harness shall be of automotive quality.  This feature will also be designed in Phase II.

2005 Competition

The 2005 competition will be held in the spring of 2005. The dates and location will be announced in the fall of 2004 by ASME. The 2005 rules will also be posted in the fall of 2004 by ASME.
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Figure 3: Original Chain Layout





Figure 4: Double Bend Chain Layout





Figure 11: Cable Paths





Figure 16: Chain Stay Beam Diagram





Figure 17: Modified Chain Stay Welds





Figure 18: Front Fork Comparison





Figure 19: Fork Weld





Figure 20: Foam Seat Mold





Figure 21: Glassed Seat





Figure 22: Seat Mount





Figure 23: Attached Seat Mount
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Figure 2: Gear Diagram
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Figure 8: Free Body Diagram





Figure 9: Wheel Free Body Diagram
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Figure 10: Shimano 105 Brake Lever and Caliper





Figure 12: Recumbent Seating Position





Figure 13: Frontal Area Comparison





Figure 14: Frame Layout





Figure 15: Frame Designs





Figure 5: Front Fork Geometry





Figure 6: Stability Index Chart





Figure 7: handlebar
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