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INTRODUCTION 

At Seattle University the Human Powered Vehicle

ASME student section.  The project is pursued by underclassman

are involved.  This year all participants are juniors who ha

some basic principles of design and 

are no academic credits involved for participation

a loose and non-curriculum atmosphere

possibilities.  Such team makeup results

Seattle University is situated downtown

buildings, and the surrounding streets are 

There are both bike lanes and sharrows on the streets

cobble stones weighing down the ships when the city was founded

averages 151 days of rain per year, most of which is 

third of Seattle resident use their bicycle for recreation and up to 8,000

bicycles.  According to Washington Department of Transportation, 

country for cycling. 

The hilly urban setting is the primary influence on the team’s decision to design a vehicle for the utility 

competition.  From 2004-2007 the Seattle University entries were 

2008 entry was a front wheel drive, delta configuration.

allow for various trick moves such as power slide on 

featured tilting mechanisms to aid the rider in 

difficulty with steering and the 2008

team had tried front wheel drive).  There were m

marginal for straight line cruising (steering caused the chain to come off

technical failures, extra emphasis has been 

 

2006 Larry O. Hawkenheimer 

Figure 1

 

 

he Human Powered Vehicle Challenge (HPVC) is the primary activity

he project is pursued by underclassman for personal enrichment

all participants are juniors who have taken a machine shop class and 

and manufacturing.  The HPVC project is not a part of a

for participation.  No faculty oversees the design process

atmosphere that allows for great latitude in pursuing a wide rang

results in unconventional and often innovative vehicle 

downtown in the First Hill neighborhood.  It is enclosed by 

streets are filled with automobiles and hybrid-electric articulated

and sharrows on the streets.  The terrain is hilly and older street

weighing down the ships when the city was founded.  Seattle has a mild climate; the city

most of which is light rain.  There is a strong cycling 

Seattle resident use their bicycle for recreation and up to 8,000 residents commute daily on 

ccording to Washington Department of Transportation, Seattle is often rated a top p

The hilly urban setting is the primary influence on the team’s decision to design a vehicle for the utility 

Seattle University entries were rear-wheel driven tadpole trike

entry was a front wheel drive, delta configuration. “Larry O,” our 2006 entry, was built

trick moves such as power slide on wet/dry pavement.  The 2007 and 2008 entries 

the rider in taking corners.  However, the 2007 “Ricky Bobby”

and the 2008 “Leonard G.” had difficulty with the drive train (the 

There were many last minute fixes, which resulted in 

steering caused the chain to come off).  Mindful of the team’s 

extra emphasis has been placed on the drive train this year. 

 

2007 Ricky Bobby Hawkenheimer 2008 Leonard G. Hawkenheimer

1-3 Previous entries from Seattle University 
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activity of the 

for personal enrichment and no seniors 

ss and have learned 

a part of any class and there 

the design process; instead, it has 

wide range of design 

vehicle designs. 

by large hospital 

articulated buses.  

streets are paved with 

a mild climate; the city 

ong cycling culture; over a 

residents commute daily on 

often rated a top place in the 

The hilly urban setting is the primary influence on the team’s decision to design a vehicle for the utility 

tadpole trikes.  The 

ur 2006 entry, was built tough to 

and 2008 entries 

the 2007 “Ricky Bobby” had 

(the first time the 

resulted in only a vehicle 

the team’s recent 

 
2008 Leonard G. Hawkenheimer 



 

INNOVATION AND DESIGN
 
1.  New Design Description 

“Optimus’ Hawkenheimer”, the design 

Competition, is 100% brand new.  The

roll bars, storage baskets, and fairing removed for clarity. 

bicycle to “transform” between recumbent and u

provide riding comfort on dedicated bike paths, while 

setting.  A four-bar linkage at the front of the bike, anchored by a sturdy 

transformation.  The linkage allows for a coordinated position change 

The crank boom is connected to another four

allows the seat to properly adjust when chan

attached to the rear seat tube.  A given mode is held 

tube support), which connects the main

from recumbent to upright, the rider needs to stand up,

modes, and close the cam lock.  

(a) 

 

 

 
Upright Mode 

Recumbent Mode 

Figure 4.  The schematics showing (a) two modes of operat

INNOVATION AND DESIGN 

he design submission for the 2009 ASME Human Powered Vehicl

The vehicle has two modes of operation, shown in Figure 

roll bars, storage baskets, and fairing removed for clarity.  The design, labeled in Figure 

bicycle to “transform” between recumbent and upright modes.  The recumbent mode is designed to 

provide riding comfort on dedicated bike paths, while the upright mode is more suitable in an urban 

the front of the bike, anchored by a sturdy main tube, is used

transformation.  The linkage allows for a coordinated position change of the fork and the crank boom.  

connected to another four-bar linkage consisting of two seat tubes and the seat

when changing modes.  The transformation is initiated 

A given mode is held in place by a cam lock on the lock tube (

main tube to the crank boom and gives the frame rigidity.

he rider needs to stand up, open the cam lock, allow the gas strut to change 

  

(b) 

The schematics showing (a) two modes of operation with (b) labeled components
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uman Powered Vehicle 

shown in Figure 4a with the 

The design, labeled in Figure 4b, allows the 

is designed to 

upright mode is more suitable in an urban 

, is used to achieve the 

the fork and the crank boom.   

and the seat.  This 

initiated by a gas strut 

a cam lock on the lock tube (a tube-in-

tube to the crank boom and gives the frame rigidity.  To transform 

open the cam lock, allow the gas strut to change 

 

(b) labeled components 



 

The main tube is the primary structural element of the 

to provide the necessary stiffness.  The switching mechanism and the fork

alloys.  The roll-bar, fabricated using a polymer mold

lightweight characteristics.  The joints for the roll bar are epoxy bonded and bolted to the frame. 

are two corrugated plastic baskets with aluminum ribbings

of cargo.  The bike has a commercial clear fairing 

improve vehicle performance for rainy

the fairing. 

2.  Design Methodology 

Background Research – In “The Recumbent Bicycle (1996)” by 

were attempts to design a bike that transitions from upright to recumbent; howeve

successful.  In searching for existing design

to the fact that the designers are trying to market their products, there is minimal information about how 

they work.  The videos do show that they function in both upright an

screenshots). 

 

 

Figure 5.  Two prior designs by (a) Josh Reid (2006) and (b) Ron de Jong (2008)

 

The first design is by Josh Reid of Great Britain, an aerospace engineer and designer by training.  The 

vehicle rides on what appears to be 

use a telescoping handle bar.  The video shows

while the rear wheel opens outward to form a recumbent. 

Netherlands called the Switchbike.  

October 2008), and blogged on www.fresh

with a spring and lever system to change

appears to be 26” wheels and requires

the primary structural element of the vehicle.  It is constructed of a steel

The switching mechanism and the fork are constructed of aluminum 

fabricated using a polymer mold, is made of a graphite epoxy composite

The joints for the roll bar are epoxy bonded and bolted to the frame. 

are two corrugated plastic baskets with aluminum ribbings designed to carry 2 bags of groceries

has a commercial clear fairing to comply with the ASME HPVC rules

for rainy Seattle, we included fenders, rust proofing and water repellant on 

In “The Recumbent Bicycle (1996)” by Fehlau, it was briefly 

to design a bike that transitions from upright to recumbent; however, no one had been 

for existing designs, we found two recent European models on the Internet.  

to the fact that the designers are trying to market their products, there is minimal information about how 

do show that they function in both upright and recumbent modes

 

(a) Josh Reid, 2006

Great Britain 

YouTube: KVD7KkB6x14

 

 

(b) Ron de Jong, 2008 

Netherland 

YouTube: 8H39NiWbeOw

 

Two prior designs by (a) Josh Reid (2006) and (b) Ron de Jong (2008)

by Josh Reid of Great Britain, an aerospace engineer and designer by training.  The 

 20” wheels, and can be transformed on the fly.  The vehicle does not 

The video shows that the front of the structure stays largely 

while the rear wheel opens outward to form a recumbent.  The second design is by Ron d

.  It was featured in Holland Innovation (an inventor’s tradeshow in 

October 2008), and blogged on www.freshcreation.com.  The vehicle appears to use a four

change the vehicle into upright mode.  The vehicle rides on what 

wheels and requires a telescoping handlebar to account for the differences in the two 
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teel rectangular tube 

are constructed of aluminum 

epoxy composite for its 

The joints for the roll bar are epoxy bonded and bolted to the frame.  There 

igned to carry 2 bags of groceries or 50 lb 

to comply with the ASME HPVC rules.  Lastly, to 

water repellant on 

briefly noted that there 

r, no one had been 

on the Internet.  Due 

to the fact that the designers are trying to market their products, there is minimal information about how 

d recumbent modes (Figure 5 shows 

Josh Reid, 2006 

KVD7KkB6x14 

Ron de Jong, 2008  

8H39NiWbeOw 

Two prior designs by (a) Josh Reid (2006) and (b) Ron de Jong (2008) 

by Josh Reid of Great Britain, an aerospace engineer and designer by training.  The 

eels, and can be transformed on the fly.  The vehicle does not 

the front of the structure stays largely in one piece, 

s by Ron de Jong of 

It was featured in Holland Innovation (an inventor’s tradeshow in 

e a four-bar linkage 

rides on what 

erences in the two 
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geometries.  For more generic bicycle design and machine design issues, a number of reference books 

were consulted and are listed in the Bibliography section. 

Design Objective – The Seattle University HPVC Team has the goal to design a bike that can transform 

from recumbent to upright.  The vehicle needs to be able to navigate the hilly terrain and rainy days that 

are typical when riding in Seattle.  Furthermore, to lower the carbon footprint, we used local distributors 

(i.e. onlinemetals.com, based in Seattle) and as much recycled components as possible (Recycled Cycles, 

also based in Seattle).  The vehicle needs to be user friendly, allowing for daily commute and carrying a 

load of groceries.  Acknowledging our technical failure in 2008, we would like the vehicle to be 

competitive in the recumbent mode. 

Design Criteria – The design criteria for Optimus’ is as follows:  

• 2 wheeled bike that is capable of switching from long wheel base (LWB) recumbent to upright  

• Serves riders of various sizes (Height: 5’4” to 6’4”, Max weight: 250 lb) 

• Utility storage (Max storage area - Volume: 450 in3, Weight: 50 lb) 

• Safety features to allow for riding at night (front and tail lights) 

• Roll bar and seat belt that meet the requirements to protect the rider in the case of an accident 

(recumbent mode) 

• Ability to remove parts of the bike (roll bar, fairing, utility bags, etc.), if the rider wants to 

customize their bike for a given trip  

• Able to achieve a speed of over 30 mph 

• Kick stand for self-standing purposes 

• For the rain, equip the bike with fenders and water repellent on the fairing 

• Use cross/road tires for smooth rolling on streets and deep grooves for sipping water away from 

the tread in wet conditions 

 

       

Alternative Design:  

a foldable recumbent tricycle design 
      Side and Top View        Front View 

Figure 6. Alternative Designs 
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Alternatives Designs Considered - There were two initial concepts for the 2009 design.  One design was 

a foldable recumbent tricycle for better storage capability in the city (shown in Figure 6).  The second was 

a specialized recumbent bike that allowed the rider to change the angle between the seat and the 

crankshaft for ease in riding up hills. 

As expected, our current design has been developed through many geometric iterations.  One of the 

earlier models is shown in Figure 7.  The major change in this model is that the main tube was modified 

from a bent to one solid boom.  This change was made since the main tube lacked sufficient structural 

integrity.  

  

 
Side View: Upright Side View: Recumbent  

Figure 7. Early Bike Geometry 

Additionally, the initial idea was to allow the bike to switch to upright mode while the rider was riding 

the bike.  Some of the ideas for solving this problem included a pneumatic system that could be 

pressurized using a pump connected to the pedals by a clutch.  The second idea was a cable system that 

would collect wire on a spool to pull the bike up to upright mode (again a clutch would be used).  

Ultimately the team concluded that it would be impractical to make a bike that was able to switch to 

upright mode from recumbent mode while riding.  These ideas made the bike heavy and complex.  The 

team realized that a quick transition was more important.  Before settling on the gas strut idea, other types 

of springs and their placements were considered.  This included torsion, tension, and compression springs 

in different configurations on the front four-bar linkage.  The team decided on the gas strut attached to the 

four-bar seat linkage as it was simple and expected to provide a smoother transition.  

Structured Design Methods – The team’s process was a top-down design approach.  Once the general 

solution to our design criteria was determined, the design was divided into groups.  Within each group, 

individuals were assigned a specialized task. 

Modeling was used by building a prototype to check the frame geometry.  In this process, it was realized 

that the frame was oversized.  After making necessary adjustments to the computer model, a second 

prototype model was made.  From this, a few more adjustments will be made for the final iteration. 

To make decisions on the materials used on the bike, the following material design matrix was used.  

These materials are from onlinemetals.com, a local supplier.  We decided on using A36 and 4130 steel, 

and 6061-T6 aluminum due to stiffness, strength, weight, and availability of their geometric shapes. 
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Table 1. Material Properties 

 Ρ 
(lb/in3) 

E 
(Msi) 

Sys 
(ksi) 

cost 
$/in3 

Aluminum 6061-T6 0.098 10.4 40 $0.53/in3 

Steel 4130 0.292 30.0 63 $0.98/in3 

Steel A36 0.292 30.0 36 $0.64/in3 

Titanium Grade 5 0.160 16.5 128 $16.3/in3 

Steel Stainless 304 0.280 27.6 31 $2.27/in3 

 

 
Weldability & Machinability Geometric Availability 

Aluminum 6061-T6 
Most common grade due to its strength, 
heat treatability, ease of machining, and 
weldability 

Angle, Channel, I-Beam, Pipe, 
Plate, Rectangle, Round, Sheet, 
Square, Tube 

Steel 4130 
machinable in normalized and tempered 
condition, but similar to A36 

Round bar, Sheet, Round tube 

Steel A36 
machining is slight more difficult than 
low carbon 1018 steel 

Angle, Perforated Sheet, Plate, 
Rectangle, Rectangle Tube, Round, 
Rectangle Tube, Square, Square 
Tube 

Titanium Grade 5 
more difficult to machine than T-316L 
stainless steel, and recommend slow 
speeds and lots of lubrication 

Round 

Steel Stainless 304 

weldable, machinable with the right 
techniques, and has good corrosion 
resistance, but is not for use in salt 
water environments 

Angle, Hex, Perforated Sheet, 
Pipe, Plate, Rectangle, Round, 
Sheet, Square, Square Tube, TILE, 
Tread Plate, Tube 

 

DFX: 

The established model has been to design mainly for individuality.  The goal is to create an innovative 

design.  We want to make something that isn’t commercially available.  The vehicle construction is done 

by students; therefore it is designed for students’ ability to manufacture.  Currently, the design has too 

much complexity (joints, gas strut, etc), making it difficult to manufacture.  However, if we attempt a 

second iteration, our focus would be to design for manufacturability.  As for the environment, in a second 

iteration we want to be conscious of where the material is manufactured and try to minimize waste where 

we can.   

Significant Innovations: 

The transformable design is not commercially available nor is the design commonly known, therefore, we 

consider our design a significant innovation.  A bike that can transform will greatly benefit someone who 
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enjoys the city and the trails.  When the bike switches to recumbent the handlebars need to extend so the 

rider can still steer the bike.  An innovation to allow the handle bars to extend automatically has been 

developed.  

     
Assembled Unit Fork Slotted Tube Bracket w/Gear Main Tube w/Gear 

Figure 8. The Assembly View of the Fork Mechanism 

When the bike transforms from upright mode to recumbent mode the handle bars need to be extended so 

the rider can still steer with comfort.  A solution to this problem has been devised such that the handle 

bars extend automatically during the transition.  The stages of assembly are displayed in Figure 8.  When 

the bike transforms to recumbent mode the small gear on the bracket rotates along the larger gear on the 

main tube.  This causes the slotted tube to rotate which then pushes the center rod up extending the 

handlebars.  The fork stays aligned with the handlebars by sliding up and down on a cross shaped rod.  

The design was inspired by mechanical pencils with rotating extending erasers.  Due to time constraints 

and machining limitations we will not be able to implement this design in this year’s bike. 

 

ANALYSIS 
 
We devised the analysis into three categories: (1) Rollover Protection System (RPS) strength and 

deflection, and testing of a composite specimen to ascertain the values of stiffness and strength of the roll-

bar material.  (2) General structural integrity analysis using strength of materials and machine design 

principles.  (3) Additional analysis necessary for the transformable vehicle, which include (3a) the 

steering mechanism, (3b) a 4-bar linkage positional analysis for changing the mode and (3c) multiple 

chainring drive train.  

1.  Rollover Protection System 

The purpose of the RPS is to protect the rider in a rollover event.  To that effect, the RPS needs to 

withstand large forces while deforming minimally.  After some design iterations, we settled on a carbon 

fiber composite roll bar (to minimize weight) with an aluminum tube roll bar post (to minimize 

deflection) securely bolted on the vehicle at six fixed points.  The RPS, shown in Figure 9, only functions 

in the recumbent mode.  The RPS is shaped so that the head and the upper torso of the rider is the most 



 

protected.  From the side and top views shown in Figure 

of the 6’4” rider and outside of the rider’s shoulders

(a) 

(b) 

 

 
(c) 

Figure 9. Roll Cage 

 

The lower leg and foot are not protected by the RPS, justified by the vehicle’s high center

shown that the time to a fall is proportional to the

gravity, ����
�  (Bicycle Science p. 268)

head tube to obtain lower extremity protection.  However, in a non

constraining the space around the legs presents a greater potential hazard.  Similarly, a robust structure for 

the frontal fairing can also serve the same purpose.  Weighing these options, we elected not to protect the 

lower leg and foot.  Optional bolt-on structural compo

necessary. 

The RPS is assembled from several large pieces (Fig 

beneath the seat and the chainstay.  The pieces comprised of a roll bar post (Fig 

pieces (Fig 9b-c), are made of 6061

thickness.  The connecting pieces are made of solid 6061

of a 4-ply woven carbon fiber and epoxy resin.  A single ply of Kevlar cloth is also inserted at the outer 

curvatures on both sides, which are the expected contact points when tipped over, to improve abrasion 

resistance.  The pieces are glued together 

From the side and top views shown in Figure 9h, the RPS extends both over the helmeted head 

rider’s shoulders.   

(d) 

(e) 
 

(f) 

 (h) 
 (i) 

Roll Cage Assembly and Exploded View of Roll Cage 

The lower leg and foot are not protected by the RPS, justified by the vehicle’s high center

proportional to the square root of center of mass of the ve

Bicycle Science p. 268).  It would take additional structures (optional) built around the 

head tube to obtain lower extremity protection.  However, in a non-enclosed open cockpit design, 

space around the legs presents a greater potential hazard.  Similarly, a robust structure for 

the frontal fairing can also serve the same purpose.  Weighing these options, we elected not to protect the 

on structural components on the head tube are available if it is deemed 

The RPS is assembled from several large pieces (Fig 9a-d), and secured by bolts at the anchor block 

beneath the seat and the chainstay.  The pieces comprised of a roll bar post (Fig 9a), and two connecting 

c), are made of 6061-T6 aluminum.  The roll bar post has a 1.25” OD and a 0.125” wall 

thickness.  The connecting pieces are made of solid 6061-T6.  The two main roll bars (Fig 

fiber and epoxy resin.  A single ply of Kevlar cloth is also inserted at the outer 

curvatures on both sides, which are the expected contact points when tipped over, to improve abrasion 

together into its final form (Fig 9g) by an aerospace grade Hysol 
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ds both over the helmeted head 

(g) 

 
(j) 

The lower leg and foot are not protected by the RPS, justified by the vehicle’s high center-of-mass.  It is 

vehicle divided by 

It would take additional structures (optional) built around the 

enclosed open cockpit design, 

space around the legs presents a greater potential hazard.  Similarly, a robust structure for 

the frontal fairing can also serve the same purpose.  Weighing these options, we elected not to protect the 

nents on the head tube are available if it is deemed 

d), and secured by bolts at the anchor block 

and two connecting 

T6 aluminum.  The roll bar post has a 1.25” OD and a 0.125” wall 

T6.  The two main roll bars (Fig 9d-e) are made 

fiber and epoxy resin.  A single ply of Kevlar cloth is also inserted at the outer 

curvatures on both sides, which are the expected contact points when tipped over, to improve abrasion 

by an aerospace grade Hysol 



 

EA9693 adhesive (Fig 9f).  The use of a lightweight, high stiffness graphite epoxy composite for the rol

bar will keep the weight low and minimizes the deflections when external forces are applied.  To ensure 

the RPS’s structural integrity during a

and 300 lb force from the side, shown in Figure 

For analysis of the RPS, Finite Element Analysis (FEA) software CosmosWorks

analyzed with two loading conditions: 

loads and restraints are shown in Figures

geometry prescribing the location and 

bottom surface of the roll bar and in the two bolt hole surfaces where the RPS is

block on the bike frame.    

There is no material approximation 

wrapped in a shell-like tube structure

carbon fibers are not sufficiently characterized for analysis.  The large choices of epoxy/polyester resins 

from local stores (serving a robust recreational boating industry in Seattle) give an even greater variability 

to the composite property.  Therefore t

aluminum tube (1.25” OD and 0.125” wall thickness) 

completed using an isotropic aluminum, we cha

the graphite epoxy composite material, used in the actual RPS, has superior stiffness and strength 

properties when compared to the 0.125” 6061

manufactured will be physically me

The analytical results found by FEA, using 6061

roll bar deflects 0.132” downward (towards the rider) with

deflections 0.037” left/right (towards the rider)

Figure 10a and b.  Both of these deflection

RPS design allows for a 6’4” tall person 

the height and 4” for the shoulder width.

 

 

Figure 10a: Displacement 

due to 600 lb top load 

Figure 10b: Displacement due to 

300 lb side load

Figure

 

f).  The use of a lightweight, high stiffness graphite epoxy composite for the rol

minimizes the deflections when external forces are applied.  To ensure 

tructural integrity during a roll over event, it needs to withstand a force of 600

, shown in Figure 9h.    

Finite Element Analysis (FEA) software CosmosWorks was used. 

loading conditions: a 600 lb top load (Fig 9i) and a 300 lb side load (Fig 

are shown in Figures 9i-j.  The pink lines in Figures 9i-j denote the reference 

geometry prescribing the location and direction of the point loads.  In both cases, the RPS was fixed at the 

bottom surface of the roll bar and in the two bolt hole surfaces where the RPS is attached

 available in CosmoWorks to simulate carbon fiber composite 

like tube structure.  Furthermore, the mechanical properties of recreational grade 

carbon fibers are not sufficiently characterized for analysis.  The large choices of epoxy/polyester resins 

local stores (serving a robust recreational boating industry in Seattle) give an even greater variability 

composite property.  Therefore to effectively perform a credible analysis, we used 6061

aluminum tube (1.25” OD and 0.125” wall thickness) as the material for our RPS.  With the analysis 

an isotropic aluminum, we characterized the material properties by demonstrating that 

the graphite epoxy composite material, used in the actual RPS, has superior stiffness and strength 

compared to the 0.125” 6061-T6.  Both young’s modulus and strength of the composite

manufactured will be physically measured. 

found by FEA, using 6061-T6 for the material properties, shows that the top of the 

ts 0.132” downward (towards the rider) with a 600 lb top load.  There are also lateral 

left/right (towards the rider) with a 300 lb side load.  These deflections are plotted in 

Both of these deflection values demonstrate that the rider is safe within the RPS.  The 

person with a 2’ shoulder width to ride safely, with a clearance of 3” for 

for the shoulder width. 

  
: Displacement due to 

lb side load 

Figure 11a: von Mises 

Stresses at the curve 
Figure 11b: 

the attachment point

Figures 10 and 11: FEA of the RPS 
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f).  The use of a lightweight, high stiffness graphite epoxy composite for the roll 

minimizes the deflections when external forces are applied.  To ensure 

needs to withstand a force of 600 lb from the top 

was used.  The RPS was 

(Fig 9j).  These 

j denote the reference 

direction of the point loads.  In both cases, the RPS was fixed at the 

ed to the anchor 

simulate carbon fiber composite 

Furthermore, the mechanical properties of recreational grade 

carbon fibers are not sufficiently characterized for analysis.  The large choices of epoxy/polyester resins 

local stores (serving a robust recreational boating industry in Seattle) give an even greater variability 

we used 6061-T6 

With the analysis 

by demonstrating that 

the graphite epoxy composite material, used in the actual RPS, has superior stiffness and strength 

and strength of the composite 

shows that the top of the 

There are also lateral 

with a 300 lb side load.  These deflections are plotted in 

trate that the rider is safe within the RPS.  The 

’ shoulder width to ride safely, with a clearance of 3” for 

 
: von Mises Stress at 

the attachment point 



 

The results also show the maximum

stresses are similar in magnitude and are both 

holes (Fig 11a-b).  A von Mises stress of 

bottom front curvature of the roll bar.  An additional

sections to improve its structural stiffness, in anticipation of the higher stresses. 

To ensure the material has a greater strength and stiffness than the 6061

plies of composite coupon specimens were made with recreational grade fibers (284 Carbon Twill) and 

epoxy resin (Fiberlay Pro-Glass 1314/3102).  

modulus, strength, and densities of the composite specimen

Young’s Modulus 

 

 

�
�

a 

l = AD = 3.93”

Data: 

	 

E = 13.7 M

Figure 12. MTS Machine and 

Table 2. Selected Material Properties of 6061

 

6061-T6 Aluminum 

Woven Graphite Epoxy Composite

2.  Structural Analysis 

General structural analysis using strength of materials and machine design principles were applied.  The 

global loading is generously assigned to the vehicle, shown in Figure 

imum von Mises stress on the RPS.  For both loading cases, t

and are both located at the bottom of the lower curvature

).  A von Mises stress of 10 ksi was found at the top of the bolt holes and around the 

f the roll bar.  An additional 2 plies of carbon fiber tape will be added 

ections to improve its structural stiffness, in anticipation of the higher stresses.  

To ensure the material has a greater strength and stiffness than the 6061-T6 aluminum used for analysis, 4 

composite coupon specimens were made with recreational grade fibers (284 Carbon Twill) and 

Glass 1314/3102).  The tests are summarized in Figure 12.  The young’s 

modulus, strength, and densities of the composite specimen were determined from the tests.

 

��� 
  �
6�	  ��� �  3�� �  3��� 

� 
  �
6	���

 ��� �  3�� �  3���
 

 = x = AB = 0.988” 

= AD = 3.93” 

Data: F = 50 lb, yAB = -0.3”          


  �
�� ���,  b = 1.11,” h = 0.055” 

E = 13.7 Msi  

Tensile Test (4-plies

Sut = 35 ksi 

Density Measurement

Volume = 1.11” x 0.055” x 8.5” 

= 0.52 in3 = 8.43 cm

Mass = 8.5 g 

Density = 1.01 g/cm

MTS Machine and Stress Analysis on the Composite 

 

Selected Material Properties of 6061-T6 Aluminum and Graphite Epoxy Composite

Density  

(g/cm3) 

Modulus 

(Msi) 

Strength

(Ksi)

2.70 10.0 35 (S

Woven Graphite Epoxy Composite 1.01 13.7 35 (S

 

General structural analysis using strength of materials and machine design principles were applied.  The 

global loading is generously assigned to the vehicle, shown in Figure 13.  A properly proportioned rider 
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RPS.  For both loading cases, the maximum 

of the lower curvatures near the bolt 

nd around the 

be added to these 

T6 aluminum used for analysis, 4 

composite coupon specimens were made with recreational grade fibers (284 Carbon Twill) and 

The young’s 

tests. 

    

plies) 

Density Measurement 

Volume = 1.11” x 0.055” x 8.5” 

= 8.43 cm3  

Density = 1.01 g/cm3 

T6 Aluminum and Graphite Epoxy Composite 

Strength 

(Ksi) 

35 (Sy) 

5 (Sut) 

General structural analysis using strength of materials and machine design principles were applied.  The 

.  A properly proportioned rider 
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6’4” tall is positioned in the seat.  We assume a maximum rider weight of 250 lb, and adding a 50 lb 

buffer, for a total of 300 lb.  With vehicle and cargo combined weight “overestimated” at 100 lb, we have 

a total downward force of 400 lb, acting near the positions shown in the Figure 13.  Based on the position 

of these forces, we solve for reactions at the wheels.  The ratio of the reaction forces is about 4:1, with 

rear wheel taking up 320 lb, and front wheel at 80 lb.  There are also chain forces, overestimated at 400 lb 

on the drive chain on both legs of the multi-chainring drive train, also shown in Figure 13.   

 
 

Figure 13.  (Left) Global Loading Conditions and (Right) Some of the Critical Parts Analyzed. 

 
The components were identified in Figure 13 with their nomenclature.  All components were analyzed 

using finite element analysis software.  Analysis for a few of the major components is summarized in this 

section. 

Main Tube – the main tube is made of A36 steel 2” x 1” with a wall thickness 0.065.”  The main tube is 

the main structure of the vehicle and interacts with all external forces on the bike.  For worst case scenario 

calculations, the applied forces were exaggerated.  The seat is assumed fixed at the anchor block and 

upward reaction forces of 80 lb and 320 lb were applied at the ends.  The seat/roll bar mount has a 

downward force of 350 lb.  There is also a chain force of 450 lb acting on it the second chain ring mount.  

The main tube is rotated 30o from the horizontal to simulate the vehicle in the upright mode.   

  

The analysis shows that the 

maximum deflection of the 

tube is 0.050 inches at the 

front end.   The maximum von 

Mises stress is 14 ksi near the 

top side of the tube where the 

model is fixed.  Most of the 

stresses are less than 10 ksi. 

Figure 14. Von Mises Stress of Main Tube 
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Fork 

The fork is a recycled commercial 7075-T6 aluminum 

fork.  The fork is originally designed for an upright 

bike.  In the recumbent mode, although the fork will 

take a greater bending moment, the load is smaller due 

to the shifting of the rider’s center of mass.  A 100 lb 

reaction force was placed at the wheel bracket in the 

recumbent mode.  The fork is fixed at the top.  The 

load is 20% higher than the prescribed load shown in 

Figure 15.  The wall thickness is assumed to be 

0.065”.   

Figure 15. FEA of Front Fork 

 

The analysis shows that the fork will deflect up to 0.58” and has a maximum von Mises stress of 45 ksi,  

within the yield strength of 7075-T6 (~60 ksi).  The thickness of the fork tube may have been 

underestimated.  Although the deflection and maximum stress are relatively high, these values are 

manageable and should not pose a problem for normal operation. 

    
Figure 16. FEA of Lower Tube and Crank Boom 

 

Lower Tube - The lower tube is a two force member, experiences only tension or compression.  The part 

is made of 6061-T6 aluminum.  The shaft is 1” in OD with 0.049” in wall thickness.  The end joint pieces 

are milled out of solid 6061-T6 aluminum.  The bar is loaded with 150 lb force of tension in the upright 

mode.  The FEA analysis shows that the deflection is less than 0.005” and the von Mises stress on the 

tube is about 1.5 ksi.  In the recumbent mode, the tensile load on the tube is about ~ 450 lb, 3 times higher 

than in the upright mode.  In the recumbent mode, the von Mises stress on the tube is 4.5 ksi, still well 

below the yield strength of 6061-T6 at 35 ksi.  The materials near the welds at the joints may revert to an 

annealed -O state with a yield strength of 8 ksi.  However, the load carrying capability of the weld is well 

over 1000 lb, determined by physical tests and described in the Testing section.  These values lead to the 

conclusion that the bottom link will hold up under normal operating conditions. 

Crank Boom - The crank boom has forces of 400 lbs at the bottom and is fixed at the top.  The maximum 

deflection is less than 0.001” at the bottom and the maximum stress is 1.8 ksi.  The crank boom is made 

of a 2” x 1” aluminum extruded tube with a wall thickness of 0.125”.  The wall-thickness of the crank 

boom is considerably thicker than the rest of the aluminum structure used in the switch mechanism due to 

the large forces.   



 

Gear - A critical part of the drive train is the second chain

directions.  The chainring sets axle runs through the center

which are housed inside the solid part that mounts onto the main tube.  

shaft to run freely, along with spinning the chainrings.  The

shaft to rotate freely from the second chain

recumbent modes.   

There are a number of forces acting on this part.  

There is 250 pounds from the rider acting down on 

the top, and 300 pounds force from the crank 

boom.  The center hole is fixed, shown in the

out figure.  This part is made of 6061

aluminum.  The maximum von Mises stress is 3 ksi 

and the deflections negligible.  We will need to 

lookout for contract stress and wear along the shaft. 

Figure 17. FEA of 

 

Chainstay – It is a cantilever structure, unsupported except at its connection to the main tube.  Not using 

a typical triangular structure meant that there is a large deflection where the rear wheel loads are applied.  

Several iterations on possible structure were complete

Aluminum and steel tubular structural forms were first considered.  Then we consider solid aluminum 

plates.  It is shown that stresses are not the over ridding issue compared to deflection.  The loading 

condition is the following: a normal reaction load on the wheel bracket is 320 lb, and there is a 400 lb 

chain load on the right side of the chainstay.  We started with 2” wide, 1/4” wide 6061

alloy on both sides of the rear wheel and we determined both

 

 
(a) 

 
(e) 

A critical part of the drive train is the second chainring set, where the chain force changes 

ring sets axle runs through the center where it rides on three inner ball

are housed inside the solid part that mounts onto the main tube.  The inner ball bearings allow the 

shaft to run freely, along with spinning the chainrings.  There are two outer needle bearings that allow the 

econd chainring set, enabling the transformation between upright and 

There are a number of forces acting on this part.  

50 pounds from the rider acting down on 

from the crank 

, shown in the cut 

is made of 6061-T6 

.  The maximum von Mises stress is 3 ksi 

and the deflections negligible.  We will need to 

lookout for contract stress and wear along the shaft.  
 

FEA of the Hub around the Second Chainring Set 

a cantilever structure, unsupported except at its connection to the main tube.  Not using 

a typical triangular structure meant that there is a large deflection where the rear wheel loads are applied.  

Several iterations on possible structure were completed to minimize deflection of the chainstay.  

Aluminum and steel tubular structural forms were first considered.  Then we consider solid aluminum 

plates.  It is shown that stresses are not the over ridding issue compared to deflection.  The loading 

is the following: a normal reaction load on the wheel bracket is 320 lb, and there is a 400 lb 

chain load on the right side of the chainstay.  We started with 2” wide, 1/4” wide 6061-T6 aluminum 

alloy on both sides of the rear wheel and we determined both von Mises stress and deflection.   

 
(c) 

 
(f) 

Figure 18. FEA of Chainstay 

 14

, where the chain force changes 

er ball bearings, 

The inner ball bearings allow the 

le bearings that allow the 

, enabling the transformation between upright and 

 

a cantilever structure, unsupported except at its connection to the main tube.  Not using 

a typical triangular structure meant that there is a large deflection where the rear wheel loads are applied.  

d to minimize deflection of the chainstay.  

Aluminum and steel tubular structural forms were first considered.  Then we consider solid aluminum 

plates.  It is shown that stresses are not the over ridding issue compared to deflection.  The loading 

is the following: a normal reaction load on the wheel bracket is 320 lb, and there is a 400 lb 

T6 aluminum 

von Mises stress and deflection.    

  
(d)  

 
(g) 
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The deflections of some select successive iteration are shown.  The overall deflection improved from 

0.62”, 0.54” to 0.47” by employing stiffening structures and asymmetrically thick plates.  The 

deformation scales on the graph were exaggerated by 10 times to give insights to how the structure would 

deform.  It is shown that there is a primarily upward deflection due to the reaction forces from the wheel 

and not due to the chain force.  By changing the height of the aluminum used for the chainstay further 

improves the situation, as the overall deflection reduced to 0.38”, 0.35” and a very tolerable 0.20.”   

 

Stresses in Weld Joints 

The weld between the lower tube and the pivoting aluminum plug is analyzed.  This part will be subjected 

to a repeated load caused from the mounting and dismounting of the vehicle.  The vehicle is expected to 

see a maximum of 400 pounds when a rider is present.  Based on static analysis for a two force member, 

the weld will be subjected to an axial load of ~100 pounds when the bicycle is upright and ~460 pounds 

when the bicycle is in recumbent mode.  The stress in the weld is determined from the equation σ = F / 

hL.  In this equation, F is the force, h is the thickness of the weld, and L is the length of the weld.  The 

diameter for the lower tube is 1” and thus L is the circumference of the tube, which is L = C = 2π r = 

2π (0.5 in) = 3.14 in.  The value for h is approximated to be 0.125” for a standard weld.  This allows the 

stress to be obtained for the bicycle in both upright and recumbent modes.  For upright, 

� 
 
�� 
 100 ��

�0.125 #$��3.14 #$� 
 255 &'# 
and for recumbent 

� 
 
�� 
 460 ��

�0.125 #$��3.14 #$� 
 1172 &'#. 
To see if the weld will fail, it was evaluated using Tresca analysis. This was done by determining the max 

shear for the weld 

)*+, 
 ���,
2 �� 

and comparing it to the yield strength for the material, which in this case is Aluminum 6061 in an 

annealed state O, with minimum Sy of only 8 ksi (versus 16 ksi).  In both upright and recumbent, as seen 

in Table 3, the maximum shear stress is less than half of the yield strength; therefore the weld will not 

fail.  Finally the safety factor for the weld is determined from the equation 

$ 
 -�
2)*+,

 

and the values for the safety factors can also be seen in Table 3. 

 

Table 3. Safety Factor for the Part 

Mode F (lb) L (in) h (in) σ (psi) τ (psi) Sy (psi) n 

Recumbent 460 3.14 0.125 1172 586 8000 6.8 

Upright 100 3.14 0.125 255 127 8000 32 

 



 

The results obtained from the finite element analysis are listed in Table 

provided in Table 4 to illustrate the direction of the force.

 

Table 4. FEA Analysis of 

Mode σ (psi)

Recumbent 1076

Upright 234
 

Miscellaneous – Additional analysis were 

less critical, such as the seats and the storage compartment.  The joint (made of a solid piece aluminum Al 

6061-T6) was also analyzed.  Three of the parts are highlighted in this section.  The FEA and strength of 

materials analysis demonstrated that the material and the construction method far exceed the stresses that 

will incur on these parts.  Some of these are shown

joints will experience a maximum von Mises stress of 4 ~ 5 ksi.  A design decision was made to CNC 

round ends from rectangular bars, rather than using round stocks.  For the seat and storage basket

analysis, the maximum von Mises stress is about 5 ~ 6 ksi, which gives a safety factor of 6 against yield.  

For the basket, the purpose of the structural members is to provide a rigid frame for the basket, and 

concern for failure is lessened.  These analys

 

Joints  

  

 
Figure 19.

 

 

3.  Additional Analysis 

3.1 Four-Bar Linkage Analysis and Design Tool

achieved through a four bar linkage.  

20, with each linkage defined.  Link r

possible at 4.2” to keep bike height manageable.  The 20.5”

between the handlebars and the rider in 

when transitioning from upright to recumbent.  

The results obtained from the finite element analysis are listed in Table 4 and a view of the part in FEA is 

to illustrate the direction of the force. 

nalysis of Part 

(psi) Disp. (in.) 

1076 0.0123 

234 0.0027 

 

Additional analysis were carried out on other parts of the vehicle that were shown to be 

less critical, such as the seats and the storage compartment.  The joint (made of a solid piece aluminum Al 

was also analyzed.  Three of the parts are highlighted in this section.  The FEA and strength of 

materials analysis demonstrated that the material and the construction method far exceed the stresses that 

will incur on these parts.  Some of these are shown below.  On the joints, a 400 lb force is applied, and the 

joints will experience a maximum von Mises stress of 4 ~ 5 ksi.  A design decision was made to CNC 

round ends from rectangular bars, rather than using round stocks.  For the seat and storage basket

analysis, the maximum von Mises stress is about 5 ~ 6 ksi, which gives a safety factor of 6 against yield.  

For the basket, the purpose of the structural members is to provide a rigid frame for the basket, and 

These analyses are shown in snapshots in Figure 19. 

Seat Storage 

   

 
   

Figure 19. FEA of Joints, Seat, and Storage 

Bar Linkage Analysis and Design Tool - The primary switching feature of the vehicle is 

through a four bar linkage.  The design and the calculation tool developed are shown in Fi

, with each linkage defined.  Link r3 is the fixed link.  In the design process, link r4 is 

” to keep bike height manageable.  The 20.5” length for link r1 ensures the proper distance 

er in the upright mode.  The fork goes from approximately 70° to 50° 

when transitioning from upright to recumbent.   
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and a view of the part in FEA is 

that were shown to be 

less critical, such as the seats and the storage compartment.  The joint (made of a solid piece aluminum Al 

was also analyzed.  Three of the parts are highlighted in this section.  The FEA and strength of 

materials analysis demonstrated that the material and the construction method far exceed the stresses that 

below.  On the joints, a 400 lb force is applied, and the 

joints will experience a maximum von Mises stress of 4 ~ 5 ksi.  A design decision was made to CNC 

round ends from rectangular bars, rather than using round stocks.  For the seat and storage basket FEA 

analysis, the maximum von Mises stress is about 5 ~ 6 ksi, which gives a safety factor of 6 against yield.  

For the basket, the purpose of the structural members is to provide a rigid frame for the basket, and 

 

feature of the vehicle is 

The design and the calculation tool developed are shown in Figure 

is kept as short as 

ensures the proper distance 

fork goes from approximately 70° to 50° 
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The geometry of the four bar linkage was then iterated using closure equations for four-bar linkages 

shown in the Figure 20.  This is coupled with a calculator written in excel spreadsheet to modify the four 

bar linkage when design issues arose.  These issues included the height of the seat for proper riding, the 

angle of the fork so that the bike has proper stability in corners, and the wheel base of the bike.  All of the 

values could be modified to address these issues as long as θ4, the angle of the crank boom, stayed close 

to 90o or 1.57 radians (in upright mode) and the initial criteria were still met.  The four bar linkage for the 

seat was a parallelogram four bar linkage.  This allows the seat to stay level as the bike transitions 

between its two states. 

 

 

Figure 20. Four Bar Linkage Analysis 

3.2 Steering Analysis 

The design of the fork angle was optimized at 13 degree from vertical.  The design is justified with the 

following analysis.  The minimum angle of the steering axis (referenced to vertical) is determined for the 

upright mode.  Shown in Figure 21, the mechanical trail (a lever arm) has a great effect on handling and 

stability; it is an important variable in determining some of the characteristics of a bicycle. A larger 

mechanical trail is known to make a bicycle easier to control “no hands”, thus more stable. However, a 

smaller mechanical trail allows skilled and alert riders to have more path control.  

 

 

 

 

Figure 21. Bicycling parameters related to handling and stability. (Bicycle Science) 
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Two things were considered in determining this angle, the mechanical trail in reference to typical upright 

bicycles and the turn sharpening stability.  

First of all, assuming a fork offset of 1.75” and a wheel radius of 13”, the mechanical trail is �./ 

�13 � 1.75� sin 3.  These values were calculated for all angles from 0 to 90 at 5 degree intervals. They 

were compared to the values in Table 8.1 (Bicycle Science p. 274).  From this calculation it was 

determined that a good steering angle (λ) would be between 10 to 15 degrees.  In the table the mechanical 

trail ranges from 23.4-58.5 mm; for 5, 10, and 15 degrees on our bike the values are 24.9, 49.6, and 74.0 

mm.  Wanting a bike with easy control and considering the average steering angle for the bikes 

highlighted in the table was 16.5o, the fork angle for our vehicle was chosen to be 13o.   

Secondly, the stability of this angle was checked using an analysis method that assumes hands-off 

stability with no rider input of any kind.  Non-oscillatory instability (“capsizing”) is the simplest criteria 

for establishing a bicycle’s stability.  It is the understanding that in a steady turn the bike should try to 

sharpen its steering angle (or from the other perspective “the steady-turn handle bar torque required of the 

rider must be such that it restrains the steering from turning further”– Bicycle Science p. 287).  This turn-

sharpening stability criteria (automatically straightening up) is given as a simple design formula: 0 4
5,��

���6 5789
7: 6  4 sin λ ; where the center of mass (cm) is defined by the front contact point of the bike, LMT 

is the mechanical trail (perpendicular distance from the front wheel contact to the steering axis), LW is the 

wheel base, and λ  is the angle of the steering axis from vertical.  At 13o, the bike satisfied this inequality 

(0 < 0.068 < 0.227).  

For recumbent the stability of the angle was checked (for λ = 40o, the inequality is satisfied: 0 < 0.219 < 

0.643). The plausibility of a large steering angle (with vertical) was confirmed by commercial production. 

Both the RANS Fusion and the Bacchetta Agio are known to be comfortable, controlled bikes. 

 
 

RANS Fusion (crank forward) 
http://www.ransbikes.com/Fusion07.htm# 

Bacchetta Agio (recumbent) 
http://www.tandems-recumbents.com/bacchetta.html 

Figure 22. Commercial Recumbent Bikes 

 

3.3 Drive Train Analysis  

Since there is a 2nd chainring between the crankset and the rear cog, the possibility of shifting the gear 

ratio can be achieved by having chainrings with different tooth number.  The calculation for the drivetrain 

was done on an excel spreadsheet shown in Figure 23.  It is found that a large difference in the number of 

teeth in the 2nd chainring to be unnecessary.  The selection is made for a 44/45T chainring set, or 

something very similar.  The drive ratio is essentially one to one, but the slightly offset teeth allow some 
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flexibility in routing the chains.  This is particularly useful since there is no mechanism to take up the 

slack in the chain from the crankset to the 2nd chainring set.  The crankset has 50T.  With a cadence of 80, 

the vehicle can achieve 28.1 mph at the highest gear ratio.  

 
 

Selection of the 2
nd

 Chainring, with RPM A, B, C 
representing rotational rates of gears 

For given gear (rear cog, from 26-T to 11-T),  
Cadence vs. Vehicle Speed (mph) 

Figure 23. Drive Train Analysis 

   

 

TESTING 

Rollover Protection System 

As we have not completed the RPS and the vehicle at the time of report submission, the testing of RPS 

will be presented at the competition.  We intent to physically test our roll bars to withstand the two 

criteria: a top load of 600 lb and a side load of 300 lb.  To conduct this test we will manufacture another 

main tube to securely attach the RPS.  Free weights at 20 lb increments will be used.  A hanging rig will 

be set up for the two tests with belts and chain hooks.  This test will allow for an accurate verification of 

the forces exerted on the RPS. 

Developmental Testing 

Weld Joints – Since weld joints supporting the vehicle are performed by the students, their strengths are 

measured to ensure a level of confidence in the design.   

 

Table 5: Max Load for Specimens 

Specimen Material Weld Type Load (kip) 

1 Aluminum Fillet Round 2 2.9 

2 Steel Fillet Square 13.5 

3 Steel Circle Square 4.5 

4 Aluminum Fillet Plate (Normal) 1.6 

5 Steel Fillet Plate (Normal) 9.2 

6 Aluminum Fillet Plate (Shear) 1.6 

7 Steel Fillet Plate (Shear) 5.0 



 

 

20

There are two types of welds on this vehicle.  The first one is a fillet weld on the circumference of an 

aluminum tube.  These are used for the pivot joints.  The second type is a perpendicular fillet weld 

between a plate and a tube.  These welds occur on both the aluminum and steel portions of the bike.  To 

test the strength of these welds, eight specimens were prepared and loaded to failure.  The results of the 

test are summarized in Table 1.  All aluminum specimens were welded using a tungsten inert gas (TIG) 

welder while all steel specimens were welded using a metal inert gas (MIG) welder. 

 

 
Fillet Weld (Round) 

 
Failure 

 

 
Fillet Square and Circle Square 

 
Fillet Square and Circle Square 

Figure 24.  Tubular Fillet Welds 

 

  
Steel Fillet Weld (Plate, Normal) 

 
Aluminum Fillet Weld (Plate, Normal) 

 
Aluminum Fillet Weld  

(Plate, Normal) 

 
Shear Testing 

 
Aluminum Fillet Weld (Plate, Shear)  

Shear Testing schematics 

Figure 25.  Weld Specimens 
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Using the same geometry as the tube joints, the fillet round specimens supports about 3000 lb.  As shown 

in the Table 5, the steel fillets and circle welds support more loads than any of the expected load from the 

vehicle joints.  The load deflection curves of few o

welds in steel and aluminum, loaded both for normal and shear load (projected shear loads), were 

measured with specimens shown in Figure 25

Aluminum welds, both in shear and tension 

Prototyping – The point of creating a prototype was to study the geometry of the frame

important to study how the linkages

the geometry was out of proportion so much that t

who is 6’4” tall.  As a result, we sized down 

joints.   The length of the main tube

to design and build our own chainstay instead of reusing one from another bike.   

essentially a cantilever beam therefore it needed more structural strength

changed the configuration by modifyin

Figure 26:  Prototype of the vehicle in upright and recumbent mode (note

Performance Testing 

As the vehicle has not been completed at the time of report submission, performance testing has not been 

done.  We will include performance testing in our presentation.

 
SAFETY 

 

Rollover/Side Protection System -

the rider if the bike were to tip or flip over.

bar absorbs the impact, keeping the rider safe.  The roll bar on our bike is wide and tal

a large range of riders from 5’4’’ to 6’4

the bike will also provide some protection due to their rigid construction if the bike falls over.

 

e same geometry as the tube joints, the fillet round specimens supports about 3000 lb.  As shown 

, the steel fillets and circle welds support more loads than any of the expected load from the 

vehicle joints.  The load deflection curves of few of the welds are also shown in the Figure

welds in steel and aluminum, loaded both for normal and shear load (projected shear loads), were 

with specimens shown in Figure 25.  The measurement values are also presented in Table 

Aluminum welds, both in shear and tension will take 1600 lb of load, sufficient for our purpose

The point of creating a prototype was to study the geometry of the frame

linkages interacted with one another.  After building the frame, we found that

the geometry was out of proportion so much that the seat of the bike sat at the shoulder of our tallest rider, 

we sized down the frame and altered the distance between the two front 

he length of the main tube was shortened in order to decrease the wheel base. We

our own chainstay instead of reusing one from another bike.   The chainstay

therefore it needed more structural strength.  To improve the structure,

by modifying the shape and making it out of a solid piece of metal.

 

Prototype of the vehicle in upright and recumbent mode (note: crankset is photoshoped in)

not been completed at the time of report submission, performance testing has not been 

done.  We will include performance testing in our presentation. 

- The RPS is an essential element of the bicycle.  It provides safety for 

the rider if the bike were to tip or flip over.  In the case of the rider falling over with the bicycle the roll 

bar absorbs the impact, keeping the rider safe.  The roll bar on our bike is wide and tall enough to protect 

a large range of riders from 5’4’’ to 6’4’’ and a shoulder width up to 2’.  The storage bags on the rear of 

the bike will also provide some protection due to their rigid construction if the bike falls over.
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e same geometry as the tube joints, the fillet round specimens supports about 3000 lb.  As shown 

, the steel fillets and circle welds support more loads than any of the expected load from the 

f the welds are also shown in the Figure 24.  Various 

welds in steel and aluminum, loaded both for normal and shear load (projected shear loads), were 

resented in Table 5.  

purpose. 

The point of creating a prototype was to study the geometry of the frame.  It was also 

After building the frame, we found that 

sat at the shoulder of our tallest rider, 

the frame and altered the distance between the two front 

We also decided 

The chainstay is 

To improve the structure, we 

g the shape and making it out of a solid piece of metal.  

 

crankset is photoshoped in) 

not been completed at the time of report submission, performance testing has not been 

provides safety for 

In the case of the rider falling over with the bicycle the roll 

l enough to protect 

bags on the rear of 

the bike will also provide some protection due to their rigid construction if the bike falls over. 



 

Safety Belt – The roll bar does not protect the rider if they are not wearing a safety belt.

secures the rider to the bike so that when an accident occurs the rider will stay within the boundaries of 

protection provided by the RPS.  Our safety belt is attached to th

mounting points on the bike.  The belt is a simple automotive grade lap

and out of the bike easily but still be securely fastened in case of an emergency.

Figure 

 

Steering System – The front fork is connected to the handle bars and it steers in the fashion of the 

standard upright bicycle.  The handlebars are linked to the fork through a single shaft for simplicity and 

reliability.  In recumbent mode the front fork is at an angle 40

upright mode the fork is 13 degrees down from the vertical.  Both of these angles are stable 

configurations such that the bike will naturally want to ride straight if no hands are on the 

  

Sharp Edges – There are no sharp edges in the design of the bike.  All of the parts have rounded corners 

to minimize the chance of injury should the bike fall over with the rider. 

continuous curve with no edges and

sharp corners or obtruding parts.  The fairing is a

is lined around its sides with black plastic for durability and protection from chipp

 

Open Tube Ends – Open tubes are safety hazards since they can 

edges that can cause lacerations.  There are no open tube ends on the bike.  Every tube merges with 

another tube or, as seen in the figure below, 

 

 
Pinch Points - The switching mechanism remains rigid so if

to worry about the mechanism shifting and catching clothing or pinching the 

have a guard to prevent clothing from being pulled 

away from the spokes of the wheels so there is no concern over clothing being pulled into the spokes 

potentially causing injury. 

  

Rider’s Field of View – The bike is designed so that the only structure above the line of sight are the roll 

bar (behind the rider) and the fairing.  The fairing is clear with no obstructions on it and t

around the rider is slender, giving them nearly 360 degrees of unobstructed view.  Side view mirrors will 

does not protect the rider if they are not wearing a safety belt.

secures the rider to the bike so that when an accident occurs the rider will stay within the boundaries of 

Our safety belt is attached to the roll bar, where we have the sturdiest 

The belt is a simple automotive grade lap belt so that the rider can get in 

and out of the bike easily but still be securely fastened in case of an emergency. 

 

Figure 27: Automotive Grade Safety Belt 

The front fork is connected to the handle bars and it steers in the fashion of the 

standard upright bicycle.  The handlebars are linked to the fork through a single shaft for simplicity and 

e front fork is at an angle 40 degrees down from the vertical and in 

degrees down from the vertical.  Both of these angles are stable 

configurations such that the bike will naturally want to ride straight if no hands are on the 

There are no sharp edges in the design of the bike.  All of the parts have rounded corners 

to minimize the chance of injury should the bike fall over with the rider.  The roll bar is a smooth 

continuous curve with no edges and the frame consists of links and booms in two dimensions with no 

sharp corners or obtruding parts.  The fairing is a commercially available design with no sharp edges and 

is lined around its sides with black plastic for durability and protection from chipping.   

Open tubes are safety hazards since they can impale the rider or they may have sharp 

edges that can cause lacerations.  There are no open tube ends on the bike.  Every tube merges with 

another tube or, as seen in the figure below, have their ends covered with a plastic cap.  

 

Figure 28: Tube End Cover 

tching mechanism remains rigid so if the bike hits a bump, the rider does not have 

to worry about the mechanism shifting and catching clothing or pinching the rider’s skin.  The chains will 

from being pulled between the chain and gears.  The rider’s feet stay 

away from the spokes of the wheels so there is no concern over clothing being pulled into the spokes 

The bike is designed so that the only structure above the line of sight are the roll 

and the fairing.  The fairing is clear with no obstructions on it and t

ing them nearly 360 degrees of unobstructed view.  Side view mirrors will 
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does not protect the rider if they are not wearing a safety belt.  The safety belt 

secures the rider to the bike so that when an accident occurs the rider will stay within the boundaries of 

e roll bar, where we have the sturdiest 

belt so that the rider can get in 

The front fork is connected to the handle bars and it steers in the fashion of the 

standard upright bicycle.  The handlebars are linked to the fork through a single shaft for simplicity and 

degrees down from the vertical and in 

degrees down from the vertical.  Both of these angles are stable 

configurations such that the bike will naturally want to ride straight if no hands are on the handle bars.  

There are no sharp edges in the design of the bike.  All of the parts have rounded corners 

The roll bar is a smooth 

the frame consists of links and booms in two dimensions with no 

design with no sharp edges and 

 

the rider or they may have sharp 

edges that can cause lacerations.  There are no open tube ends on the bike.  Every tube merges with 

.   

the rider does not have 

rider’s skin.  The chains will 

between the chain and gears.  The rider’s feet stay 

away from the spokes of the wheels so there is no concern over clothing being pulled into the spokes 

The bike is designed so that the only structure above the line of sight are the roll 

and the fairing.  The fairing is clear with no obstructions on it and the roll bar 

ing them nearly 360 degrees of unobstructed view.  Side view mirrors will 
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be installed on the handlebars so the rider can quickly check the area to their rear.  This will allow the 

rider to be safer when changing lanes and maneuvering in city traffic.   

 

Design for Safety Items – Since this bike is designed to operate in the city as well as on trails, visibility 

is important so that the rider can safely navigate busy streets, even at night.  There will be two Planet Bike 

LEDs (Beamer model) installed facing the direction of travel, one on the handlebars and the other on the 

roll bar.  A rear facing Planet Bike tail light (Blinky 3 model) will be mounted both above the roll bar 

post.  With reflectors mounted on each wheel, the bike should have high visibility from all directions.  

The wheels will have fenders to minimize the amount of mud on the rider in wet conditions.  The 

crossover tires being used will allow the bike to roll easier and have treads that sip water away from the 

surface of the tire providing traction. 

 

PRACTICALITY 

Objective  

To serve the daily needs of the rider, the bike must be able to carry a reasonable load of cargo (two bags 

of groceries or 50 lb additional load), to be suitable for city riding on wet pavements and hilly and rough 

terrain, and have adequate performance under mildly adverse weather conditions that typifies Seattle.  It 

is also desirable that the bike be low maintenance and resistant to corrosion as it will constantly contact 

moisture. 

Region Defined  

The vehicle is design for use in and around the City of Seattle.  Seattle is located on an isthmus in the 

Puget Sound region of Western Washington, with Puget Sound on one side and Lake Washington on the 

other.  The city is part of King County, the most populous county in the state of Washington.  It is the 

largest city in the Pacific Northwest, with a population of 3 million in the surrounding metropolitan area. 

Region Information  

Figure 29 to 30 shows the historical monthly weather data for Seattle.   The city gets most of its rain in 

the fall and winter months.  The data indicates that Seattle gets, on average, 38.4 inches of precipitation 

per year and 2.7 inches of snow per year.  The climate is somewhat mild, with average high temperatures 

in the summertime above 70 degrees Fahrenheit.  The lows during the winter are between 30 and 40 

degrees.   

Seattle seldom sees snow that sticks to the ground and the city has very limited capacity to remove snow.  

Therefore, a little bit of snow, coupled with the fact it is often icy with fluctuating temperatures around 

freezing, will usually shut down the city as icy hills are difficult to navigate. 

Seattle has a rainy reputation even though it has fewer total precipitations than most East Coast cities.  

Seattle is, however, cloudy 226 days in a year and rains 151 days in a year, resulting in an often dark sky 

and slick pavement.  From November to March, it rains about 18 days every month (an average of 60% 

chance of precipitation), often just a light rain. 
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Figure 29: Graph of Seattle Average Temperature, Precipitation, and Daylight Hours 

 

NOAA 

Code 
Statistic Units Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average 

0101 
Temperature  

Mean Value 
oF 40.1 43.5 45.7 49.3 55 61 65.1 65.5 60.6 52.9 45.3 40.5 52 

0201 
High Temperature  

Mean Value 
oF 45 49.5 52.7 57.2 63.9 70 75.2 75.2 69.3 59.7 50.5 45.1 59.4 

0301 
Low Temperature  

Mean Value 
oF 35.2 37.4 38.5 41.2 46.2 52 55.2 55.8 52 45.9 40.1 35.8 44.6 

0615 
Precipitation  

Mean Monthly Value 
Inches 5.6 4.2 3.7 2.4 1.8 1.6 0.8 1.2 2.0 3.4 6.1 6.2 3.2 

** Average Rainy Days Days 18 16 17 14 11 9 5 6 8 11 18 18 12.6 

0915 
Snowfall  

Mean Monthly Value 
Inches 4.3 1.2 0.7 0.1 0 0 0 0 0 0.1 1.2 3.3 0.9 

Figure 30: Seattle Monthly Weather Data 

Winter Spring Fall Summer 
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Burke Gilmen Bike Trail  

 
12th Ave (Bicycle Lane) 

Figure 31: Map of Bike Friendly Routes 

The Seattle city government is a strong supporter of bicycle transportation and facilitates cycling by 

designing its streets with bike lanes, installing sidewalk bike racks, and distributing maps of bike friendly 

routes, as shown in Figure 31.  In addition, the King County Metro bus system has equipped their fleet of 

buses with external bicycle racks.    

Conditions  

Washington State law (RCW 46.61.780) states that you can ride your bicycle at any time of the day if it is 

equipped with:  

“A white front light and a red rear reflector. In addition, a red rear lamp and/or flashing amber 

light is also allowed but reflectors alone does not satisfy state requirements.” 

According to the National Weather Service (NWS), 2008 had 15 days, mostly in December, that had high 

temperatures below 41o F (5o C).  There were no days with temperatures exceeding 95o (35o C).  Our bike 

can operate 350 days out of the normal year according to these restraints. 

The NWS also reports that in 2008 there were 155 days with measurable rain in Seattle.  However, this 

does not deter Seattle cyclists and our bike is equipped to handle such weather.   
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Corrosion Resistance 

6061-T6 aluminum construction is a good choice for protecting the bike.  Aluminum behaves as a passive 

metal which makes it highly resistant to corrosion.  Passivity is a metal’s ability to develop an oxide film 

around its surface.  The film forms very rapidly and inhibits the metal from corroding any further which 

means aluminum is a good choice for handling the corrosiveness of Seattle’s salty sea air.  Additional 

protection against corrosion is provided by the primer and paint applied to the bike frame.   

Maintenance - The bike is made out of mostly common parts and even some recycled parts.  All of 

which can be easily replaced should they somehow become damaged.  The bearings on all the joints can 

be easily extracted.  All of the joints and the drive train are accessible for easy lubrication.  The wheels 

are joined to the frame so that they may be removed easily with common tools.  The two chains can be 

removed from the bike without removing any parts.  The roll bar is removable should it need to be 

replaced.  With minimal welds on the bike, many parts of can be removed and fixed or altered should that 

be necessary. 

Visibility - In both upright and recumbent, the rider should be able to clearly see to the front and rear 

even with the roll bar.  The roll bar has only three tubes that obstruct the riders view in the rear.  Side 

view mirrors are installed to work around this obstruction.  The fairing is also in the field of view of the 

rider but by its design it is acceptable.  To maintain visibility to others in traffic and to other bikes, the roll 

bar reaches about 5 feet off the ground which is high enough for most vehicles to see.  There are also 

reflectors and lights installed so the bike is visible from all four directions. 

Special Features - The bike partially “collapses” as it transforms from upright to recumbent mode.  The 

bike has a shorter wheel base when it is in upright mode and it has a shorter height when it is in 

recumbent mode.  If space is tight for the wheel base it can be stored in upright mode, if space is tight for 

height clearance it can be stored in recumbent mode.  If the wheel base in recumbent mode is too long to 

loop a cable lock through both wheels it can be converted to upright mode for better security. 

Since the bicycle is not a three wheel design, it has been fitted with a kickstand so that it can remain 

upright without external support.  A third special feature is the sound system hidden in the rear.  This 

allows the rider to listen to their favorite music but at the same time keep their ears open to detect nearby 

cars or sirens of emergency vehicles. 

HPV On-Board Audio Characteristics: 

• Danelectro N10 HoneyTone Mini Guitar 
Amplifier: 
o Power-to-weight ratio (10 Watts Max/1 lb). 
o Runs on 9V battery. 
o Water resistant (for rainy days). 
o 4 watts RMS/10 watts max. 
o Weight 1 lb. 

• MP3 Player: 
o User can dock their IPOD to bike while 

riding and detach after they arrive at 
their destination for theft resistance. 

• Other Inputs: 
o Will work with any audio source that 

has a line out feature. 
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Utility Features - The bike has a number of features to keep the rider safe (and also to abide by county 

traffic codes).  These include a mounted headlight, tail light, bell, side and rear reflectors, fenders, and 

two cargo boxes. 

Physical Characteristics - Apart from its recumbent features, the bike is similar to ordinary bicycles and 

the dismount is just as easy.  The rider lowers the kickstand and then steps off the bike. 
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