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1 Introduction

The following paragraphs are a summary of the main projects the team worked
on and the main team accomplishments throughout the semester. They also in-
clude details about the current state of both prototypes, and the team goals going
forward.

This semester, the CU Autonomous Bicycle Team set out with the overall
goal of traversing a simple path on the Cornell arts quad with our �rst prototype.
We also had the goal of developing our �rst prototype �t for a human to ride.
We unfortunately did not meet our goal completely, instead the team is at the
stage of testing navigation controllers on the �rst prototype, �ne tuning the balance
controller, and overall is well equipped to take the progress this semester and make
more measurable of improvement in future semesters. The goal of next semester
and the summer will be to �nish our initial goal of traversing the arts quad, then
move into track-standing and better evolution of the balance controller now that a
standardized testing procedure is in place. The team also doubled in size this year,
and a lot of growing pains and progress were made learning how to handle a team of
15 members. This included forming sub-teams, creating a system of peer-evaluations
to hold each other accountable, having formalized sub-team meetings and general
body meetings all to make each individual more productive. We are con�dent we
will build on this team foundation in future semesters.

For the �rst prototype in order to work towards traversing the arts quad, there
were multiple components un�nished on both the Hardware and Software systems
of the prototype. Hardware Projects this semester included:

� Implementing Physical GPS chip and Verifying Data Received

� Progress: Currently receiving data, but not consistently at the rate that
we believe is necessary (minimum 5 Hz). Further data �ltering is needed
as well as ensuring data is being received consistently

� Debugging and Ensuring consistent Landing gear performance

� Progress: Landing gear now consistently functions and respond to RC
inputs

� Testing and tuning/improving balance controller

� Progress: New testing procedure was developed with standardized for-
mula for identifying goals of tests, a procedure for working with the pro-
totype, and recording data.

� Develop and tune rear-motor controller

Software Projects this semester included:

� Restructuring the Arduino code which interacts with each hardware compo-
nent of the system

� Restructuring and modernizing the current data transfer and processing sys-
tem
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� Progress: Implemented a system called Robot Operating System, which
many robotic systems use. This system architecture is designed to facili-
tate data transfer between "nodes" which can be segmented components
of the system. After developing the navigation algorithm using python
code, the need for a streamlined communication protocol between the
Raspberry Pi (which locally hosts the navigation code) and the Arduino
(which hosts the code which interacts with the prototype) became appar-
ent. ROS also allows for streamlined data recording.

� Developing a navigation algorithm in python to input the current state of the
bike on a map and output a steering command to the front motor with the
goal to converge onto a desired path

� Progress: testing for the navigation algorithm was performed throughout
the semester using a 2D simulator, then a dynamic model which yielded
more problems. It was then re�ned, however the newest algorithm has
only been tested a couple times with the actual prototype and further
troubleshooting will occur this summer 2017.

� Implementing a database to store and easily retrieve testing data and notes

Progress: the basic structure of the database is written, it is being worked
on this summer

� Implementing a web system which inputs desired Waypoints for navigation

� Developing a public team website

Steer-By-Wire

The team also began developing a new prototype this semester, and formed a
new sub-team called Steer-By-Wire. The long term goal of the Steer-By-Wire Sub-
Team is to develop a self-stabilizing bicycle which a user can ride and steer remotely.
For more detailed goals and progress please see Mission in section 2.1.

2 Steer-By-Wire

2.1 SBW Subteam Final Report

Olav Imsdhal, David Miron, Conrad McCarthy,
Dylan Meehan, Frances Bryson May 2017

3 Mission

The steer-by-wire (SBW) subteam is building a new self-stabilizing bicycle that will
be rideable by a human, and implements a steer-by-wire method of steering, in which
the user remotely, rather than directly, controls the turning of the bicycle's front
wheel. The front wheel itself will turn according to the lean of the bicycle, and the
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steering input from the user.

The work of the SBW team this semester has consisted of obtaining new parts
for this bicycle, designing and building the mechanical system, and undertaking pre-
liminary testing of the front motor controller, including investigating PD controller
gains.

Future work of the subteam will include �ne-tuning of the PD controller gains
and investigation of the balance controller gains, implementing a four-quadrant mo-
tor controller, and building and programming the steer-by-wire mechanism.

4 Mechanical Design

Conrad McCarthy

4.1 Power Transmission

We considered initially four di�erent power transmission systems for controlling the
front wheel via our front motor: direct gear to gear contact, planetary gear system,
belt drive, and chain drive. We had two primary design factors which in�uenced
our decision. First, we wanted to keep open the end of the shaft extending through
the front fork. This would allow us to couple the shaft with a handlebar to test
di�erences between the normally �xed connection of handlebar and wheel and our
steer-by-wire system. Second, we needed to reduce the motor's angular speed as to
o�er a �ner degree of angular position control and to produce a higher torque to
counteract friction between the wheel and the ground.

To satisfy our �rst constraint, the motor needed to be o�-axis with respect
to the shaft of the front fork. We therefore �rst thought it necessary to rule out
the planetary gear system, since it would have to connect the motor and the shaft
through the fork while maintaining alignment through the shaft's vertical axis.

After deciding on an o�-axis power transmission setup, we knew we needed to
devise a mechanical system of machined parts to secure the motor to the bike frame.
Though a direct gear to gear connection o�ers a high power transmission e�ciency
and low slippage conditions, the gears must be aligned perfectly. We decided it
would be too di�cult to ensure this while machining the attachment of the motor
to the frame, and thus did not use choose this system.

We used our second design constraint to decide between a chain drive and belt
drive. We approximated the ratio of angular velocities between our motor and wheel
by comparing our motor speci�cations and wheel size to those of the other bike. Our
motor has a maximum RPM of 3000 and maximum torque or 310 oz-in, while the
other bike's motor has a maximum RPM of 1700 and maximum torque of 710 oz-in.
Our front motor will have to provide a higher torque than the other bike since a
rider on the bike will increase the normal force between the wheels and the ground,

4



and thus increase friction opposing the turn of the wheel. Additionally, our bike has
a larger wheel, which has a larger moment of inertia (directly proportional to the
mass of the wheel and squared radius) and longer moment arm, again increasing the
torque required to turn the wheel. We therefore needed a higher gear ratio than the
other bike to step down our motor's angular velocity but increase the torque about
the wheel.

The other bike had a gear ratio of approximately 5:1. Initially we wanted to
double this ratio, since our motor's RPM is approximately twice that of the other
and can o�er approximately half of the torque. To increase the ratio of a belt or
chain system, one must increase the ratio of the number of teeth on the pulley or
sprocket. Since the number of teeth per circumferential distance must be constant
between the two pulleys or sprockets, increasing the ratio of the number of teeth
e�ective increases the ratio of sprocket or pulley radii. This poses an additional
physical constraint in our system. Since the physical size of the smaller sprocket or
pulley is constrained by the size of the motor's spinning axle, the increase in the ratio
means an increase in the radius of the larger sprocket or pulley. To ensure proper
contact between the chain and the sprocket or the belt and the pulley, the distance
between the sprockets or pulleys must increase. This means that as we increase our
gear ratio in these two systems, we must increase the distance of the motor from
the front shaft. By doing so, the moment arm that the weight of the motor creates
increases, which adds to the challenge of attaching the motor to the bike frame. If
the distance becomes too large, the attachment can become excessively obstructive
to the rider as well.The advantage of a chain drive system compared to a belt drive
is that it has a lower minimum requirement for the number of teeth the chain needs
to engage in order to avoid slippage and provide proper torque. Therefore, with a
chain drive, we could keep the motor closer to the bike's frame.

We chose our ratio based o� the maximum gear ratio we could obtain from
ordering parts on McMaster Carr. Our gear ratio is 7:1. Going forward, we may
increase this gear ratio because we need to overcome the torque of the ground on the
wheel. While testing our balance controller, we noticed that our motor could not
turn the wheel when o�set from its desired position while a person sat on the bike.
A higher gear ratio also makes sense for our motor since it has a high maximum
RPM but a relatively low maximum torque. Additionally, the motor frequently
surpassed a current of 30 amperes, before obtaining its top speed, which triggered
an over current protection feature in the motor controller and subsequently stopped
powering the motor (See HERE for motor controller spec sheet.). Next semester
we will look into ordering a planetary gear system to increase our gear ratio. The
system would sit on top of the o�-axis motor and still require a chain drive or belt
drive to transmit power to the shaft.

4.2 CAD Software

Fusion 360 is a free, cloud-based computer-aided design (CAD) software application.
We chose Fusion 360 to model the bicycle primarily because its promotes collabo-
ration within a group setting. Since it is cloud-based, one can upload and access
designs easily across di�erent device platforms. In a group, it is easy to create a
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shareable folder in which all members can contribute to the design. Additionally,
Fusion 360 incorporates a timeline feature, which makes it easy for group members,
and individual users, to track changes made to the design over time.

Fusion 360 is perfect for conceptual modeling but has limitations in dynamic
simulations. One must de�ne �Contact Sets� to simulate interactions between com-
ponents upon contact. For even simple interactions, the software requires high-
processing which can be overbearing and limit the graphical functionality of the
program. We could not simulate the motion of the chain for this reason, though we
could still correctly implement a rotational ratio between the sprockets.

4.3 Attachment of Motor, Encoder, and Handlebar

To implement our chain drive system, we designed a method to attach the motor to
the bike frame. In the development of our design we had to account for the encoder's
attachment to the shaft through the fork and the future attachment of a handlebar
and a second motor to complete our steer-by-wire system.

First, we removed the bike's handlebar and replaced it with a shaft that extends
through the front fork and matches the diameter of our encoder and large sprocket.
The shaft is secured via a through bolt at the cusp of the fork (Figure 1).

Figure 4.1: Front view of mechanical assembly, depicted in Fusion 360 and real life

We thought it best to have the motor in front of the bike to minimize its
obstruction to the rider. The motor had to be perpendicular to the fork's shaft so
that the two sprockets were coplanar. Because of the bike's irregular shape and
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asymmetric geometry, we designed a box to �t around the frame with methods of
adjusting its alignment with respect to the fork's shaft as shown in Figure 1.

The motor sits in a hole cut out to its geometry on the top face of the box.
We cut slider holes for the screws securing the top plate to the side plates so that
we could adjust the motor's distance from the shaft to ensure tension in the chain.
On the box's back face, we added two bars to hold screws ("Top plate adjustment
screws") which press up against the top face to maintain its distance and counteract
the force of the chain on the motor.

Figure 4.2
Figure 4.3

Figure 4.4

Figure 4.5

We adjust the box's orientation from all six sides (See Figure 1 for orientation
reference cube). The motor causes a moment (Mnet) about an axis perpendicular
to the bike's frame ("e2" axis in Figure 2). Screws in the front face of the box press
up against the bike frame via a plate which matches the frame's curvature. These
screws counter the majority of the moment (Mnet) but cause a forward force on the
box (Fforward). We added a bar with two screws which press directly into the bike's
frame on the back (Fbackward) and bottom faces of the box to negate the forward
force and help counter the motor's moment (Figures 1 and 2). To aid in supporting
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the total weight of the motor and box itself, we add a screw on the inside of the box
which presses down on the bike frame to provide an upward force ("Fscrew", Figure
3). Four screws on the left and right faces of the box press against �at plates and
the bike frame to support moments about an axis through the shaft caused by the
chain ("e3" axis, Figures 4 and 5). We tighten the screws at each of these various
locations to ensure that the two sprockets are coplanar and the chain drive operates
smoothly.

Figure 4.6: Encoder attachment inside box

The encoder sits inside the box itself to maximize the area on the shaft above
the box. Two plates support the encoder and prevent its rotation with screws
through its �anges as shown in Figure 6.
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Figure 4.7: Rigid handlebar attachment

For testing purposes, we added a rigidly mounted handlebar which cannot
rotate with respect to the frame. We attached a plate to the back face of the box
with a groove for the handlebar which we secured with another grooved plate. Figure
7 shows how the two plates act as a clasp.

4.4 IMU

Dylan Meehan: dem292 and David Miron: dm585

The Steer-By-Wire Bicycle uses the same IMU (Inertial Measurement Unit) as the
Autonomous Bicycle, speci�cally, a Yost Labs 3-Space Embedded IMU on an Eval-
uation Board. The IMU implementation is the same as on the Autonomous Bicycle,
bar one exception. The roll angle of the SBW bike is o�set by 1.57 radians (90� ) to
account for the IMU being mounted vertically (See??). This adjustment is done by
subtracting 1.57 from imu_data.angle after the updateIMUData() is called1

The IMU is mounted vertically to not exceed the width of the frame so to not
interfere with the legs of someone riding the bike. The IMU is mounted with its
short axis up (as opposed to long axis) to minimize di�erences between the SBW
bike and the Autonomous Bike. Mounting the IMU with the short axis vertical is
equivalent to rotating it 90� CCW about its z-axis (from a �at starting position).
Thus we can use the same output (roll) as the IMU as the autonomous bike, but
with an o�set. Were we to mount the IMU with its long axis vertical, we would
need to measure a di�erent IMU output (ie pitch) in order to get the lean of the
bicycle. This would be more di�cult than simply o�setting the roll angle. Thus, we
mounted the IMU like so. Note that the location of the IMU on the bike frame does

1Speci�cally the IMU o�set is accomplised with:

r o l l _ t imu_data = updateIMUData ( ) ;
imu_data . ang le = imu_data . ang le � 1 . 5 7 ; imu_data . ra te = imu_data . ra te ;
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not a�ect the IMU data. The IMU measures roll angle (and roll rate) and since the
bike frame is a rigid object, roll angle is the same for each height along the bike
frame. Therefore, the height we mount the IMU at does not e�ect the data.

Figure 4.8: Components mounted in front triangle of bike frame.
Note the components are not wider than the frame itself, so they do not interfere
with the legs on someone riding the bicycle.

Figure 4.9: IMU and Front Motor Controller Mounted

5 Printed Circuit Board

David Miron: dm585

The �ow of signals through the self-balancing bike prototype that Cornell
Autonomous Bike made is controlled by an Arduino connected to a printed circuit
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