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Abstract

Efficient urban transportation has time and time again proved to be a difficult problem to
rectify. One modern solution is the bike-sharing system, where many bicycles are available ei-
ther at hubs or spread across a city for short-term use. However, usage is limited to those who
are located close enough to a bicycle hub that travelling to and from it is time-effective. As for
hubless bike-sharing systems, bicycles require redistribution over time to remain conveniently
available to many. In this thesis, we propose the concept of a dual-mode bicycle that may ei-
ther be used by a cyclist manually or operated independently utilizing autonomous locomotion,
sensing, and control. Such a bicycle could be implemented into a larger bike-sharing system
that autonomously manages balanced redistribution and allows users to summon a bicycle to
their location, expanding range of use and encouraging environmentally-friendly transportation
solutions in an urban setting. We will explore existing literature that have informed later design
choices and data collection methods and propose our own methodology for designing, creating,
and testing an autonomous bicycle.
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Chapter 1: Problem De�nition and Motivation

Urban transportation projects face many different interconnected variables which signi�-

cantly increase their complexity [2]. When looking to provide a solution to urban transportation,

the criteria that must be considered include but are not limited to speed of transport, range of

travel, cost, accessibility, and ease of use. For example, owning a car to get around in the city

may provide a great range of travel and be readily accessible at any time, but the cost of own-

ership is prohibitive to many and the speed of travel may be lesser due to traf�c. An option

that greatly reduces the cost to travel is public transportation, such as buses or subway systems,

however these options are con�ned to speci�c destinations and times of departure, among other

issues which can reduce the accessibility of travel.

One option that has been steadily growing in popularity within the past few decades is

known as a bike-sharing system. First attempted by a community organization in Amsterdam in

1965 and later in Danish cities during the 1990s, the system aimed to provide a large number of

bicycles that could be used by anybody in a city to get to their destination, leaving the bicycle

for the next user. However, these initial forays into the bike-sharing concept often failed quickly

due to user disregard for maintenance and often leaving them in disrepair. In the mid-1990s,

Portsmouth University in England implemented the �rst modern bike-sharing system, where stu-

dents connected their bike usage to a magnetic card that would hold users accountable for damage

1



caused to bikes [3]. This concept has been growing in popularity ever since and can now be seen

in major cities and campuses across the world.

Bike shares are found in many cities, but most of them struggle with bike redistribution

because the distribution of bikes across a city over time does not always match the spread of

population using these bikes. The supporting research shows that bike shares reduce car usage

and carbon dioxide emissions, and that denser bike racks can combat congestion on other public

transit systems [4]. However, a lack of bike distribution often negates these bene�ts because it

can discourage people from using the system at all. One potential solution is hiring operators,

who manually redistribute these bikes. There are also currently automatic redistribution systems

available for bike-sharing systems, but they are not as consistent and reliable as manual redistri-

bution. This inconsistency is caused by inaccurate demand maps and predictions in the models

used for the self-balancing systems. New models have been made based on historical data, but

many have not taken factors such as weather into account and still are relatively inaccurate [5].

Bike redistribution operators must use feedback from the balancing systems, and they have found

the programs unreliable [6].

One solution that helps bike-shares reduce the distribution challenge among stations is

to use a dockless sharing method. This concept has been adopted in many cities already, but

community members complain that letting bikes be dumped and scattered along sidewalks and

roads lead to safety concerns and unnecessary clutter [7]. There is still a need of convenience

for bike shares to be accepted among the public, so if dockless shares are not acceptable, bikes

must be available in all docked stations. This means bike distribution is a driving in�uence for

the success of a bike share system [8].

Studies have found that increasing the number of docking stations has only minimally
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increased the use of bike shares [9]. As a result, much of the general public still does not take

full advantage of them. We hope that by enabling bikes to come directly to users we can greatly

increase convenience and so drive use and the corresponding public bene�ts.

Environmental cleanliness is one of the bene�ts of the bike-sharing concept over tradi-

tional public transport, by providing a form of ef�cient intra-city transportation that does not

emit carbon waste. Another recent technological development that shares this capability is elec-

tric transportation, whereby vehicles such as cars are powered using batteries and motors instead

of gasoline and engines. Recent adoption of these technologies by companies, such as Tesla or

Rivian, have been pursued with the intent of reducing humanity's carbon footprint on the envi-

ronment [10].

One bene�t of electric vehicles is their ability to expand yet another sector of transporta-

tion technology: autonomous vehicles. Initial ventures into this idea have been seen most evi-

dently in demos from research institutions and companies such as Tesla, who have adopted semi-

autonomous functions into their vehicles, such as autonomous highway travel and lane chang-

ing [11].

Upon an initial survey of the existing literature, it seems evident that there is potential worth

exploring and adopting electric autonomy into other forms of transportation. This is the guiding

purpose behind our research and the subject of this thesis. Speci�cally, we intend to integrate

autonomy with electric bike shares.

Within the past decade, several examples of research and design for an autonomous, electric

bicycle have been pursued by research teams at institutions and universities around the world.

Most notable are two teams of researchers, one from India and the other from China. A group

of undergraduate students from the Indian Institute of Technology Kharagpur (IIT) successfully
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developed a prototype of an autonomous electric bike for a design competition from 2015 to 2017,

and the paper outlining their design serves as a useful guide in highlighting what subsystems

must be considered for our investigations, as discussed further below [12]. Additionally, more

extensive research and implementation of obstacle avoidance, guidance using LiDAR techniques,

and autonomous bicycle stability was completed by a group of three researchers from China in

2017. They published a paper explaining their ability to avoid obstacles such as objects on the

ground and people [13]. Both of these papers prove that the concept of designing an autonomous

bicycle is not just speculative but feasible and implementable. The papers also provide a �rm

foundation for further research into the concept and act as a guide to our research. Although

much of the groundwork for our research has been laid by the sources referenced above, much

remains to be investigated to continue down the path towards an autonomous bike-sharing system.

Utilizing this prior work as a roadmap, our research team aims design an effective au-

tonomous electric bike-sharing system by using comprehensive telemetric systems to determine

experimentally how effective are our eventually chosen methods of autonomy and control. Ad-

ditionally, further investigation into the possibility of adopting a bike not only for autonomous

bike-sharing but also for transportation of goods with minimal design changes could be a new

venture not yet fully investigated by these sources.

In the following thesis, each relevant subsystem to a fully autonomous electric bike is inves-

tigated by probing a variety of sources, with the goal of developing a comprehensive perspective

on the challenges of each individual component's development and integration. These sources

will also serve as a backbone of knowledge from which we can begin our research in full. They

are organized similarly to the discussion of bicycle design found in the IIT paper discussed above,

which provides an extensive listing of all subsystems that we will research [12]. Once a review
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of the existing literature has been completed, a detailed report of team Autocycle's design and

implementation will demonstrate the progress that has been completed towards the above goals.
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Chapter 2: Review of Literature

2.1 Bicycle System Model

To initially simulate the dynamics of our bicycle and later derive a method of controlling

its movement, it is necessary to utilize a generalized dynamical bicycle model which involves

several key assumptions. Such a model was originally created by [14] in the 19th century, and

today, it is still commonplace to use linearized dynamic equations derived from this model as

shown in [15].

Figure 2.1: Diagram of the modi�ed Whipple model used in [1]. The four rigid bodies are shown
- front frame (handlebars), back frame (body), front wheel, and back wheel. Also shown are the
following bicycle dimensions: the tilt angle� , wheel base w, and the trail c.
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The modern model presented in [14] considers a bicycle to be a system of three velocity

degrees of freedom — forward speed, lean rate, and steering rate — and four rigid bodies seen in

2.1.

The model from [14] presents several generalized assumptions that are important to note

when utilizing it for our purposes. The wheels are assumed to be axisymmetric and their contact

with the ground is treated as a knife-edge. All four rigid bodies are considered laterally symmet-

ric, and hinges between these bodies are modeled as ideal. Meijaard (et al) derived the entire set

of linearized equations of motion for this model that we use in our simulation and experimental

control of the bicycle's stability [1]. The emergent behavior of this dynamic model presents some

interesting results, including a ”self-stable” velocity at which a bicycle may theroetically travel

upright without external control as long as it maintains this velocity, simply as a function of its

geometric and mass properties.

This model is validated by [16] with some modi�cations. After measuring the wheelbase,

trail, and head angle of the bike (see 2.1); radius, mass, and moment of inertia of both of the

wheels; the center of mass, mass, and moment of inertia of both frames (the critical parameters

for the modi�ed Whipple model [14]), they were able to experimentally demonstrate behavior in

line with the model's predictions for an uncontrolled bicycle, including asymptotic self-stability

within a certain range of velocities. It is for this reason that we use of this model and its linearized

equations of motion for our design, seen below.

M •q+ vC1 _q+ ( K 0 + v2K 2)q = f (2.1)

Kooijman et al de�ne M as a mass matrix, vC as a damping-like matrix, and a stiffness matrix
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composed of K0 and K2 [16]. The forces on the right side f are balanced by the degrees of

freedom q.

2.2 Bicycle Parameter Identi�cation

The physical parameters of the bicycle that require identi�cation for accurate modeling

and control through use of the Whipple model [14] consist of the wheelbase, trail, and head

angle of the bike (see 2.1); radius, mass, and moment of inertia of both of the wheels; and the

center of mass, mass, and moment of inertia of both frames. Although some of these are basic

measurements, the center of mass and moments of inertia in particular require more sophisticated

test setups to obtain useful values for these parameters. In their experimental validation of the

Whipple model, Kooijman et al utilize a torsional pendulum setup [16]. They also discount the

concept of calculating the centers of mass or moments of inertia directly due to the geometrical

and material complexity of each part. Each bike part is clamped such that its center of mass

is axially aligned with the long, slender metal rod that hangs the bike from above. By twisting

the rod to achieve a rotational period, the moment of inertia along the hung axis can be directly

calculated using

Im = (
T
2�

)2(
GI p

l
) (2.2)

where l is the length of the rod, G is the shear modulus of elasticity, Ip is the polar moment of

inertia of the rod, and T is the rotational period.

Since the entire moment of inertia matrix must be identi�ed, this process is repeated twice

more around different axes of the bicycle frame to measure all relevant values. There is a fourth
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moment of inertia value, but its relation only to the pitch of the bicycle renders it irrelevant since

the bicycle is assumed to have both wheels always in contact with the ground.

2.3 Orientation Sensing

It is critical to the model that the system has accurate values for the bicycle's orientation.

The state vector of the model includes the tilt angle, the steering angle, and their respective deriva-

tives. The tilt angle is the rotation of the bicycle along the local x-axis. Inertial Measurement

Units (IMU) use Micro Electro Mechanical Systems (MEMS) and Analog to Digital Converters

(ADC) to output the orientation of a system. A 6-DOF IMU is a sensor that combines a 3 axis

accelerometer MEMS and a 3 axis gyroscope MEMS and can be further combined with a 3 axis

magnetometer to get to 9 DOF.

An accelerometer MEMS measures acceleration and utilizes a proof mass surrounded on

two sides by springs so that it is able to shift forward and backward in one dimension. The proof

mass forms a capacitor with �xed electrodes. Thus there is a change of capacitance relative to

its displacement which is relative to the focuses acting on the proof mass. Since the mass of

the proof mass is constant the forces are relative to the acceleration of the larger system. Three

accelerometer MEMS are combined in orthogonal directions to measure the acceleration of the

body in Cartesian coordinates. The global constant downward acceleration due to gravity can be

compared to the local acceleration to evaluation the system's orientation.
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Figure 2.2: Internal MEMS structure of a gyroscope

The gyroscope MEMS measures angular speed and acts very similar to accelerometers but

are made to measure the Coriolis effect. A proof mass is set to oscillate along the radial axis

of the rotation and force is measured along the tangential axis. When the proof mass is at the

peak of its oscillation, furthest from center, it will move in the opposite direction of its tangential

velocity due to rotation. If the proof mass is at the trough of its oscillation it will move in the

same direction of its tangential velocity due to rotation [17].

2.4 Heading Sensing and Estimation

An autonomous bicycle must be able to tell what direction it is going in the global frame

in order to successfully navigate non-trivial distances in the world. Heading can be measured in

seven primary ways [18]. A magnetic compass of magnetometer can provide a measurement of

the earth's magnetic �eld, which, with declination values from the World Magnetic Model, can

be used to �nd true north. However, due to the very small magnitude of the Earth's �eld, these

measurement's can easily be skewed by several degrees by ferrous metals, high current power

sources, and mineral deposits on land. Gyrocompassing can provide an absolute measurement of

true north due to the torque exerted by the rotation of the Earth. While this method has trouble

at very high latitudes, the primary issue is the mechanical size and expense inherent to a high
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precision gyrocompass.

Heading can also be found by referencing external objects with known position, such as

the star trackers used in astro-inertial systems for ICBMs. While such a system can be accu-

rate regardless of latitude and has no moving parts, it requires an unobstructed view of the sky

or whatever other reference objects are being used, and being able to detect non-solar stars in

daylight requires expensive equipment.

More options are available if the system is equipped with a receiver for a GNSS architecture

such as GPS, as this allows the the system to determine its position in global coordinates (latitude

and longitude). If an object with a known position is detectable by the vehicle, heading can

then simply be calculated by taking the object's position, the vehicle's position, and their relative

bearing. Of course, this requires said object to be known, recognizable, and visible (whether

optically or over radio frequencies), and thus restricts the functionality of such a system to a

given region.

If a vehicle is a large enough, one can simply place two separate GNSS antennas at opposite

ends. Heading can then be found by simply taking the vector between the two measured positions.

For this method to be accurate, a suf�cient separation between the receivers is necessary, and the

system must rigid enough for chassis de�ections to not introduce erroneous heading offsets.

Finally, if no external references are known and only one GNSS position measurement is

available, heading can be reconstructed from vehicle motion. This can be established from the

vehicle velocity vector found via �nite differences between positions, or the vehicle acceleration

vector.

While an absolute reading of heading at rest is appealing, given the size, cost, and mass

limitations of the Autocycle prototype, our system used the integrated heading-from-velocity
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resource of our GPS receiver, combined with rate gyroscope information to form a Kalman �lter.

2.5 Obstacle Sensing and Detection

Vehicles that use local navigation, which is also referred to as reactive navigation, require

both detection of obstacles within its local environment and, in the real world, recognition of

key objects that produce various different reactions such as stop signs. Object detection and

recognition are needed for local navigation, but not for global navigation. Movement within a

local system requires perception of surroundings through use of cameras, radar, and/or LiDAR

allowing the vehicles to measure out obstacles, calculate their breadth, width, and height in order

to calculate how it should move within the local environment to avoid these objects. These

sensors can also be used to track the velocity of moving obstacles within the environment and

attempt to predict where they will move. This feature allows the sensors on the vehicles to track

any moving obstacles that could cause a collision [19].

Through a combination of both global and local navigation, our system must be able to

locate itself anywhere on the globe, avoid moving and still obstacles, and retain enough infor-

mation about its path to make the system's routes safer and more ef�cient. Past researchers have

developed obstacle avoidance algorithms and software that would serve a similar purpose to our

local navigation system [20–22]. Ultimately, the approaches to all of these systems can vary

quite signi�cantly, with respect to each method of global navigation, each method of local nav-

igation, and each package of obstacle avoidance algorithms having its own set of strengths and

weaknesses.

The detection of obstacles on the road is an integral part of an autonomous bicycle in order
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to provide the necessary input to the control and stability functions of the bike in order to avoid

any obstacles in its path. The challenge of detecting road objects on moving vehicles has been

thoroughly studied; however, very little of this work has focused on bicycles. Those that have

used a wide variety of detection methods could potentially be implemented on the bike to support

its autonomous function.

In order to achieve obstacle detection, the bike will need to detect 2D and 3D objects. In

Chen et al's [20] literature, they overview their advancements in an accurate 3D object-identifying

software by using monocular systems. Since their research is partially funded by Toyota, they

must meet the Karlsruhe Institue of Technology and Toyota Technological Institute (KITTI) Vi-

sion Benchmark Suite standards, which are benchmarks for computer vision research set forth

by Annieway [20]]. As with all object detection, establishing benchmarks is an important in the

development of local navigation. Trying to learn 3D depth from images is a well-known prob-

lem in computer vision systems and applications since computers do process visual information

differently than humans. Using monocular cameras is a cheaper alternative to the LiDAR soft-

ware, however, these single-lens cameras have limitations. Some systems use binocular cameras

that take multiple pictures enabling depth perception, but single monocular depth perception is

inherently harder.

Chen et al's [20] work is primarily centered around creating software that can give a more

detailed depth representation than LiDAR software. They propose to detect 3D objects by plac-

ing and scoring 3D bounding boxes on images by using semantics, context, size, shape, and

location. To achieve this, their software analyzes possible 3D objects by instance-level segmen-

tation, shape, and context. These possibilities are then scored by most promising. In this article,

they created software that uses semantic segmentation, shape, instant segmentation, context, and
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location to classify objects. Semantic segmentation classi�es different objects by counting the

number of pixels in the object. Shape is also considered as it analyzes the contour lines. We

should be wary of objects that do not create strong contour lines, such as branches in grass or

hazards that can blend into the environment. Instant segmentation is segmentation inside and

outside the box, and is better for large-scale objects. Context and location are included so it can

differentiate between objects, the road, and where the camera is placed.

Once the object is preliminarily scored, it then is further scored by a Convolutional Neu-

ral Network (CNN). This creates a faster identifying software. The CNN classi�es objects into

three different classes: pedestrians, cars, and cyclists. These classes are determined by the KITTI

benchmarks. These benchmarks are important features but in the context of an autonomous bicy-

cle, detecting only three classes of objects is not suf�cient. Utilizing a schema that detects stop

signs, sidewalks, and other objects is necessary for any autonomous vehicle hoping to navigate

an urban environment. Chen et al [20] tested their software on KITTI images, which are speci�ed

on the KITTI website, and these images can contain up to 15 cars and 30 pedestrians [20]].

To accurately avoid obstacles such as people, sidewalks, and road hazards, the image data

must have some type of processing software to distill this data into information that can be acted

upon. It is important that the software can work swiftly.

Another method of obstacle detection, and the subject of Alqudah et al's research, is the

logging of existing data collected from cellular devices to build a database of known locations and

their road hazards [21]. In their research Alqudah et al used a number of sensors already present in

cell phones including accelerometers, gyroscopes, magnetometers, and GPS to log sharp changes

in acceleration that corresponded to road obstacles. They concluded that this method of keeping

track of road obstacles with existing data was effective and accurate to known obstacles on the
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road [21]. Implementation of such a system requires a large database and countless hours of

surveying. Although Alqudah et al's method seems promising and could be an invaluable tool

for future implementations, it would not be a viable option for this project [21].

At Kindai University, Japan, Taniguchi et al. conducted research on the implementation

of ultrasonic sensors on bicycles to detect objects and pot holes [22]. Their goal in this research

was to allow the bikes to alert riders of obstacles in their path however the method could be used

to alert an autonomous bike system as well. Their experimental results showed that the bike,

moving at 10 km/h could detect medium-sized objects from 150 cm to 300 cm away, giving an

autonomous system, on average, 0.8 seconds to respond and avoid the object. Similar ef�cacy

was found for the sensors ability to detect holes. Unlike Alqudah et al.'s research, this method

of object detection is able to function without the need for an existing database and is able to

take natural road variance and debris into account [22]. As a result, the method researched by

Taniguchi et al seems to be a very promising alternative to Alqudah et al's due to its superior

ef�cacy and low cost. An issue this work does not address is the local path planning aspect as

a self-stable bicycle will need a greater warning than .8 seconds to react to an object in its path,

avoid it, and remain upright. This solution may have a place as an additive process to increase

the ef�cacy of our object detection, but it lacks the ability to work as the only detection method

for our purposes.

Of the many challenges that arise in creating an autonomous bicycle, object classi�cation

can be one of the toughest ones to face. While driving to its destination, the bicycle will no doubt

encounter pedestrians, stop signs, crosswalks, and other cars. Each of these obstacles requires

a different set of instructions for the bike. Consequently, it becomes necessary for the bike to

be able to recognize and distinguish these events. Fortunately, the topic of object detection and
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classi�cation has been widely studied and has undergone tremendous advancements in speed,

accuracy and power ef�ciency.

There are two main sections of object detection and classi�cation systems, two-stage detec-

tors and one-stage detectors. Two-stage detectors like Faster R-CNN have remarkable accuracy

rates, but tend to take longer and are much more intensive on processing. One-stage detectors

like YOLO are remarkably fast and resource-ef�cient, however they lack signi�cantly in accu-

racy when compared to its two-stage alternative. The lack of accuracy in one stage detectors and

speed in two-stage detectors is often attributed to lots of resources being allocated to trying to

analyze “background examples”, meaning objects or parts of an image which are not what the

detector was trained to look for [23]. An autonomous bike would have to react to objects and

obstacles in sometimes less than a second. Subsequently, it is clear that speed is a priority in the

design of the bicycle, however a lack of accuracy could result in poor �delity of results.

In order to address the lack of accuracy typical of one stage detectors, recent research has

proposed the use of a focal loss system [24]. This system would allow the detector to throw away

examples that are easily classi�able as background examples. This research resulted in a new

one-stage detector, RetinaNet, that was able to match the speed of traditional one-stage detectors

and surpass the accuracy of two-stage detectors. Reaching scores in the high 30s in less than 150

ms on COCO, a standardized benchmark for object detectors, RetinaNet is an optimal candidate

for an object detector that could be implemented into an autonomous bicycle [24].

Regardless of the method used to detect objects, the issue of available processing power

becomes problematic when trying to adapt these technologies to a moving vehicle, especially

with the space constraints present on a bicycle. Minimizing the processing power required to run

the detector can physically manifest itself in smaller, lighter, and cheaper parts. To accomplish
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this goal, the minimum requirements for detection accuracy must determined. New research by

Soviany et al. at the University of Bucharest proposes a method of image dif�culty classi�cation.

Using a variable dif�culty threshold, their algorithm can split images into a `hard' and `easy'

category. Using this method, the dif�culty threshold could be lowered until only the images

re�ecting the required accuracy are labeled as easy, and the appropriate processing power could

be applied to analyze the image [25]. This idea could be utilized to have the correct amount of

processing power be allocated and prevent waste of resources.

The sensor that had become the main focus on machine perception for autonomy is LiDAR,

Light Detecting And Ranging. LiDAR uses a short pulse of laser then waits to receive back

the re�ection of the laser using time as a means of measuring the distance [26]. Many of the

commercially available automotive grade LiDAR at the time of Autocycle's development were

prohibitively expensive or unavailable given our connections. The team was able to identify Livox

as a potential LiDAR, though at the time, the LiDAR was not automotive grade. Using a LiDAR,

a point cloud can be captured depicting the area around the bicycle. This point cloud is used as

an input to a neural networks to detect and classify objects. Using neural network approaches

imposes a steep computational cost. The point cloud became the basis of the input for which

we worked to develop an algorithm. Raman Maini's paper looks into different methods for edge

detection speci�cally canny edge detection which uses image gradients to �nd edges [27]. The

use of image gradients to �nd edges or borders of objects would work well on a 2D matrix

with distances as the values for cells. Key points could be found doing horizontal and vertical

image gradient edge detection to indicate locations of objects but these would just be a group of

points. A study by D.T. Lee on an algorithm about �nding the convex hull of simple polygons in

linear run time presented a potential solution to make sense of key points [28]. Creating convex
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polygons for objects will enable better path planning.

2.6 Bicycle Propulsion/Actuation

A common issue that bike-shares face is the fact that the requirement of physical exertion

for prolonged travel is a barrier to many potential users. This can be solved through the use of

an electric bike. This section will focus on the issue of running an electric bike with suf�cient

mechanical and electrical power to transport a person with minimal effort on their part. Further,

if this is accomplished, as has been done in the past, it would be possible then to apply an

understanding of autonomous systems to construct a functional autonomous bicycle. This portion

will focus primarily on the selection of a drive motor and mounting system and method by which

the motor's power will be delivered to the axle of the bike.

In order to create an electric bike, the mechanical aspect of powering the wheels must be

considered. In order to accomplish this, we will use an electric motor. In a paper published by the

Alternative Technology Association, the author discusses the use of an electric motor claiming

that a hub-mounted motor is lighter and has lower power loss than other types, and brushless

motors would be more ef�cient for this application [29]. Considering these factors, the author

decided to use a 12 volt lawn mower motor, sourced from Black and Decker, mounted above

the back wheel of the bike and connected mechanically to the rear axle through an angle grinder

that he had modi�ed to act as a right angle gear, and through a bicycle chain connected to the

angle grinder. This allowed the motor to be geared down such that it provided only 375 rpm to

an unloaded wheel rather than the motor's speed 3600 rpm. At that speed, the bike would be

unrideable, as the wheel would over spin and lose traction on most types of terrain.
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Other sources reviewed have considered other methods with more robust modeling that

demonstrate the viability of a centrally mounted motor. According to Abagnale et al., it is possible

to use a motor mounted on the lower part of the central frame connected to the pedal axle via

either a planetary gear or bevel gear system in a pedelec (pedal electric cycle) bicycle [30]. This

literature is primarily concerned with the adaptation of the authors' previous work in developing

a pedelec system that is capable of delivering a torque to an actual bike system on an incline or

other dif�cult terrain. The paper's conclusion indicates that the control system from the authors'

previous work was successful in allowing for a pedelec bike design that is capable of traversing

dif�cult terrain. However, a pedelec design is not the only method by which an electric bike can

be controlled. A handlebar control (like a motorcycle) may be less intuitive for the average user,

but may also end up being easier to implement, as will be discussed in the following section.

Meireles et al. noted that for an e-bike sharing system, a centrally mounted motor is more

dif�cult to maintain, however, it is also much less likely to be vandalized or stolen, particularly if

it is enclosed within body elements of the bike. In terms of general design, this easily protected

motor without the need for long belts or chains to connect motor shaft to the axle of the wheel

seems to be more viable, particularly in the area of bike-sharing systems [31]. If a rear-wheel-

or front-wheel-mounted motor is used, the maintenance cost will decrease, as the number of

moving parts required to access the motor is fewer. The idea of mounting on the rear mudguard

as described by Calais would require much more dif�cult engineering to implement safely and

would be even more vulnerable to vandalism and theft than the centrally mounted motor [29].

Several major hindrances exist in selecting a motor and mounting location for an e-bike,

particularly one that is intended to be run autonomously include space and power requirements

that must be satis�ed. In order to have a more powerful motor, more space on the bike must
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be allocated to the motor. This motor also must somehow be mounted in a way to minimize

interference with a user. If a large motor is used, it takes space that could be used for battery

packs, reducing the overall battery capacity of the bike, which may be problematic if the bike

is ever left in a position where it cannot return to a docking station for recharging. Thus, the

selection of a centrally mounted motor is more constrained than an axial mounting, where the

motor is simply connected directly to the axle of either the front or back wheel of the bike.

One of the earliest and most prevalent proposals to accomplish stability is by means of some

sort of additional mechanisms, such as an actuated counterweight. The idea is that the weight, by

swinging, is able to shift the center of mass in opposition to undesired motion and thus maintain

balance, much as a human rider leans to stay stable. This concept has been proposed by several

teams and has had its ef�cacy simulated in several variations, including an upwards facing pen-

dulum, a �ywheel, and retractable training wheels [32]. Alvarez et al. were able to demonstrate

a PID (Proportional Integral Derivative) based control algorithm for manipulating an inverted

pendulum to achieve stability both in motion and at a stop using a simulation, demonstrating

the potential of the idea and perhaps warranting an empirical test. While promising, these ideas

require the costly addition of an additional mechanical system.

For this reason, especially over the past decade, much research has been done into control

schemes which behave much like a human rider: by selectively applying torque to the handlebars.

Control algorithms that use this method take the bicycle models previously described and make

the torque on the handlebars a controlled quantity rather than a free-�oating one. Constraints are

applied onto the now actuated system with a goal of achieving stability about some roll angle

(usually 0). Guo et al discuss and demonstrate a solution along these lines using Lagrangian

methods [33]. Cerone et al maintain roll stability with a linear parameter variation (LPV) ap-
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proach [34]. Tanaka et al propose two distinct systems for maintaining both posture control (roll

stability) and steering, using steering torque and lateral velocity [35]. Hashemnia et al were able

to accomplish roll stability and partial heading stability for a large range of velocities using a ge-

netic algorithm trained fuzzy logic approach with the Lyapunov criterion, demonstrating superior

results to Cerone et al when it came to minimizing overshoot and settling time [36]. Simulta-

neously, Gundes and Nanjangud offer a low order controller for roll stability [37]. Yuan and

Sun are able to use a Gaussian pseudospectral method and Yuan and Chen et al are able to use

a PSO algorithm to globally minimize errors in both roll and yaw [20]; [38]. The volume of

research into this variation of the problem is extremely promising for an autonomous, mechani-

cally simple bicycle, however much remains to be done: in almost all of these cases a range of

assumptions about the surface and velocity of the bicycle are made, and the proposed methods

are demonstrated in simulation, and not with empirical follow-up.

Methods of steering to keep the bicycle upright work well at stable velocities, but it may not

be viable near zero velocity. There are a few promising solutions for these transitional periods.

Keo et al were able to build a bike that was stable at zero velocity with the use of a balancer,

a large upside-down pendulum, in addition to controlled steering [39]. Other ways to stabilize

the bicycle at low speeds are to use arms or drone-like air propellers to keep the bike upright.

Both of these would widen the pro�le of the bike which would make it dif�cult or impossible

to utilize the steering stabilizing technique at higher speeds as well as to switch over to manual

control [32]. It is possible to have the arms/propellers retract back into the body of the bike, and

many patents have been published with similar ideas. One such patent, involves a sprung set

of training wheels that would still allow some steering control [40]. Other patents focus more

on the retracting part of the wheels whether ascending upward, [41] or swinging back [42]. A
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combination of two or three of these patents could create a bicycle that stayed stable by having

two modes: one at operational speed, and the other at zero velocity.

2.7 State Space Control of a Bicycle

Once basic propulsion has been achieved and a mathematical model has been established

(see Sec. 2.1, the main control problem that must be addressed for an autonomous bicycle is that

of stability. If the bicycle cannot remain upright on its own any navigation capabilities will be for

nothing. In this section, we will seek to introduce the current state of work in the �eld and the

variety of proposals to accomplish this task.

One of the earliest and most prevalent proposals to accomplish stability is by the addition

of a second actuator, such as an actuated counterweight or reaction wheel. The idea is to exert a

torque directly on the roll axis of the bicycle, much as a human rider leans to stay stable. This

concept has been proposed by several teams and has had its ef�cacy simulated in several vari-

ations [32], including an upwards facing pendulum, a �ywheel, and retractable training wheels.

Meanwhile, [43] demonstrate empirically the dynamic effects of a control moment gyroscope on

a general unstable system. This implies the potential for such a system's use on a bicycle for

stabilization. While promising, these ideas require the costly addition of a mechanical system.

Other concepts for stability take advantage of the special mechanical properties of a bicycle.

For one, a bicycle is self-stable in a certain velocity range without any control whatsoever [15,

32, 36, 44]. This can be seen from considering the linearization of the Whipple model dynamics

for constant velocity about the zero roll/zero steering equilibria. Solving for the real parts of the

system's eigenvalues then shows asymptotic stability in a certain velocity range [1, 16, 36, 44].
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Both Kooijman et al and Astrom et al were able to demonstrate these effects. While Astrom

et al emphasized the importance of caster and gyroscopic effects in the self-stable regions, in a

different work Kooijman demonstrated empirically by adding a counter-gyroscope and negating

caster effects that a bicycle could remain self-stable regardless [15]. Unfortunately, while self-

stability is a useful phenomenon, it can not be relied upon outside of a very narrow range of

velocities, and so can not be the basis of any truly autonomous bicycle.

For this reason, especially over the past decade, much research has been done into control

schemes which behave much like a human rider: by selectively applying torque to the handle-

bars. Most such control algorithms take the bicycle models previously described and make the

torque on the handlebars a controlled quantity rather than a free-�oating one. Constraints are

applied onto the now actuated system with a goal of achieving stability about some roll angle

(usually 0). Guo et al discuss and demonstrate a solution along these lines using Lagrangian

methods [33]. Cerone et al maintain roll stability with a linear parameter variation (LPV) ap-

proach [34]. Tanaka et al propose two distinct systems for maintaining both posture control (roll

stability) and steering, using steering torque and lateral velocity [45]. Hashemnia et al were able

to accomplish roll stability and partial heading stability for a large range of velocities using a ge-

netic algorithm trained fuzzy logic approach with the Lyapunov criterion, demonstrating superior

results to Cerone et al when it came to minimizing overshoot and settling time [36]. Simultane-

ously, Gundes et Nanjangud offer a low order controller for roll stability [37]. Meanwhile, Yuan

and Sun are able to use a Gaussian pseudospectral method and Yuan and Chen et al are able to

use a PSO algorithm to globally minimize errors in both roll and yaw [20, 38]. The volume of

research into this variation of the problem is extremely promising for an autonomous, mechani-

cally simple bicycle. However, much remains to be done: in almost all of these cases a range of
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assumptions about the surface and velocity of the bicycle are made, and the proposed methods

are demonstrated in simulation, but not with empirical follow-up.

These methods of steering to keep the bicycle upright work well at speed but may not be

viable near zero velocity. There are a few promising solutions for these transitional periods.

Keo et al were able to build a bike that was stable at zero velocity with the use of a balancer, a

large upside-down pendulum, in addition to controlled steering [39]. Other ways to stabilize the

bicycle at low speeds are to use arms or drone-like air propellers to keep the bike upright. Both of

these would widen the pro�le of the bike which would make it dif�cult or impossible to utilize the

steering stabilizing technique at higher speeds as well as to switch over to manual control [32]. It

is possible to have the arms/propellers retract back into the body of the bike. Many patents have

been published with similar ideas one patent, [40], involves a sprung set of training wheels that

would still allow some steering control. Other patents focus more on the retracting part of the

wheels whether ascending upward, [41] or swinging back [42]. A combination of two or three of

these patents could create a bicycle that stayed stable by having two modes: one at operational

speed, and the other at zero velocity.

While the extensive theoretical work that has been done in terms of stability is promising,

much remains to be done for this project. There are recordings and demonstrations of imple-

mented stably controlled bicycles, but it is dif�cult to relate them to speci�c literature, and most

literature demonstrates its validity by simulation. Further, very little to no research has been

done into the stability of a bicycle system on a non-level surface, and stability while following

a path across an uneven surface is virtually unexplored territory, as is the transition from stabil-

ity at zero-velocity, to stability at speed. While this project is not able to address all of these

open questions, we believe our practical control implementation can shed new light on realities

24



involved.

2.8 Path Planning

In addition to stability, a central goal for the bicycle is that it should have the capacity

to navigate from some initial position to another. To do so, the bicycle must be able to avoid

obstacles detected in its vicinity while attempting to reach the desired destination. This problem

can be broken down into three parts:

1. Planning short path immediately around obstacles.

2. Smoothing and augmenting the short path using interpolation.

3. Planning a long path from the start point to the desired end point.

Chu et. al. [46] addresses short distance path planning around obstacles using a graph

traversal method. In this paper, Chu et. al. propose two different kinds of graphs to traverse. The

�rst is a square grid, where a node is connected to a another node in each cardinal direction by

a straight line. In the second graph, each node is connected to three other nodes directly in front

of the start node, one straight, and two slightly off to each side of the node. The nodes to the

side are connected by a curve. The initial node begins at the position of the vehicle and initially

grows in the direction the vehicle is facing. This second graph is meant to take the kinematics of

a moving vehicle into account. Obstacles are overlaid with the graph and any nodes that lay over

the objects had their connected edges removed. Once invalid edges are pruned, the researchers

employ anA � graph traversal approach to generate path to some predetermined end-point. This

path is not guaranteed to be the shortest one.
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An alternative, more sophisticated system is proposed by Lim et. al. [47]. Unlike the

algorithms proposed by Chu et al. [46], this system takes into Traf�c Control Devices (TCDs)

into account. These TCDs might include speed bumps, lane markers, street lights, etc. The �rst

step in the process is to generate a set of candidate maneuvers that could bring the vehicle from

a start point to some desired end point in sight. These paths are then created taking obstacles

and TCDs into account. Similar to the Chu et. al. [46] algorithms, Lim et. al. [47] utilizes a

modi�ed A � approach. The main difference is that a curvilinear coordinate system is used rather

than a Cartesian one. In this coordinate system, possible points are added as nodes for the graph

traversal and those interesting with static objects are pruned.

One crucial area also addressed by Lim et. al. [47] is the need for disparate local route

planning and global route planning. If the desired end position for an autonomous vehicle is

miles away, it would be an intractable task to immediately generate a viable path accounting

for obstacles, TCDs, and road curvature. To account for this the local route planning described

above must query a global route planning system for intermediate desired points. This global

route planning system would require both GPS and knowledge on the road or terrain layout.

In application, integrating Global Positioning System (GPS) functionality would allow the

bicycle to drive from a hub to the user and back after their trip is completed. It must follow traf�c

laws, choose optimal pathing, and arrive at its destination within a signi�cantly low margin of

error. This challenge poses many unique problems and hurdles that are not accounted for in the

local navigation systems that address avoidance of objects and pathing on a smaller scale. To

integrate global navigation to a level of sophistication that an autonomous bicycle would require,

the navigation system would have to account for challenges with GPS accuracy, GPS reception,

and route selection, among other technical obstacles.
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Using GPS, despite its de�ciencies in accuracy and reception, is going to be impossible

to avoid when trying to integrate global navigation capabilities. GPS information, unlike local

sensors, are easily interfaced with existing mapping technologies that allow for localizing the

bike onto roads and enable optimization of route planning. Since GPS is a requisite technol-

ogy for an autonomous vehicles, the question becomes what kind of GPS should be integrated

into Autocycle [48]. There are three major options for GPS available on the market, standard

GPS, Differential GPS (DGPS), and Assisted GPS (AGPS). All three have different common use

cases and different levels of accuracy, but also vary greatly in availability. Basic GPS utilizes

triangulation information from various satellites orbiting the Earth. GPS has the widest area of

availability, pretty much anywhere in the world, however GPS also has the lowest accuracy at

around a 60-300 foot radius [48]. AGPS, utilizes ground relay stations to correct for errors in

satellite data. This increases accuracy to a 50-150 foot radius and even less if there is a clear line

of sight to the relay station [48]. Finally, DGPS which works by contacting as many satellites,

roving and stationary relay stations as possible, has by far the best accuracy of about a 3 foot

radius, but this technology comes at a signi�cant monetary cost and is not ubiquitous across the

US [48].

When using a GPS system, GPS error and data drift during GPS outages must be accounted

for. Consequently, addressing and adjusting for GPS error is a highly studied topic that has

resulted in numerous solutions with varying degrees of success. The common factor between

most literature regarding GPS error correction is the use of onboard motion sensors, particularly

gyrometers to measure rotational velocity and acceleration and accelerometers to measure linear

acceleration. The use of onboard sensors can greatly increase the accuracy of GPS systems.

Speci�cally, the sensor output can be fed into a Kalman �lter which is able to dynamically update
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a model of the vehicle's movement, including its speed and direction. The use of just these two

onboard sensors and a Kalman �lter, location accuracy can increase by as much as 20% [49].

In addition to these systems, a camera tied to an object classi�cation system can be used to

greatly improve GPS data, particularly when error is due to data drift. The way this system works

is by using an existing map database and providing regular lateral and horizontal localization

corrections. The object classi�cation, in this case, is trained to detect and classify lanes and

crosswalks. The detection of these objects along with their distance from the autonomous vehicle

can be used and compared with existing map data and the predicted location of the vehicle in

order to provide lateral (crosswalks) and horizontal (lane) corrections to that predicted location

[50]. Along with the use of the other on-board sensors, this setup provides a particularly precise

location for the vehicle on a map model. Additionally, what makes this prospect particularly

promising for the autonomous bicycle, is that cameras and object classi�cation algorithms are

already planned additions for use in local navigation. This would allow the team to re-purpose

existing technology on the bicycle for use in this portion of the project.

The �nal popular method of GPS error correction is through the use of a street tracking

algorithm (STA). This system uses lane information similar to that used in horizontal and vertical

corrections, however, it is used in a slightly different method. In typical STAs, lane geometry

is compared to known map geometry to match the vehicle's location on a road in a given map

model [51]. This appears similar to the original use of lane data but differs in a few signi�cant

ways. The �rst uses lane data corrects GPS in the direction perpendicular to the road direction

by essentially using information on which lane it is in. The lane data can also be used to localize

the vehicle by cross-checking the road geometry to known roads.

Some combination of the error correction methods mentioned are going to be a necessary
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part of the global navigation for the autonomous bicycle. The use of these methods would be one

step in enabling true autonomous navigation for the bicycle. Once localization data is accurate,

the only main obstacle facing an autonomous vehicle from a purely navigational standpoint is

route planning which requires very different assumptions and considerations when there is a

bicycle involved and not a car.
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Chapter 3: System Design & Implementation

The primary goals of the Autocycle system, as previously stated, were to move the bicycle

autonomously from one position to another. A wide variety of systems and subsystems were nec-

essary to accomplish this task, with their own design considerations. In this section we present the

design choices made and the principal aspects of our implementation of the Autocycle prototype.

For the reader's reference, Fig. 3.1 presents a simpli�ed overall block diagram of the

Autocycle system's operation and the interaction of the various sub-systems, while Fig. 3.2

shows the location of the various sub-systems on the assembled prototype.

Figure 3.1: Simpli�ed overall system block diagram.
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Figure 3.2: Overall system layout on the assembled Autocycle prototype.

3.1 Frame Component Rigid Bodies and De�nitions

Our bicycle stability model simpli�es all of the components of a bicycle into four rigid

bodies. It is valuable to de�ne the constituent parts of a bicycle, and the simpli�ed bodies, to

ensure clarity when discussing a stability model or actuation.

The four bodies used in the stability model are the front wheel, rear wheel, handlebar, and

main frame. The front wheel is made of the rotating combination of the internal metal frame

of the front wheel and rubber tire in contact with the ground. The rear wheel has the same

components as the front wheel, but includes the rear sprocket, the gear that drives the wheel by

way of a drive chain. The handlebar assembly is made of the handlebar, the metal structure that a

human rider would twist to control the bike, the steering tube, de�ned as the tube running through

the head tube of the frame, and the fork, the two prongs that connect to the front wheel's axle.
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The main frame consists of the solid metal frame that makes up the majority of the bike, the seat,

the seat post, pedals, and cranks.

The frame of our bicycle is made up of nine total tubes. The head tube is where the steering

tube of the handlebar passes through the frame. It contains bearings which allow for smooth

rotation of the handlebar assembly. The top tube is de�ned as the member in the frame that runs

from the head tube to under the seat. The down tube is the member that runs from the head tube to

the bottom bracket where the pedals are mounted. The seat tube runs vertically from underneath

the seat to the bottom bracket. The top, down, and seat tubes make up the main triangle of a

bicycle frame. The bicycle selected to serve as the frame for the Autocycle prototype also has

a middle tube in between the top and down tubes. The seat stays are twin tubes that connect

from the top of the seat tube to the rear axle. The two chain stays are tubes that connect from the

bottom bracket to the rear axle. For a picture reference, see Figure 3.3 from [52].

Figure 3.3: Labeled parts of bicycle frame
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3.2 Characterization of Rigid Bodies

In order to mathematically model the bicycle's dynamics, knowledge of the bicycle's phys-

ical characteristics is required. At a minimum, values for the wheelbase, trail, and head angles;

radius, mass, and moment of inertia of the wheels; and the mass, center of mass, and moment

of inertia for the front and back frames are needed. To measure the components' weights, two

separate methods were employed for redundancy. The �rst method involved the use of a digital

personal scale. A member of the team �rst recorded their weight when standing on the scale

alone. They then recorded the total weight when standing on the scale and holding one of the

four rigid body components. Subtracting out the team member's recorded weight yielded the

weight of the respective rigid body. This process was repeated for each of the four rigid bodies.

In a second method, a string was tied to each rigid body and hung from a strain gauge. Both

methods produced very similar results, and averaging the results gave weights of 3.05 kg for the

front frame, 28.65 kg for the rear frame, 2.9 kg for the front wheel, and 3.3 kg for the rear wheel.

The locations of the center of gravity for each of the rigid bodies was determined as follows.

Theoretically, the center of gravity is located along three axes for each rigid body. Each rigid body

exhibited a degree of span-wise symmetry. Few methods exist to precisely locate the center of

gravity along the rigid bodies' span-wise axis, so it was assumed that the center of gravity of

each rigid body lies along its plane of symmetry. This reduced the number of axes along which

to empirically locate the center of gravity to two. For each rigid body, a set of two perpendicular

axes was de�ned. These axes are illustrated in �gure 3.4. The procedure for measuring each rigid

body's center of gravity is described below:
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1. Suspend the rigid body from a string. Tie the string around a part of the rigid body that

allows shifting the part along the �rst of the two de�ned axes.

2. Iteratively adjust the location of the string along the �rst axis until the part is evenly bal-

anced. Etch the location where the string is tied to the part.

3. Repeat the same iterative process for the second of the two de�ned axes. Again, etch the

�nal location where equilibrium is etched into the part.

4. De�ne one line from the �rst etching along the �rst de�ned axis and a second line from the

second etching along the second de�ned axis. The center of gravity is the intersection of

these two lines.

Figure 3.4: Example of coordinate axes system de�ned for main frame.

After identifying the locations of each rigid body's center of gravity, their respective mo-
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