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Abstract
The goal of our project is to convert an electric go cart into an autonomous testing platform. We must
enable autonomous braking, steering, and acceleration with electro-mechanical systems. We began the
project with ideation to create our initial design and have since received ample feedback from faculty,
students, and our sponsor. With this feedback we were able to refine our preliminary ideas and produce a
detailed design supported with ample analysis, research, and external advice. We have developed our
project in four main subsystems: Steering, braking, acceleration, and emergency braking. Following, we
procured, manufactured, and assembled all our designed components with the feedback received from
PDR and CDR. Upon completion of manufacturing and assembly, we began testing our predetermined
specification list to ensure the project met the design goals. Next, outside of pre-existing cart problems,
the testing verified our design met all the specifications. Finally, we compiled all our design,
modifications, manufacturing, and testing into a comprehensive package which we plan to hand to the
next group which will take over the project.

Introduction
B.A.C.O.N.’s team members are Damond Li, Chris Or, Robyn Ribet, and Tanner Hillman. Our team
sponsor, Dr. Charlene Birdsong, has emphasized the importance of Cal Poly to have a substantial
platform to perform further research and development in the autonomous driving realm. Our team’s
project is to autonomize an electric go-kart, specifically focusing on modifying the acceleration, braking,
and steering systems. Developing an autonomous vehicle platform will benefit Cal Poly’s College of
Engineering and provide an essential base for future faculty, graduate students, or senior project teams to
work with. For this platform to be effective, it must be sufficiently durable, extremely safe, relatively
inexpensive, and easy to maintain. This document will be divided into four main components; Scope of
Work (Part I), Preliminary Design Review (Part II), Critical Design Review (Part III), and Final Design
Review (Part IV). SOW, PDR, and CDR are all reports we have completed up to this point and are
included to document the history, past decision making, and overall development of the project
throughout the course of the year. FDR will contain detailed information on Design Updates,
Manufacturing, Design Verification, Discussion & Recommendations, and all relevant documents and
files.

Part I: Scope of Work
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Abstract
Our senior project team, B.A.C.O.N, will be converting the mechanical steering and braking systems of
an electric go-kart to be capable of being controlled autonomously. This mechanical platform will serve
as a baseline for future master’s theses and senior projects to aid in the development of autonomous
vehicle research. The purpose of this document is to highlight the work our team has completed and what
we have planned for the remainder of our senior project. From our background research, we gained useful
insights into similar existing products, patents, and previous senior projects which allowed us to dive into
the mechanics and user experiences of existing autonomous vehicle systems. Moving forward, we plan to
narrow our focus and continually investigate new products, standards, patents, and papers that pertain to
our design as we down-select ideas throughout our ideation process. Additionally, this document outlines
the specifications, needs and wants, and user feedback which we will use to define our targets and
measure our outcome for the project. Finally, we overview our major deliverables throughout this
upcoming year and describe our detailed plan to meet their respective deadlines.
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1. Introduction
B.A.C.O.N.’s team members are Damond Li, Chris Or, Robyn Ribet and Tanner Hillman. Our team
sponsor, Dr. Charlene Birdsong, has emphasized the importance for Cal Poly to have a substantial
platform to perform further research and development in the autonomous driving realm. Our team’s
project is to autonomize an electric go-kart, specifically focusing on modifying the acceleration, braking,
and steering systems. Developing an autonomous vehicle platform will benefit Cal Poly’s College of
Engineering and provide an essential base for future faculty, graduate students, or senior project teams to
work with. For this platform to be effective, it must be sufficiently durable, extremely safe, relatively
inexpensive, and easy to maintain. Furthermore, it must not compromise the vehicle’s original systems
functions.
This document highlights our important project details, establishes our plan moving forward, and
describes the high-level management within our team. In the Background section, we cover the research
we performed which will serve as a foundation for our project. In the Project Scope, we dive into greater
depth on the specific goals and targets to be completed in our project. In Objectives we present our
problem statement and discuss specific design specifications. In Project Management section, we outline
the process guiding the completion of the project, enlightening our vision of the path to success. Finally in
the Conclusion, we encapsulate the breadth of this document and provide the reader with a summarization
of the scope of work.

2. Background
The world is shifting toward automating processes we experience in every-day life, especially when it
comes to the transportation industry. In order to participate in the future of vehicle automation, we are
developing a platform that can be used for Cal Poly student and faculty research for further autonomous
vehicle developments. We have been tasked with converting the mechanical steering and braking systems
of an electric go-kart to be able to be operated remotely.
To learn from others regarding the advancements in autonomous vehicles technology, we conducted
background research on existing products, patents, and senior projects. Additionally, we gathered
references in the form of textbooks and industry standards that we will use during our ideation and
detailed design phases. Since we have been tasked with designing mechanical systems to integrate into a
provided vehicle, our research covered potential pneumatic, hydraulic, and electro-mechanical systems.
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2.1. Baseline Go-Kart

Figure 1. Shows the current electric go-kart.
Our team received a GoBowen Kids [1] electric go-kart from Dr. Birdsong. This go-kart has a 1000W
electric motor, a single passenger seat, and four 12-volt batteries. We will primarily focus on the
mechanics of the steering and braking systems.
The steering system, shown in Figure 2, consists of a steering column with left and right-side tie rods. The
steering column is the rod in the middle of the go-kart; it connects to the steering wheel (not shown) on
one end and a plate with the tie rods on the other end. The tie rods, shown as the horizontal aluminum
pieces, connect from the steering wheel plate to the wheel spindles. As the steering wheel turns, the tie
rods push on the spindles which rotates the front tires.

Figure 2. Shows the Go-Kart steering system.
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The braking system, shown in Figure 3 and Figure 4, consists of a brake pedal, master cylinder, brake
lines to the rear right brake rotor, and a brake caliper. The brake pedal, shown as the bright red piece in
Figure 3, is mounted to the floor and pivots about that point. As the brake pedal is pushed, it pressurizes
the fluid in the lines which run from the front to the back of the car. This causes the caliper to push the
brake pads against the rotor, shown in Figure 4, slowing down the rotation of the rear driveshaft.

Figure 3. Shows the brake pedal with the master
cylinder and one end of the brake lines.

Figure 4. Shows the brake rotor and caliper on the
rear right tire.

2.2. Autonomous Vehicles
Autonomous transportation is a rapidly growing industry. Despite the overall market downturn during the
pandemic, autonomous vehicle sales rose. Illustrated in an article published by GlobeNewswire, “The
autonomous (driverless) car market was valued at USD 20.97 billion in 2020, and it is expected
to reach USD 61.93 billion projecting a CAGR of 22.75%, during the forecast period” [ 2].
Further, this article goes on to note how North America is dominating in the autonomous vehicle
market due to some of the largest tech companies in the world, like Google, Microsoft, and
Apple. Arguments can be made for and against autonomous driving; however, if implemented correctly
there are many potential benefits such as increased fuel efficiency, safety, and road efficiency.
The Autonomous Vehicle Operating Collaboratively to Avoid Debris and Obstructions (AVOCADO)
senior project discusses one of the major benefits of autonomous vehicles: platooning [3]. Vehicle
platooning involves closely following the lead vehicle which not only increases the capacity of the road,
but it also significantly improves the fuel efficiency of the platoon. This practice is usually hazardous;
however, with vehicle automation, all vehicles in a platoon can communicate with each other and plan a
new path to avoid collision with each other.
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Figure 5. Shows the products developed by the AVOCADO senior project and how they are able to
operate in close formations to analyze benefits of vehicle platooning.
One company leading autonomous vehicle development is AutonomouStuff, a subdivision of parent
company Hexagon. Not only do they produce stand-alone products, like their Lexus RX450H or Ford
Transit platform, AutonomouStuff works with many universities to pioneer research. At the university of
Cincinnati’s Next Mobility Lab AutonomouStuff employed a small fleet of their Lexus Platform to
collect data on predicting driver behavior [4]. In addition to their large-scale implementation.
AutonomouStuff offers a large range of ‘Starter Kits’ to offer end user conversion capabilities.
AutonomouStuff’s focus is on vehicle control, sensor data, and algorithm development, which falls
outside of our scope of work for this project. However, the companies research, products, and projects
serve as an example justifying the research and development of our autonomous kart: As our kart is
optimized for autonomous control, we will have the capability to integrate very intelligent industryleading systems like those produced by AutonomouStuff.
In a 2019 senior project titled “Daimtronics” sponsored by Daimler and Dr. Birdsong, students
implemented mechatronics systems to a scaled-down 1:14 semi-truck model, shown in Figure 6, using
background knowledge from three similar past autonomous vehicle senior projects [5]. The students used
ROS to program the systems as well as Simulink. Pictured below is the full sensor assembly used for the
project. The scaled chassis is also capable of remote control as well as pre-programmed control
algorithms. While sensor implementation and vehicle control are not under the direct scope for our project
this layout will be helpful in the chassis design for our kart. That is, we can take this layout, scale it to our
vehicle’s size and make design decisions (i.e. actuator/motor placement) that allow for similar
implementation in future work on the kart.
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Figure 6. Diamatronics vehicle
The small-scale intelligent vehicle (ProgreSSIV) was another Cal Poly senior design project that
developed a “small-scale, semi-autonomous vehicle platform for use in an intelligent vehicles course that
is to be taught at Cal Poly” [6]. This project, shown in Figure 7, was based on work by a previous senior
project, μLaren, that added components to an RC car to make it a usable platform for autonomous vehicle
research. The primary target user of this project are university students without mechatronics backgrounds
to learn controls concepts with, without the time and financial resources typical of autonomous vehicle
research. As shown in the picture below, the SSIV RC car is able to perform basic lane keeping with a
lane keeping controller. The goals of the SSIV project our very similar to ours: Create a platform for
future research. While we are focused on the mechanical systems, the specific design decisions made to
create a easily-modifiable in the SSIV will be very useful in the design process for out kart.

Figure 7. Small Scale Intelligent Vehicle Project
The autonomous vehicle industry is rapidly growing. From passenger cars to taxis and industrial
transportation, there are potential industry-wide benefits to autonomy. In order to contribute to this
growing industry, Cal Poly needs a larger-scale platform. We are extremely motivated to build off
previous Cal Poly projects such as AVACADO and the Daimatronics Vehicle and integrate their findings
into our go kart. Further, with the possibility of integrating smart systems from companies like
5

AutonomouStuff in the future we see great value in developing this platform for future research at Cal
Poly.

2.3. Braking System
The current braking system used on the cart provided to us by our sponsor is a two-part system connected
to a pedal. The first part is wired to cut the power from the battery to the motor so that the motor does not
continue movement. The second part is a traditional hydraulic system used to actuate a caliper on a disk
on the back right corner of the vehicle. Possible solutions for a modified braking system to enable
autonomous control include tapping into the current hydraulic system, adding an additional brake system
with an alternative method of actuation, using a motor/actuator to compress the original brake pedal, or a
new hydraulic or pneumatic system.
In the Clippard Instrument Laboratory Safe Braking System [7], a current product and case study for safe
braking systems in vehicles being towed, an external source of air is used to pneumatically control the
existing brake system in the car. This proves that pneumatic systems are a viable method of control of our
cart’s braking system that is significantly less powerful. However, due to the low load capacity of the cart
we must also consider the great additional weight from pneumatic system including an air compressor and
piston.
In an article titled “Power-Assisted Braking Control Based on a Novel Mechatronic Booster,” [8] we
discover advanced methods of brake actuation. We learn about factors that we will need to consider when
modifying/adding new braking systems including “basic power assist, velocity compensation and friction
compensation” which could affect our choice of whether to add an additional braking system or to just
modify the current one. We also learn about a mechatronic booster system which could potentially be
implemented in some way on our cart in the future.
In a patent titled “Steering Wheel Squeeze-Activated Vehicle Braking System” [9] the system described
is not directly related to our system in that it uses a more efficient brake by wire system that the user
engages through the steering wheel of a car. However, the information in this patent is relevant to our cart
through the use of a brake by wire system which we are considering through either adding another brake
system or using brake by wire to actuate an additional caliper on our current disk.
In an article titled “Design of Braking System for Go-kart” [10], we learned that hydraulic disk brakes are
most often used in carts instead of drum brakes or others that “dissipate heat better and are more reliable
and stable for drivers to use.” Additionally, specifications of a similar go-kart are provided including
friction values, fluids, and important weight information which will be helpful in developing a foundation
for our design analysis. Many relevant sample calculations for acceleration, friction, and braking torques
and forces are provided as well, which we will likely use once we have chosen a design direction.
Similarly, in a segment of the textbook “Advances in Engineering Design” [11], we discovered that
brake-by-wire systems are prohibited in some go-kart competitions and events which is why hydraulically
actuated brakes are common in carts. The exact specifications and parts used are listed which could be
helpful for our future design in giving us a benchmark for our sizing of certain components in a hydraulic
cart braking system. A more comprehensive list of calculations is also provided which will help with our
analysis by giving us an understanding of how various factors such as stopping distance, deceleration, and
braking forces are affected by brake friction, brake line pressure, tire radius, etc. Specific fluid types
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(DOT3,4) and part numbers (TVS Apache 200 caliper) are also included if we decided to create a similar
system for our cart.

2.4. Steering System
Many steering systems today use a steer-by-wire system [12]. In other words, the steering wheel is not
directly linked to the steering rack. Instead, the steering wheel outputs torque and positional data, which is
then used to drive a motor actuating the steering rack. Steer-by-wire systems typically have a clutch
between the steering column and the steering rack which engages and creates a mechanical connection in
the case of an electrical fault or a loss of power [13][14]. Because the steering rack is actuated through a
motor, it is rather simple to implement controls for autonomous steering.
In a video by speedkar99, steering racks from a Chevrolet Cruze and a Toyota Camry are taken apart to
observe the internal mechanisms [15]. The steering rack from a Chevrolet Cruze has a DC motor attached
which running parallel to the tie rod. A section of the tie rod is threaded to be a ball screw which allows
the rotational motion from the DC motor to be converted into linear motion in the tie rod. The video also
points out that the gear is significantly larger on the side connecting to the tie rod which helps to generate
more torque. The gear ratio also allows for more precise control of the steering system [15]. The steering
rack from the Toyota Camry is manually actuated through the steering column without the assistance of a
motor. Taking apart the Camry’s steering rack we see that it uses a rack and pinion gear system to convert
rotational motion from the steering column into translational motion used to turn the wheels.
Our cart uses a mechanical steering system rather than a hydraulic system or an electrical steer-by-wire
system. The cart’s steering column connects to a swiveling bracket which then pushes/pulls the tie rods
attached to the steering knuckles. Even though our cart has a completely different steering system, we can
utilize many of the mechanisms that go into a steer-by-wire system to electronically steer our cart. From
[15], we observe that existing steering systems utilize some form of gear or screw to actuate the steering:
rack and pinion, helical gears, ball screws, and even timing belts. Gear reduction will also be something
we have to consider as it directly affects steering precision and transmitted torque. Too large of a gear
reduction will affect how fast the cart can change directions which may be important in the future when
implementing obstacle avoidance.

2.5. Emergency Stop System
While the development of a larger-scale vehicle provides many research benefits such as more realistic
scaling and forces on our project, there are significant safety concerns that follow as well. While a small
RC car is limited in its safety concerns a 200+ pound cart driving at 15+ MPH can cause serious damage
to people or property. An emergency braking system is vital to our project and must take precedence in
our design process.
Fortunately, the design behind our emergency braking system can build off our braking design; we can
take our autonomous braking system and change the protocol for its operation to integrate an emergency
braking system rather than building an entirely independent setup. The following research focuses on the
implementation of an emergency braking system into our kart by observing what safety protocol similar
platforms have implemented.
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Safety is always the highest priority. In the case of a malfunction or emergency, it is important to
implement a system that can quickly and reliably disable the vehicle One method of doing so is to
implement a pyro-fuse which can disconnect all power to and from the battery. Pyro-fuses, shown in
Figure 8, are currently used in the automotive industry to prevent battery fires due to circuit malfunctions,
car accidents, and overcharging [16]. This may be valuable to implement to our cart because our cart is
electric and a fuse between the battery and the motor would be a great way to cut all power to the wheels.
In our project the Pyro-fuses’ one time use may be to cost prohibitive; however, the practice of sending
one emergency signal which can assuredly stop the vehicle will be very useful. With our sponsor-supplied
remote-control power cut hardware we can implement this same theory into our final system.

Figure 8. A 200 Amp Pyro-Fuse
An alternative to having a destructible fuse would be using redundancy for ensuring safety. The System
and Method for Remote Control of Unmanned Vehicles patent describes a process for implementing
safety protocol in unmanned vehicles [17]. The system includes the use of two independent emergency
stop switches, each with their own radios; this method provides a redundancy in case of a communication
or radio failure. Additionally, the hardware is programmed to stop all systems in the case of a wireless
connection failure in either radio. Their approach to redundancy in safety systems removes some danger
associated with unmanned vehicles that lose communication with the controller or emergency stop switch.
The key theme between all our research into emergency stop systems has been consistent performance
under unexpected circumstances. In other words, no matter what situation arises (hardware or software
oriented) our emergency braking system can operate effectively. In the case of the Pyro-Fuse and
Pneumatic system mentioned above, both will operate in the event of emergency and above specific
design decision we’ll aim to create this same focus in our final design.
In one of our research interviews, we spoke with David Smith who has spent significant time at Daimler
and Waymo in autonomous vehicle development. We discussed mechanical systems which have a ‘stablestate’ in the activated position. That is, under the event of power cut, the mechanical systems have a
predictable state. By carefully choosing our mechanical system to operate the braking system we can
implement that so our braking system will have a predictable (‘brakes-on’) status under any power cut.

2.6. Industry Standards
The Society of Automotive Engineering has launched and periodically updated this standard which details
the levels of autonomous driving [18]. The scope of this extensive document is described as:
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"This document describes [motor] vehicle driving automation systems that perform part or all of the
dynamic driving task (DDT) on a sustained basis. It provides a taxonomy with detailed definitions for six
levels of driving automation, ranging from no driving automation (Level 0) to full driving automation
(Level 5), in the context of [motor] vehicles (hereafter also referred to as “vehicle” or “vehicles”) and
their operation on roadways"
SAE describes the levels of autonomous driving as:
Level 0: No Driving Automation
Level 1: Driver Assistance
Level 2: Partial Driving Automation
Level 3: Conditional Driving Automation
Level 4: High Driving Automation
Level 5: Full Driving Automation
Since our project will not be for public use or full-scale this document is not necessarily relevant, but it
includes very helpful information, and good targets to aim for. This document gives us necessary
background for creating a platform to support future autonomous vehicle projects using the listed
features.
Useful acronyms for the SAE Standards document:
• ACC Adaptive cruise control
• ADAS Advanced driver assistance system
• ADS Automated driving system
• ADS-DV Automated driving system-dedicated vehicle
• AEB Automatic emergency braking
• DDT Dynamic driving task
• DSRC Dedicated short range communications
• ESC Electronic stability control
• LKA Lane keeping assistance
• ODD Operational design domain
• OEDR Object and event detection and response

2.7. Textbook References
Shigley's Mechanical Engineering Design 11th Edition
We are all familiar with this textbook [19] from previous design courses. Our team has a hard copy of this
textbook which we will use for reference. For the steering system, we have considered designs with
pulleys or gears; Shigley’s provides us with the necessary equations to compute the gear ratios, compare
system efficiency, and design gear geometry.
Control Systems Engineering 7th Edition
While this textbook [20] is relatively new to our engineering coursework, as a team we recognize its
benefits. Specifically, we will use it to implement a low-level control system in concert with our
mechanical systems.
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3. Project Scope
Our problem statement is used to summarize our customer, purpose, and primary objective:
Cal Poly Faculty and students need a physical platform to perform autonomous vehicle research on
because the automotive and transportation industry is shifting toward automation and existing platforms
are small scale or expensive.
As described above, our project will focus on designing a platform for autonomous vehicle research that
is safe, affordable, and large enough to hold a passenger. This platform will give students the opportunity
to participate in the automation industry and prepare for careers in these fields. Our motivation for
creating a scaled-up platform is to enable vehicle research with technologies that are not feasible on small
scale projects; we will be able to carry more payload in the form of sensors and equipment to further
advance research.
To further narrow the scope of our project, we used several tools to define our team’s responsibility and
our project specifications. The project boundary sketch, shown in Figure 9, is a visual tool that outlines
the scope of this project to define how a user interacts with our project and what areas we are directly
responsible for. The left diagram shows that we will be implementing ways to actuate the steering
column, braking system, throttle, and potentially implementing additional batteries if needed to power our
added systems. The right diagram shows how the user interacts with the vehicle through the control
console. In this diagram, the user can activate the emergency kill switch and output various signals to
communicate with the vehicle.

Figure 9. Boundary sketch showing which parts of the vehicle are within the scope of our project. The
area outlined in red and the components in green/blue are all the things we will focus on for this project.
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After defining the reach of our project through the boundary sketch, we set out to clearly define the
details of our project through a “Needs and Wants” list. This list, shown in Table 1, is a comprehensive
table that differentiates what is required of our team (labeled as the “Needs”) versus what we would like
to achieve but should not prioritize over the requirements (labeled as the “Wants”).

Category
Geometry

•
•

Motion /
Kinematics

•
•

Forces /
Torques

•

•

Material

•

Signals

•

Safety

•

Human
Factors /
Ergonomics

•

Table 1. Stakeholder Wants and Needs List
Need
Want
Small enough to not interfere with
• Light weight for minimal impact on
driver in the car
vehicle performance
Components, other than the control
console, must be contained within
vehicle chassis
Steering wheel should be able to
rotate throughout the full motion of
the existing steering system
Brake pedal should maintain original
level of travel to ensure adequate
braking ability
Steering column and components
must be able to withstand radial,
axial, and bending forces that a
standard user would impose on the
system (to be tested to better
understand magnitude) with no
component failures.
Braking system must withstand the
force of a user pushing on full
strength on the brake pedal with no
system failures.
The vehicle, servo motors, and
components have been purchased
and must be used in the design.
Exact part numbers TBD
Communicate with and receive
• Send and receive steering, braking,
and acceleration signals from an
information from a wireless
outside wireless source
emergency stop button
• Receive information through sensors
and use that information to make
decisions
Wireless emergency stop to cut
• The vehicle will sense and stop in the
presence of an obstacle
power to motor and safely apply
brakes to quickly bring vehicle to a
• The vehicle will steer around
obstacles
stop
• Anti-lock braking system
Added systems must not
• Comfortable braking deceleration possibly variable braking
compromise a person’s ability to sit
in the vehicle and access the brake
• Vehicle is wirelessly controllable
pedal, gas pedal, and steering wheel
• Fully autonomous driving
11

Production

•

Utilize already purchased parts and
motors

Quality
Control

•

Components can be assembled as
intended

Assembly

•

Added system must not modify with
drivetrain

•

Parts only require processes that the
mechanical engineering machine
shops have tools and equipment for

•

Does not require the use of specialty
tools or jigs for assembly
Braking should not be locked while
systems are off to allow car to be
moved around
Cart should be able to move and be
steered manually while systems are
turned off
Drivable with a remote controller
Micro-Controller on vehicle to drive
actuators and motors
Operated based off feedback from
sensors on the vehicle
System should be able to replicate the
steering speed (steering wheel
rotation rate) of an average driver.
Operate with minimal maintenance,
designed failures points will be
components that can be easily and
inexpensively replaced
designed failure points can be easily
accessed for component repairs
Limit spending to ~$500, as we have
no dedicated funds

•

Transport

•

Operation

•

Able to accelerate, brake, and turn

•
•
•
•
•

Maintenance

•
•

Cost
Schedule

•
•
•

Design completed by 2/8/21
Manufacturing completed by 4/26/21
Testing completed by 5/17/21

As described in the Needs and Wants table, we will create a design that is safe, reliable, and relatively
inexpensive. For the steering and braking systems, our product will maintain the current function of the
system while emphasizing safety at each step.
From our “Needs and Wants” list, we summarized our goals into five primary functions that our project
will perform: deceleration, steering, acceleration, emergency stop, and wireless communication. The
functional decomposition, shown in Figure 10, is a tiered model that breaks down each function of the
vehicle to smaller tasks. This method transforms a seemingly daunting task into subsets of smaller, easier
to understand, functions.
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Output Signal

Autonomously Operate Mechanical Systems of a Go-Kart

Decelerate
Vehicle

Steer Vehicle

Accelerate
Vehicle

Slow Wheel
Rotation

Turn Wheels

Rotate Wheels

Communicate
Wirelessly

Pinch Brake
Disk

Rotate Steering
Column

Rotate Motor

Process
Wireless Signal

Pressurize
Hydraulic Line

Input Electric
Voltage to ECU

Actuate Brake
Pedal

Actuate
Throttle Pedal

Activate
Emergency Stop

Cut Power to
Motor

Wireless
Communication

Stop Wheels

Clamp Brake
Disk

Retrieve Signal

Send Signal
from Controller

Process Signal

Figure 10. Functional Decomposition Diagram
Our deliverables for the end of this project will be a working go-kart with servo steering and braking
systems and a remote emergency shutoff switch. With the servo steering, we will conduct testing and
analysis to ensure that the typical steering loads that a user will impose on the steering column do not
damage the servo system. Finally, we will deliver a comprehensive report with our design process, design
decisions, proposed next steps, and assembly information for system maintenance.

4. Objectives
The transportation industry is shifting toward automation and existing research platforms at Cal Poly are
either small scale or expensive. Dr. Birdsong needs a passenger vehicle that takes in different input
signals to perform various vehicular maneuvers including but not limited to acceleration, braking, and
turning. It is also important to maintain safety as the highest priority.
We utilized the quality function deployment (QFD) method, to better understand our user’s needs and
how to quantify and validate them. We started off by defining all potential users. After the different users
were defined, we ranked on a scale of 0-10 for how important each need/requirement was to the
respective user. Next, we compared our users’ needs with existing products on the market to see how they
compare. This not only gives us insight on how the existing products compare but also why some
products meet our users’ needs better than others. After analyzing our competition, we established a list of
tests we will perform to qualitatively determine how well our design meet’s our user’s needs. The
determined list of tests was put into a specification table, as shown below in Table 2. In our specification
table, we established quantifiable requirements for each test and assessed their respective tolerance, risk,
and compliance methods. For reference, check Appendix A for our House of Quality diagram.
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Spec #
1
2
3
4
5
6
7
8
9
10
11

Specification
Description
Max Additional Weight
Withstand Collision
Full Range Steering
Full Range Braking
Accelerate (0 - 10 mph)
Brake (10 – 0 mph)
Turn Radius
Remote Communication
Kill Switch Activates
Cost
Battery Life

Table 2: Specification table
Requirement or
Tolerance
Target (units)
75 lb.
Max
5 mph
Min
30 deg
Min
0.3 in.
Min
10 sec
Max
15 ft.
Max
15 ft.
Max
3 Signals
Min
2 sec
Max
$500
Max
60 min
Min

Risk*

Compliance**

L
L
M
M
L
M
L
M
L
H
M

A, I
T
A, I
A, I
A, T
A, T
A, T
I, T
T
A
A,T

* Risk of meeting specification: (H) High, (M) Medium, (L) Low
** Compliance Methods: (A) Analysis, (I) Inspection, (S) Similar to Existing, (T) Test
1. Additional Weight – Additional weight is important to us due to the physical limitations of our
initial platform. The go-kart provided has a maximum load of 165 pounds and therefore we are
attempting to limit the additional weight of all added components to under 75 pounds. We will
test this specification by weighing the cart with no added components and then weighing the final
product to ensure that the maximum load is not exceeded.
2. Withstand collision – Withstanding collision is significant because of safety for any vehicle
operators and for preventing lasting damage to the main frame of the kart and to any of our added
equipment. We have not determined yet how we will test this specification safely and effectively.
3. Full range steering – Maintaining a relatively full range of steering, or full movement of tires to
approximately 45 degrees in both directions, is important because we want our vehicle to
maintain its original capabilities even when controlled remotely or operating autonomously.
Having slightly less range than original is okay if similar functions can be performed. We plan on
testing this through analysis of our designed mechanism and inspection of the completed product
to ensure full range of steering is possible.
4. Full range braking - Maintaining a relatively full range of braking is important because we want
our vehicle to maintain its original capabilities even when controlled remotely or operating
autonomously. Full range of braking is approximately 0.5 in of pedal movement which is
sufficient to disconnect the motor from power and engage the brake caliper. In the future we
would consider measuring the full range of braking as a percentage of the maximum hydraulic
pressure in the system which would be a more accurate measurement of the maximum capability
if we modify the current system to not utilize the pedal. More importantly, without full range of
braking, safe operation would not be possible. We plan on testing this through analysis of our
designed mechanism and inspection of the completed product to ensure full range of braking is
possible.
5. Acceleration from 0 to 10 mph – Acceleration is important for our project because we want to
ensure that our vehicle can reach a desired testing speed in a reasonable amount of time. This is
also because acceleration to a top speed specified by the manufacturer might not be possible with
the weight of our added systems. In future plans, we might modify the value of 10 mph as we see
fit for the implementation of an autonomous system. We plan on testing this specification through
analysis of what we believe is possible for acceleration but also with physical testing.
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6. Braking from 10 to 0 mph – Braking distance is important for our project because we want to
ensure that our vehicle can stop from a maximum operating speed to rest in a reasonable distance
(and time) for safety and for our vehicle to operate as desired. Braking is also important because
the braking system currently on the vehicle is not fully functional (difficult to use) and we will
likely have to redesign the usability of this part. This is important because it will help determine
whether we must add systems to disable the motor while braking to achieve our goals rather than
just modifying the current system (brakes only system). We plan on assuring our proposed
braking distance directly through testing and with analysis to determine what to expect during
testing.
7. Turn radius – Keeping a reasonable turn radius is important to us for not only our final testing but
also to maintain performance that is like before our modifications. We believe that our desired
target for this specification is reasonable but could be changed with our initial testing. We plan on
testing the turning radius through analysis of our steering system and with physical testing of our
final product.
8. Remote communication – Remote communication is important for us to control our vehicle and
ensuring that it works when testing prior to implementing any autonomous controls. For us to
remotely control our vehicle, our cart needs to be able to receive and process at least different
signals which tell the cart to accelerate, brake, and turn.
9. Kill switch activation – The kill switch is key to operating our vehicle safely during testing in
case any systems do not behave as expected. The kill switch can be tested by operating the kill
switch system which should break the circuit when pressed and immediately stopping the motor
and deploying the brakes at a certain rate to come to a complete stop rapidly and safely.
10. Cost – We were not allotted a budget for this project because many of the parts are provided by
the sponsor. We will keep records of all purchases and look towards external sources if additional
funding is needed.
11. Battery life – Battery life is key to our vehicle being able to be tested as well as operational use
for demonstrations and development. Regardless of the level of automation our cart achieves in
the future, we will still need reasonable operation time to perform driving tests and to evaluate
how our added equipment will function on the original platform. We plan on determining initial
battery life through initial testing on the unmodified kart and should be able to predict the final
operational battery life through analysis of added weight and battery drain from added
components.
Cost analysis is our only high-risk specification. It is unlikely that we will stay within our proposed $500
spending limit due to the lack of necessary materials provided to us. We will require at least one
additional motor, batteries/power sources, and probably other electrical components. Our set goal of $500
is what can be provided to us, but any further spending would have to be with funds that have yet to be
raised.

5. Project Management
Our design process involves four primary phases:
1.
2.
3.
4.

Preliminary Design Review (PDR) Preparation | concept generation
Interim Design Review (IDR) Preparation | detailed design
Critical Design Review (CDR) Preparation | build
Final Design Review (FDR) Preparation | testing
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Each of these phases have specific deliverables and action items associated with them. These major key
milestones and deliverables are listed in Table 3 below.
Table 3. Table of the key deliverables throughout the project.
Task
Due Date
Concept Generation
10/21/2021
Build Ideation Models
10/26/2021
Preliminary Design
Review Preparation
Build Concept Prototype
11/10/2021
Preliminary Design Review
11/18/2021
Perform Design Analysis
1/11/2021
Interim Design Review
Preparation
Interim Design Review
1/13/2022
CAD and Part Selection
1/20/2022
Critical Design Review
Manufacturing Plan
2/3/2022
Preparation
Critical Design Review
2/9/2022
Prototype Build
4/25/2021
Final Design Review
Prototype Testing
5/17/2021
Preparation
Final Design Review
6/3/2022
Phase

Although these milestones summarize the key reports and design reviews throughout the project, there are
many more tasks to be completed. A detailed layout of the design process is shown in the Gantt chart in
Appendix B.
Coming up, our next major milestones are in preparation for our Preliminary Design Review (PDR). We
will begin brainstorming designs based off the research presented in the background section then building
ideation models and concept prototypes from those brainstormed designs. Our initial brainstorming will
focus on the mechanical design of the steering and braking system modifications. From this ideation, we
will down-select to high-level concepts for each system to narrow our design focus.
To better understand our vehicle’s performance capabilities, which will play into our designs and safety
measures, we will be conducting driving tests that will give us acceleration and deceleration metrics. The
next steps for getting the testing approved are to create a testing plan which outlines detailed safety
protocol, required testing space, desired testing data, and a procedure for collecting the data. After
compiling the report, we will move forward to gain approval from the college of engineering and any
necessary channels within Cal Poly.
Following the preliminary design review and initial vehicle testing, we will move into the detailed design
phase of our project. During this phase, we will perform analysis on the steering and braking systems,
develop our project CAD model, and create a manufacturing plan. This phase is concluded with the
critical design review (CDR) where we will be seeking approval from our sponsor on our designs so we
can move into building our project. Following approval on our designs, we will begin building and testing
our project. This phase will be concluded with the senior project expo and our final design review (FDR)
report.
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6. Conclusion
Our team’s design challenge is to implement a series of mechanical systems which can receive a signal
input and autonomously operate the original vehicle’s steering, braking, and motor. The purpose of this
project is to provide a fully functional platform for Cal Poly faculty and students to perform autonomous
vehicle research on. This document encapsulates the project’s purpose, objectives, specifications, path to
success, management system, and deliverables at a high-level. Through this document we summarized
industry research about existing current products, patents, and past senior projects. Moving forward, we
will use that information to help us build off those ideas to generate our own designs for the steering,
braking, and emergency stop systems. Next, we used a series of tools to define our problem, narrow our
scope, determine our project deliverables, and define quantifiable specifications. Finally, we summarized
the necessary steps we will take as we look forward to what is required until the completion of the project.
The next major deliverables are our prototypes from the design brainstorm. Additionally, we are looking
for agreement from our team sponsor, Dr. Charlene Birdsong, to confirm the scope of work accurately
represents the project and points our team in the correct direction.
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A. QFD House of Quality
We used the QFD house of quality to describe our customer, their requirements, and competing products to systematically
develop a detailed and specific list of specifications that our product must fulfill.
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B. Gantt Chart
The Gantt chart lists all our tasks leading up to the preliminary design review (PDR) presentation. The
tasks listed following PDR are larger milestones that will be broken down into smaller tasks as they get
closer. Each task has a specified due date, responsible team member, and sub-tasks (if applicable). This
tool allows us to visually organize our tasks as we look to our year ahead.
Problem Definition

B-1

Concept Generalization and Selection

B-2

Detailed Design and Analysis

B-3

Manufacturing, Assembly, and System-Level Testing

Product Testing
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Project Wrap-up
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Abstract
The goal of our project is to convert an electric go cart into an autonomous testing platform. We must
enable autonomous braking, steering, and acceleration with electro-mechanical systems. To create these
systems, our team has implemented ideation strategies, decision tools, engineering analysis and
supplemental research to develop a preliminary design. In our concept design, the steering system will
have a parallel-mounted DC motor driving the steering column with spur gears. For the braking system,
we will use an electric linear actuator to push against the existing brake pedal to operate the original
braking system. In the case of an emergency, a radio-controlled power-cut system will cut all power to the
motor and activate the automated braking system. For motor control, a microcontroller will be used to
output voltages between 0V and 5V directly to the throttle ECU signal pin. The preliminary design
decisions are not final until we get approval to proceed into our detailed design phase.
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1. Introduction
B.A.C.O.N.’s team members are Damond Li, Chris Or, Robyn Ribet, and Tanner Hillman. Our team
sponsor, Dr. Charlene Birdsong, has emphasized the importance for Cal Poly to have a substantial
platform to perform further research and development in the autonomous driving realm. Our team’s
project is to autonomize an electric go-kart, specifically focusing on modifying the acceleration, braking,
and steering systems. Developing an autonomous vehicle platform will benefit Cal Poly’s College of
Engineering and provide an essential base for future faculty, graduate students, or senior project teams to
work with. For this platform to be effective, it must be sufficiently durable, extremely safe, relatively
inexpensive, and easy to maintain. This document will contain a thorough explanation of our preliminary
design decisions. We will effectively communicate this through detailed commentary on our concept
development, concept design, concept justification, and project management.
Since our Scope of Work, we have made a few changes to our scope such as redefining specifications that
our final product needs to meet. After some preliminary testing with the cart, we measured the full
steering range requirement to be 90° (±45° relative to vertical). We also included a new specification
requirement which accesses the “bump-to-bump” steer rate, the time it takes to rotate the steering column
by its full range of motion (90°). Specifying the bump-to-bump steer rate is important because it affects
how responsive the cart can be. Additional changes include removing the specification for withstanding
collision and reducing the Kill Switch Activation time requirement down to 1 second. We will not be
testing our cart’s ability to withstand collision because it is extremely difficult to quantify the damage
done to the cart, and the test itself could be dangerous. In addition to that, knowing how much damage our
cart can withstand does not provide any useful information for the scope of our project. We decreased the
time requirement for our kill switch to activate because we felt that 2 seconds is too long from a safety
perspective. In conjunction with the kill switch activation requirement, we added a full braking
application requirement of 1 second. The updated specifications, shown in Table 1, are identified by the
bolded text as well as the strikethrough through the previous specification target.
Table 1. Updated Specification Table for the Project.
Requirement or
Tolerance Risk*
Target (units)
1
Max Additional Weight
75 lb.
Max
L
2
Withstand Collision
5 mph
Min
L
3
Full Range Steering
±30° ±45°
Min
M
4
Full Range Braking
0.3 in. 0.5 in.
Min
M
5
Accelerate (0 - 10 mph)
10 sec
Max
L
6
Brake (10 – 0 mph)
15 ft.
Max
M
7
Turn Radius
15 ft.
Max
L
8
Remote Communication
3 Signals
Min
M
9
Kill Switch Activates
2 sec 1 sec
Max
L
10
Cost
$500
Max
H
11
Battery Life
60 min
Min
M
12 (New)
Bump-to-bump Steering
2 sec
Max
M
13 (New)
Full Braking Application
1 sec
Max
H
* Risk of meeting specification: (H) High, (M) Medium, (L) Low
** Compliance Methods: (A) Analysis, (I) Inspection, (S) Similar to Existing, (T) Test
Spec #

Specification Description

1

Compliance**
A, I
T
A, I
A, I
A, T
A, T
A, T
I, T
T
A
A, T
A, I
A, I

2. Concept Development
The purpose of our concept development process was to generate ideas for the different functions of our
project, test those ideas through small-scale models, and finally narrow them down through a system of
decision matrices.
Our concept development process began with brainstorming. In the brainstorming process we worked
individually and as a group to cultivate as many ideas as possible before we narrowed anything down.
Through activities like brainstorming, brainwriting, braindumping, and brainwalking we developed a
large set of concepts to move forward with, which are shown in Appendix A.
Following the ideation phase, we built off our brainstorming with ideation models. The models helped our
group further visualize and evaluate the feasibility of our ideas. We each worked on models for all
functions (motor control, braking, steering, and emergency braking) of our design in the ideation model
process. In combination with the ideation models, we used Pugh matrices to evaluate the set of ideas
based on the set of specifications developed in our Quality Function Development (QFD). Before making
any design decisions, we analyzed our most promising steering design options and performed a set of
preliminary calculations to further evaluate their effectiveness. Finally, as a group we compared different
sets of ideas for each major function in a weighted decision matrix to narrow down our preliminary
concept design.
Our ideation models, detailed in Appendix B, are very simple non-functional 3D models of potential
designs. The intention of ideation models is to assist in visualization and to highlight high-level findings
accompanying each concept. Our team completed ideation models for the steering, braking, motor
control, and emergency braking systems.
We had several key takeaways from each set of ideation models:
Motor Control: We learned that having an electronic control system actuate a physical system to
operate the current electronic pedal would be unnecessarily redundant. Furthermore, directly
operating the motor with our eventual control system became a clear choice for our design.
Emergency Stopping: The ideation models that we came up with involved netting the wheels,
jamming a rod in the spoke of the wheel, and deploying a mechanism that props the wheels up.
Many of these methods we found to be potentially damaging to the vehicle which is not ideal.
From our ideation models, we concluded that it may be more appropriate to simply cut power
from the motor and apply the brakes.
Steering: Through the ideation models, it was apparent that the steering control was going to
need some form of gearing. We explored spur gears, worm gears, bevel gears, friction belts, and
timing belts. A large gear reduction would provide more steering precision at the expense of
turning speed. Our choice of gearing system will depend on the required turning torque and
desired turn rate.
Braking: From our ideation models, we learned that our physical braking systems could be
broken down into two major categories: using linear actuators or rotary motor actuation. From
these models, we concluded that a linear actuator was the preferable solution due to the linear
nature of the pedal movement in the short-range movement needed.
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Pugh Matrices assist in narrowing a wide set of ideas down by referencing all concepts to a single datum.
The comparisons are relatively qualitative, but they provide enough detail for clear conclusions to be
drawn. In the Pugh matrix, every idea is given a ‘+’, ‘-’, or ‘=’ for each specification to indicate if the
design performs better, worse, or equal to the datum, respectively. The ratings are then summed to give
each idea a score relative to the datum. From here our group was able to qualitatively compare a few of
the best designs that satisfied our specifications for each function. The Pugh Matrices for the systems we
analyzed are shown in Appendices C, D, E, and F for the emergency stop, braking, steering, and motor
control systems, respectively.
For the steering system, we analyzed each of the designs quantitatively to narrow down the possibilities
through testing and calculations. We used the motor specifications, shown in Appendix G, to determine
our steering system input of 14 N-m at 14 RPM. We conducted preliminary testing, shown in Appendix H
to quantify the required output of the system onto the steering column. With a safety factor of 4 (to
account for changes in weight or driving surface), we identified a required torque of 28 N-m on the
steering column. The required steering speed of 7.5 RPM was determined from our specification of 2
seconds throughout our entire steering range with 90 degrees of rotation.
To compare each of the steering designs, we developed a simple excel calculator, shown in Appendix I,
that compares each of the geared and pulley designs [1]. Through this, we determined that each design
could achieve our desired 2:1 gear reduction, except for the worm gear. It is not reasonably feasible to
design the geometry of the worm gear so that our required steering rate can be achieved.
Finally, we created a morphological matrix, shown in Appendix J, using the top results from our Pugh
Matrices for each function. Using that matrix, we generated the following top six design combinations:
Combination 1:
a. For emergency stop: break motor electrical circuit and apply system brakes
b. For the brakes: hydraulically pressurize main line with separate master cylinder
c. For the steering: spur gears
d. For the acceleration: micro-controller

Figure 1. Diagram for Combination 1.
Combination 2:
a. For emergency stop: break motor electric circuit and apply system brakes
b. For the brakes: incorporate separate hydraulic brake with unique caliper
c. For the steering: Belt/Pulley
d. For the acceleration: micro-controller
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Figure 2. Diagram for Combination 2
Combination 3:
a. For emergency stop: break motor electric circuit and use separate cable brake system with a
unique caliper on the existing brake disk
b. For the brakes: incorporate separate cable brake with unique caliper
c. For the steering: spur gears
d. For the acceleration: micro-controller

Figure 3. Shows the Diagram for Combination 3
Combination 4:
a. For emergency stop: break motor electrical circuit and apply system brakes
b. For the brakes: hydraulically pressurize main line with separate master cylinder
c. For the steering: Helical Gears
d. For the acceleration: micro-controller

Figure 4. Diagram for Combination 4
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Combination 5:
a. For emergency stop: break motor electric circuit and apply system brakes
b. For the brakes: hydraulically pressurize main line with existing master cylinder on brake pedal
c. For the steering: spur gears
d. For the acceleration: micro-controller

Figure 5. Diagram for Combination 5
Combination 6:
a. For emergency stop: break motor electric circuit and use separate hydraulic brake system with
a unique caliper on the existing brake disk
b. For the brakes: hydraulically pressurize main line with separate master cylinder
c. For the steering: spur gears
d. For the acceleration: micro-controller

Figure 6. Diagram for Combination 6

We then used a comprehensive weighted decision matrix, shown in Appendix K, to evaluate our six
system-level designs. Our weighted decision matrix first divided a total score of 100 percent among each
of our specifications based on their individual importance. Each combination of ideas was then given a
score of 1-5 for each specification and an overall weighted score for each combination was calculated.
From our weighted decision matrix, we chose our preliminary design to be combination 5.
Our selected concept utilizes a microcontroller for acceleration, a spur gear system for steering, the
original hydraulic line and master cylinder for braking, and cutting power to the motor for emergency
stopping. The microcontroller method for acceleration was chosen because we can replicate the output of
the electronic throttle that goes into the cart’s electronic control unit (ECU). Therefore, a microcontroller
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could easily be integrated with our current system to maintain original function while adding autonomous
capabilities. A spur gear system was chosen instead of the belt/pulley system for steering because of its
durability and ease of implementation. For braking, we chose to continue using the original master
cylinder as well as the original hydraulic line for ease of implementation. We will likely use a linear
motor or actuator for the operation of the original brake system. Finally, for the emergency stop system,
all power will be cut to the motor and the brakes will be applied using the existing braking system.

3. Concept Design
Our concept design breaks down into systems for the steering, braking, emergency stop, and motor
control. Each system has a design direction that was selected through the detailed concept selection
process, described above. Figure 7, shown below, is a labeled isometric render of our concept design
CAD model with the braking system colored blue and the steering system colored green. A detailed
render of each subsystem will be shown in their respective sections.

Figure 7. A Labeled Isometric View of the Concept Design Showing the Braking System in Blue and
the Steering System in Green.

3.1. Steering Design
Our sponsor has narrowed down the possibilities of our steering design by providing us with a 12V DC
motor [2]. Our preliminary steering design involves mounting a DC motor parallel to the steering column
and connecting the two with a set of by two spur gears, shown below in Figure 8.
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Figure 8. A Detailed Render Showing the Steering System Concept
The input to this system is the DC motor, which applies torque through the motor spur gear. The system
output is the rotation of the steering column which ultimately turns the wheels. Our CAD model depicts
the two spur gears as the same size, but in our final design we intend on using a 2:1 gear ratio to meet our
torque requirements of 28 N-m. Using our concept CAD model, we manufactured a prototype, shown
below in Figure 9, for the steering mechanism. This prototype consists of four components other than the
cart: the steering spur gear, motor spur gear, DC brushed servo motor, and the motor mount.

Figure 9. Concept Prototype for the Steering System
Using our prototype, we were able to examine the gear interactions and visualize the components in the
physical space of the vehicle. One thing that we noticed is that aligning the gears and keeping them
meshed proved difficult. A closed gearbox may be necessary to maintain gear alignment which would
also allow for some form of internal lubrication. In our concept prototype, we mounted the motor directly
underneath the steering column, but we have not finalized a mounting location for our motor. An
alternative mounting location we are considering involves mounting the motor outside of the cockpit to
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retain maximum leg room and drivability. Both methods have their advantages and disadvantages; we
require further prototyping before finalizing our decision.
Moving forward, we will start with the detailed design for the steering system. This involves finalizing
our motor mounting strategy, detailed gear design, and gearbox design. Ideally, we will locate the motor
using the four locating screw holes, shown in the motor detailed drawing in Appendix G. These will
secure the motor in a repeatable location and provide us with adequate accuracy for the center-to-center
distance between the motor and steering column. The gear detailed design will involve finalizing our gear
ratio, determining the gear diameters, and finalizing teeth geometry. We will conduct calculations and
stress analysis to ensure that the gears will not experience excessive wear over their lifetime. Finally, we
will design a gearbox that mounts the motor, retains the gears for safety and lubrication, and maintains the
gear center-to-center distances.

3.2. Braking Design
Our preliminary choice for our braking system consists of an electric linear actuator pushing directly on
the existing brake pedal to operate the hydraulic braking system, as shown in Figure 10 below.

Figure 10. Cross Sectional View Showing the Braking System Concept
Ideally, the actuator will be oriented normal to the plane of the pedal to maximize the moment-arm
applied. This design’s disadvantage is that it removes the drivability of the vehicle, which is a feature that
our sponsor would prefer to retain, if possible. An alternate to this design that would maintain the vehicle
drivability would be to pressurize the existing hydraulic line using a separate master cylinder and linear
actuator, without modifying the existing brake pedal assembly. We would then pressurize the brake line
in a different location on the cart, one that does not hinder the drivability of our cart.
Electric linear actuators extend and retract relatively slowly compared to pneumatic or hydraulic
actuators, but this is not a problem due to the limited displacement of 0.5 inches needed to fully pressurize
the hydraulic lines. With the preliminary linear actuator we have chosen, we can get the full braking range
within one second [3]. Further testing will help us determine the force needed to fully pressurize the brake
line in 2 seconds, which is defined by our project specifications. For our initial linear actuator selection,
we assumed a braking force of 50 lbf and applied a safety factor of 3 to account for uncertainty in our
assumptions.
8

Moving forward, we will use a force sensor to determine the actual braking force required to slow the
vehicle. From that data, we can select a linear actuator that will fulfill our requirements. Additionally, we
will design the finalize the linear actuator mounting location and design the mount.

3.3. Emergency Stop Design
Safety is our first priority the design, so the emergency stop system is a critical aspect of our project.
There is not a pre-existing emergency stop design in the provided cart, so we must design our own
system.
We do not have a physical system in place for the emergency stop design because our preliminary design
choice heavily relies on our automated braking system. Currently, we have idealized a control protocol
for an emergency stop procedure. In the case of an emergency, a radio signal will be sent to the cart
telling it to cut all power to the motor and to actuate the braking system. The emergency kill switch we
will implement is already provided by our sponsor. We currently do not have a strong understanding of
how the emergency kill switch works due to the limited provided documentation, but we will be
conducting further research to understand its capabilities and limitations.
Moving forward, we will be conducting preliminary tests to understand how to implement the emergency
kill switch to our cart and understand its capabilities. After we obtain a better understanding of the
provided system, we will decide whether or not our cart will require additional emergency shutoff
equipment.

3.4. Motor Control
Similar to the emergency stop design, our motor control design is not a physical system but rather a
protocol. From disassembling the vehicle, we observed that there are three wires that go to the throttle
pedal: voltage source, ground, and signal. A constant 5V is supplied from the electronic control unit
(ECU) to the throttle pedal. We disconnected the throttle from the ECU and supplied the pedal with a
constant 5V source from an Arduino board to observe the signal output. We found that the throttle acts as
a potentiometer which varies from 0V (depressed) to 5V (fully pressed). With this in mind, we plan on
bypassing the throttle pedal and supplying voltage directly to the signal wire to control the speed of our
driving motor. We intend on using a microcontroller to supply the necessary output voltage and to
implement controls for our motor. Although we know that the signal voltage can vary from 0V to 5V, we
do not know whether the output voltage shares a linear relation to the pedal position.
Moving forward, we will run bench testing with the cart to understand the relationship between voltage
input to the motor and wheel speed.

4. Concept Justification
This section provides evidence of the methods used in our design process to meet target specifications we
set. This includes preliminary calculations, analysis, and concerns regarding our current and future
designs.
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4.1. Evidence of Decision-Making Process
Our ideation process began with brainstorming, shown in Appendix A. We then moved to ideation
models, shown in Appendix B, where we created small prototypes of the concepts we wanted to test.
Following the creation of those models, we created Pugh matrices, shown in Appendices C, D, E, and F.
In those matrices, we ranked the concepts for each of our functions to narrow our focus. Using the result
from the Pugh Matrices, we developed the morphological matrix. The morphological matrix helped us
combine our top ideas to create various combinations of the steering, braking, and emergency stop
systems. We analyzed those combinations in a weighted design matrix which considered our
specifications. From that matrix, we down-selected to our proposed design: spur gear steering system
with an emergency stop system that shuts off the motor and applies the brakes. The braking system will
use a linear actuator to pressurize the existing hydraulic lines. In this section, we will present how our
proposed design meets our specifications and how it falls short.

4.2. Steering System Justification
The design of the steering system was selected using qualitative and quantitative analysis, the relevant
specifications are shown in Table 2. We performed preliminary steering testing to determine the torque
required to turn the steering wheel. Please reference Appendix H for test setup and complete results. In
summary, it takes about 7 N-m of torque to turn the steering wheel when the cart is stationary and
supporting 17 N of additional weight. We decided to use a conservative safety factor of 4 to account for
potential error in our testing equipment, testing setup, and changes in surfaces.
Table 2. Specifications Relating to the Steering System
Requirement or
Spec #
Specification Description
Tolerance Risk*
Target (units)
1
Max Additional Weight
75 lb.
Max
L
3
Full Range Steering
±45°
Min
M
7
Turn Radius
15 ft.
Max
L
10
Cost
$500
Max
H
12
Bump-to-bump Steering
2 sec
Max
M
* Risk of meeting specification: (H) High, (M) Medium, (L) Low
** Compliance Methods: (A) Analysis, (I) Inspection, (S) Similar to Existing, (T) Test

Compliance**
A, I
A, I
A, T
A
A, I

With a required torque output of 28 N-m, we conducted preliminary calculations, shown in Appendix I, to
compare the steering designs [1]. From these calculations and resulting trade-off table, we decided to
proceed with the spur gear design. Additionally, in these calculations, we determined our gear ratio of 2:1,
which means that our input gear (motor gear) will be half the size of our output gear (steering column
gear). This ratio gives us the required steering wheel rotation speed of 7.5 RPM, which satisfies our
specification of a maximum of 2 seconds (specification 12) throughout our full steering range. Finally,
this design has no impact to the existing steering geometry, so we are able to maintain ±45° steering
rotation (specification 3).
From a qualitative perspective, we compared several gear and pulley steering designs through the Pugh
matrices. The spur gear outperformed every other design while considering the criteria established
through our QFD. Although the spur gears were not the preferred design for the precision or maintenance
categories, they outperformed or were comparable to the other concepts in every other criterion.
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With our chosen steering design of spur gears, we are able to achieve our desired steering torque, steering
speed, and full range of motion (specification 7) while minimizing costs (specification 10) and preserving
manufacturability.

4.3. Braking and Emergency Stop System Justification
Our linear actuator system was selected using qualitative comparisons to the competing designs through
the Pugh matrices and decision matrix. The specifications relevant to the braking system are shown in
Table 3.
Table 3. Specifications Relating to the Braking System
Requirement or
Spec #
Specification Description
Tolerance Risk*
Target (units)
1
Max Additional Weight
75 lb.
Max
L
4
Full Range Braking
0.5 in.
Min
M
6
Brake (10 – 0 mph)
15 ft.
Max
M
9
Kill Switch Activates
1 sec
Max
L
10
Cost
$500
Max
H
13
Full Braking Application
1 sec
Max
H
* Risk of meeting specification: (H) High, (M) Medium, (L) Low
** Compliance Methods: (A) Analysis, (I) Inspection, (S) Similar to Existing, (T) Test

Compliance**
A, I
A, I
A, T
T
A
A, I

To maintain full range of braking, we physically tested the required movement of the original brake pedal
to determine the requirements for our design. To keep full function of the braking system, two
requirements must be met. The brake pedal in its current form pulls a wire on its left side (from the
driver’s view) half an inch that cuts power from the motor, instantly stopping it. The pedal also
compresses a master cylinder that pressurizes the main hydraulic brake line almost an inch to engage the
disk brake. To perform these two tasks, we estimated that the force required to be put on the pedal is 50
lbf. We used an estimate due to the lack of sufficient force testing equipment available to us and applied a
safety factor of 3 to account for our insufficient testing data. Future testing will yield a more accurate
number we will use prior to deciding on a linear actuator to purchase.
The linear actuator we selected for our preliminary design direction is the FA-05-12-3 from Firgelli
Automations [3]. This actuator is capable of outputting a dynamic force of 150lbf (~667 N) under load
with a maximum speed of 0.5 in/sec. Our estimate will be more accurate once we acquire adequate force
measuring equipment which we were not able to get for our preliminary design. The stroke of the linear
actuator is 3 in. which is more than enough for our application of approximately 0.5 inches. The speed of
the linear actuator is adequate (0.5 in/sec) since one of our specifications is to fully apply the brakes (0.5
inches of travel) in under 1 second (specification 13).
For the emergency stop, our designed protocol will use the provided emergency stop system to shut off
the power to the motor and apply the brakes. We are not able to verify that this design meets our
specifications until we perform further testing on the provided system and learn about its capabilities.
Our design does not affect the brake pedal travel (specification 4 and 6) while maintaining design
simplicity and adding minimal additional components (specifications 1 and 10).
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4.4. Project Specifications
At this stage in our design, the primary specifications we aimed to meet were maintaining the full range
of steering, maintaining the full range of braking, limiting our final cost, and restricting our total added
weight. The other specifications listed in Table 1 are vital to ensuring the success of our design.
Furthermore, testing and analysis will be performed later to confirm that our designs fulfill the
specifications. The specifications fulfilled by the general system, are listed in Table 4.
Table 4. Specifications for the General Project Not Limited to a Single System
Requirement or
Spec #
Specification Description
Tolerance Risk* Compliance**
Target (units)
1
Max Additional Weight
75 lb.
Max
L
A, I
5
Accelerate (0 - 10 mph)
10 sec
Max
L
A, T
8
Remote Communication
3 Signals
Min
M
I, T
10
Cost
$500
Max
H
A
11
Battery Life
60 min
Min
M
A, T
* Risk of meeting specification: (H) High, (M) Medium, (L) Low
** Compliance Methods: (A) Analysis, (I) Inspection, (S) Similar to Existing, (T) Test
To ensure that we met our cost requirement (specification 10) of less than $500, we performed an initial
cost analysis for the components we have considered so far. Shown Table 5 is a breakdown of these
items. The costs are listed as approximate or estimated prices which include taxes and shipping.
Table 5. Initial Cost Analysis [3]
Item
Quantity
Est. Cost (incl. tax and shipping)
Linear Actuator (FA-05-12-3)
1
$150
Spur Gears (sim. KHK KSG2-36)
2
$160
Rotary Motor Mount
1
$30
Linear Actuator Mount
1
$30
Redundant Power Source
1
$15
12V Power Source
1
$100
Total
$485
From this initial analysis, we are under our budget target of $500; however, it is likely there are
unforeseen expense that will arise, so it is possible that we will exceed this target. The cost of the mounts
is low currently because we plan on sourcing the necessary materials to manufacture these ourselves.
Additionally, there is the possibility of manufacturing the gears at Cal Poly to reduce the costs further.
To limit our additional added weight (specification 1) to be under our target of 75 lbf, we chose relatively
lightweight systems. We performed an initial analysis on the mass of each item to ensure that we are
currently under the maximum target that we have set for ourselves. This target was set based on the
specification of the original go-kart that lists the maximum loading to be 130 lb. As shown in our initial
analysis in Table 6, we are under half of the maximum loading specified for our given cart.
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Table 6. Initial Weight Analysis [3]
Item
Quantity
Estimated Weight [lbf]
Linear Actuator (FA-05-12-3)
1
3
Spur Gears (sim. KHK KSG2-36)
2
5
Rotary Motor Mount
1
1
Linear Actuator Mount
1
1
Redundant Power Source
1
5
12V Power Source
1
40
Total
55
We predict that our current design will introduce approximately 55 lbf of additional weight to our cart.
This prediction will likely increase as we only considered the weight of the essential components that
need to be added. The majority of the additional weight comes from the 12V battery; we need the
additional battery because our motor and linear actuator both operate at 12V and our existing cart battery
outputs 48V. Additional weight reductions can be achieved if we manufacture our geared steering system
ourselves. We can also further reduce the weight by choosing a 12V battery with a smaller charge
capacity, if needed.
Our acceleration requirement of 0-10 mph in under 10 seconds (specification 5) is related to our weight
requirement because as we add weight to the system, our cart acceleration performance will be affected.
We are not able to quantify the effect on the acceleration until we are able to perform testing.
Our battery life specification of 60 minutes (specification 11) is related to all system on the vehicle. We
are unable to estimate the power required of our components until we perform further testing and analysis
to determine which components we will use.

4.5. Design Hazards
The design hazard checklist, attached in Appendix L, identifies the risks or dangers associated with the
design, testing, and operation of our project. The main hazards in this project involve high voltage
batteries and large, accelerating machinery. There is also significant potential for the user to operate the
system in an unsafe manner. The design hazard plan, attached in Appendix M, details these risks that
were identified in the design hazard checklist and specifies methods to correct each potential hazard. Each
row in the table corresponds to a particular hazard from Appendix L and we provide a brief description of
how we plan to reduce the risk of injury.

4.6. Design Concerns
We have four major design concerns which we will need to address with further testing, prototyping, and
sponsor guidance:
1. Due to a lack of dynamic testing, we are unaware of the required forces to operate the steering
and braking systems on the cart in motion. We have addressed this with significant factors of
safety in our preliminary calculations, but still need to perform dynamic testing.
2. We know the cart has no suspension system. Furthermore, the vibrations from driving may cause
an issue in our geared connection for steering control. Developing an accurate model to perform
simulations on seems very improbable, so we will need to perform dynamic vibration testing.
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3. One specific ‘want’ of our sponsor was a maintained ability for the cart to be operated by a
human driver. With our preliminary braking design, the driver operation is effectively
eliminated. Our decision to activate the current system was based on ease of design,
implementation, reduction of cost, and manufacturing; however, we want to verify that our
choice to pursue this route does not unnecessarily ignore the sponsor ‘want’.
4. Our emergency braking protocol involves cutting power to the motor and activating a redundant
power system. While our supplied radio-control system is intended for power cut, we are
worried we will not be able to activate a redundant power system to operate the brakes. To
further evaluate this, we will need to consult with Mechatronics/Electronics faculty and advisors.
To address these concerns, we will be performing further testing and analysis on our designs as we move
into the detailed design phase of the project. Additionally, we will be discussing the vehicle drivability
with our sponsor to determine if we are required to design around a driver.

5. Project Management
This section of the report covers our next steps regarding testing, analysis, purchasing, and construction of
our next prototype. We present our detailed plan moving forward until the Critical Design Review (CDR)
and then lay out a more general plan for the steps that will take us to the completion of the project.

5.1. Gantt Chart
Our updated Gantt Chart, attached in Appendix N, includes all action items moving forward from the
preliminary design review. The tasks which were presented under the section “Problem Definition” are
not included in this document because they have been completed. A list of the upcoming and completed
key deliverables are shown in Table 7.
Table 7. Table of the Key Deliverables Throughout the Project
Task
Due Date
Concept Generation (completed)
10/21/2021
Build Ideation Models (completed)
10/26/2021
Preliminary Design
Review Preparation
Build Concept Prototype (completed)
11/10/2021
Preliminary Design Review
11/18/2021
Perform Design Analysis
1/11/2021
Interim Design Review
Preparation
Interim Design Review
1/13/2022
CAD and Part Selection
1/20/2022
Critical Design Review
Manufacturing Plan
2/3/2022
Preparation
Critical Design Review
2/9/2022
Prototype Build
4/25/2021
Final Design Review
Prototype Testing
5/17/2021
Preparation
Final Design Review
6/3/2022
Phase

5.2. Future Testing and Analysis
Moving forward from our preliminary design analysis into our detailed design, we will perform further
testing and analysis to prepare for the Critical Design Review.
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The next step regarding vehicle testing is to determine the full capabilities of our cart. We would like to
test for turn radius, acceleration rate, deceleration rate, braking torque, brake pressure, and brake pedal
displacement. Knowing all of these metrics is crucial for not only choosing the proper components but
also for benchmarking our final product. Because a lot of the analysis will be dependent on the results
from our tests, it is important to perform these tests as soon as possible. It will also be important to test for
assumptions we may use later in our analysis. For example, we realized early on that we cannot assume
the required steering torque is the same for both an unloaded cart and a cart supporting weight. We
observed that the steering torque required to turn the wheel increased significantly when the cart is
supporting the weight of a person. Although the motors, mounts, and additional batteries may not add up
to be comparable to the weight of a person, the effect of the additional weight is not negligible.
For the braking system, our next steps will be to determine the required braking force through static tests
by measuring the brake pedal displacement as the force is varied. This will aid in the selection of a proper
linear actuator. Additionally, we would like to perform driving tests to determine the stopping distance of
the vehicle with and without brakes to validate the need for brake application during the emergency shutoff procedures. For our braking detailed design, we will select a final linear actuator mount strategy. We
need to discuss the vehicle drivability trade-off with our sponsor before finalizing a mounting position.
For the steering system, we will begin detailed design for the gears. The first step will be building
calculator to iterate through gear and teeth geometry with the intention on selecting a design that will
meet the torque and speed requirements without experiencing detrimental stresses and wear. Additionally,
we will design a gearbox casing and motor mounting strategy to protect the gears, protect the user, and
maintain accurate alignment.
For the general vehicle, we will familiarize ourselves with the provided emergency stop system, perform
vehicle acceleration testing, and design the electrical system layout for our components.

5.3. Long-Lead Parts
At the current moment, we are planning on purchasing any necessary mechanical parts (linear actuator,
spur gears, redundant power system) as general ‘off-the-shelf' parts. We plan on designing and
manufacturing the necessary mounting systems for each component ourselves. The only parts which pose
a time constraint are the mounts that we will design and manufacture. We will need to conduct
appropriate prototyping, CAD, engineering calculations, and post-manufacturing testing for each of our
designed parts.

5.4. Future Prototyping
We will need to prototype the mounting systems before we implement them. We plan to create temporary
mounts from foam board for the DC steering motor, redundant power system, and linear actuator. We will
then design models for each in SOLIDWORKS and 3D print these models to verify operation. Finally, we
will get necessary sponsor approval before manufacturing any parts.

6. Conclusion
Our team’s design challenge is to implement a series of mechanical systems that can receive a signal
input and autonomously operate the original vehicle’s steering, braking, and motor. The purpose of this
project is to provide a fully functional mechanical platform for Cal Poly faculty and students to perform
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autonomous vehicle research on. This document encapsulates the project’s purpose, objectives,
specifications, path to success, management system, and deliverables at a high-level. Through this
document we established our concept development process; we fully detailed our preliminary design
choices and addressed those decisions not finalized at this moment; we expanded upon our design by
justifying our choices with engineering calculations, supplemental research, and decision tools; and
finally, we laid out our specific project management process moving forward to achieve our goals and
effectively implement our design.
The next major deliverable is our IDR (Interim Design Review) where we will receive feedback from our
peers regarding our design and implementation plans. We will need to complete further testing analysis
and research to effectively prepare for IDR. Furthermore, we are looking for approval from our sponsor
on our preliminary design direction before we proceed into the detailed design phase.
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Appendix A | Ideation
Our Ideation document includes the notes we took during our ideation. This covers our brainstorming,
‘how might we’ questions, and all other ideation methods used.
“How Might We” Questions:
How might we mimic human forces?
How might we avoid limitations for future research on the platform?
How might we create hydraulic forces in the braking system
How might we create torque to turn the steering shaft?
How might we operate the steering wheel without interacting with the steering shaft?
How might we operate the braking system without interacting with the brake pedal?
How might we operate the motor without interacting with the accelerator pedal?
How might we stop the vehicle without the use of the disc brake?
How might we measure wheel speed?
How might we measure steering angle?
How might we measure braking force?
How might we measure acceleration force?
How might we modify the vehicle to improve its performance?
How might we implement some of Birdsong’s current tech / hardware?
How might we use servos to actuate the brakes?
How might we attach sensors/cameras to the vehicle?
How might we implement the emergency stop?
How might we control the speed of the vehicle?
How might we decide what new components we need to purchase?
How might we use servos to control steering accurately?
How might we test our vehicle safely?
How might we utilize space in our kart to fit all of our components?
How might we provide power for all of our motors/electronics?
How might we use the remote controller provided to us to control the kart?
How might we utilize previous senior projects to help us develop ours?
How might we keep our costs low?
How might we use the braking system already on the kart to add our controls?
How might we ensure that our vehicle is safe?
How might we gradually decelerate the vehicle?
How might we have the vehicle communicate wirelessly?
How might we Reduce the weight of the vehicle?
How might we analyze the forces needed to perform each vehicle function?
How might we fit a person in this vehicle?
How might we make the vehicle survive a collision?
How might we connect a motor to the steering system?
How might we accelerate the car remotely?
How might we stop the car in case of an emergency?
Steering Ideation
How might we turn the vehicle
• Gear
• Belt/pulley
• Chain
• Motor directly in line
A-1

• Tank tracks
• Lean the vehicle
• Spherical wheels
• Spinning conveyor belt
How might we utilize translational motion
• Convert to rack and pinion
• Move shaft base laterally
How might we replace the whole system
• Increase precision
• Design it to be more easily integrated
• Ball screw/shaft through motor
• Impose a force on the spindles (things connected to the wheels)
• Replace the column with a motor
How might we integrate human controls
• Overpower motor
• Use kill switch to turn off the motor
Braking Ideation
How might we move the brake pedal?
• Linear actuator
• Hydraulic actuator
• Linear motor
• Rotational motor to move pedal
Reverse braking - some sort of spring that is always on so that when the motor isn't on then the brakes are
locked (to help with emergency stop)
How might we slow the car without the brake pedal?
• Separate reservoir with actuator away from brake pedal
• Motor braking
Independent braking system - replace it and do it ourselves
• Separate caliper, use the same rotor
Electrically actuated caliper
Friction braking - push something into the ground to slow us
Parachute
E-brakes - How do emergency brakes work? Are they the same system or a different one?
Second motor to drive the wheels backward
Add calipers to every wheel
Hand brakes
Acceleration Ideation
Linear actuator
Sending a Signal - remote or wired
More motors
Replace the system
Control the voltage
Control the amperage
Replace pedal system
Emergency Braking Ideation
Jam a rod into the wheel spokes
A-2

1 time brake
Add rotors to lock all tires
Reverse braking - brakes are normally locked so if power is cut, spring takes over and applies brakes
Separate hydraulic brake system for emergencies
Friction braking - small steel drum on the back wheel with friction cable (external emergency braking
system)
Net the tires
All power to the motor goes through a cutoff switch
Disengage battery so motor cannot get power
Proximity or contact sensor
Lock brake if any communication is cut
Lock all tires with single rotor
Slowly decelerate with single rotor
Emergency Braking Ideation
Arduino
Bluetooth
Infrared light signals
Echo location
GPS
Wi-Fi
Satellite
Radio
Once central board for all communication
Separate communication boards for each function (one for braking, one for acceleration, one for
emergency stop)
What if it's not wireless?
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Appendix B | Ideation Models
Ideation models are simple physical prototypes of design concepts made using basic materials. We
created each model in less than 15 minutes and used them to test out ideas formed through our ideation
phase and generate more ideas.
Table B-1. Steering System Ideation Models.
Concept
Belt and pulley
steering
mechanism

Geared steering
mechanism

Worm gear
steering
mechanism

Description
This model represents a steering actuation system
using a servo motor similar to the one we were
provided with. The cork portions represent
pulleys, and the rubber bands are the belts. The
small black gear represents the servo motor, and
the grey shaft represents the steering column and
the large gear is the steering wheel. I learned from
this model that we would need an intermediate
rotating component to maintain the direction of
motion. This system seems reliable and safe and
makes the most sense for our space and resource
constraints. After this model, I am more confident
in this method of steering actuation.
The model above shows a geared steering
column. The two straight red pieces represent the
steering rack that extends to the front wheels. The
black gear on the left would be powered by a
motor which in turn rotates the right steering
column. From this model, I learned that the gear
for the motor should be much smaller compared
to the gear in the steering column in order to
generate as much torque as possible. The large
gear ratio would also help with steering precision.
This model helped me think of new ways to
orient the motor/gear to achieve similar results.
This design uses a worm gear to rotate the
steering column. The large black gear represents
the steering wheel and the shaft perpendicular to
the steering column with the worm gear
represents the motor shaft. Rotating the motor
shaft rotates the gear in the steering column. I
noticed that I needed to rotate the motor shaft
quite a bit in order to turn the steering wheel. This
may be beneficial in that it allows us to be more
precise with the steering. In this specific model,
the steering column can pivot and separate itself
from the worm gear. This gives me a new idea on
how to disengage the steering actuation
mechanism quickly and easily if we wanted to
manually override the steering control in the case
of an emergency.
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Table B-1. Steering System Ideation Models (continued)
Concept
Belt and pulley
steering
mechanism

Steering rack

Spur gears to
control steering

Description
This model explores a belt/pulley steering
mechanism. The blue rubber band represents the
belt, and the cylindrical yellow piece represents
the pulley on the motor shaft. Rotating the motor
shaft would spin the pulley and turn the steering
column. One thing that I noticed with this design
is that there is a lot of slippage between the pulley
and the rubber band. However, I think the teeth in
a timing belt may potentially solve this issue. I
also noticed that it is important to maintain proper
tension in the “belt” otherwise the belt appears to
slip. Some new ideas generated from this model
include a potential spring-loaded belt tensioning
system.
This model describes the possibility of changing
the steering design from tie rods and linkages to a
rack and pinion design. The steering rack, which
is labeled using the poster board, interacts with
the gear to move the rack linearly to push the tie
rods and turn the wheels. This model helped me
visualize the relationship of rotational motion of
the steering column to the linear motion of a
steering rack. It helped me visualize different
forms of rotational-to-linear motion, like a worm
gear.
This model has two gears that interface. The shaft
with the cork represents the steering column (with
the cork being the steering wheel) whereas the
shaft with the toothpick represents the motor.
These are mounted parallel to each other to
transfer the motion of the motor into direct
movement of the steering column. In this
application, the steering system would act with
the same linkages it currently has, with just the
addition of a motor. This design helped me think
of different ways we could convert the motor
motion into rotation of the steering wheel, for
example, if we wanted to mount the motor at 90
degrees and use a bevel gear. Additionally, it
helped me visualize this motion and realize we
could use a different ratio to add torque to the
system and reduce the steering wheel travel for
each rotation of the motor.
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Table B-1. Steering System Ideation Models (continued)
Concept
Motor in line
with steering
column

Description
This model represents a very simple design of a motor
(red and white straw) directly in line with the steering
column. This is a concept I had not previously explored,
where we eliminate the steering wheel (and driver
control) entirely and only use the motor to directly drive
the steering system. While I can see many problems with
this solution, it helped me think beyond what I usually
think would be possible to consider designs that don’t
take the perfectly traditional approach.

Linear
actuator
controlling
steering tie
rod position

This model shows the steering system with a linear
actuator controlling the position of the steering links. The
steering links, shown with the black and white straw,
connect to the uprights on the wheels. In the case of our
go-kart, the tie rods also connect to a plate at the base of
the steering column. This connection helps turn the
wheels as the steering wheel rotates. In this design, we
have a plate which has a rigid connection to the links and
a linear actuator. This actuator pushes or pulls the links to
steer the vehicle left or right. This design helped me
brainstorm different ways to interact with the systems
other than where I would intuitively think to look because
of where the driver feedback is. It also helped me
consider how we could impose linear motion on the
system with electrical linear actuators or pneumatic
pistons.
This was a model of how we could mount the servo
Motor (rolled up graph paper) between two fabricated
metal beams. This would be on the front of the cart above
and parallel to the steering shaft and allow the motor to
control the steering via a belt (duct tape loop). The key
thing I grasped when building this was how vital it is
going to be to create a mounting system that keeps the
motor parallel to the steering shaft to reduce complexity.
While making this, I thought of somehow integrating an
adjustment system (angle of servo motor) could be very
useful if anything ever became misaligned.

Servo motor
mount

Steering
system with
linear
actuators

This is a model of a series of linear actuators to control
the steering vs. the servo motor. The red and purple pens
represent the linear actuator controlling the left and right
wheels. The blue and green pencils represent the current
steering system. While making this system I began to
think how difficult it would be to fit an entire system like
this in the small space of our vehicle, and further if it
would be worth the extra effort.
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Table B-2. Braking System Ideation Models
Concept
Rotary servo motor
applied to brake
pedal

Linear motor
applied to brake
pedal

Geared linear motor
mechanism applied
to brake pedal

Description
This model uses a rotary servo motor
mounted to a gear and semicircle rotating
element that connects by gear to the actual
brake pedal. The black gear is connected
directly to the brake pedal whit will move
along with the larger gear. The semi-circle
limits the motion range, so it is easily
controllable. From this model I learned that
it is practical to use gearing to actuate the
brake since it is easy to control along with
the limited movement from the semicircle.
From this idea, I would modify the method
of limiting motion from the semicircle to
possibly a hard stop with the gear.
This model uses a mounted linear motor that
pushes the brake pedal direction. The foil
wrapped portion is the motor and the straw is
the shaft of the linear motor. I think that
using a linear motor is an easy and direct
way to actuate the brake pedal. However,
from this model I learned that we would
need an attachment to the motor or brake
pedal to make it work since the length of the
shaft as well as the full range of movement
do not align without an attachment. From
this idea, I came up with my next idea which
uses a rotary motor again instead of a linear
motor to use a rounded movement to actuate
the brake pedal with another gearing system.
I used a rotary servo motor shown with the
two stacked tan colored gears. These attach
to another gear and shaft that actuate a
rounded shape with a similar effect of a cam.
This allows for all the motion to be in
rotation and consistently move the same
amount so we can control our braking effect
for the full range of the brake pedal given.
Since the brake pedal we have is currently
very stiff, the use of the gearing could allow
us to have more torque out of the motor for
our application. I learned from my model
that using a geared system is likely ideal for
our situation and that we might be able to
use a geared motor, so we do not need to
separately purchase gears. From this idea, I
believe we could use a cam type system at
the connection from the gearing to the motor
to move the brake pedal more effectively.
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Table B-2. Braking System Ideation Models (continued)
Description
Regenerative
braking

Pedal pressing
force

Linear actuator
on brake pedal

Description
This model represents a mechanism which may be
useful if we decide to implement regenerative
braking. The yellow arm is allowed to pivot which
has a gear attached to the end of it. This gear would
then be attached to a motor. Then the driver presses
on the brake pedal, the yellow arm would pivot, and
the gear would link with another set of gears on the
vehicle axle. The axle would then be spinning the
motor which acts as a generator to recover some of
the kinetic energy. From this model I learned that
there needs to be some force applied to link the gears
together otherwise the gears can slip. In addition to
that, it is not smooth then the teeth engage between
the two gears. This may affect the ride quality if the
driver decides to press the brake repeatedly. Some of
the ideas generated from this model include using a
clutch system instead of gears to engage the
regenerative braking system.
Here I have a mechanism that simulates a person’s
foot pressing the pedal. Rotating the black gear
ultimately rotates the yellow pivot arm. One thing
that I noticed immediately is that it is very hard to
generate a lot of pressing force from the yellow pivot
arm. This is a huge problem because the pedals in
our cart, especially the brake pedal, are extremely
stiff. From this model I learned that a mechanism like
this may not be the best option for actuating the
pedals in our cart. As a result, this helped me
generate new ideas regarding pedal actuation such as
using linear actuators or bypassing the pedals all
together.
This model is shown in two positions: the first is
fully compressed whereas the position on the second
image is fully extended. This model one helped me
visualize how an application of linear actuators could
be effective in our system, however, this was
regarding the brake pedal. The popsicle stick
represents the brake pedal whereas the toothpick
represents the point at which it would be mounted to
rotate about. Intuitively, I had thought we would
need to directly pressurize the brake lines, but with
this idea, we would be able to have direct control
over the tool the driver uses. It helped me consider
different designs that involve the rotation of the
brake pedal.
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Table B-2. Braking System Ideation Models (continued)
Description
Geared motor to
press on brake
pedal

Brake pedal
system with
linear actuator

Braking system
with second
caliper

Description
This design uses a geared system with a
motor (red and white straw) to interface
directly with the brake pedal. The gears in
the system will allow us to vary the ratio to
fine-tune the speed and force that our
system requires. Additionally, it controls the
rotation of the brake pedal which will is a
mechanical system rather than adding more
complexity to the hydraulic system. This
design allowed me to consider a similar
system for the gas pedal so we can apply the
same principle to either pedal to control
both braking and acceleration.
This is a model of the brake pedal system of
the go kart. The green pen represents a
linear actuator used to operate the pedal,
and the paper clip represents a very stiff
spring to constantly keep the brake system
activated. Operating the system in ‘reverse’
would allow the brakes to come on
automatically if we cut power for any
reason. While making this I began to worry
if the constant spring pressure would
damage the linear actuator.
This is a model of the braking system of the
cart. I modeled the rotor as the circular
paper/cardboard disk, the caliper(s) as the
pieces of cardboard folded over the rotor,
and the axle as the green pen. This was
simply a model, visualizing the feasibility
of adding a SECOND caliper to the rotor
which would be used as the emergency
braking system. While making this I think
the hardest challenge that came to mind was
figuring out how we would make a second
mounting bracket to hold the second caliper.
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Table B-3. Emergency Stop System Ideation Models
Concept
Emergency stop
with a disk brake

Emergency stop
with a separate
motor

Description
This model represents an emergency stop
system for the corner of the vehicle with the
disk brake. The lighter grey gear would be
attached to the main axle on the rear and the
smaller dark grey gear would deploy when the
emergency brake is engaged. This would
normally spin but would be locked in the case
of an emergency. From this model I learned that
adding an additional component directly to the
axle is an easy way to add an emergency brake
separate from the included disk brake. Using
two gears also makes this easier to implement
with our resources.
This system is slightly more complex and uses a
separate motor to engage an emergency stop to
jam a set of gears directly. From this model, I
learned that it might be an option to implement
a one-time-use emergency stop system.
However, this is not practical for long term
testing and use. From this idea, I am now
considering an alternative option that would use
the disk brake that is already on the vehicle
(maybe a second caliper that is actuated
separately in case of an emergency).
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Table B-4. Electrical System Ideation Models
Concept
Second battery pack for
control system power

Description
This model is very simple, but it represents
adding a second battery pack and simple
control system to the cart (additional
horizontal Styrofoam piece). The benefit of
this would allow us to control the motor
entirely with our own system. The hardest
part of this would be finding space to mount
the separate batteries. While thinking of
mounting the separate batteries I realized
that no matter what we choose there will be
extra hardware, cables, antennas, etc. that
we need to mount somewhere on the cart,
and I began to think of a way we could
create a ‘raised trunk’ above the batteries to
hold all this extra hardware.
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Appendix C | Pugh Matrix – Emergency Stop
The Pugh matrix for the emergency stop system was used to compare the design ideas by evaluating how
each one fulfills the specifications generated from our qualify function development. From the Pugh
matrix, shown in Table C-1, we narrowed down the design to our top ideas which were evaluated in the
weighted decision matrix.
Table C-1. Pugh Matrix Comparing the Emergency Stop System Designs

Lock
Brakes

Jam into
Wheel
Spokes

Transportable

S – Datum

S

Break
Motor
Electrical
Circuit
+

Safety

S – Datum

-

Durability

S – Datum

Lightweight

Friction to
Slow Car

Separate
Hydraulic
System

Separate Cable
System

-

S

S

-

-

+

+

-

+

-

-

S

S – Datum

-

S

-

-

-

Power Efficient

S - Datum

S

+

+

S

S

Cost Effective

S – Datum

-

+

+

-

-

Maintain Basic
Vehicle Function
Drive Access

S – Datum

S

S

S

S

S

S – Datum

S

+

S

S

S

Wireless
Communication
Autonomous
Integration
Reliability

S – Datum

S

+

S

S

S

S – Datum

S

+

S

S

S

S – Datum

-

+

-

S

-

Total +

0

0

8

2

2

1

Total -

0

5

1

5

2

3

Total S

9

6

2

4

7

7

0
-5
+ (Plus): better than datum | 1 point
- (Minus): worse than datum | -1 point
S (Same): same as datum | 0 points

7

-3

0

-2

Total

The top design, breaking the motor electrical circuit, was far superior to the other designs because of its
simplicity. Cutting power to the motor for the emergency shutoff would rely on the rolling resistance of
the vehicle to slow to car to a stop. This came out as the ideal solution because it doesn't hinder vehicle
transportation because the wheels are not locked, it is a durable system that does not increase mechanical
complexity, it doesn't require extra power or components, and it can be easily integrated into the wireless
and autonomous systems. The risk of this system is safety; the stopping distance of the car depends on the
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rolling resistance of the motor, so we are not able to stop the vehicle quickly if the situation requires it. A
diagram of this design is shown in Figure C-1.

Figure C-1. Diagram of the Emergency Stop System that Incorporates a Motor Power Shut off
Locking the brakes using the existing hydraulic system would use the same system as the autonomous
brake system we are designing. When the remote loses wireless contact or the emergency stop button is
pressed, the brakes will immediately lock to stop the vehicle as fast as possible. This is set as the datum
because it builds off the system we are already designing and would just require additional programming
to ensure the emergency stop functions. A diagram of this design is shown in Figure C-2.

Figure C-2. Diagram of the Emergency Stop Design that Locks the Brakes
To add redundancy to the braking system, the separate hydraulic brake system strategy incorporates an
additional hydraulic brake setup with a second caliper on the existing brake rotor and a second master
cylinder. This system increases the reliability and safety of the emergency stop by increasing the
redundancy to reduce possible failures. Unfortunately, adding a separate braking setup would
significantly increase the cost and complexity of our mechanical systems which would increase the time
and cost required for design and manufacturing. A diagram of this design is shown in Figure C-3.

Figure C-3. Diagram of the Emergency Stop Design that Utilizes a Separate Hydraulic Braking
System.
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Appendix D | Pugh Matrix – Braking System
The Pugh matrix for the braking system was used to compare the design ideas by evaluating how each
one fulfills the specifications generated from our qualify function development. From the Pugh matrix,
shown in Table D-1, we narrowed down the design to our top ideas which were evaluated in the weighted
decision matrix.
Table D-1. Pugh Matrix Comparing the Braking System Designs

Durability

S – Datum

Ball
screw
Actuator
and
Rotary
Motor
S
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-

S
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S

-

+

S

+

+
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S
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S
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+

+
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S
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S

S

-
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+

-

S

-

S

-
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Ease of
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S

S

S

S
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-
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1

1

2

0

2
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2
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3
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4

5

5
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0
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-1
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Linear
Motor
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0
-1
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S (Same): same as datum | 0 points

Add
Caliper to
Existing
Brake
Disk

Add a
new
Cable
Brake
System

S

S

S

Rotary
Motor
Direct to
Pedal
Mechanism

Hydraulic
Pressure
to Main
Line

Pneumatic
Piston
Control

S

-

The highest ranked design from the Pugh matrix is to add hydraulic pressure to the main line. This design
is not entirely independent from the others, as there is no mechanism specified to apply the hydraulic
pressure. This method uses the hydraulic line that is already part of the original system to actuate the disk
brake. Hydraulically controlling the brake is possibly problematic since we lose the control of the
triggering of the motor off switch without the original braking mechanism used in our other ideas. The
hydraulic system is an obvious consideration because we can use the original brakes and not add many
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other components. We can also maintain original function if there is a driver present since we are not
tampering with the original braking system. A diagram of this system is shown in Figure D-1.

Figure D-1. Diagram of the Braking System that Pressurizes the Hydraulic Line
The design set as a datum, a linear motor, scored equally with adding a caliper to the disk brake. In this
design, a linear servo motor is used to press the original brake pedal on the go-kart through an attachment
we create. The attachment is added to maintain all original functions of the brake pedal on the go-kart.
The linear motor will require an additional power source (which will already exist for other electronics we
add) and possibly a motor driver. This method allows us to use the existing pedal for its original function
as well as wirelessly actuating the brake with a linear motor. A diagram of this design is shown in Figure
D-2.

Figure D-2. Diagram of the Linear Motor Braking System
In the final top-ranking design, a linear servo motor is used to press the original brake pedal on the gokart through an attachment we create. The attachment is added to maintain all original functions of the
brake pedal on the go-kart. The linear motor will require an additional power source (which will already
exist for other electronics we add) and possibly a motor driver. This method allows us to use the existing
pedal for its original function as well as wirelessly actuating the brake with a linear motor. A diagram of
this setup is shown in Figure D-3.
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Figure D-3. Diagram of the braking system that incorporates an extra, Separately Controlled
Caliper to the Existing Disk Brake
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Appendix E | Pugh Matrix – Steering System
The Pugh matrix for the steering system was used to compare the design ideas by evaluating how each
one fulfills the specifications generated from our qualify function development. From the Pugh matrix,
shown in Table E-1, we narrowed down the design to our top ideas which were evaluated in the weighted
decision matrix.
Table E-1. Shows the Pugh Matrix describing the steering systems.

Durability

Spur Gear
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From the Pugh matrix, we selected each of the top ideas to evaluate them further. The pulley system
outperformed the other options in the categories of durability, maintenance, and ease of implementation.
Belts eliminate metal on metal contact and are inexpensive to replace. Due to the flexibility of the belts,
the driving shaft can be slightly misaligned without causing too many problems. If gears were to be
slightly misaligned, it could induce more wear. Belts can also be easily removed if there is a tensioner. A
detailed diagram of the pulley/belt system is shown in Figure E-1.
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Figure E-1. Shows a diagram of the implementation of a belt and pulley steering system.
Worm gears came in second place in the Pugh matrix. This design is good because it provides significant
gear reduction. This would allow us to make more precisely controlled steering movements with the
steering column; however, it is important that the shafts are perpendicular to each other which
complicates the mounting strategy. Additionally, it may be difficult to disengage the motor in the case of
a malfunction. A detailed diagram of the worm gear system is shown in Figure E-2.

Figure E-2. Shows a diagram of the implementation of a worm gear system.
The spur gears had a similar score to the helical gear except for cost because the helical gears are more
difficult to manufacture, and thus, are more expensive. The spur gears outperformed bevel gears because
it is easier to mount the motor parallel to the steering column, and a perpendicular mounting strategy is
unnecessary in our application. A diagram of the spur gear system is shown in Figure E-3.

Figure E-3. Shows a diagram of the implementation of a spur gear steering system.
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Appendix F | Pugh Matrix – Motor Control
The Pugh matrix for the motor control system was used to compare the acceleration design ideas by
evaluating how each one fulfills the specifications generated from our qualify function development.
From the Pugh matrix, shown in Table F-1, we narrowed down the design to down-select to a system with
micro-controller integration.
Table F-1. Pugh Matrix Comparing the Motor Control Designs

Servo Motor
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+
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+
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-
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-
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The microcontroller integration design received the greatest number of points in the Pugh matrix. In the
cart, the motor is controlled by a voltage signal that ranges from 0 to 5 volts that comes from the
acceleration pedal. Adding a micro-controller could emulate pedal signals before the signal travels
through the cart’s Electronic Control Unit (ECU). A diagram of this design is shown in Figure F-1.
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Figure F-1. Diagram of the Motor-Controller Acceleration Design
The design with the second number of points from the Pugh matrix was the servo motor with an arm,
which was set as the datum. This design manipulates the position of the acceleration pedal using a servo
motor. The servo motor is attached to an arm to apply a moment on the acceleration pedal. A diagram of
this design is shown in Figure F-2.

Figure F-2. Diagram of the servo motor acceleration design
The linear actuator design received slightly fewer points than the servo motor. Instead of using rotational
motion, the actuator would change the acceleration pedal position using linear motion. A diagram of this
design is shown in Figure F-3.

Figure F-3. Diagram of the linear actuator acceleration design
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Appendix G | DC Servo Motor Specifications
At the start of our project, we were provided with a BDPG-60-110 Series DC Brush Planetary Gearmotor
to use with our steering system. The specifications for the motor, found on the manufacturer’s website,
are shown in Figure G-1.
Figure G-1. Shows the specifications for the BDPG-60-110-12V-3000-R168-02 motor from Anaheim
Automation. [2]
Item
Gear Ratio
Rated Torque
Peak Torque
No load speed
Rated Speed
Nominal Voltage
Rated Current
Output Power
Body Diameter
Total Length
Gearbox Length
Shaft Diameter
Weight

BDPG-60-110-12V-3000-R168-02
168
[oz-in]
1982
[oz-in]
7137
[RPM]
19
[RPM]
15
[V]
12
[A]
4
[W]
22
[mm]
60
[mm]
194
[mm]
84
[mm]
12
[lbs]
4.45

The dimension drawing for the motor is shown in Figure G-2, where dimensions are in millimeters. We
will use this drawing to design our motor mounting points and packaging.

Figure G-2. Shows the dimensioned drawing for the BDPG-60-110-12V-3000-R168-02 motor. [2]
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Appendix H | Steering Wheel Force Tests
We ran a test to determine the toque required to turn the steering wheel. We used this data for our
preliminary calculations so we could down-select between the geared or belt-driven steering system
options to determine our design direction. After conducting the test an applying a conservative safety
factor, we will design our steering system to apply a 28 N-m torque to the steering column.
Test setup:
The test setup, shown in Figure H-1, has a force gauge attached to the steering wheel, at a known distance
from the center of the steering column.

Figure H-1. Shows test setup with a force gauge attached to the steering wheel to measure the force
necessary to turn the wheel when the cart is at a standstill.
The test was conducted by pulling the force gauge directly tangent to the steering wheel until there is
slight movement of the tires. At this point, we recorded the measured force from the force gauge. We
repeat the test 5 times to find ensure the results are consistent.
The tests were performed on smooth concrete with the cart at rest with all original vehicle components in
the cart as well as the provided DC servo motor. We repeated the tests with and without an additional 17
N weight which simulates the added weight of our gearbox, linear motor, and mounts.
The test surface of smooth concrete was chosen because this is a neutral and consistent surface. The
safety factor that is applied after the data is collected accounts for variation in surface roughness,
considering that the cart may be run on asphalt or grass. Additionally, the tests were conducted with the
cart at rest because this is the speed at which the steering column requires the greatest torque to rotate the
tires. By conducting the tests in this state, we are ensuring that this is the maximum torque that will be
required.
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Results and Analysis:
We calculated required steering torque using Equation 1:
𝑇 = 𝐹𝑟,

(1)

where T is the Torque (in N-m), F is the measured force (in Newtons), and r is the radius in mm. The
radius is the distance between the force gauge and center axis of the steering column. The results from the
test are summarized in Table H-1.
Table H-1. Shows the steering wheel force test results summary.
Additional Weight in the Cart [N]
Measured Force [N]
Measured Arm Length [m]
Calculated Torque [N-m]

17
17
0.42
7.14

0
14
0.42
5.88

Conclusion:
This test helped us determine that the cart (with a simulated 17N weight) requires a torque of 7.15 N-m on
the steering column to rotate the tires while the cart is at rest on smooth concrete. We will use a safety
factor of 4 to account for the potential error in these tests which arise from our test equipment and setup.
Additionally, our safety factor accounts for the test surface; we conducted the tests on smooth concrete,
whereas higher friction surfaces such as asphalt or grass will increase the required steering torque. As a
result, we will use 28 N as our required steering torque for the preliminary system design calculations and
concept selection process.
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Appendix I | Steering System Calculations
Steering calculations are performed to quantitatively compare the potential gear and pulley designs. These
calculations are used for the steering design selection in the weighted decision matrix. The motor
provided for our team to use in the steering system, is a BDPG-60-110 Series DC Brush Planetary
Gearmotor. The specifications for this motor are listed in Appendix G. The motor input values, derived
from the motor specifications, that are used for these calculations are shown in Table I-1.
Table I-1. Shows the speed, torque, and power of the motor at the maximum power settings. [1]
Rotation Speed
Maximum Torque
Power

15 rev/min
14 N-m
22 W

The steering output requirements were determined using the steering wheel force tests (in Appendix H)
and design specifications. These are summarized in Table I-2.
Table I-2. Shows the steering column torque and speed requirements.
Minimum Required Steering Column Torque
Maximum Steering Speed
Maximum Steering Wheel Rotation
Minimum Required Steering Rotation Rate

28 N-m
2 seconds
90 degrees
7.5 rev/min

Using these required values, we created an excel calculator with the inputs for the motor specifications.
We adjusted the geometry of the input and output gears to create combinations that would meet the
steering column output requirements.
We verified that the calculations for each of the gear types were correct by using example problems in the
Shigley’s textbook [1]. For these calculations, we made conservative assumptions and approximations to
limit the required time to build up the calculator. We did not consider gear teeth stress, fatigue, or gear
teeth geometry (except for the worm gear). The purpose of these calculations was to verify the design
feasibility and determine if any gear types would not be compatible with our design. The excel
calculations are shown in Figure I-1.
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Figure I-2. Shows the excel calculations that were used for determining the values for the spur
gears, helical gears, belt/pulley design, and worm gears.
The results from the excel calculator are summarized in Table I-3. All gear or pulley types met the
requirements except for the worm gear. For the worm gear, there was no reasonable geometry,
specifically lead angle, that could be used to produce the required stop-to-stop steering rate of 2 seconds.
The worm gear designs are typically used in applications that require high torque outputs but do not
require rapid lateral movements. For our application, we were looking for a 2:1 gear reduction, which is
not extreme.
Table I-3. Shows the summary from the steering calculations comparing spur gears, helical gears,
belt/pulley design, and worm gears.

Output Steering Torque
Time from stop-to-stop
Motor Mounting System
Motor-Side Diameter
Steering-Side Diameter
Center-to-Center Distance

Spur Gears
28 N-m
2 seconds
Parallel
3 in
6 in
4.5 in

Helical Gears
28 N-m
2 seconds
Parallel
3 in
6 in
4.5 in
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Belt/Pulley
28 N-m
2 seconds
Parallel
3 in
6 in
6.5 in

Worm Gear
55 N-m
6.3 seconds
Perpendicular
2 in
4 in
3 in

Appendix J | Morphological Matrix
Our morphological matrix incorporates the top-ranking ideas from the individual Pugh matrices so we can
create potential design combinations to be evaluated in the weighted decision matrix.
Table J-1. Shows the morphological matrix with the top ideas for braking, steering, emergency
stop, and acceleration.
Function

Importance

Braking

8

Steering

Emergency
Stop

Acceleration

Possible Solutions

Linear Motor

Hydraulic
pressure to
main line

Ball screw
actuator and
rotary motor

Spur Gear

Helical Gear

Pulley

Break motor
electrical
circuit

Lock Brakes

Separate
hydraulic
system

Add caliper to
existing brake
disk

8

10

5
Microcontroller
integration

J-1

Separate cable
system

Appendix K | Decision Matrix
Table K-1. Shows the vehicle combination decision matrix, analyzing the combinations developed
from the morphological decision matrix in Appendix J.

Criteria

Weight

Combo 1

Combo 2

Combo 3

Combo 4

Combo 5

Combo 6

Score

Total

Score

Total

Score

Total

Score

Total

Score

Total

Score

Total

Durability

6%

4

0.24

3

0.18

3

0.18

3

0.18

4

0.24

4

0.24

Weight

7%

5

0.35

3

0.21

3

0.21

5

0.35

3

0.21

3

0.21

Maintain Basic
Vehicle Function

4%

1

0.04

0

0

0

0

0

0

1

0.04

1

0.04

Safety

15%

4

0.6

4

0.6

4

0.6

2

0.3

5

0.75

5

0.75

Cost

10%

2

0.2

2

0.2

2

0.2

3

0.3

3

0.3

2

0.2

Wireless
Communication

15%

5

0.75

5

0.75

5

0.75

5

0.75

5

0.75

5

0.75

Precision

10%

3

0.3

4

0.4

0

0

4

0.4

3

0.3

3

0.3

Ease of
Integration

15%

3

0.45

1

0.15

3

0.45

1

0.15

4

0.6

2

0.3

Transportable

5%

5

0.25

5

0.25

5

0.25

5

0.25

5

0.25

5

0.25

Power Efficient

3%

5

0.15

5

0.15

5

0.15

5

0.15

5

0.15

5

0.15

Reliability

10%

5

0.5

3

0.3

5

0.5

4

0.4

4

0.4

4

0.4

TOTAL

100%

3.83

3.19

3.29

3.23

3.99

3.59

Combination 1:
a. For emergency stop: interrupt motor electrical circuit and apply system brakes
b. For the brakes: hydraulically pressurize main line with separate master cylinder
c. For the steering: spur gears
d. For the acceleration: micro-controller
Combination 2:
a. For emergency stop: interrupt motor electric circuit and apply system brakes
b. For the brakes: incorporate separate hydraulic brake with unique caliper
c. For the steering: Belt/Pulley
d. For the acceleration: micro-controller
Combination 3:
a. For emergency stop: interrupt motor electric circuit and use separate cable brake system with a
unique caliper on the existing brake disk
b. For the brakes: incorporate separate cable brake with unique caliper
c. For the steering: spur gears
d. For the acceleration: micro-controller
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Combination 4:
a. For emergency stop: interrupt motor electrical circuit and apply system brakes
b. For the brakes: hydraulically pressurize main line with separate master cylinder
c. For the steering: Helical Gears
d. For the acceleration: micro-controller
Combination 5:
a. For emergency stop: interrupt motor electric circuit and apply system brakes
b. For the brakes: hydraulically pressurize main line with existing master cylinder on brake pedal
c. For the steering: spur gears
d. For the acceleration: micro-controller
Combination 6:
a. For emergency stop: interrupt motor electric circuit and use separate hydraulic brake system
with a unique caliper on the existing brake disk
b. For the brakes: hydraulically pressurize main line with separate master cylinder
c. For the steering: spur gears
d. For the acceleration: micro-controller
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Appendix L | Design Hazard Checklist
DESIGN HAZARD CHECKLIST
Y
☒

N
☐

☒

☐

1. Will any part of the design create hazardous revolving, reciprocating, running,
shearing, punching, pressing, squeezing, drawing, cutting, rolling, mixing or similar
action, including pinch points and sheer points?
2. Can any part of the design undergo high accelerations/decelerations?

☒

☐

3. Will the system have any large moving masses or large forces?

☐

☒

4. Will the system produce a projectile?

☐

☒

5. Would it be possible for the system to fall under gravity creating injury?

☐

☒

6. Will a user be exposed to overhanging weights as part of the design?

☒

☐

7. Will the system have any sharp edges?

☐

☒

8. Will you have any non-grounded electrical systems?

☒

☐

9. Will there be any large batteries or electrical voltage (above 40 V) in the system?

☒

☐

☐

☒

☐

☒

☐

☒

☐

☒

10. Will there be any stored energy in the system such as batteries, flywheels, hanging
weights or pressurized fluids?
11. Will there be any explosive or flammable liquids, gases, or dust fuel as part of the
system?
12. Will the user of the design be required to exert any abnormal effort or physical posture
during the use of the design?
13. Will there be any materials known to be hazardous to humans involved in either the
design or the manufacturing of the design?
14. Could the system generate high levels of noise?

☐

☒

☒

☐

15. Will the device/system be exposed to extreme environmental conditions such as fog,
humidity, cold, high temperatures, etc.?
16. Is it possible for the system to be used in an unsafe manner?

☐

☒

17. Will there be any other potential hazards not listed above? If yes, please explain.

Figure L-1. Lists the Potential Hazards of a Design and Indicates if They Apply to Our Project.
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Table M-1. Hazard Plan Describing Potential Hazards in Our Project and Our Actions to Correct
for Them

Description of Hazard

Planned Corrective Action

Planned
Date

Rotating components:
wheels

Wheels are from the original cart and will not be
modified. To prevent damage to our added and
electrical systems, we will be using the original
protective covers to shield sensitive items.

1/11/2022

Rotating components:
steering column, gears

The steering column and rotating gears will not be a
safety hazard since no operator will be inside of the
vehicle. Additionally, items such as gears will have
protective housings.

1/11/2022

Pinch points: geared
steering system
Pinch points: linear
actuator braking system

Pinch points: motor
drive chain

The geared steering system will be encased in a
1/11/2022
protective housing for the safety of the gears.
The current brake pedal will remain which when
combined with a linear actuator and added mounting
1/11/2022
leads to risk of pinching when testing the autonomous
braking system.
The chain that transmits motion from the motor to the
axle is also a potential pinch point but can be protected
3/11/2022
by using the original plastic covers. Alternatively, we
can design custom protective covers to shield users.

High
To reduce the risk from high acceleration components,
acceleration/deceleration
we will limit the speed to the low-speed setting
3/11/2022
from cart motor (up to
(10mph or lower).
17 mph)
The maximum speed of the DC motor is
DC motor for steering
approximately 15 rpm and will be controlled
3/4/2022
electronically through our input.
The selected linear actuator has a maximum dynamic
Linear actuator for
speed of 0.5 in/sec and a maximum travel of 3 in thus 3/11/2022
braking
limiting risk.
The casings we design might have a number of sharp
Some of our casings
edges due to space constraints, but risk is eliminated
3/11/2022
might have sharp edges
since we will have no user in the cart during operation.
Sharp edges on parts of
frame
Some exposed
components in rear of
cart

Sharp edges on frame can be shielded with the original
3/11/2022
cart coverings but are not significant.
Current exposed components in the rear, including the
mounting material for batteries, control unit, etc. have
3/11/2022
some sharp edges and will likely be covered in our
final design.
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Actual
Date

Table M-1. Hazard Plan Describing Potential Hazards in Our Project and Our Actions to Correct for
Them (continued)
Description of
Planned
Actual
Planned Corrective Action
Hazard
Date
Date
Main battery for cart
systems is a 48V
system

Battery is from original system and conforms with
standards for child products. The battery is stored safely in
the rear of the car away, a safe distance from the operator

3/4/2022

Two batteries: 48V
cart battery and 12V
power source for our
added components.
Pressured fluids:
Hydraulic brake
fluid in original cart
system
The cart can be
operated in an
unsafe manner if the
remote operator/
autonomous
algorithm causes cart
to collide with large
objects/ animals/
humans

48V battery explained above. The 12V power source will
likely be located in a central location, away from the 48V
battery and other components that have a high temperature
rise.

3/4/2022

We will not be tampering with the original hydraulic line
on the cart. Safety for the original design will be maintained
in our proposed system.

3/4/2022

Collisions can be prevented with clear marking of our
testing areas. We will have clear signage and people
watching test perimeter. The testing space will be an open
area with no major obstacles and restricted human/animal
presence. Testing will be conducted at less busy times
(late/early)

3/11/2022
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Appendix M | Design Hazard Plan
Table M-1. Hazard Plan Describing Potential Hazards in Our Project and Our Actions to Correct
for Them
Description of Hazard

Rotating components:
wheels, steering column

Pinch points: cart frame,
seat, geared steering
system, linear actuator
braking system, chain
(motor)

High
acceleration/deceleration
from cart motor (up to 17
mph), DC motor for
steering, linear actuator
for braking

Sharp edges on parts of
frame, some exposed
components in rear of
cart, some of our casings
might have sharp edges

Planned Corrective Action
The wheels are from the original cart and will
not be modified. To prevent damage to our
added systems and sensitive electrical systems,
we will be using the original protective covers
so that rocks will not impact these items.
Additionally, items such as gears will have
protective housings. The steering column and
rotating gears will not be a safety hazard since
no operator will be inside of the vehicle.
The geared steering system will be encased in a
protective housing for the safety of the gears
and the users. The current brake pedal will
remain the same, which when combined with a
linear actuator and added mounting, leads to
risk of pinching when testing the autonomous
braking system. The chain that transmits motion
from the motor to the axle is also a potential
pinch point but can be protected by using the
original plastic covers. If we find that these are
not sufficient in our testing, we will design
custom protective covers to shield users or
undesired objects from coming into contact with
these moving components.
To reduce the risk from high acceleration
components, we will limit the speed to the lowspeed setting (10mph or lower). The maximum
speed of the DC motor is approximately 15 rpm
and will be controlled electronically through our
input. The selected linear actuator has a
maximum dynamic speed of 0.5 in/sec and a
maximum travel of 3 in thus limiting risk.
Sharp edges on frame can be shielded with the
original cart coverings but are not significant.
Current exposed components in the rear,
including the mounting material for batteries,
control unit, etc. have some sharp edges and
will likely be covered in our final design. The
casings we design might have a number of sharp
edges due to space constraints, but risk is
eliminated since we will have no user in the cart
during operation.
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Planned
Date

Actual
Date

Table M-1. Our hazard plan describes potential hazards in our project and our actions to correct
them before they arise. (continued)
Description of Hazard

Planned Corrective Action

Main battery for cart
systems is a 48V system

The battery is from the original cart and
conforms with standards for child products. The
battery is stored safely in the rear of the car
away, a safe distance from the operator. We will
not be modifying the provided battery or
container.

Two batteries: 48V cart
battery and 12V power
source for our added
components.

The 48V battery is explained above. The 12V
power source will likely be located in a central
location, away from the 48V battery and other
components that have a high temperature rise.

Pressured fluids:
Hydraulic brake fluid in
original cart system

We will not be tampering with the original
hydraulic line on the cart. The safety for the
original design will be maintained in our
proposed system.
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Planned
Date

Actual
Date

Appendix M | Gantt Chart
The Gantt chart lists all our tasks leading up to the critical design review (CDR) presentation. The tasks
listed following CDR are larger milestones that will be broken down into smaller tasks as they get closer.
Each task has a specified due date, responsible team member, and sub-tasks (if applicable). This tool
allows us to visually organize our tasks as we look to our year ahead.
Concept Generalization and Selection

N-1

Detailed Design and Analysis

N-2

Manufacturing, Assembly, and System-Level Testing

Product Testing

N-3

Project Wrap-up

N-4

Part III: CDR Report

Autonomous Vehicle Design
Critical Design Report (CDR)
February 28, 2021
B.A.C.O.N. (Battery-Powered Autonomous Cart conversiON)
By
Tanner Hillman
thillman@calpoly.edu
Chris Or
cor@calpoly.edu
Damond Li
dli48@calpoly.edu
Robyn Ribet
rribet@calpoly.edu
Sponsor
Dr. Charlene Birdsong
Mechanical Engineering Department
California Polytechnic State University
San Luis Obispo

Abstract
The goal of our project is to convert an electric go cart into an autonomous testing platform. We must
enable autonomous braking, steering, and acceleration with electro-mechanical systems. We began the
project with ideation to create our initial design and have since received ample feedback from faculty,
students, and our sponsor. With this feedback we were able to refine our preliminary ideas and produce a
detailed design supported with ample analysis, research, and external advice. We have developed our
project in four main subsystems: Steering, braking, acceleration, and emergency braking. The most
considerable changes from PDR have been the removal of focus on retaining drivability, shifting to focus
on static bench testing rather than dynamic testing, changing our steering design to incorporate a gearbox,
and changing our emergency braking system away from remote control. These changes have narrowed
our scope of work without compromising any of the needs our sponsor presented us with.
We began re-design by completing a FMEA which highlighted many possible failure modes we
overlooked. We have completed a thorough drawing package, to fully define our subsystems, allow for
simulation, and detailed testing to verify their functionality. Further, we completed structural prototypes
for our steering and braking systems so we can gain further insights and verify components of our design.
On the financial and manufacturing side we have completed a detailed project budget and manufacturing
plan which will guide us moving forward in our purchases and design implementation. Through these
many forms of analysis along with our research, we are confident in our design and looking for sponsor
approval to move into the manufacturing/testing phase of our project.
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1. Introduction
B.A.C.O.N.’s team members are Damond Li, Chris Or, Robyn Ribet, and Tanner Hillman. Our team
sponsor, Dr. Charlene Birdsong, has emphasized the importance of Cal Poly to have a substantial
platform to perform further research and development in the autonomous driving realm. Our team’s
project is to autonomize an electric go-kart, specifically focusing on modifying the acceleration, braking,
and steering systems. Developing an autonomous vehicle platform will benefit Cal Poly’s College of
Engineering and provide an essential base for future faculty, graduate students, or senior project teams to
work with. For this platform to be effective, it must be sufficiently durable, extremely safe, relatively
inexpensive, and easy to maintain. This document will contain a thorough explanation of our preliminary
design decisions. We will effectively communicate this through detailed commentary on our concept
development, concept design, concept justification, and project management.
Since our Preliminary Design Review, we have made many significant changes to our design so we may
best meet our projects’ requirements and deliver a high-quality product. Further, our changes have been
reflected in an updated specification list shown in Appendix F. For the steering subsystem, we are now
incorporating a gearbox and we have decided to mount the motor in the opposite direction to our previous
design to minimize material needed and reduce stress. In addition, we have decided to machine our own
steering column allowing for precise bearing/step placement and far greater control over the steering
system. For braking, we have gotten rid of the pedal and opted for a linear actuator to mount directly inline with the master cylinder. For emergency braking, we have changed our design to use a handheld
double-pole, single-throw emergency switch interrupting the motor power circuit and energizing the
braking circuit. Finally, for acceleration we have refined our system to use an Arduino with a RC lowpass filter to produce the analog signal needed.
Much of this document will be justification supporting our design carried over from PDR and any
changes made since then. We will highlight the operation and function of each subsystem in System
Design. In Design Justification we will support the changes and decisions we made through research and
analysis. Next, in Manufacturing Plan we will detail exactly how each of these systems will be created
and implemented to the entire system. Finally, we will discuss how we will verify all our systems work
together to meet the design specifications in Design Verification Plan.

2. System Design
This section of the report will outline the final design of the steering, braking, emergency-stop, and the
acceleration system.

2.1. Steering System
The steering design, shown in Figure 1, primarily consists of a gearbox, steering column, motor,
mounting assembly, and wheel assembly. This design converts a voltage input from the motor into a
rotation of the tires. The motor is connected through the gearbox to the steering column shaft. From there,
as the steering column rotates, it pushes the tie rods right or left which in turn turns the tires.

1

Figure 1. Steering System CAD Overview
The interaction between the tie rods and wheels was provided with the initial cart and remains unchanged;
the rest of the system is custom designed for this application with the gearbox being the primary
subassembly. This gearbox, shown in Figure 2, provides a 2:1 gear reduction; at the output of the steering
column, we are receiving twice the torque and half of the rotational speed provided by the motor at full
power. The drawings for the individual components are shown in Appendix A.

Figure 2. Gearbox Section View

2

In the gearbox, snap rings are used on both the input and output shafts to retain the gears axially whereas
keyways are used to lock the gears in rotation.
The U-joint, pictured in Figure 3, connects the output shaft of the gearbox to the steering column. This Ujoint serves many purposes: it can transmit torque when bent at angles up to 10° which allows it to correct
for any assembly misalignment between the gearbox output shaft and the base of the steering column. By
adding some rotational compliance to the system, we avoid creating indeterminant stresses within the
assembly.

Figure 3. Full Steering System CAD View.
Not shown in the system is CAD is the interaction of the base of the steering column to the cart itself.
This connection utilizes an existing system, as pictured in Figure 4. This system uses a compliant shaft
collar that allows for axial and radial rotation as well as axial sliding. By fixing the system at a pivot point
rather than a rigid connection, we can directly counteract the radial force from the gears and tie rods
rather than producing large moments which can stress the shafts.

3

Figure 4. Steering Column Base Connection
The final smaller, but equally important, aspects of the system are the mounting and feedback, which are
shown in Figure 5.

Figure 5. Steering System Gearbox and Encoder Feedback
The mounts, shown in green, will be directly welded to the steel tube frame. These serve to rigidly secure
the gearbox, but still allow for disassembly of the system. The rotary encoder sits on top of the gearbox
housing and is mounted concentric with the gearbox output shaft. This encoder placement is to allow for
direct feedback about the system’s position without generating error with gear backlash and motor slip.
A cost summary for the steering subsystem is shown in Appendix B and totals approximately $830.
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2.2. Braking System
The final selected design for our electronically controlled braking system, shown in Figure 6, focuses on
maintaining function and reliability with system feedback and control. The system consists of two main
assemblies: the linear actuator assembly and the force-sensing feedback assembly shown in Figure 7.1.
The linear actuator assembly comprises of five total components: the linear actuator (Firgelli Automation
FA-05-12-3), two actuator mounting brackets (FA-MB2), a momentary rocker switch (FA MAN-RS2),
and an angled base mount for the linear actuator to attach to the cart’s base. The force-sensing assembly
consists of five components as well which include a 100kg button load cell (LC100B), a two-part
connector for the master cylinder, a connector for the linear actuator shaft to interface with the master
cylinder connector, and a plate to mount the master cylinder to the main cart frame.

Figure 6. Side View of Final Design for the Electronic Braking System

Figure 7.1. Force Sensing Design for the Electronic Braking System
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Figure 7.2. Linear Actuator Base Mount Design for the Electronic Braking System

The braking system we created was designed to function with several components from the original
braking system from the cart that has two main functions: pressurizing the brake line and electronically
cutting power to the cart motor. The original cart braking system combined both actions through a single
brake pedal that pressurized the master cylinder while simultaneously pulling a wire that triggers a switch
to disconnect battery to the main cart motor. Our goal was to create a system with one actuator that would
accomplish this same function in one motion. The physical brake system consists of a hydraulically
actuated master cylinder that connects through a brake line to a single disk brake on the right-side rear
wheel. The electronic cart motor shut off is triggered through the pulling of a wire approximately half an
inch that activates a switch that disconnects the power source to the motor as shown in Figure 8.
Our design accomplishes both actions using a linear actuator mounted in line with the master cylinder and
parallel to the motor shutoff wire. The linear actuator shaft stroke has a maximum travel of 3 inch which
is more than sufficient to accomplish the 0.5-inch displacement required. Through a base mount that is
placed on the main frame tubing and bolted into the cart’s base plate as shown in Figure 7.2, we can angle
the linear actuator to be perfectly in line with the master cylinder. On the shaft end of the actuator, there is
a multi-part connector that pushes the master cylinder and a force sensing mechanism within this
connector shown in Figure 8. This allows us to compress the master cylinder and shut off the motor when
the actuator is pushing forward while also receiving a force reading from the intermediate load cell. A
summary of the various components can be found in Appendix B. and the general interfacing is shown in
Figure 8. The drawings for all relevant parts to be manufactured is available in Appendix A. This includes
the master cylinder connector cap and tube, the linear actuator connector, and the linear actuator base
angle mount.
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Figure 8. Force Sensing Assembly
The primary method of control during initial stages of testing is a manual control switch purchased from
the linear actuator manufacturer. This will be a six-point connection momentary rocker switch (Firgelli
Automation MAN-RS2) shown in Figure 9. This will allow us to control the braking system in both
forward, reverse, and neutral modes during bench testing for the cart. Additionally, for future projects,
this wiring will be imitated on a microcontroller that allows us to drive the actuator forwards, backwards,
and stop it at determined lengths to ensure the full braking motion required.

Figure 9. Forward, Reverse, and Neutral Stages for the MAN-RS2 Momentary Rocker Switch
The total cost for all components of the braking system before tax and shipping is $437.21. With tax, this
total becomes $478.74. Shipping is variable since some items will be shipped together with components
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from the other subsystems (such as for stock and screws). The main high-cost items for the braking
subsystem are the Firgelli Automation FA-05-12-3 linear actuator ($139.99) [3], the 100kg button load
cell ($115.00) [4], and a variety of 6061 Aluminum stock pieces. A full breakdown of cost and items is
available for reference in Appendix B.

2.3. Emergency Stop System
The emergency braking system has not changed too signficantly since PDR. The main change has been in
our testing method, bench testing rather than dynamic/road testing. This has allowed us, with sponsor
approval, to switch to a wired emergency stop system. From a functionality-perspective, the design is the
same as it was at PDR. We will use an input to cut all power to the motor, allowing the cart to slow
through the internal friction of the motor. Secondly, the automatic braking system, described in Section
2.2, will be energized by slowing the cart with the linear actuator.
The wiring layout is shown below in Figure 10.

Figure 10. Emergency Braking Wiring Diagram
As you can see the E-Stop button, A Double Pole Single Throw Emergency Switch from Honeywell [1],
activates two separate circuits when depressed. To de-activate the circuits the user will simply pull the estop button from its activated position. When closing the linear actuator circuit, a redundant 12V power
source will activate our linear actuator and in turn pressurize the braking system. Please note the normal
linear actuator circuit is shown as well; Both circuits feed into a current regulator [2] to avoid overloading
the linear actuator. In a situation where the E-brake is activated while the main system is supplying
current to the actuator, we do not want to damage the hardware. Since the voltages are in parallel, we are
limiting the current based on the rated value, 3 amps. One key insight of our further research since PDR
was the ability to further pin-out the ECU system currently on the cart. When doing so we discovered the
accessibility of a built-in motor interrupt feature on the ECU. By closing this circuit, the ECU interrupts
the motor power circuit. We chose to use this feature rather than directly interfacing with the 48V power
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source to avoid damaging the motor and working with high (>40V) voltages. Shown on the diagram
above as the motor circuit, our switch will complete the ECU motor interrupt circuit and cut the motor.
We are confident that the simplicity and direct interface of our new system will produce consistent,
reliable emergency stops, limited only in response time by the individual testing the cart.

2.4. Acceleration System
The final design for the acceleration system will utilize a microcontroller to control the cart's acceleration
system. The microcontroller will be wired as shown in Figure 11.

Figure 11. Wiring Diagram of the Acceleration System
The voltage source on the left side of Figure 11 represents the 5V source and ground coming from the
cart’s electronic control unit (ECU). The two resistors in series on the bottom right of Figure 11 represent
the throttle which acts as a potentiometer. The microcontroller, represented by the yellow block at the top
left corner in Figure 11, will be powered by an external 5V battery pack. The yellow block on the right
represents a physical switch that connects both the throttle and the microcontroller outputs to the ECU.
The microcontroller chosen for the acceleration system is the Arduino Due. The Arduino Due has a builtin digital-to-analog converter (DAC) that is capable of outputting a maximum voltage of 3.3V. This
analog voltage will be amplified by a fixed proportional gain using an operational amplifier before
returning back to the cart’s ECU.
This wiring layout is designed with bench-testing and safety in mind. The physical switch allows the
operator to switch between the outputs of microcontroller and the output of the throttle. In the case of a
microcontroller malfunction and the motor accelerating uncontrollably to full speed, the operator can
simply flip the switch and the microcontroller will no longer be connected to the cart’s ECU.

9

3. Design Justification
Our design justification shows that our final designs for all subsystems will meet the specifications that
we set through analysis and prototype tests.

3.1. Steering System
The design for the steering system serves to directionally control the cart using a DC motor. This system
fulfills two specifications: full range steering and bump-to-bump steering time. These specifications were
the driving factors for the design and will be met at the completion of the project.
The structural prototype, shown in Figure 12, validated the motor mounting position, steering system
functionality, and gearbox geometry. This prototype was built from 3D printed parts and consisted of the
basic components including the gearbox housing, input gear, and output gear. The assembly was put
together using M5 bolts (for the motor) and M6 bolts (for the gearbox flange). We used the pre-existing
steering column, steering column base plate, and tie rods to observe the interaction between the gearbox
and original steering system. Additionally, this prototype served as a physical verification of spacing
allotments between the steering and braking systems.

Figure 12. Steering System Structural Prototype
The primary analysis conducted for this system was regarding component clearances, assembly
tolerances, and yield criteria. These calculations are displayed in Appendix C. From these calculations,
we determined the correct gear key sizing, shaft diameters, and gear ratio.
We performed preliminary steering testing to determine the torque required to turn the steering wheel.
Please reference Appendix C for test setup and complete results. In summary, it takes about 7 N-m of
torque to turn the steering wheel when the cart is stationary and supporting 17 N of additional weight. We
decided to use a conservative safety factor of 4 to account for potential error in our testing equipment,
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testing setup, and changes in surface texture. With our safety factor applied we have a required torque
output of 28 N-m at the steering column, the motor provides 14 N-m of torque, so this produces a gear
reduction of 2:1.
For the yield criteria, we calculated the minimum solid shaft diameter that could withstand the torque
output from the motor. We analyzed the system to withstand the shear force from this torque, and we
neglected bending moments. As discussed previously, there is a U-joint which connects the output shaft
to the steering column. The steering column and output shaft are retained radially with bearings which
counteract the radial force from the gear (on the output shaft) and from the tie rods (on the steering
column). The U-joint adds compliance into the shaft so that there is no bending moment transmitted
throughout it; the only load transmitted is the torque. There are two U-joints in the design to eliminate the
non-linearities that a U-joint introduces into the system. With a single U-joint design, the input and output
shafts rotate at different speeds, but this can be eliminated by adding a second U-joint into the equation.
This rotational speed difference becomes greater as the angle increases between the two shafts; however,
it cannot be fully eliminated with a single shaft.
For the output shaft calculations, with a safety factor of 2, we produced a minimum shaft diameter of
9.95mm for 7075 Aluminum and 6.67mm for Steel. We chose to use 7075 Aluminum for the gearbox
output shaft because it has a higher specific strength than the other options and is easy to machine. We
selected 4140 Steel for the steering column because it is easy to weld, easy to machine, and has a high
specific strength. We chose a safety factor of 2 for the mechanical components because the preliminary
testing was conducted on a smooth surface without accounting for potential impact loads. An impact
loading case could occur if a tire bumps against a curb and there is external loading introduced into the
system.
The most likely components requiring maintenance will be the gears. To reduce this as much as possible,
we will be using a thick grease that will act as a lubricant and extend the life of the gears. The gearbox is
assembled using fasteners with no permanent forms of assembly (welding or glue) so that it can be
disassembled easily and inspected in case of component failure. All components were oversized with at
least a safety factor of 2 to reduce the risk of failures and prolong the life of the system.
Moving forward, our primary concerns are around the unknowns that exist regarding the manufacturing
of the system. While welding components, it is difficult to maintain precise alignment, so we will need to
ensure that the output shaft is not misaligned with respect to the steering column before the mounts get
fully welded.

3.2. Braking System
Our design for the electronic braking system fulfills the two main specifications for the braking
subsystem that we set in our preliminary design report. The two main specifications defined for the
electronic braking subsystem are full range of braking and time for full-braking application. Based on our
current design, we will be able to achieve both.
For the time for full-braking application, we set a goal of accomplishing our full range of half an inch in
one second. We accomplished this goal with the linear actuator and system we designed. The Firgelli
Automation FA-05-12-3 [3] (specifications referenced in Appendix A) is rated for 150 lbf dynamic force
at a speed of 0.5 inches per second. Therefore, we will theoretically be able to accomplish full braking
11

within a second based on this speed. We were initially considering a linear actuator with a lower rated
force but that would not have met the force requirements to engage the brakes as discussed in the
following specification. We will discuss our plans for testing this specification in the design verification
chapter of this report.
For the ability to achieve the full range of braking, we set a goal of 0.5 inches which is the required
distance of travel to engage the brake caliper on the rear disk while simultaneously pulling the motor
power shutoff wire. The linear actuator we selected comes with a stroke of 3 inches which significantly
exceeds the required stroke length. Therefore, the specification of full range braking through distance
met. The second part of achieving full-range braking is meeting the force requirement. For this
specification, we had to create a MATLAB script shown in Appendix C based on the SAE J1401 standard
[7] for the main hydraulic brake line in original cart system. This standard calls for a working pressure,
P_w, of 27.6 MPa, and has a maximum burst pressure, P_b, of 70 MPa. Our calculations allowed us to
determine the required force at working and burst pressures to find the required minimum forces and a
reasonable maximum force to accomplish a functioning system. We determined that the minimum
required force to meet the working pressure for our brake line was 49.9 lbf. Our linear actuator has a
maximum dynamic force of 150lbf, as shown in Appendix A, which meets this requirement while also
exceeding a force that corresponds to burst pressure. However, upon performing further testing on the
original cart system, we determined that the required force to fully engage the braking system to be
approximately 175N at the push point (the master cylinder is 1/3 way down from the push point). After
accounting for this, we calculated the required force at the master cylinder to be 120lbf which is
comparable to the 150lbf dynamic force that the linear actuator is capable of.
Although we were unable to find a similar existing design that uses a linear actuator application directly
to pressurize a brake line, we were able to verify our system design functionality with the linear actuator
manufacturer. We discussed our planned application with a technical sales specialist from Firgelli
Automation that ensured that the exact linear actuator we selected would work well in our application.
She also provided us with suggestions on methods of powering the actuator. We are using her
recommendation of wiring our linear actuator directly to the 12V power source in the cart’s battery as one
of the four battery cells. She also suggested an option for mounting to the built-in design of the linear
actuator. We are also listening to this suggestion by implementing two of the FA MB2 mounts [6] that the
company offers to interface directly with the actuator. The conclusion from this phone call was to confirm
our selection of a control method which was the Firgelli Automation FA MAN-RS2 [5] which is a
momentary rocker switch that allows both forward and reverse motions and a stop mode. We will be able
to wire in power and two directions using this six-point switch.
Another step that helped us to test our system design was a 3D-printed structural prototype shown below
in Figures 13 and 14. We 3D-printed all components of the system to fit onto the cart. We realized that
our first design for the base linear actuator mount was significantly thicker than what would fit on the
cart. Additionally, we realized we needed to modify the placement of the hole that the motor shutoff
switch wire that we attach to the linear actuator shaft connector. We went through two rounds of this
testing to determine the final sizing that is shown in the drawings package in Appendix A. The conclusion
we came to from the structural prototype was that the cart base plate is too thin to mount directly to. In
our first design, we planned on mounting directly to the plate that is thin and realized that the forces from
the actuator would likely destroy the thin plate. Therefore, most of the loads are transferred to the strong
steel tube frame in our current design. The back bottom side has a curved circular portion offset from the
bottom to prevent the mount from rotation about the tube when forces are applied. Additionally, we kept a
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flat front portion that will still bolt to the base plate just to also ensure that the mount does not rotate
about the tube.

Figure 13. Front Side of the Structural Prototype Showing the Interface Between Linear
Actuator and Master Cylinder

Figure 14. Back Side of the Structural Prototype Showing the Interface Between Linear Actuator
the Cart’s Tube Frame Chassis
For our electronic braking system design, we only have one concern: the control methods for the linear
actuator. We are concerned that the manual momentary rocker switch will overshoot our required stroke
and damage the master cylinder since the linear actuator can move 3 inches while we only require
approximately half an inch. We will consider modifying our control method to use a microcontroller like
the two-board setup in the Mechatronics lab courses. This consists of a Nucleo 64 STM 32 L467-RG [8]
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board in combination with a custom motor driver board. This board will likely be compatible with the
linear actuator since the internal motor has similar requirements. We would then be able to precisely
control the linear actuator speed and direction through an internal H-Bridge circuit.
During our safety review discussion with Eric Pulse, we did not discover any significant safety hazards
from our system design. However, we were advised to put protective covers around the cart frame during
operation to ensure that people cannot put their fingers or other body parts into parts while moving since
the 0.5 inch per second speed is relatively quick. He also suggested that we include warning stickers that
are visible for observers of the system.
Regarding maintenance and repairs to the braking system, there are no major components that require
regular maintenance. However, if a part is damaged, assembly and disassembly is relatively simple. All
parts are connected to each other using nuts and bolts and threaded features on components. Therefore,
there are no major concerns for repairability.

3.3. Emergency Stop System
The design for the Emergency Stop System is intended to interrupt the motor power and automatically
apply the brakes. This system fulfills our safety specifications: E-Brake activation time and functionality.
To verify our design would work, we built a prototype to test the ECU motor cut feature. Shown below
are Figures 15, 16, and 17 showing the prototyping set up:

Figure 15. Brake-Actuated ECU-Cut Sensor
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Please note in our PDR testing we verified the operation of the ECU cut feature: By pressing the brake
pedal the cable shown in Figure 15 is pulled. When this cable is pulled the motor stops accelerating no
matter the throttle position.

Figure 16: Multimeter Measurement of ECU-Cut Pins
Seen in Figure 16 is a multimeter showing the pins labeled ECUh and ECUl correspond to the brake cable
from Figure 15. When the cable is pulled, ECU cut active, the circuit is complete. This indicates the
correlation between shorting the ECUh and ECUl pins and activating the ECU motor cut.
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Figure 17: Testing ECU-cut shorted circuit
Finally, we verified our concept by accelerating the motor with a constant throttle position and shorting
the pins ECUh and ECUl as shown in Figure 17. After running this test numerous times, the same result
occurred instantaneously every time: The motor cut.

3.4. Acceleration System
A functional proof-of-concept prototype was built to show that the cart’s motor can be operated using an
external voltage source. Using an Arduino Uno and a potentiometer, varying voltages were connected to
the signal wire. When a 2V signal is applied to the ECU, the cart’s motor operates at significantly lower
speed than when a 5V signal is applied. This shows that the voltage level is what determines the cart’s
motor speed. An additional test was done to see how the ECU responds to PWM. The ECU treats the
PWM as if it was a constant +5V and accelerates to full speed. This leaves us with two possible solutions:
implement a DAC using an RC low-pass filter or use a microcontroller with a built-in DAC that is
capable of outputting analog voltage.

Implementing our own DAC using an RC low-pass filter costs much less than a microcontroller with a
built-in DAC. However, there are a few drawbacks to this. RC circuits introduce a delay as the PWM
changes duty cycle. This delay may be negligible, but it limits how fast you can run your controller. If the
controller operates at a higher frequency than the RC filter’s cutoff frequency, it is possible for the
controller’s output to be attenuated by the low-pass filter. In addition, the output from an RC low-pass
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filter can be rather noisy from the capacitor constantly charging and discharging. The fluctuating voltage
can be remedied by increasing the RC time constant, but this further limits the frequency that the
controller can be run. For these reasons, we choose to utilize a microcontroller with built-in DAC such as
the Arduino Due.

The microcontroller will run a script that allows the user to control the cart’s throttle response. This script
can either be programmed in C++ through Arduino’s IDE, or it could be programmed in Python with the
PyFirmata library. Either way, there will be a form of user input which will be transmitted either
wirelessly or through the serial port to the microcontroller. The full capabilities of the mentioned script
are yet to be determined.

4. Manufacturing Plan
In this section, we will explain how our verification prototype will be manufactured as we walk through
the process for each subsystem.

4.1. Steering System
For the steering system, we will be purchasing simple off-the-shelf components and manufacturing
mounts and cases to accommodate them. This system was designed to be manufactured using a CNC mill,
waterjet and TIG welder. All these machines are provided by the Cal Poly Machine Shops and the parts
will be manufactured by Robyn.

4.1.1. Procurement
The materials that will be purchased for the steering subsystem are shown in Appendix B. These materials
include off-the-shelf components, stock for custom components, and fasteners. For the components
purchased using money from MESFAC, we will purchase them on personal cards and submit for
reimbursement. For the other components purchased, we will use Dr. Birdsong’s credit card that will use
her research funds.

4.1.2. Manufacturing
The manufacturing process for the steering system is shown in the Gantt Chart in Appendix G. The steps
for manufacturing are the following:
1. Steering Column and Output Shaft | Manual Lathe
To create the steering column and output shafts, we will be using a manual lathe to machine the
stepped column. The bearing fits are slip-fit and will be tested to ensure a good fit prior to the
parts being removed from the machine. This will reduce the uncertainty of machining a close fit
and increase efficiency in the inspection process. The steering column drawing is shown in
Appendix A.
2. Gearbox Housing | CNC Mill
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To create the gearbox housing, we will use a CNC mill. This will require 2 operations for each
part: the first operation will machine the inner part of the gearbox and the second operation will
machine the outer part of the gearbox including the flange and bearing bore. To dial in the bores,
I will undersize the hole initially so that I can measure the bore (while the part is still on the
machine) and offset the tool diameter to get the correct diameter for a press fit.
3. Steering Base Plate and Gearbox Upper Mounts | Waterjet
The steering base plate, which connects the steering column to the tie rods, will be waterjet from
steel plate with the correct hole location, but the holes will be undersized. The gearbox mounts
will be waterjet at the same time to save stock and operating time. The waterjet cuts have a slight
taper to them which can cause the cuts to be less accurate. To combat this issue, I will undersize
the holes and drill them out to post-machine them.
4. Steering Column and Base Plate Welding
To attach the steering column to the base plate, we will be TIG welding the components together.
To achieve this, we will use a magnetic welding clamp to hold the steering column flush with the
plate while it gets tacked into place. After that, the remainder of the part will be welded.
5. Lower Gearbox Mount | Manual Mill
To create the two individual pieces for the gearbox lower mount (lateral cross member and riser),
I will cut them to length on a bandsaw and then mill the appropriate holes and angles using a
manual mill. They will then be TIG welded together using a magnetic clamp to maintain
positional accuracy.
6. Mount Welding | TIG Welder
To mount the assembly to the cart, we will first weld prep by grinding off the paint and testing it
for lead. Next, we will align the mounts and weld them on.

4.1.3. Assembly
The manufacturing of the gearbox was designed to allow for ease of assembly. This will ensure that
repairs are relatively easy, and troubleshooting is possible. The assembly process is the following:
1. Press output bearing into the upper gearbox half using an arbor press.
2. Press output bearing into the lower gearbox half using an arbor press.
3. Bolt the motor to the lower gearbox half using four M5 x 0.8mm low head bolts and an Allen
wrench.
4. Slide the input gear key and input gear onto the motor shaft.
5. Secure the gear using two 12mm diameter snap rings.
6. Slide the steering column through the lower output bearing to push it into the gearbox.
7. Slide the output gear key and output gear onto the steering column. Secure with snap rings.
8. Apply a generous coating of grease on to the gears and rotate the gears several times to fully coat
them.
9. Place the top gearbox half onto the lower gearbox half and bolt them together using the bolts on
the outer flange.
10. Attach the gearbox mounts to the cart.
11. Bolt the gearbox onto the mounts.
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12.
13.
14.
15.

Bolt the encoder onto the gearbox upper housing.
Use the shaft collar on the cart to secure the bottom part of the steering column.
Assemble the steering column and output shaft onto the U-joint.
Wire the motor to a function generator and the encoder to a scope to observe the output.

4.2. Braking System
The design for the electronic braking system was created to simplify the manufacturing process and to
minimize the number of manufactured components. Although many of our key components will require
machining processes as described below, some of our parts will be purchased from a variety of vendors
and manufacturers. These include the linear actuator, its two direct mounts, an electronic rocker switch
for control, a button load cell, and numerous screws and nuts. The funding of these parts will be
distributed between sponsor purchases and team purchases reimbursed through our MESFAC funding.
We were able to obtain a 15% discount on all purchases from Firgelli Automation which includes the
linear actuator, actuator mount brackets, and the momentary rocker switch. The manufacturing and
assembly of parts that we will create ourselves is described below. For detailed dimensions and part
drawings, see our drawing and specification package attached in Appendix A.

4.2.1. Linear Actuator Base Mount
The purpose of the linear actuator base mount is to for mounting the linear actuator at the approximate
angle to have it line up linearly with the master cylinder that will be adjusted later. This part will be
manufactured from a solid piece of aluminum 6061 2.5"x3.5"x3.5" flat bar stock that will be purchased
from Midwest Steel and Aluminum by our sponsor. Our plan to manufacture this part consists of the
following steps.
1. We will use a waterjet machine to cut out the approximate shape of the side profile leaving about
5mm of material on the top side surface to be finished in a later process. The surface finish of the
bottom profile is not significant as it will be placed flat against cart base plate that is not perfectly
flat.
2. We will then use a manual mill to finish off the top profile and the rounded surface on the bottom
to the specified tolerances as described in Appendix A.
3. The four M6 clearance holes on the thin, flat portion will then be drilled out on a drill press.
4. Following this step, the part will be placed in an angle vise in a mill that will allow us to create
the M6x1.0 tapped holes on the 10-degree angled face of the mount.
The assembly of this part requires bolting one of the two MB2 mounts that is connected to the back side
of the linear actuator to this mount through the four tapped M6 holes on the angled face. We will then
align the rounded bottom surface to the cart’s main frame and place the bottom side against the cart base
plate. We will then screw in the mount to the base plate through the four M6 clearance holes. The final
assembly is shown in Figure 7.2.

4.2.2. Master Cylinder Connector Cap
The purpose of the master cylinder connector cap is to connect to the master cylinder through a M8 screw
that extends from it. It is the first of two parts of the master cylinder cap since a one-piece design was not
possible to manufacture with our skills. This part will hold load cell at the desired orientation and at a
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static location to be pushed against by the linear actuator shaft connector. This part will be manufactured
from a solid piece of aluminum 6061 1.5"x3" round bar stock that will also be purchased from Midwest
Steel and Aluminum by our sponsor. Our plan to manufacture this part consists of the following steps.
1. We will take the stock and use a lathe to reduce the diameter to the largest diameter at the edge of
the cap.
2. We will take turns turning down the other diameters on the lathe.
3. We will then drill and tap an M8 threaded hole to interface with the master cylinder on the slim
cylindrical top portion of the part.
4. We will use a mill to drill the counterbored hole a distance from the center that will be used to
help align and secure the load cell.
The process of assembling this part includes screwing it into place onto the M8 screw that extends from
the master cylinder. It will then involve screwing into place the button load cell.

4.2.3. Master Cylinder Connector Main
The purpose of the master cylinder connector main part is to align the master cylinder with the linear
actuator by interfacing with the linear actuator shaft connector. Additionally, it will play a key role in
holding the button load cell while making sure it maintains a constant orientation. The manufacturing of
this part is relatively simple.
1. We have an Aluminum 6063 tube with a 30mm outer diameter and 26mm inner diameter. The
first step is to cut this 300mm long tube to the required dimension.
2. We will then take this part and place it into V blocks in a vise to manually mill out the required
slot size at the desired location.
The assembly of this part includes using an M3 bolt as described in our BOM to secure the load cell to the
master cylinder connector cap part.

4.2.4. Linear Actuator Shaft Connector
The purpose of the linear actuator shaft connector is to align small discrepancies in linearity between the
linear actuator and the master cylinder connector components during operation. Additionally, this
connector will be the part that pushes against the button load cell during operation that provides feedback
in our system. This part will be manufactured from a solid piece of aluminum 6061 1.75"x2"x7" flat bar
stock that will also be purchased from Midwest Steel and Aluminum by our sponsor. Our plan to
manufacture this part is to consult manufacturing experts at the machine shops to have this part made with
a CNC mill. The relevant operations include removing the material around the perfectly cylindrical
portion and drilling four M6 clearance holes and a 4mm diameter hole for the motor shutoff wire.
The assembly of this part requires screwing it to the second of two MB2 mounts using four M6 hex head
screws and nuts that will connect directly to the linear actuator shaft through a provided pin.

4.2.5. Master Cylinder Frame Mount
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The purpose of the master cylinder frame mount is to mount the master cylinder to the cart frame. The
original mount is placed at a steep angle towards the cart base that makes it impossible to fit a linear
actuator with the required force and speed specifications. Our mount consists of a 7-gauge plate (3/16”
thick) of hot roll steel that is originally 4”x4” that will also be purchased from Midwest Steel and
Aluminum by our sponsor.
1. This piece of steel will first be cut into the desired shape.
2. We will then drill the necessary hole positions on a drill press to allow it to screw into the original
mounting place but also add holes to allow the master cylinder to screw on.
The assembly of this portion will require screwing this place into the original mount and then screwing
the master cylinder onto this mount which will place it at a desired angle.

4.3. Emergency Stop System
The overall manufacturing of the Emergency Stop system will be very straightforward. Since no
components are structural, we can 3D print any components (button box) that we need. In addition,
almost all the wiring connections will be completed with crimped ring terminals. Anything else will be
easily soldered. All added wiring will be fixed to the frame and sufficiently protected.

4.3.1. Procurement
The parts needed for the emergency stop system are shown in Appendix B. The redundant power source,
current regulator, and e-stop button are all ready to order from their respective distributors. For the wiring
hardware necessary to safely construct the circuits (16ga wire, ring terminals, electrical tape, zip ties,
soldering wire) we have reached out to two local stores (Home Depot and Miner’s Ace Hardware) and
confirmed they have each item in stock and ready for pickup.

4.3.2. Manufacturing
The only manufacturing necessary for the E-Brake subsystem is the Emergency Button Box:

Figure 18A. Button Box

Figure 18B. E-Stop
Button
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Figure 18C: Combined CrossSection View

Shown above in Figure 18A is the 3D printed button box itself. The box will be printed in two halves so
the button may be removed, and wiring changed. The box will fully contain the E-Stop button and the
exposed screw terminals for safety.

4.3.3. Assembly
The circuits will be combined using off-the-shelf ring terminals, attached to the 16ga wire with a
crimping tool. The ring terminals will interface with the E-Stop button and the Lantern battery. Any
exposed wire or connection will be covered as much as possible with shrink wrap and electrical tape. We
will solder the connections with the current regulator and will solder a quick-disconnect clip for the ECU
interrupt interface.
1. Crimp ring terminals onto the ends of four lengths of wire.
2. Connect the ring terminals to the four terminals of the E-stop button
3. Solder the quick-disconnect connection to a positive and negative wire pair coming from the Estop button
4. Mount the Redundant power source to the frame of the cart in front of the seat with zip ties
5. Solder the second wire pair to the input of the current regulator, and the output to the linear
actuator
6. Cover all exposed wires and terminals with shrink wrap and electrical tape wherever possible
7. Fix all wire and the current regulator to the frame of the cart with zip ties.
8. Label each wire so it can be clearly identified.

4.4. Acceleration System
Manufacturing and assembling the acceleration system will be straight forward as many of the
components can be directly purchased. All the electronics for the acceleration system will be housed
inside of a custom 3D printed electronics box. There will also be very minimal modifications made to the
cart.

4.4.1. Procurement
Many of the electronic components for the circuitry can be purchased through the IEEE department at Cal
Poly. The rest of the components, such as the microcontroller, will be purchased online. Please refer to
Appendix B for the full list of parts.

4.4.2. Assembly
The acceleration system will be assembled as follows:
1. Ensure that the battery is disconnected and far away from the cart.
2. Make an incision in an appropriate location along the signal wire connecting the throttle and ECU
to expose the bare wires under the insulation.
3. Tightly wrap an external segment of wire around the exposed signal wire.
4. Protect the tee joint junction with electrical tape to prevent any short circuits.
5. Connect the throttle side of the signal wire and the output wire from the microcontroller to their
respective terminals on the three-way switch. Connect the ECU side of the signal wire to the
appropriate terminal on the three-way switch. The switch should switch between connecting the
throttle with ECU and the microcontroller with ECU.
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6. Wrap all exposed wires with electrical tape and place the microcontroller inside the electronics
box.
7. Insert four M3 nylon nuts to into the hexagonal pockets at the bottom of the electronics box.
8. Align the microcontroller mounting holes to their respective holes in the electronics box.
9. Fasten the microcontroller to the electronics box with 16mm nylon M3 standoffs.
10. Place all electronic components in the electronics box.
11. Connect a 9V battery to the power jack adapter.
12. Plug in the power jack to the microcontroller.
13. Align and place the 3D printed lid on top of the box and fasten to the standoffs with 10mm M3
nylon bolts.

5. Design Verification Plan
In this section, we will describe the tests we plan to perform on our Verification Prototype to evaluate our
specifications. In each section, we will discuss how we evaluate the specifications, describe our tests, and
list the required equipment. A detailed layout of our specifications and corresponding tests is shown in
Appendix F.

5.1. Steering System
The primary specifications for the steering system are full range steering and bump-to-bump steering
time. Both requirements will be tested to ensure compliance after the system has been manufactured.
First, we will verify the bump-to-bump steering time requirement of 2 seconds. Before the mechanical
installation of our system, we will connect the DC motor to a power source and verify the motor can
operate through the full angular range in the specified time. It is important to note that we will need to
factor in our eventual gear reduction in our tested angular range. We would like to perform this test again
after the complete installation of our steering system on the cart; however, we will need to develop some
control system before then to ensure we can power the motor without over-rotating the steering system.
The full range steering requirement will be initially tested manually with a visual inspection for
component clearances. After the mechanical installation, with no power source connected to our steering
system, we will use a signal generator to ensure that the DC Motor - gearbox - shaft system can generate
the same +- 45 deg. range that the stock steering system cart could.

5.2. Braking System
The two main specifications defined for the electronic braking subsystem are full range of braking and
time for full-braking application. Evaluating each of these specifications is rather simple. To test the full
range of braking, we will first run the linear actuator independent of the system. We will test the
maximum stroke of the linear actuator to ensure it is functional and able to push out at least our required
half an inch. We will then create a method of control that does not cause the linear actuator to overshoot
before placing it into our system design. Before actuator implementation, we must calibrate the load cell
by subtracting from our reading the initial voltage value with zero load. When we place the linear actuator
into the system that includes the calibrated load cell, we will be able to test the full range of force output
that we require from the linear actuator.
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For our second specification, we will test the linear actuator in the system while pushing against the
master cylinder screw. We will then place a measurement template next to the moving component with a
reference point. The measurement template will have half an inch measured out on it and we will then
send a power signal to the linear actuator to move half an inch. We will then measure on a stopwatch the
time it takes to reach half an inch from the zero reference. We will confirm our time measurement on our
program. Our program will include code that starts and stops a timer for the half inch operation.
Subtracting the start time from the stop time will give us the time that it takes for the desired motion to be
executed. We will run this test numerous times and ensure that our speed specification is met within 0.2
seconds.

5.3. Emergency Stop System
To verify the functionality of the E-stop system we will perform a test in two parts: First, we will ensure
that from the press of the E-stop button the motor must cut and the actuator must activate in less than half
a second. Secondly, we will perform the same test on a large scale to ensure that the system works at least
99% of the time.

5.4. Acceleration System
The main goal for the acceleration system is to be able to achieve the desired throttle response without
physically interacting with the cart. To ensure that we have retained all capabilities of the original
acceleration system, we will operate the acceleration system through the microcontroller and observe the
cart’s response. More specifically, we will observe how long it takes for the cart to achieve full speed
with the speed setting set to Low, Medium, and High. These test results will be compared to the original
acceleration system operated by the throttle. We will also test to see if the new acceleration system can
output a wide range of throttle responses.

6. Conclusion
The purpose of this project is to provide a fully functional mechanical platform for Cal Poly faculty and
students to perform autonomous vehicle research on. Our team’s design challenge is to implement a series
of electrical and mechanical systems that can operate the original vehicle’s steering, braking, and
acceleration systems autonomously with the addition of an emergency stopping system.
The objective of this document is to ask for sponsor approval of this final design before continuing to the
manufacturing and testing stages. This document encapsulates the final designs and plans to manufacture
and assemble this project’s four subsystems: steering, braking, emergency stop, and acceleration. This is
divided into sections detailing the final system designs, design justifications, manufacturing plans, and
design verification plans for each subsystem separately. Through this document, we established each
development process through engineering calculations, structural and electrical prototypes, 3D modeling,
and engineering drawings for manufacturing. Following this report, the next major deliverables include a
risk assessment and safety review, and manufacturing and test review. The purpose of the risk assessment
and safety review is to consider operations that a user or tester will perform and analyze risks and how to
manage them. Following this, we will have a manufacturing and test review to evaluate the status of
manufacturing and material procurement and the details of our test plan.
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110000 | Braking Assembly

A-4

110000E | Exploded Braking Assembly

A-5

111100 | Linear Actuator

A-6

111200 | Linear Actuator Mount

A-7

111300 | Rocker Switch

A-8

111400 | Linear Actuator Base Mount

A-9

112000 | Force Sensing Assembly

A-10

112100 | Button Load Cell

Alloy steel & stainless steel body and internals. Bellows hermetically sealed by laser, nickel plated, waterproof and anti-corrosion,
suitable for multiform environments.
Load Cell Parameters:
Temperature effect on span (%F.S/10℃): ±0.05
Comprehensive error (%F.S) : ±0.2
Temp. effect on zero (%F.S/10℃): ±0.05
Rated output(mv/v) : 2.0±0.04
Compensated temp. range(℃ ) : -10～+40
Creep(%F.S/30min) : ±0.02
Usage temperature range(℃ ) : -35～+65
Zero balance(% F.S) : ±1.0
Excitation voltage(V) : 9～12(DC)
Input resistance(Ω) : 700±10
Output resistance(Ω) : 700±5
Safe overload (%F.S) : 120
Ultimate overload (%F.S) : 150
Insulation resistance(MΩ) : ≥5000(100VDC)
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A-29
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140000 | E-Brake Assembly

A-76

141000 | E-Stop Button
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Appendix C | Analysis and Simulation
Braking Force Analysis
Braking force required from linear actuator. Based on SAE J1401 standard for the main hydraulic brake line in
original cart system. This standard calls for a working pressure, P_w, of 27.6 MPa, and has a maximum burst
pressure, P_b, of 70 MPa.
Source: https://m.made-in-china.com/amp/product/SAE-J1401-3-2-7-5mm-Stainless-Steel-Braided-PVC-PUCover-Flexible-PTFE-Brake-Oil-Hose-Line-Assembly-with-Fitting-for-Motorcycle-705944481.html
Brake line geometry:
% Inner diameter
d_i = 0.0032; % m
% Inner area
A_i = pi*(d_i/2)^2; % m^2
Working pressure:
P_w = 27.6; % MPa
P_w = P_w*1e6; % Pa
Burst (maximum) pressure:
P_b = 70; % MPa
P_b = P_b*1e6; % Pa
Required force to maintain working pressure:
F_N_w = P_w*A_i; % N
F_w = F_N_w * 0.224809 % lbf
F_w = 49.9014

Force to burst pressure:
F_N_b = P_b*A_i; % N
F_b = F_N_b * 0.224809 % lbf
F_b = 126.5615

Based on these calculations, my initial design uses the Firgelli Automation FA-05-12-3 Linear Actuator in
combination with the MB2 bracket:
FA-05-12-3: https://www.firgelliauto.com/products/tubular-linear-actuator
MB2: https://www.firgelliauto.com/products/mb2

C-1

Acceleration RC Analysis
The system response time of the cart's acceleration was measured at varying speed settings: Low,
Medium, and High. This is the time it takes for the cart's wheels to spin up to its max speed. Knowing
this, we can assume a reasonable time to run a controller for the cart. Given that the fastest
response time was approximately one second, we can divide this time by ten and find that a
reasonable controller period of 0.1 seconds or a frequency of 10Hz. This 10Hz will be set as the
cuttoff frequency for the low-pass digital-to-analog converter so that the different signals from the
controller will not be attenuated.
Note:
% The fastest response time for the cart's acceleration system is 1 second
T_response = 1;
T_controller = T_response / 10;
f_controller = 1 / T_controller
f_controller = 10

% Calculate the RC time constant from the cuttoff frequency
RC = 1 / 2 / pi / f_controller
RC = 0.0159

C-2

Steering Calculations [8]
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C-4
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Appendix D | Failure Modes and Effects Analysis
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Appendix E | Design Hazard Checklist
DESIGN HAZARD CHECKLIST
Y
☒

N
☐

☒

☐

1. Will any part of the design create hazardous revolving, reciprocating, running,
shearing, punching, pressing, squeezing, drawing, cutting, rolling, mixing or similar
action, including pinch points and sheer points?
2. Can any part of the design undergo high accelerations/decelerations?

☒

☐

3. Will the system have any large moving masses or large forces?

☐

☒

4. Will the system produce a projectile?

☐

☒

5. Would it be possible for the system to fall under gravity creating injury?

☐

☒

6. Will a user be exposed to overhanging weights as part of the design?

☒

☐

7. Will the system have any sharp edges?

☐

☒

8. Will you have any non-grounded electrical systems?

☒

☐

9. Will there be any large batteries or electrical voltage (above 40 V) in the system?

☒

☐

☐

☒

☐

☒

☐

☒

☐

☒

10. Will there be any stored energy in the system such as batteries, flywheels, hanging
weights or pressurized fluids?
11. Will there be any explosive or flammable liquids, gases, or dust fuel as part of the
system?
12. Will the user of the design be required to exert any abnormal effort or physical posture
during the use of the design?
13. Will there be any materials known to be hazardous to humans involved in either the
design or the manufacturing of the design?
14. Could the system generate high levels of noise?

☐

☒

☒

☐

15. Will the device/system be exposed to extreme environmental conditions such as fog,
humidity, cold, high temperatures, etc.?
16. Is it possible for the system to be used in an unsafe manner?

☐

☒

17. Will there be any other potential hazards not listed above? If yes, please explain.

Figure E-1. Lists the Potential Hazards of a Design and Indicates if They Apply to Our Project.
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Table E-1. Hazard Plan Describing Potential Hazards in Our Project and Our Actions to Correct
for Them

Description of Hazard

Planned Corrective Action

Planned
Date

Rotating components:
wheels

Wheels are from the original cart and will not be
modified. To prevent damage to our added and
electrical systems, we will be using the original
protective covers to shield sensitive items.

1/11/2022

Rotating components:
steering column, gears

The steering column and rotating gears will not be a
safety hazard since no operator will be inside of the
vehicle. Additionally, items such as gears will have
protective housings.

1/11/2022

Pinch points: geared
steering system
Pinch points: linear
actuator braking system

Pinch points: motor
drive chain

The geared steering system will be encased in a
1/11/2022
protective housing for the safety of the gears.
The current brake pedal will be removed from the cart.
The actuator will be mounted in-line with the master
2/15/2022
cylinder. Warning labels will be placed near the pinch
points of the actuator to warn the user.
The chain that transmits motion from the motor to the
axle is also a potential pinch point but can be protected
3/11/2022
by using the original plastic covers. Alternatively, we
can design custom protective covers to shield users.

High
To reduce the risk from high acceleration components,
acceleration/deceleration
we will limit the speed to the medium-speed setting or 3/11/2022
from cart motor (up to
lower (<10mph).
17 mph)
The maximum speed of the DC motor is
DC motor for steering
approximately 15 rpm and will be controlled
3/4/2022
electronically through our input.
The selected linear actuator has a maximum dynamic
Linear actuator for
speed of 0.5 in/sec and a maximum travel of 3 in thus 3/11/2022
braking
limiting risk.
The casings we design might have a number of sharp
Some of our casings
edges due to space constraints, but risk is eliminated
3/11/2022
might have sharp edges
since we will have no user in the cart during operation.
Sharp edges on parts of
frame
Some exposed
components in rear of
cart

Sharp edges on frame can be shielded with the original
3/11/2022
cart coverings but are not significant.
Current exposed components in the rear, including the
mounting material for batteries, control unit, etc. have
3/11/2022
some sharp edges and will likely be covered in our
final design.
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Actual
Date

2/24/2022

2/24/2022

Table E-1. Hazard Plan Describing Potential Hazards in Our Project and Our Actions to Correct for
Them (continued)
Description of
Hazard

Planned Corrective Action

Planned
Date

Main battery for cart
systems is a 48V
system

Battery is from original system and conforms with
standards for child products. The battery is stored safely in
the rear of the car away, a safe distance from the operator

3/4/2022

Two batteries: 48V
cart battery and 12V
power source for our
added components.
Pressured fluids:
Hydraulic brake
fluid in original cart
system

48V battery explained above. The 12V power source will
likely be located in a central location, away from the 48V
battery and other components that have a high temperature
rise.

3/4/2022

We will not be tampering with the original hydraulic line
on the cart. Safety for the original design will be maintained
in our proposed system.

3/4/2022

E-3

Actual
Date

2/3/2022
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Abstract
The goal of our project is to convert an electric go cart into an autonomous testing platform. We must
enable autonomous braking, steering, and acceleration with electro-mechanical systems. We began the
project with ideation to create our initial design and have since received ample feedback from faculty,
students, and our sponsor. With this feedback we were able to refine our preliminary ideas and produce a
detailed design supported with ample analysis, research, and external advice. We have developed our
project in four main subsystems: Steering, braking, acceleration, and emergency braking. Following, we
procured, manufactured, and assembled all of our designed components with the feedback received from
PDR and CDR. Upon completion of manufacturing and assembly, we began testing our predetermined
specification list to ensure the project met the design goals. Next, outside of pre-existing cart problems,
the testing verified our design met all of the specifications. Finally, we compiled all of our design,
modifications, manufacturing, and testing into a comprehensive package which we plan to hand to the
next group which will take over the project.
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1. Design Updates
1.1. Steering System
During Manufacturing and test assembly we found that the current orientation of the gearbox created a
severe deviation from the original steering geometry. This was due to inaccuracies in the CAD model for
the cart. Adjustments such as this were expected due to the difficulty of creating a completely accurate
CAD model of the new steering system around the pre-existing components in the cart. We decided the
best course was to flip the gearbox assembly about its vertical axis to maintain proper motor clearance
and steering geometry. The final design is shown below in Figure 1.

Figure 1: Final gearbox orientation is shown with the motor at the front of the cart and the steering
column towards the aft.
This flipped orientation required no re-design of our mounting strategy; furthermore, the angle of the
steering shaft matched the alignment of the original system much more closely. The ‘universal mounting’
design of the gearbox was carefully chosen to allow for design changes such as this, and we simply had
the mounting tabs welded to allow for this change. The resulting changes were verified in our steering
testing.

1.2. Braking System
After assembling the interface between the linear actuator and the load cell mount, shown below in Figure
2, we realized that the assembly would not work as intended.
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Figure 2: Original actuator to load cell interface connection (circled) which caused buckling
The original design for this assembly introduced too many degrees of freedom into the braking assembly.
As a result, the braking pusher that mounts to the end of the linear actuator would buckle and cause the
pusher and the master cylinder connector to bind. The braking pusher combined with the MB2 mounts
from Firgelli Automations also misaligned the braking assembly which led to additional binding and
buckling. Last minute changes were made to redesign this component.
We decided to redesign the entire part and make a new one that threaded directly into the linear actuator.
This new part would be rigid with the linear actuator which removed the degree of freedom that led to
buckling. Using a thread gage, we found that the new part will need to have external threads with a major
diameter of 17.5mm and a thread pitch of 1.5mm. We could not find an external die that matched our
requirements, so a lathe was used for the external threads. This part was manufactured out of leftover
aluminum stock. The newly assembled brake pusher attachment is shown below in Figure 3 and
integrated into the system in Figure 4.

2

Figure 3: The revised braking pusher design to thread directly into the linear actuator

Figure 4: The revised braking pusher integrated into the braking system
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1.3. Emergency Stop System
Since CDR, there have been no significant design changes to the components of the EBrake system. However, due to assembly requirements, there was a slight change to the wiring of the
combined E-Brake / Braking System. The new wiring layout is shown below in Figure 5.

Figure 5: E-Brake / Braking Wiring Diagram
The outputs from the microcontroller and the backup power supply now meet at a yconnector and both feed into the positive input for the current regulator. Further, the linear actuator is now
isolated on a simple circuit connected to the positive and negative output of the current regulator. This is
because the current regulator only accepts a singular positive input. The rest of the system remains
unchanged.

1.4. Acceleration System
Since Critical Design Review (CDR), an additional motor driver has been added to the acceleration
system hardware. This will allow for the open-loop control of the steering and braking systems. More
specifically, a Cytron 10A Dual Motor Driver (part number: 38514230) will be mounted onto the Arduino
Due. Without implementing the dual motor driver, we would not be able to operate the entire cart
simultaneously. Testing would have to be done by wiring a power supply to each individual subsystem.

2. Manufacturing
This section outlines our procurement of materials, manufacturing processes, and summarizes the
challenges we experienced as well as the lessons we learned through this process.
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All the manufacturing for the system was done in the mechanical engineering machine shops except for
the off-the-shelf components that were purchased. The manufacturing plan for each subsystem of the
project is shown in Appendix E.
We would like to recognize the efforts of a few individuals within the Cal Poly Machine Shops who
helped make the manufacturing of the prototype possible. Nathan Berger assisted with the welding of the
braking system and steering mounts. Daniel Zevenbergen assisted by helping rework the steering column
during final assembly, machine the U-joints, weld the steering base plate, and provide design feedback.
Finally, Connor Gigone mentored Robyn Ribet through the CNC machining process and oversaw the
manufacturing of the gearbox housing.

2.1. Part Procurement
For the manufacturing of the prototype, the majority of the components were manufactured in house apart
from fasteners, electrical components, gears, and sensors. The list of parts, budget, and vendors are
summarized in our project budget, Appendix B.
Our final prototype cost totals $1,309.45. This is funded partly by the sponsor’s professional development
funding and the remainder by the Mechanical Engineering Student Fund Allocation Committee
(MESFAC). This amount is slightly under our budgeted total of $1,330.

2.2. Steering Subsystem
For the manufacturing of the steering system, we used the manual mill, manual lathe, waterjet, CNC mill,
drill press, saws, and grinders, as summarized in Table 1.
Table 1: Steering Subsystem Manufacturing Plan
Task

Step
1
2

Procurement

Manufacturing

Subtask

Vendor/Manuf. Process

3
4
5
6
7
8
9

Gearbox Housing Stock
Steering Column and Output
Shaft
Gears
Fasteners
Encoder
Bearings
Mounting Assembly Stock
U-Joints
Gearbox Housing - Upper

10

Gearbox Housing - Lower

11

Steering Column

12

Gearbox Output Shaft

5

Midwest Steel
Midwest Steel
KHK Gears
McMaster Carr
Automation Direct
McMaster Carr
Midwest Steel
McMaster Carr
CNC Aluminum Case, press
fit bearings
CNC Aluminum Case, press
fit bearings
Manual Lathe and Manual
Mill
Manual Lathe and Manual
Mill

Completion
Date
3/28/2022
3/28/2022
3/28/2022
3/28/2022
3/28/2022
3/28/2022
3/28/2022
3/28/2022
5/11/2022
5/11/2022
4/8/2022
4/8/2022

Task

Step
13

Assembly

Subtask

Vendor/Manuf. Process

14
15

Steering Column Base Plate
Gearbox Mount Tabs
Gearbox Vertical Mount
Gearbox Lateral Mount
Assemble Gearbox

16

Attach and Wire Encoder

17

Weld Steering Base Plate to
Steering Column
Weld Gearbox Mounts
Assemble Steering Column
Assembly
Connect Steering Column
Assembly with Gearbox
Mount Steering Assembly to
Vehicle
Attach Tie Rods to Base Plate

18
19
20
21
22

Waterjet
Waterjet
Chop saw and grinders
Manual Mill
Attach the motor, press in
bearings, attach the gears
Attach to output shaft, bolt to
gearbox case
Weld Prep, TIG Weld
Weld Prep, TIG weld
Assemble steering column and
U-joints
Assemble output shaft and Ujoint
Bolt gearbox case onto
gearbox mounts
Bolt tie rods to base plate

Completion
Date
4/8/2022
5/9/2022
5/9/2022
5/9/2022
5/12/2022
5/13/2022
5/9/2022
5/9/2022
5/12/2022
5/12/2022
5/12/2022
5/12/2022

The gearbox case, shown in Figure 6 was machined on the CNC Haas Mini-Mill in the Mustang 60
machine shop. This was machined in 3 operations to minimize custom tooling while meeting the required
positional and radial tolerances. The first operation for each gearbox half cleared the material from the
outside of the part and roughly machined the inside of the bores. The second operation machined out the
inside surface of the parts. Finally, the last operation finished the surface of each of the bearing bores.
Because of the large material removal percentage, we expected that the aluminum would warp as it was
machined. To prevent hole misalignment or distortion for the bearings, we finished the surface of the
bores last so that the material could settle in its warped state before having the bearing surfaces finished.
During the machining of the bores, we used wear compensation on the tool to initially undersize the hole
and slowly increase the size by 0.001” while checking the bearing fit after each cycle.

Figure 6: CNC Machined Gearbox Half
To identify assembly challenges early and avoid unnecessary scrapped parts during manufacturing, an
initial fit check was conducted for the gearbox assembly. This was conducted with most parts
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manufactured with the off-the-shelf purchased components apart from the gearbox, which was 3D
printed. A picture of this fit check is shown in Figure 7.

Figure 7: 3D Printed Gearbox Fit Check
This exercise helped us identify challenges early to allow time for reworking parts. For example, we
learned that the motor keyway was sized to fit the length of the gear, including the fillet. This required the
keys to be ground down slightly to fit inside the filleted length. In the future, it would be best to order
rounded keys, rather than square keys, to occupy the entire provided length and maintain full key
engagement.
The final assembled product of this system is shown in Figure 9. During the assembly of the system, we
experienced a challenge when the hole alignment for the motor mounts did not line up with the holes in
the gearbox. Unfortunately, this was caused due to the motor drawing not accurately reflecting the motor
specifications. This error was discovered in the 3D printed fit check, but it was disregarded because we
assumed that the part had warped. A picture of this challenge is shown in Figure 8.
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Figure 8: Hole Misalignment Between the Gearbox Housing and Motor
In the future, we would recommend that the 3D printed fit check results are taken seriously and design
changes are implemented before hastily moving forward with manufacturing. To rework this issue, we
drilled out the motor mount holes larger to accommodate the mounting of the motor. This may produce
problems within the gearbox because the alignment distance between the motor and output shaft is no
longer closely constrained. If this proves to cause issues, I recommend that a spacer is machined that fits
inside the bored hole in the gearbox housing with the inside diameter of the spacer having a close fit with
the motor locating boss. Both the housing bore, and the motor boss are labeled in Figure 8. This will
utilize the designed locating feature of the motor while eliminating the need to machine a new gearbox
housing.

Figure 9: Final Assembled Steering Subsystem
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2.3. Braking Subsystem
For the manufacturing of the braking system, we used the manual mill, manual lathe, waterjet, drill press,
and saws as summarized in Table 2.

Task

Procurement

Manufacturing

Step
1
2
3
4
5
6
7
8
9
10
11
12
13
14

15

Assembly
16

17
18
19

Table 2: Braking Subsystem Manufacturing Plan
Vendor/Manufacturing
Subtask
Process
Linear Actuator
FA-05-12-3
Linear Actuator Mount
MB2 Mount
Rocker Switch
Momentary
Button Load Cell
100 kg
General Bolt
M6x20
Connector Bolt
M6x16
Load Cell Bolt
M3x8
General Nut
M6
Linear Actuator Base Mount Waterjet, Manual Mill
Actuator Shaft Connector
Manual Mill
Master Cylinder Connector 1 Manual Mill, Manual Lathe
Master Cylinder Connector 2 Manual Mill, Chop Saw
Master Cylinder Mount
Vertical Band Saw, Drill Press
Base Mount to Linear
Bolt mount to cart and linear
Actuator and Cart
actuator to base mount
Bolt mount to linear actuator,
bolt actuator shaft connector to
Actuator Shaft Connector to
mount,
Linear Actuator
attach the motor shutoff switch
wire
Press fit and both master
cylinder connector parts
Force Sensing Assembly
together, attach load cell, align
wires to the slot.
Master Cylinder Mount
Screw force sensing assembly
Attachment
onto master cylinder
Master Cylinder Mounting
Bolt master cylinder to mount
Align assembly of at the
Alignment
desired angle

Completion
Date
3/8/2022
3/8/2022
3/8/2022
3/8/2022
3/28/2022
3/28/2022
3/28/2022
3/28/2022
4/8/2022
4/8/2022
4/8/2022
4/8/2022
4/15/2022
4/15/2022

4/15/2022

4/15/2022

4/15/2022
4/15/2022
4/15/2022

Prior to manufacturing, all components (purchased or manufactured) were 3D printed in full size to be
test fitted. A picture of this prototype is shown in Figure 10. This prototype allowed us to identify
necessary changes to the master cylinder connector and linear actuator base mount to allow all
components to fit in the given space. For example, the overall length of the linear actuator base mount had
to be reduced and the angle of the mounting face from vertical had to be reduced. Also, the design of the
master cylinder connector slot had to be modified so the load cell could be placed into it without
interfering with the wiring.
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Figure 10: 3D Printed Braking System Prototype
The linear actuator base mount, shown in Figure 11 was machined using the waterjet, chop saw, drill
press, and manual mill. The first step was using the waterjet to cut the side profile shape out of the
2.5"x3.5"x6" flat aluminum bar stock. Then, we used the chop saw to cut the part to the correct width.
After the part had the correct overall dimensions, we used the drill press to add the four base holes used to
attach the mount to the cart’s original base plate. Last, we used the manual mill to drill the four holes used
to attach the linear actuator bracket to the base mount. The four holes were tapped by hand.

Figure 11: Linear Actuator Base Mount
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The master cylinder connector 2, the main tube portion that aligns the load cell with the braking pusher,
was machined from an aluminum tube. For this component, shown in Figure 12, we used the chop saw
and manual mill. First, we used the chop saw to cut the tube to slightly longer than the desired length. We
then used the manual mill to cut the desired slot into the tube clearing on the connected end, so we can
place the load cell inside of it without damaging the provided wiring. Finally, we used the manual mill
again to face off both ends of the tube to make it fit smoothly against the master cylinder connector 1.

Figure 12: Master Cylinder Connector 2
The master cylinder connector 1, the part of the connector that threads directly to the master cylinder and
attaches the load cell to the connector, was machined from a 1.5 inch diameter piece of aluminum round
stock. For this component, shown in Figure 13 and Figure 14, we used the manual lathe and manual mill.
First, we used the manual lathe to turn down the overall diameter and the smaller extended diameter. We
then drilled and tapped the M8 hole. Next, we used the parting tool to cut our part to slightly longer than
the desired length. We then turned down the final diameter to fit inside the inner diameter of the master
cylinder connector 2. Finally, we transferred the part to the manual mill where we drilled out a clearance
hole that will be used to bolt on the load cell.
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Figure 13: Master Cylinder Connector 1 (Top View)

Figure 14: Master Cylinder Connector 1 (Bottom View)

The original actuator shaft connector (or braking pusher), shown in Figure 15, was manufactured using
the manual lathe, manual mill, and chop saw. First, the 3"x2"x7" aluminum flat bar stock was cut to
length using the saw. We then used a four-jaw chuck in the manual lathe to turn down the rectangular
12

stock to the desired cylindrical shape that will fit inside of the master cylinder connector 2. Next, we
placed the part into the manual mill and milled the sides so the cylindrical portion is centered and that the
base is the desired size. Then, we used the mill to drill the five holes to attach the pusher to the purchased
bracket and to tie the motor kill switch. Next, we used the saw to cut off the remaining material on the
base side. Finally, we placed the part back into the manual mill with the sawed off side to be faced to the
desired dimension. Note: this component was redesigned and remanufactured later in our assembly
process as detailed in our design updates section.

Figure 15: Original Actuator Shaft Connector (Braking Pusher)
The master cylinder mount, shown in Figure 16, was manufactured using the drill press and saw. This
part was manufactured from a 7-gage steel sheet. The steel sheet was cut to the desired shape using a
vertical band saw. Then, the desired hole locations to mount to the master cylinder and to the cart frame
were drilled using the drill press.

Figure 16: Master Cylinder Mount
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The final assembled braking subsystem is shown in Figure 17.

Figure 17: Final Assembled Braking Subsystem

2.4. Acceleration Subsystem
The acceleration subsystem manufacturing plan is shown in Table 3.
Table 3: Acceleration Subsystem Manufacturing Plan
Task

Step

Procurement

1
2
3
4
5

Microcontroller
Resistors
Op-Amp
Power Source
Electronics Box

6

New Prototype

7

Develop Program

8
9

Verify Prototype
Finalize

10

Assemble Parts

11

Splice and Wire

Manufacturing

Assembly

Subtask

Vendor/Manufacturing Process
Amazon
IEEE Organization at Cal Poly
IEEE Organization at Cal Poly
Provided by Dr. Birdsong
3D Print
Create a new prototype for the opamp circuitry
Write program in Python for
controlling the microcontroller
output
Solder everything on a breadboard
Install all parts in an enclosed
electronics box
Wire all electronics to the cart
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Completion
Date
3/10/2022
3/10/2022
3/10/2022
3/11/2022
3/11/2022
3/28/2022
4/5/2022
4/10/2022
4/20/2022
5/5/2022
5/5/2022

The only part of the acceleration system that requires manufacturing is the electronics box. The STL file
for the electronics box was 3D printed with PLA. When the electronics box was originally designed, it
was designed to house the microcontroller and motor driver horizontally next to each other. However, the
motor driver that was ultimately chosen is supposed to mount directly on top of the microcontroller. This
resulted in the 3D printed electronics box being too short. An additional extension ring, as shown in
Figure 18, is printed to compensate for the required box height.

Figure 18: Additional Extension Ring Shown 3D Printed in Green
The program for the acceleration, braking, and steering system is developed using Python. The reason for
this is because we felt most familiar with Python and believed that this would lead to faster development.
In the Arduino IDE, the Firmata example file was opened and loaded onto the Arduino Due. This allows
us to utilize the pyFirmata Python library to communicate with the microcontroller. One of the downsides
of using Firmata to communicate with the microcontroller is that it requires tethered connection to the
computer. Please refer to Appendix A for additional information.
A total of five Python files were created: a driver/task for the steering motor (steering.py), a driver/task
for the braking linear actuator (braking.py), a driver/task for the acceleration system (acceleration.py), a
user task (user.py), and the main file (main.py). A shares.py file was also used which was originally
written by Charlie Refvem for his ME305 Intro to Mechatronics course. The program developed uses
cooperative multitasking to run the steering, braking, and acceleration systems simultaneously.
When developing the feedback systems from the load cell, we realized that the change in voltage was
extremely small at about 6 microvolts for a load of about 150 kilograms. This meant that it is impossible
for the microcontroller to detect the changes in voltage without some form of signal amplification. The
load cell uses a Wheatstone Bridge which means that the voltage needs to be measured between two
nodes. We think that the best way to go about processing the load cell signal is to use an operational
amplifier to take the difference between the two nodes. After that, the output signal would then be fed into
another operational amplifier to scale the signal up between 0-5V (or 0-3.3V) so that the microcontroller
can detect the amount of force being applied. As of right now, we have had no luck getting the
operational amplifiers to work.
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The reason behind choosing the Arduino Due over any other microcontroller is that the Due is capable of
outputting true analog signal rather than pulse width modulation (PWM). However, we believe that the
pyFirmata library does not support the pins that output the analog signal. As a result, we have decided to
revert to using a low-pass RC filter for the signal voltage. Although there will be a slight delay with the
signal voltage, it should be negligible and sufficient to carry out our testing procedures.

2.5. Emergency Stop Subsystem
The emergency stop subsystem manufacturing plan is shown in Table 4.
For the manufacturing of the E-Stop system, we used the 3D printer and assorted wiring tools/hardware.

Task

Procurement

Manufacturing

Assembly

Table 4: Emergency Stop Subsystem Manufacturing Plan
Vendor/Manufacturing
Step
Subtask
Process
1
Redundant Power Source
2
Wire
3
Terminals
4
Tube Clamp
5
E-Stop Button
Honeywell DPST NO switch
6
Current Regulator
7
Zip Ties
8
Shrink Wrap and
Electrical Tape
9
Button Box
3D Print
10
Connect terminals to
Ring terminals for button end
wires
connections, quick disconnect
for motor interrupt and
redundant power source, and
screw-on for E-Brake
11
Connect wires to button
fix ring terminals to button
with included screw terminals
on button
12
Assemble button box
Fix to halves together with
included button mounting nut,
and fix tube clamp to box
13
Mount button box
fix tube clamp to frame
14
Connect motor interrupt
connect quick disconnect pins
circuit
to the motor interrupt pins
15
Mount redundant power
Zip Tie battery to frame
source
16
Connect e-brake circuit
Connect quick disconnect pins
to redundant power source and
power source to linear actuator
with screw terminals
17
Protect all wired
Cover all connection with
connections
electrical tape and shrink wrap
16

Completion
Date
3/28/2022
3/28/2022
3/28/2022
3/28/2022
3/8/2022
3/8/2022
3/8/2022
3/8/2022
3/29/2022
3/29/2022

3/29/2022

3/29/2022

3/29/2022
3/31/2022
3/29/2022
4/1/2022

4/1/2022

Vendor/Manufacturing
Completion
Process
Date
18
Fix all circuits
Zip tie loose wires
4/1/2022
The only part of the acceleration system that requires manufacturing is the button box. The STL file for
the electronics box was 3D printed with PLA. The button box is printed in two halves which the button
itself mechanically holds together.
Task

Step

Subtask

Figure 19: Assembled Button Box
The components of the E-Brake system (current regulator, linear actuator, E-stop, and redundant power
source) were all modified to have quick-disconnect interfaces. An example of current regulator wired
with disconnects is shown below.
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Figure 20: Current Regulator Wiring Connections
After wiring all the quick disconnects the button box was printed and the E-Stop Button Assembly was
put together and mounted on the cart. With the button in place and the quick disconnect on the
components the motor interrupt and E-brake circuit were connected. With all the connections in place the
entirety of the system was protected with electrical tape. The wires were then located on the cart’s frame
with zip ties. Finally for ease of maintenance and understanding, all the wires were labeled. From
preliminary, proof-of-concept testing, the entire system works consistently as designed with no problems.

3. Design Verification
3.1. Introduction
While the intention of our project was to build a platform for future development, proving our platform
worked as designed was vital. To accomplish this, we employed a thorough testing process which tested
our systems individually as well as comprehensively. For each test we wrote repeatable testing
procedures, attempted all tests, and reported all data collected for failed and passed tests.
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In order to test the weight added to the cart we measured the weight of the final cart and compared it to
the original weight. This ensured that we did not exceed our maximum additional weight specification.
For the E-Brake system we specified that the automated braking must activate, and the motor power
circuit must be interrupted with the emergency stop button. Our original test required these specifications
to be met under a wide variety of conditions and at a reliable level due to the importance of safety for our
platform.
For the acceleration system, we wanted to maintain the same acceleration capabilities as the original
system. We will primarily be testing whether the modified acceleration system has the same throttle range
as the unmodified cart.
For the braking system, our main objective was to maintain the braking capabilities of the original cart
system with our electronic components. This was accomplished primarily by replacing the brake pedal
with a linear actuator connected directly to the master cylinder. The characteristics of the linear actuator
that we wanted to verify in order to determine whether or not it could maintain original braking
performance were the ability to move forward the required distance in a reasonable amount of time. To
test the stroke and speed of our actuator, we created two tests: one to ensure the linear actuator could
move forward the required distance of 0.25 inches to fully engage the brake, and one to test if this
displacement could be achieved in under half a second consistently.

3.2. Completed and Passed Tests
The tests that we were able to complete and that successfully met the specifications set at the start of the
project are summarized below.

3.2.1 Steering Range of Motion
The purpose of this test is to measure the range of motion of the steering system to ensure that the
gearbox and related mechanical systems did not reduce our original capabilities. This test examines the
mechanical function of the steering system. It involves every component of the steering subassembly,
except for the rotary encoder.
The procedure for this test is reviewed in Appendix F. In summary, we elevated the wheels of the cart and
scribed lines on the steering output shaft. These lines, as described below, helped provide a visual
reference for the angular displacement of the shaft. We then controlled the motor and rotated the tires
throughout their full range of motion until they hit a mechanical stop.
For the first step in this process, we started by identifying the centerline of the gearbox as a reference line,
as shown in Figure 21. This was then scribed onto the output shaft to provide a visual reference, as shown
in Figure 22.
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Figure 21: Top View of Gearbox Showing
Centerline

Figure 22: Top View of Gearbox Showing
Scribed Centerline on Output Shaft

The raw data we collected throughout this test is shown in Table 5. We repeated the test 15 times for each
direction of motion so that we could ensure the test is repeatable and reliable. Variations in the data were
caused by not having a hard mechanical stop, but rather a point at which the steering becomes difficult to
steer. Going beyond this point is not impossible, but it risks damage to the gears.
Table 5: Raw Data Showing the Range of Motion in Both the Left and Right Directions

Trial
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Range of Motion
Left
Right
[deg]
[deg]
43
44
47
44
49
45
52
43
38
42
41
43
58
48
43
49
44
46
40
37
40
46
46
55
47
51
46
42
46
45

The data is summarized in Figure 23 which plots all the data points to show any trends. From this plot,
you can observe that there is a large variation in the angle for each trial. As mentioned above, this was
caused by the hesitance to push past the mechanical resistance and risk damage to the gears. The average
range of motion angle is 45 degrees for both directions which satisfies the specification for the system.
20

60

Left
Right
Left Average
Right Average

Angle from Straight [deg]

55

50

45

40

35

30
0
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8
Trial Number

10

12

14

Figure 23: Displaced Angle Measured in Each Trial

3.2.2. Test 2: Full Range Braking
From test 2, we determined that the assembled braking system is capable of consistently moving the
required 0.25 inches to engage the original braking components. The 0.25 inches was determined to be
the displacement required in the original system to compress the master cylinder and hydraulic brake line
to cause the caliper to clamp onto the single brake disk. In all five runs of our test, the interface was able
to move the required 0.25 inches to pass. The first run of our test is shown in Figure 24 and Figure 25.
Note: we used a reference of 1 in. which resulted in final position of 0.75 in.
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Figure 24: Original position prior to movement.

Figure 25: Final position after 0.25-inch displacement.

3.2.3. Test 3: Full Braking Application
From test 3, we determined that the implemented electronic braking system could reliably move a
required 0.25-inch distance forward in a reasonable amount of time relative to the original system, which
we specified to be 0.5 seconds. This test involved assembling the entire electronic braking system and
using the microcontroller system to manually move the actuator forward 0.25-inches and using a
stopwatch to measure the time it took each time. In 4 of our 5 original runs, the motion took less than 0.5
sec. However, one of the runs took 0.51 sec due to measurement error. Therefore, we collected data on
one more run to confirm our results as shown below in Table 6. The time difference between the initial
and final distances is shown in Figure 26 and Figure 27.
22

Table 6: Test 3 Results
Run
1
2
3
4
5
6

Time, t [sec]
0.45
0.48
0.48
0.51
0.47
0.49

Figure 26: The linear actuator at its initial position at the beginning time.

Figure 27: The linear actuator at its final position at the end time.
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3.2.4

Test 4: Steering Stop-to-Stop Time

The purpose of this test is to measure the time required to move through the full range of motion of the
steering system. This test examines the mechanical function of the steering system motor. It involves
every component of the steering subassembly including the wired motor. This test utilized the same
scribed lines as mentioned in Test 1, the steering range of motion test. Reference Figures 21 and 22 for a
visual description of the scribed lines. For this test, we elevated the wheels of the cart and measured the
time it took the wheels to move throughout the entire range of motion. This test was repeated with the
wheels on concrete to measure the impact of the cart weight. The data from this test is shown in Table 7.
Table 7: Raw Data for Showing Time to Steer Through Full Range of Motion
Wheels on Concrete
Wheels Elevated
Run
Movement Direction
[sec]
[sec]
1
Left
1.42
1.97
2
Left
1.58
1.48
3
Left
1.81
1.59
4
Left
1.58
1.29
5
Left
1.88
1.42
6
Left
1.7
1.44
7
Left
1.62
1.96
8
Left
1.66
1.43
9
Left
2.23
1.42
10
Left
2.01
1.55
11
Left
1.93
1.68
12
Left
1.79
1.55
13
Left
2.38
1.29
14
Left
1.72
1.58
15
Left
1.9
1.54
1
Right
1.62
1.79
2
Right
1.85
1.36
3
Right
1.48
1.7
4
Right
1.78
1.47
5
Right
1.59
1.73
6
Right
1.93
1.6
7
Right
1.88
1.65
8
Right
2.03
1.86
9
Right
2.53
1.52
10
Right
1.78
1.5
11
Right
1.68
1.69
12
Right
1.85
1.8
13
Right
1.74
1.46
14
Right
2.1
1.23
15
Right
1.52
1.51
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The data is summarized in Figure 28.
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Figure 28: Time to Steer for Each Trial
It can be observed that the average value for the time required to steer the cart on concrete increased by
approximately 0.25 seconds due to the added weight on the wheels and thus resistance on the motor. The
average time required to steer with the wheels on concrete was 1.819 seconds and the average time with
the wheels elevated was 1.569 seconds. Both times pass the specification requirement of 2 seconds or less
to steer the vehicle in one direction.

3.2.5

Test 5: Emergency Stop Operation

From test 6 we found that the emergency stop switch consistently activated the automatic braking system
for all the conditions tested.
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Condition

-Current regulator on
-No regular positive signal
-Current regulator on
-Positive braking signal
-Current regulator off
-No regular positive signal
-Current regulator off
-Positive braking signal
-Switch wired direct to actuator
-Battery direct to actuator
-Switch wired in reverse

Table 8: Test 6 Results
Automatic
Success
Braking
Rate
Activates
Yes
100%

Motor Power
Interrupted

Success
Rate

N/A

N/A

Yes

100%

N/A

N/A

Yes

100%

N/A

N/A

Yes

100%

N/A

N/A

Yes
Yes
Yes

100%
100%
100%

N/A
N/A
N/A

N/A
N/A
N/A

3.3 Incomplete or Failed Tests
Due to some systems on the cart provided not functioning as intended, we were unable to complete and
pass several tests. These tests are described below.

3.3.4

Test 5: Emergency Stop Operation

Due to the malfunction of the cart’s ECU, we were unable to operate the motor autonomously. Therefore,
we were unable to test the motor interrupt feature of the Emergency Stop system. Furthermore, we chose
to only test the activation of the braking system. This change is reflected in Table 8.
We were pleased to see the consistent activation of the braking system under all tested conditions for the
emergency braking system. As the activation of the brakes is our main intended safety feature of the
emergency braking system, the results of our testing are satisfactory to conclude the completes its job at
the most fundamental level. With that being said, it is highly recommended that upon alleviating the ECU
malfunction, the E-Brake system should be tested again. We suggest that the original test procedure
should be used to ensure consistent, safe operation of the system.

3.3.5

Test 6-8: Acceleration Tests

Our modified acceleration system failed to maintain the same range of throttle as the unmodified cart. The
program for the microcontroller was written in Python using the pyFirmata library. The reason for using
pyFirmata is because we were more comfortable programming in Python rather than C or C++ which is
what the Arduino IDE is based on. We felt that any changes needed to be implemented to the script could
be done much faster with our experience in Python. That being said, the pyFirmata library has its
limitations. It appears that the additional pins unique to the Arduino Due are not supported by this library.
The cart’s ECU requires an analog voltage signal for the throttle, and we were unable to access the
digital-to-analog (DAC) pins on the board. For context, the cart treats a PWM signal no different than an
analog signal with the same amplitude as the PWM wave. As a result, we decided to proceed using a lowpass RC filter as a DAC to proceed with testing.
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The pins on the Arduino Due can only output a maximum of 3.3V. This would mean that the signal
coming out of the cart would only achieve at most of about 66% full throttle. Our idea was to use an opamp to amplify the signal by 150% (so that 3.3V would be amplified to 5V). However, due to our limited
experience with op-amps, we were unable to get that up. More specifically, we had issues setting up +Vcc
and -Vcc on our LM741 op-amps. We tried using two power supplies and wiring them to be +5V and -5V,
but our amplifying circuit never performed as expected. Eventually, we decided to proceed with testing
using only the low-pass RC filter. Although we will not be able to replicate full throttle, we can still test
for operation at various throttle percentages.
When carrying out the acceleration system tests, we found that the motor failed to rotate. Our first thought
was the battery is not fully charged. We previously encountered a similar issue with the battery that was
not sufficiently charged. We charged the battery for over two days which was previously determined to be
sufficient. A fully charged battery did not seem to fix the issue. To ensure that it was not a battery or
power issue, we checked out a 48V power supply to use in place of the battery. This also did not seem to
fix the issue. With the battery ruled out, we troubleshooted the signal voltage going into the ECU. We
used the 5V pin on the Arduino Due for the signal. When completing the circuit, the motor still failed to
rotate, but we observed an audible clicking noise coming from the motor. From this, we believe the issue
stems from either the motor or the ECU. It is important to note the 48V power supply is only rated for 7A.
The motor on the cart is rated for 1000W which lead us to think that our power supply is too small for the
application. However, we think that 7A would be enough to show signs of the motor working. When we
used a current clamp around one of the wires to the power supply, we found that the cart was drawing
about 0.1A with the signal voltage is at full throttle. We also ruled out the motor-disable circuit built into
the cart. This circuit closes to disable the motor. When we closed the circuit by shorting it, we could no
longer hear the audible clicking when there is a signal voltage. Due to these circumstances and our time
constraint, we were unable to carry out the rest of the tests that involved the acceleration system: cart
battery life, acceleration rate, and throttle range.

3.3. Conclusion
Our completed DVP&R, which summarizes our testing plan, test descriptions, measurements,
facility/equipment requirements, completion dates, results, recommendations, and testing notes, is
attached as Appendix F.

4 Discussion and Recommendations
4.1 Design Takeaways
We developed our design, analysis, manufacturing, and testing skills throughout the course of this project.
At a high level we had three main takeaways from this senior project: late design changes are inevitable,
there are issues that cannot be foreseen, and collaboration is vital to the success of the project.
1. Late design changes are inevitable, and they should be accounted for when planning.
There were numerous occasions when a manufacturing, prototyping, or testing posed an issue that
required a design change. Initially, we would try to modify the current design to work with the new
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challenges. However, we quickly learned that salvaging the current design may likely lead to
additional challenges down the road. It is important to recognize the source of the issue and determine
whether the current design can be salvaged or whether a redesign is necessary. For example, out
initial braking design utilized mounting backets provided by the manufacturer for the braking
connector. Upon initial assembly we found the brackets leave the system unconstrained which
resulted in the braking assembly buckling and binding. Rather than designing an additional mount to
provide the necessary constraints, we recognized the source of the issue and determined that the
braking assembly can be redesigned to include the necessary constraints. While it was totally possible
to salvage the original design, it would not have addressed the underlying issue. Looking back, we
understand the importance of planning our deadlines to provide sufficient leeway for any potential
design changes that may arise.
2. There are issues that cannot be foreseen, and it is important to understand your priorities when
troubleshooting these issues.
Throughout this project, we have encountered many issues that we could not have foreseen. For
example, it would have been nearly impossible to predict that the necessary DAC pins on the Arduino
Due are not supported in the pyFirmata library, given the limited documentation online. We could
have addressed this issue by rewriting our entire program in C/C++, a language we have no
experience in. Learning C/C++ is possible, but it would likely delay our testing schedule by a few
weeks. We recognized that our priority is not to get the DAC pin working, but to have the capability
to output a range of analog signals. That being said, we improvised and created our own DAC with a
low-pass RC filter which converts pulse-width-modulation into an analog signal. By understanding
our priorities, we were able to finish writing our program in time for our scheduled testing.
3. Individuals can be responsible for their own respective subsystem, but collaboration is still vital
to overall project success.
From a logistical perspective, we chose to have each group member take lead for one of the four
subsystems. While this was an entirely appropriate strategy, we quickly learned the importance of
collaboration. Fortunately for us, we did not encounter any fatal design or manufacturing errors.
However, in hindsight, taking a more open and collaborative approach in the early stages of the
project would have allowed us to be more thorough and efficient regarding design and analysis. We
transitioned to this more collaborative approach towards the end of the design phase, and we
recognize that our collaboration helped mitigate many issues that would have come up during
manufacturing and assembly.

4.2

Future Testing, Design & Manufacturing Recommendations

Due to the issues that came up regarding the cart’s motor and/or ECU, we were unable to test all
subsystems simultaneously. We highly recommend that the next steps in this project are to diagnose this
issue before proceeding. We also think it may be worth it to completely replace the ECU and the motor
that drives the rear axle with parts with more detailed documentation.
We installed the feedback measurement systems (e.g., steering encoder and braking load cell), but we
unfortunately did not have the time to write the drivers to read from them. For the load cell, we
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recommend that two op-amps be used: one to subtract the difference between the two signal wires, and
one to amplify the subtracted signal so that it can be processed by the analog-to-digital converter on the
microcontroller. For the acceleration system, an op-amp should be used to scale the 3.3V signal to 5V.
Regarding cart operation, we recommend that the program be written in C or C++, the same language as
the Arduino IDE. As mentioned before, the current program was chosen to be written in Python because it
was sufficient for open-loop bench testing. However, we encountered many issues doing so such as
unsupported Arduino pins in the pyFirmata library. The pyFirmata approach also requires a tethered
connection with the device running the Python script.
The emergency stop button was originally wired to short the motor cutoff when pressed. However, we
decided to disconnect the button from the motor cutoff circuit in order to diagnose our issue with the
motor and/or ECU. That being said, we highly recommend that the circuit gets rewired so that the
emergency stop button shorts the motor cutoff when pressed.
The wiring layout and implementation in the current cart was intended to act as a proof of concept for our
mechanical interface with the cart. For example, the quick-disconnect interface commonly used was
selected for the ability to rapidly modify the fundamental wiring of the cart. However, as the project
continues, we recommend one of the first steps would be to revisit the cart wiring and develop a more
permanent architecture both in design and implementation. We believe the changes should include, but
not be limited to; Permanent wired connections between electrical components, removing excess wire
between components, wiring a constant power source to the current regulator to avoid start-up lag time,
color-coding the cart wiring for ease of use, grouping adjacent wires and covering with wire loom,
replacing the general use 16 gage wire with component specific wire, and using a wiring standard to
ensure consistent, safe, expected results in future use.

4.3

Future Use

In addition to the above recommendations, we have included subsystem-specific instructions, warnings,
maintenance, and assemblies in our user manual, Appendix D. We highly recommend that, in addition to
careful consideration of this document, the following groups reads and understands our user manual in
entirety to continue the project safely and effectively.

5 Conclusion
The purpose of this project is to provide a fully functional and life-size mechanical platform for Cal Poly
faculty and students to perform autonomous vehicle research on. Our team’s design challenge is to
implement a series of electrical and mechanical systems that can operate the original vehicle’s steering,
braking, and acceleration systems electronically with the addition of an emergency stop system.
Our project was able to successfully achieve our goal of electronic control of the original vehicle’s three
primary systems: steering, braking, and acceleration. Although only the steering and braking systems
were demonstrated and tested due to limitations of the original vehicle hardware, the acceleration control
system was proven effective through a variety of tests. Our completed steering and braking systems could
consistently achieve the desired specifications for range and speed and the acceleration control voltage
output was consistent with the required values to run the vehicle motor at varying speeds. The emergency
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stop system was successful in operating the braking system with a functional current regulator to prevent
overloading of the linear actuator used in braking.
Although we were able to create electronic control methods for all three subsystems and the emergency
stop, we were unable to physically demonstrate acceleration and the full capability of the emergency stop
due to limitations with the original vehicle that we were provided with. For the acceleration system, we
were able to consistently produce the required output from our controller to cause varying speeds of the
motor. However, due to the issues described in our recommendations section of the report regarding the
vehicle’s ECU and motor, we were not able to run the motor with our acceleration system. Based on
preliminary testing of the original system, we discovered that the ECU and/or the motor were
malfunctioning. Due to insufficient documentation and lack of time at the finishing stages of our project,
we were unable to rectify these issues before completion. Similarly, we were unable to test the motor
power disabling feature of the emergency stop. However, we were able to test the ability of the wired
system to activate the motor kill switch when the emergency stop was pressed. The most disappointing
aspect of not achieving a fully functioning acceleration system and emergency stop was not being able to
simultaneously run all of our systems in our finished project.
The project we completed and delivered to our sponsor achieved the majority of the goals we set at the
beginning of our design process. However, reflecting on our time in this course and considering what we
would do differently given the chance to start over again, there are a few things that we would change.
The first is planning and allotting time for unforeseen issues. When creating our original schedule for our
manufacturing and design, we assumed that all components would be completed to perfection and that our
original designs would function as expected upon assembly. However, this was far from the case for all
subsystems and led to significant setbacks leading up to our completed project. Second, relating to the
first point, we would have better prioritized the rectification of unforeseen issues. The limited time we
were given to design, manufacture, and assemble all of our project’s systems led to numerous unforeseen
problems. However, it is vital to prioritize fixing issues that were essential to testing and achieving our set
goals instead of trying to fix all problems. Finally, we would have placed an earlier emphasis on
collaboration rather than individual work. Early in our design process, our team divided up our systems to
be worked on individually which led to consequential issues when our designs were combined. Although
we transitioned to a more collaborative design strategy where each team member was involved in all
subsystems, starting with this approach would have improved our efficiency and prevented many of the
issues we faced later.
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Appendix A | Annotated Code
main.py

A-1

accleration.py

A-2

braking.py

A-3

steering.py

A-4

user.py

A-5

shares.py

A-6

Appendix B | Final Project Budget

B-1

Appendix C | Risk Assessment

C-1

C-2

C-3

C-4

C-5

Appendix D | User Manual
1. Steering System
1.1

Assembly

The assembly of the steering system is broken down into to phases: off-the-cart assembly and on-the-cart
assembly. For the first phase, it starts with the gearbox housing.
To prep the housing for the remainder of the components, the bearings first needed to be pressed in and
constrained. Although the housing was designed for a slip fit with the bearing, we used a hydraulic press
to ensure proper alignment as the bearings were inserted. To constrain them, an internal snap ring was
used. This is shown in Figure 1.

Figure 1: Bearing and snap ring in gearbox housing
First, the motor is mounted to the bottom housing with four low profile bolts (each with a respective
washer), as shown in Figure 2.

Figure 2: Motor Mounted to Gearbox Housing
Next, the input gear is mounted onto the shaft of the motor. This gear is constrained with two snap rings one on the top and one on the bottom - as well as a 4mm x 4mm key. To properly assemble the gear onto
the shaft, follow these steps:
1. Place the first snap ring using snap ring pliers at the bottom snap ring groove on the shaft
2. Slide the gear onto the shaft
3. Slide the key into the keyway, lining up the motor and gear keyway together
4. Place the second snap ring using snap ring pliers at the end snap ring groove on the shaft
An image of a fully assembled stack-up is shown in Figure 3. The first snap ring is not visible in this
photo.

Figure 3: Input Gear Assembled Stack-up
The output shaft assembly consists of the gearbox output shaft, two U-joints, the intermediate shaft, and
the steering column base plate. The U-joints each have spring pins which are inserted using a dead blow
hammer. An image of this assembly is shown in Figure 4.

Figure 4: Output Shaft Assembly
Following the assembly of the input gear, the output gear can be assembled. First, the output shaft should
be pushed through the lower gearbox housing. The snap right and keyed assembly as described above is

the same for the output gear as it is for the input gear. Assemble the first snap ring, then the gear, then the
key, and finally the last snap ring. This assembly is shown in Figures 5 and 6.

Figure 5: Labeled Input and Output Gears

Figure 6: Output Gear Assembly Stack-up
The next step is to assemble the cover of the gearbox onto the gearbox assembly. This is done using the
four holes located on the long sides of the gearbox. Each hole uses a M6 bolt with a nut and washers. The
holes on the shorter sides of the gearbox are then used to mount the gearbox to the frame tabs. This is
shown in Figure 7.

Figure 7: Cover the Gearbox and Mount it to the Frame
Finally, assemble the encoder to the top of the gearbox using the two mounting holes at the top. The
mounted rotary encoder is shown in Figure 8.

Figure 8: Rotary Encoder Mounted to Gearbox

1.2

Maintenance

The maintenance for the steering system is minimal. The only maintenance required would be if the
mechanical travel limit of the steering system is exceeded and the excessive force causes a gear tooth to
crack. To inspect the system, disassemble the gearbox casing until you can inspect the gears. This level of
disassembly is shown in Figure 9.

Figure 9: Disassembled Gearbox to Inspect Teeth
When the gearbox is disassembled, you may inspect the gear teeth at the point where the two gears meet
to check for yielding or cracking. If this occurs, then we would recommend ordering a new gear and
replacing it.

2. Braking System
The braking system is a relatively simple system to assemble. The following instructions and images are a
detailed guide to assemble this system. The components required to assemble the braking system are
listed in the Bill of Materials as items 110000 through 112900.
The first step of the assembly of the braking system is attaching the linear actuator base mount to the
cart’s original base plate using the four drilled holes and four M6x20mm screws and four M6x6mm nylon
locknuts as shown in Figure 10. Rest the rounded face of the base mount against the tube frame of the cart
and confirm the corners of the mount are aligned with the marked corners on the base plate.

Figure 10: Attach linear actuator base mount to cart base plate.
After the linear actuator base mount has been secured on the base plate and against the cart frame, attach
the linear actuator mount (FA-MB2) to the linear actuator base mount using the four threaded holes on the
angled face of the base mount. This will require four M6x16mm screws. Make sure the MB2 linear
actuator mount is placed in the same orientation as shown in Figure 11 or else the linear actuator will not
be in line with the load cell and master cylinder.

Figure 11: Attach MB2 linear actuator mount to base mount in the orientation shown (tab on left)
Next, align the back of the linear actuator (opposite of the shaft end) with the tab of the MB2 linear
actuator mount so that the hole perpendicular to the slot aligns with the hole on the tab. After the hole and
slot have been aligned, insert the pin included with the MB2 mount as shown. Make sure that the pin is
fully inserted so the end of the pin can be locked in. Without full insertion and locking, the linear actuator
could potentially disconnect itself from the mount during the operation causing irreparable damage to the
system. Figure 12 and Figure 13 show the connection between the linear actuator and the MB2 mount.

Figure 12: Align the slot and hole of the linear actuator to the MB2 mount and fully insert pin

Figure 13: Fully insert pin to prevent disconnection of actuator and mount during operation
After the linear actuator has been securely attached to the MB2 mount, the next step is to replace the front
facing attachment on the linear actuator with the new linear actuator shaft connector (braking pusher).
The braking pusher interfaces with the load cell and master cylinder side of the braking system. This can
be done by using the screw connection shown in Figure 14 and Figure 15. Confirm that the braking
pusher is securely attached (fully screwed in and rigid with the actuator shaft).

Figure 14: Braking pusher (left) and linear actuator shaft (right)

Figure 15: Secured braking pusher in linear actuator shaft
After the linear actuator end of the braking system has been assembled, the next step is to move onto the
master cylinder end. The first step of this section is to attach the master cylinder connector to the master
cylinder shown in Figure 16 using the screw connection. Turn the master cylinder connector on the
master cylinder screw end until the nut is reached. Confirm the slot on the connector is facing outward so
that the load cell cable will face outwards, away from the moving components in the steering system. This
orientation is shown in Figure 17.

Figure 16: Master cylinder and master cylinder connector

Figure 17: Master cylinder connector secured with slot facing outward
After the master cylinder connector is attached to the master cylinder, it is time to secure the master
cylinder to the cart using the master cylinder mount shown in Figure 18. The following steps assume that
the linear actuator shaft is extended, and that manual control is not yet ready. First, align master cylinder
connector with the braking pusher (already attached to the linear actuator) as shown in Figure 14.

Figure 18: Master cylinder mount and required screws for attachment
After the braking pusher has been aligned inside of the master cylinder connector, attach the master
cylinder to the master cylinder mount using the two holes indicated with the blue arrows in Figure 18.
This includes using two M6 screws and nylon locknuts with one washer between the screw head and the
mount as shown in Figure 18. After this step, the intended result is shown in Figure 19. The proper hole
alignment on the master cylinder is shown in Figure 18.

Figure 19: Proper alignment of the master cylinder and mount

Figure 20: Result of the securing of the master cylinder to the mount and cart
The final step is to secure the master cylinder mount to the original mounting points on the cart. For this
step, reference the image of the mount in Figure 20 which shows the correct holes to use indicated by the
green arrows. For the lower hole (closer to the linear actuator) use the three-washer setup so that the
washers are placed in between mount and the master cylinder. Similarly, use the two-washer setup on the
hole further from the linear actuator. The finished result is shown below in Figure 21.

Figure 21: Completed connection of master cylinder to mount and cart frame

After all steps have been finished, the completed braking system assembly should match the assembly
shown below in Figure 22.

Figure 22. Completed braking system assembly

3. Emergency Stop System
3.1

Disclaimer

The original assembly of the Emergency Stop System was intended only for proof of concept. The system
should not be considered complete. If the cart is to be tested (statically, or dynamically) the user must
fully read and understand the contents of this user manual as well as the project’s FDR report. In its
current state the Emergency Stop Button is not wired to the ECU motor kill switch, due to ongoing ECU
issues. This second E-Stop circuit must be connected if the user intends to kill the motor upon activation
of the emergency button. Finally, due to the current lack of entire cart testing (all subsystems operating at
once), the emergency stop system should not be considered safe for operation. Before any cart testing
commences, it is required to prove that the Emergency Stop System operates as intended on a consistent
basis. Please reference the project’s FDR Appendix F, for test procedures to verify the system’s operation.

3.2

Assembly & Operation

Wires and Connections:
The wiring for our project was sized to the maximum current requirement. Further, we used this 16-gage
wire throughout the project. Secondly, due to the requirement of rapid testing, we used quick disconnect
interfaces, shown in figure 23, between all the components in the system.

Figure 23: Quick-Disconnect Interface
We did not intend this wiring strategy to be the permanent solution, and it is highly recommended that the
next user replaces the wires with wires amperage-specific to each component, and the connections with
those they see fit for permanent use.
System Wiring:
The emergency stop system consists of two main simple circuits. The layout is shown below in Figure 24.

Figure 24: Emergency Stop System Wiring
Circuit 1 is the non-powered circuit which interacts with the ECU. Upon button activation this circuit is
closed, which causes the ECU to cut all power going to the cart’s motor. Circuit 2 takes a positive 12V
from the backup battery and sends it to the current regulator upon button activation.

Emergency Button:
The emergency button is a double pole single throw switch, which is normally open. The switch is
operated by depressing the button which will hold the switch in the closed position. To reset the switch,
the user must pull the button upwards from its depressed position. The Button, housed in the button box,
is shown below in figure 25.

Figure 25: Emergency Stop Button
Current Regulator:
The current regulator is an electrical component which protects the linear actuator from damage by
limiting the incoming current to a pre-determined level. The current regulator is shown below in figure
26.

Figure 26: Emergency Stop Button
When supplied with power, the display screen for the linear actuator will illuminate with “C.C.” to
indicate normal operation. To increase the current limit press button 1, and the numerical value will
become visible and increase with each press. The units shown are in amps. To decrease the current limit
press button 2. Finally, when the target value is reached, press, and hold button 3 until “S.U.” is shown
indicating the value is saved.

We have wired the current regulator according to the below diagram, figure 27.

Figure 26: Current Regulator Wiring
The current regulator is wired to accept the signal from both the E-Stop (when activated) and the
continuous signal from the microcontroller. On the output side, the current regulator is in a simple circuit
with the linear actuator.
For any further information or manufacturer instructions, Firgelli Automation has published general
instruction and wiring diagrams on their website. SKU: FA-POCT
Wiring the motor kill switch:
As mentioned in the disclaimer the motor kill switch has not yet been wired due to ECU testing. To wire
the motor kill switch to the emergency button one must first locate the appropriate wires from the
emergency button. As shown above in figure 26, the two wires are on circuit 1 of the emergency button.
The positive wire is currently labeled “+12V from switch (kills)”, and the negative “g to E-stop (motor
kill)”. The two wires are shown below in figure 27.

Figure 27 Motor Kill Switch Wires

These two wires are already crimped with the quick-disconnect ends shown in figure 28. However the
next user selects to create their wired connections, they must be connected to the ECU interface shown
below in figure __ to complete the motor kill circuit.

Figure 28: Motor Kill ECU Interface
Please note: We highly recommend the correct interface is selected by shorting the interface and verying
the ECU motor cut activates.

4. Acceleration/Operating Wiring
The hardware used for the acceleration system is also used for steering and braking. Please refer to
Figures 29, 30, and 31 that describes each component.

Figure 29: Electronics assembly with labels
Key:
A – Electronics Box Base
B – Electronics Box Wall Extension
C – Breadboard for Low-Pass Filter
D – Arduino Due
E – Cytron Dual Motor Driver

Figure 30: Close-up of the motor driver
Key:
F – Steering Motor Wire (Positive)
G – Steering Motor Wire (Negative)
H – Micro USB Port for Computer
I – 12V Power Source/Battery (Positive)
J – 12V Power Source/Battery (Negative)
K – Braking Linear Actuator Wire (Positive)
L – Braking Linear Actuator Wire (Negative)

Figure 31: Breadboard with low-pass RC filter
Key:
M – 160 Ω Resistor
N – PWM Signal from Digital Pin 5 on Arduino
O – 100 µF Capacitor
P – Analog Signal Out to Cart’s ECU
Q – Ground from the microcontroller

To assemble the electronics system:
1. Attach the Cytron motor driver (E) onto the Arduino Due microcontroller (D).
a. Be sure to line up the pins so that the 5V and ground pins on the microcontroller match
the motor driver
2. Use four M3 nylon screws to mount the Arduino Due (D) onto the electronics box (A).
a. There are four holes on the bottom of the electronics box that lines up with the mounting
holes on the microcontroller
3. On the breadboard, attach connect the resistor (M) and capacitor (O) as shown in Figure 31.
a. Make sure the resistor and capacitor are connected in series.
4. Use a jumper cable to connect one end of the resistor to digital pin 5 (N) on the microcontroller.
5. Use a jumper cable to connect the end of the capacitor to the ground pin on the microcontroller.
6. Use a jumper cable to connect between the resistor-capacitor node and the cart’s ECU throttle
signal wire.

7. Use a jumper cable to connect the cart’s ECU throttle ground wire to the ground pin on the
microcontroller
8. Wire the braking linear actuator and steering motor as shown in Figure 30
a. Polarity does not really matter as direction can be changed in software if needed
b. Make sure polarity is consistent afterwards
9. Wire a 12V battery to the motor driver as shown in Figure 30
10. Place the electronics box extension ring (B) onto the electronics box (A)
11. Place the lid (not shown) on top of the extension ring (B)

5. Operation
Please read through the instructions completely before attempting to operate the cart.
The following instructions will outline the steps to operate the cart though a computer.
1. Connect the computer to the Arduino Due (H) using a USB to Micro USB connection.
2. On the computer, locate the port that is connected to the Arduino Due.
a. Open Device Manager on the computer and look under “Ports”.
b. Record the COM number.
3. Upload the StandardFirmata example file onto the Arduino Due (this only needs to be done
once).
a. Open the Arduino IDE.
b. Go to Files > Examples > Firmata > StandardFirmata.
c. Press the right arrow on the top left of the IDE to upload the file onto the Arduino
Due.
d. Close out of the IDE.
4. Open the main.py file.
5. Change the port to the number that was recorded earlier.

6. Run the main script.
a. Make sure that all the necessary files are in the same folder as main.py.
IMPORTANT!!!
7. WAIT until the connection between the computer and the board is established before
proceeding.

a. Look out for the following message in the REPL:

8. The following keyboard commands:
a. “w” – Accelerate cart forward
b. “a” – Steer cart to the left
c. “d” – Steer cart to the right
d. “8” – Extend linear actuator
e. “5” – Retract linear actuator
i. Note that “8” and “5” are intended to be used on the numpad
9. When finished, exit out of the script.
In the case of an emergency (e.g. the cart falls off of the bench, the controls are unresponsive, etc.),
perform the following:
1. Press the emergency stop button
2. Unplug the cart’s battery from the ECU
3. Stop the script and disconnect the USB connection from the computer

Appendix E | Design Verification Plan & Report
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Appendix F | Testing Procedures
Test 2: Full Range Steering Test Procedure
Test Name: Steering Range of Motion
Purpose:
The purpose of this test is to measure the range of motion of the steering system to ensure that the
gearbox and related mechanical systems did not reduce our original capabilities.
Scope: (Defines what feature or function the test is for)
This test examines the mechanical function of the steering system. It involves every component of the
steering subassembly, except for the motor.
Equipment:
•
•
•
•

Fully assembled steering system
Meter Stick
Chalk
Protractor

Hazards:
•
•

Rotating components
Pinch points

PPE Requirements:
•
•
•
•
•

Safety googles
Closed-toed shoes
Long pants
Tied-up hair
No jewelry

Facility:
This test will occur in the Bonderson Senior Project room 110, where the cart is stored.
Procedure:
1. Assemble the steering system of the vehicle. Remove the top half of the gearbox and the
input gear. This allows the output gear to be spun by hand. The internal gearing of the
motor prevents it from being rotated unless power is applied to it.
2. Align the steering wheel base plate so that it points straight forward. Attach the meter
stick to the base plate so that it acts as a lever arm for observing the angular position
change. Mark, using chalk, the line formed by the meter stick.
3. Rotate the steering column to the right by spinning the output gear until the system has
reached the limit of its travel. Mark, using chalk, the line formed by the meter stick.
4. Repeat step 3 but rotate the steering column to the left instead of the right.
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5. Measure the angle formed by the outer lines of chalk. This angle represents the steering
range of motion for the cart.
6. Repeat the test ten times to verify consistency.
Results:
Pass Criterion: The steering range of motion is equal to or greater than ± 45°.
Fail Criterion: The steering range of motion is less than ± 45°.
Number of Samples: 10

Test Date(s):

Test Result (circle one): Pass / Fail

Performed By:
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Test 3: Full Range Braking Test Procedure
Team Name: F52 B.A.C.O.N.
Test Name: Full Range Braking
Purpose:
The purpose of this test is to determine if our braking system design and linear actuator can achieve the
necessary displacement of the master cylinder and motor power kill switch required to stop the cart.
Scope:
This test will determine whether the linear actuator interface system in the cart’s electronic braking
system will be capable of moving the master cylinder and motor kill switch the same 0.5 inch that the
original brake pedal could.
Equipment:
•
•
•
•
•
•
•

Momentary Rocker Switch (MAN-RS2)
Load Cell (100kg, LC100B)
Digital Calipers
Cardboard Strip (4-inch length)
Adhesive Tape
Assorted Wires
Marker

Hazards:
•
•
•

Moving components
Pinch points
Sharp corners/edges

PPE Requirements:
•
•
•
•
•

Safety googles
Closed-toed shoes
Long pants
Tied-up hair
No jewelry

Facility:
This test will occur in the Bonderson Senior Project room where the cart is stored. We will use the work
bench provided for our use as a platform for our testing. This setting provides a controlled environment
away from damaging cart components and makes the items we are testing easily accessible for the
operators.
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Procedure:
1. Verify that everyone in close proximity to the vehicle during the test is wearing the proper safety
equipment
2. Assemble the linear actuator interface system per assembly instructions including the momentary
rocker switch from the linear actuator manufacturer
3. Place the linear actuator interface system at the desired angle on top of the work bench
4. Draw markings on the cardboard strip in 0.1-inch increments from 0 to 3 inches
5. Attach the cardboard strip in parallel to the linear actuator and with the markings visible next to
interface system
6. Use the momentary rocker switch to move the actuator shaft forwards as close to 0.5 inches as
possible and measure the displacement of the top side of the interface system.
7. After recording the displacement, return the linear actuator to the original position at zero
displacement
8. Repeat steps 6 and 7 two more times to obtain an average
9. After confirming the operation of the system in its current state, integrate the system into the cart
with the cart on the ground and repeat steps 6-8 to validate full range of braking
10. After completion of test procedure, make sure to return testing area to previous state
Results:
Pass Criterion:
The linear actuator can reach the desired 0.5-inch displacement with the attached interface system
both on and off the cart.
Fail Criterion:
The linear actuator is unable to reach the 0.5-inch displacement with the attached interface system
both on and off the cart.
Number of Samples: 6 total
Test Date(s):

Test Result (circle one): Pass / Fail

Performed By:
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Test 4: Full Braking Application Test Procedure
Team Name: F52 B.A.C.O.N.
Test Name: Full Braking Application
Purpose:
The purpose of this test is to determine if our braking system design and linear actuator can achieve the
necessary displacement of the master cylinder and motor power kill switch required to stop the cart in a
reasonable amount of time.
Scope:
This test will determine whether the linear actuator can move the master cylinder and motor kill switch
0.5 inch in a reasonable amount of time which we determined to be one second.
Equipment:
•
•
•
•
•
•
•

Momentary Rocker Switch (MAN-RS2)
Nucleo 64 L467-RG STM32
Linear Actuator
Cardboard Strip (0.5-inch length)
Adhesive Tape
Assorted Wires
Stopwatch

Hazards:
•
•
•

Moving components
Pinch points
Sharp corners/edges

PPE Requirements:
•
•
•
•
•

Safety googles
Closed-toed shoes
Long pants
Tied-up hair
No jewelry

Facility:
This test will occur in the Bonderson Senior Project room where the cart is stored. We will use the work
bench provided for our use as a platform for our testing. This setting provides a controlled environment
away from damaging cart components and makes the items we are testing easily accessible for the
operators.
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Procedure:
11. Verify that everyone in close proximity to the vehicle during the test is wearing the proper safety
equipment
12. Wire linear actuator to power source and momentary rocker switch
13. Place linear actuator on table on its side so that the shaft is moving parallel to the table
14. Use the adhesive to place the half inch cardboard measuring piece on the table beginning at the
end of the actuator shaft.
15. Using the stopwatch to time, use the momentary rocker switch to move the actuator shaft
forwards until the end of the actuator shaft reaches the end of the cardboard piece. Start the timer
at the beginning of the switch being pressed forward and stop the timer when the switch is
released (when the shaft reaches the desired displacement.
16. Record the time and use the reverse option on the rocker switch to return the linear actuator to the
original position at zero displacement.
17. Repeat steps 5 and 6 two more times to obtain an average
18. After confirming the operation of the system in its current state, integrate the system into the cart
(with the force sensing interface system) with the cart on the ground and repeat steps 5-7 to
validate full range of braking
19. After completion of test procedure, make sure to return testing area to previous state.
Results:
Pass Criterion:
The linear actuator can reach the desired 0.5-inch displacement with the attached interface system
in one second.
Fail Criterion:
The linear actuator is unable to reach the 0.5-inch displacement with the attached interface
system.
Number of Samples: 6 total
Test Date(s):

Test Result (circle one): Pass / Fail

Performed By:
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Test 5: 'Bump-to-Bump' Steering Test Procedure
Test Name: Steering Stop-to-Stop Time
Purpose:
The purpose of this test is to measure the range of motion of the steering system to ensure that the
gearbox and related mechanical systems did not reduce our original capabilities.
Scope:
This test examines the mechanical function of the steering system motor. It involves every component of
the steering subassembly including the wired motor.
Equipment:
•
•

Fully assembled steering system
Stopwatch

Hazards:
•
•

Rotating components
Pinch points

PPE Requirements:
•
•
•
•
•

Safety googles
Closed-toed shoes
Long pants
Tied-up hair
No jewelry

Facility:
This test will occur in the Bonderson Senior Project room 110, where the cart is stored.
Procedure:
7. Assemble the steering system of the vehicle, ensure that the motor can be controlled
electronically.
8. Control the motor movement to achieve full range of motion of the steering system, the
system will reach a mechanical stop when it cannot turn further. Make sure to not push
the motor past what is physically possible.
9. Use the full power of the motor to move throughout the range of motion of the steering
system, record the time required for this range of motion.
10. Repeat this test with the cart on the bench (no load on the tires).
11. Repeat this test with the cart on smooth concrete.
12. Repeat this test with the cart on asphalt.
13. Repeat this test with the cart on the bench to verify that the system has not changed
between tests.
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Results:
Pass Criterion: The steering reaches full range of motion in 2 seconds or less.
Fail Criterion: The steering does not reach full range of motion in 2 seconds or less.
Number of Samples: 10 per surface

Test Date(s):

Test Result (circle one): Pass / Fail

Performed By:
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Test 6: Emergency Stop Operation

Purpose: Ensure the reliable, fast, and predictable operation of the Emergency Stop Subsystem.
Scope: This test will evaluate the operation of: The E-Stop Button, the wired connections for the motor
cut circuit, the wired connection for the actuator circuit, the redundant power source, the linear actuator.
All of the components will be evaluated under the emergency stop situation.
Equipment:
●
●

2x Ratchet Straps
Handheld Timer

Hazards:
●
●
●
●
●

Pinch Points (linear actuator / master cylinder interface)
Rotating Parts (motor, axle, wheels, drive gear/pinion/chain)
Electrical Shorting (improper wiring)
Unexpected Cart Acceleration
Flying Parts / Burst Brake Line

PPE Requirements:
Protective glasses
Insulating Rubber Gloves
Hair ties if necessary
Close-toed shoes
PPE equipment (per Cal Poly COVID-19 Restrictions)
Facility:
Cal poly Bonderson Projects Center, Room 110
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Roles:
Tester 1 (T1): 1 Person (from senior project)
●
●

Main roles include operating the E-Stop button, resetting / modifying any electrical circuits.
Required PPE: Protective glasses, insulating rubber gloves, hair ties if necessary, close-toed
shoes, COVID-19 PPE

Tester 2 (T2): 1 Person (from senior project)
●
●

Main roles include operating the handheld timer, recording data, contacting emergency services if
necessary
Required PPE: Protective glasses, hair ties if necessary, close-toed shoes, COVID-19 PPE

Testet 3 (T3): 1 Person (from senior project)
●
●

Main roles include operating the throttle pedal, and observing motor operation
Required PPE: Protective glasses, insulating rubber gloves, hair ties if necessary, close-toed
shoes, COVID-19 PPE

Observer (O): No more than 1 person (including those from senior project)
●
●

One individual, who may be part of the senior project or not, may be in the testing room to
observe the test.
Required PPE: Protective glasses, hair ties if necessary, close-toed shoes, COVID-19 PPE
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Procedure:
Preface and Notes: Tester 1 will be referred to as T1, Tester 2 will be referred to as T2, and Tester 3 as
T3. The Procedure is broken into three sections: Setup, Testing, Conclusion. Any time testing is stopped
outside of regular procedure, the entire setup procedure is to be followed before any subsequent testing.

Setup:
1.

Ensure that the room is clear, and all present are wearing necessary PPE as defined above
1.1.
For T1, T2, & T3 No loose clothing shall be worn, and all jewelry, long hair, sleeves,
must be tied back.
1.2.
Any observers must remain at least 5 feet from the cart for the duration of the test.

2.

(T1) Visually inspect the wired circuits and ensure there is no visually damaged equipment or
exposed wires.
2.1.
In the event of any damaged or disconnected wires or parts. Stop the test immediately,
disconnect all batteries, and fix the broken/damaged system.

3.

Ensure the cart is properly fixed to the test bench
3.1.
If the cart is not on the bench, use the cart jack to raise the cart as high as the jack goes,
then both T1, T2, and T3 will lift the cart from the jack and place it on the test bench.
3.2.
If the cart is not strapped to the bench, use two ratchet straps to fix the cart.
3.2.1.
Place one through the front portion of the frame (in front of the seat and behind
the front wheels) and around the bench
3.2.2.
Place one through the rear portion of the frame (behind the seat and in front of
the rear wheels) and around the bench
3.2.3.
Carefully ensure the straps have no possibility to interfere with any moving parts

4.

(T3) Begin by connecting the cart’s battery and ensuring there is proper charge by:
4.1.
(T3) Visually inspecting the battery meter on the cart’s dashboard
4.2.
(T3) Physically operating the throttle to verify motor response

5.

(T1) Verify the automated braking system is in the off position
5.1.
If the brakes are applied use the brake controller to fully disengage them

6.

(T2) Verify the handheld timer has sufficient battery, and have a new data sheet with a writing
device ready to record

7.

(T1)Verify the E-Stop button is in the off position
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Testing:
1.

Use verbal confirmation to ensure all testers are aware the test is starting.
1.1.
All hands and body parts must be away from any moving components.
1.2.
There must not be any equipment or materials from previous run left anywhere near or on
cart

2.

(T3) Standing in front of the cart the tester will increase the throttle to roughly 25% with their
hand

3.

T1 will press the E-Stop button

4.

T2 will start the timer at the same time they see the E-Stop Button pressed, and stop the timer the
instant they see the linear actuator begin to engage the brakes.

5.

(T3) While the E-Stop button is pressed T3 shall continue to hold the throttle at the same level for
5 seconds.

6.

T3 must observe the motor and ensure that it does not begin/continue to accelerate after the EStop Button has been pressed.

7.

T2 will record if the brakes engaged fully, the time for initial brake engagement, and if the motor
ceased acceleration for the full 5 seconds the throttle was engaged after the E-Stop button was
pressed. (See page 7)

8.

In the event that the brakes do not fully engage, the motor continues to accelerate, or only
momentarily stops, the testing must be stopped. This is a catastrophic failure of the E-Brake
system and likely indicates improper wiring or damaged equipment which can cause severe harm
if continuously used.
8.1.
Stop the test immediately, disconnect all batteries, and fully diagnose any issue before
any testing begins again.
8.2.
In addition, document all conditions of the failure with as complete of detail as possible.
(See page 8)

9.

(T1) Use the brake controller to fully disengage the brakes

10.

(T1) Disengage the E-Stop button

11.

Repeat Steps 1-10 for 50%, 75%, and 100% throttle application.
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Conclusion:
1. (T1) Use the brake controller to fully disengage the brakes
2. (T1) Disengage the E-Stop Button
3. (T1) Fully disconnect all batteries
4. (T1) Remove the straps fixing the cart to the test bench
5. T1, T2, and T3 will lift the cart from the test bench onto the fully raised cart jack.
6. (T1) Lower the cart to the ground with the cart jack
7. After all the data has been collected, and steps 1-6 have been completed all testers must
unanimously agree on a pass for the system to pass the test.
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Results:
Pass Criteria:
To pass the test, the system must fully engage the brakes, prevent motor acceleration for the
duration of the time the E-Stop button is pressed, and initially engage the brakes in less than a
second for every single sample of every single throttle input.
Fail Criteria:
If, during any sample of any throttle input, the brakes do not fully engage, the brakes take longer
than a second to start engaging, or the motor is allowed to accelerate whilst the E-Stop button is
depressed, the test will be considered failing.
Number of Sample to Test:
The test will record 4 samples of the system response to each of the 25, 50, 75, and 100% throttle
inputs.
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Test 6: Emergency Stop Operation Data Sheet
Test Date:
Test Result (circle one): Pass / Fail
Performed By: (T1) _____________, (T2) _____________, (T3) _____________

Run

Throttle Input
(%)

1

25

2

50

3

75

4

100

5

25

6

50

7

75

8

100

9

25

10

50

11

75

12

100

13

25

14

50

Brake Initial
Time (S)

Full Brake
Engagement (Y/N)
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Full Motor
Disengagement (Y/N)

15

75

16

100

17

25

18

50

19

75

20

100

Test 6: Emergency Stop Operation Failure Description

Run Number:

Throttle Position:

Describe the operation of the braking system during the failure…

F-16

Describe the operation of the motor during the failure…

Describe any equipment/systems that were damaged during the failure…
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Test 7: F52 B.A.C.O.N. Battery Life Test Procedure
Team Name: F52 B.A.C.O.N.
Test Name: Battery Life
Purpose:
The purpose of this test is to determine the battery life of our cart’s steering, braking, and acceleration
system.
Scope:
The motor and actuator used for the steering and braking system will be powered by the 48V battery that
came with the cart. This test will determine whether the cart’s battery is capable of powering the cart for
at least an hour.
Equipment:
•
•
•

Bench or Platform
Stopwatch/Timer
Multimeter

Hazards:
•
•
•

Rotating components
Pinch points
High voltage (40+ Volts)

PPE Requirements:
•
•
•
•
•

Safety googles
Closed-toed shoes
Long pants
Tied-up hair
No jewelry

Facility:
This test will occur in the Bonderson Senior Project room where the cart is stored. There is a platform that
comes with the cart for transportation. This platform will be used to elevate the wheels above the ground
for this test.
Procedure:
1. Verify that everyone in close proximity to the vehicle during the test is wearing the proper safety
equipment
2. Place cart onto test stand and raise the stand at least 1 ft. above ground
3. Ensure all exposed wires are tied up and away from the cart’s motor and axle
4. Connect the steering system to the cart’s battery and verify that the steering system works as
intended
5. Connect the braking system to the cart’s battery and verify that the braking system works as
intended
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6.
7.
8.
9.

Verify that the emergency kill switch actuates the brake actuator when pressed
Verify with a multimeter that the acceleration system is outputting the desired signal/voltage
Connect the battery to the cart.
Operate the braking system with a 10% duty cycle, the steering system with a 50% duty cycle,
and the acceleration system with a 50% duty cycle
10. Continue to operate the vehicle until the timer reaches an hour or until the cart’s battery dies
11. Disconnect all subsystems from the battery
12. Lower the cart back down to the floor and disconnect the battery from the cart
Results:
Pass Criteria:
The cart is capable of moderate operation for at least 60 minutes
Fail Criteria:
The battery runs out power before reaching the 60 minute mark

Test Date(s):

Test Result (circle one): Pass / Fail

Performed By:
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Test 8: F52 B.A.C.O.N. Acceleration Rate Test Procedure
Team Name: F52 B.A.C.O.N.
Test Name: Acceleration Rate
Purpose:
The purpose of this test is to determine the capabilities of the acceleration system after installing the
microcontroller.
Scope:
This test will determine whether the cart’s electronic acceleration system will be capable of having the
same throttle range of the original system.
Equipment:
•
•
•

Bench or Platform
Stopwatch
Multimeter

Hazards:
•
•
•

Rotating components
Pinch points
High voltage (40+ Volts)

PPE Requirements:
•
•
•
•
•

Safety googles
Closed-toed shoes
Long pants
Tied-up hair
No jewelry

Facility:
This test will occur in the Bonderson Senior Project room where the cart is stored. There is a platform that
comes with the cart for transportation. This platform will be used to elevate the wheels above the ground
for this test.
Procedure:
20. Verify that everyone in close proximity to the vehicle during the test is wearing the proper safety
equipment
21. Place cart onto test stand and raise the stand at least 1 ft. above ground
22. Ensure all exposed wires are tied up and away from the cart’s motor and axle
23. Verify with a multimeter that the microcontroller is outputting the desired signal/voltage
24. With the cart’s wheels initially at rest, apply “full throttle” using the microcontroller with the
cart’s speed set to Low
25. Record the time it takes for the cart to achieve full speed (more specifically time from 10% full
speed to 90% full speed)
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26. Repeat steps 6-7 two more times to get an average
27. Repeat steps 6-8 with the cart’s speed set to Medium and High
28. Lower the cart back down to the floor and disconnect the battery from the cart
Results:
Pass Criteria:
•

The acceleration response time of the cart is within 0.5 seconds relative to the original
acceleration system.

Fail Criteria:
•

There is over 0.5 seconds difference between the installed acceleration system and the original
system

Test Date(s):

Test Result (circle one): Pass / Fail

Performed By:
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Test 9: F52 B.A.C.O.N. Acceleration Throttle Test Procedure
Team Name: F52 B.A.C.O.N.
Test Name: Varying Throttle
Purpose:
The purpose of this test is to determine whether our controller is capable of outputting various throttle
responses. The throttle percentage is directly related to the input voltage going into the cart’s electronic
control unit.
Scope:
This test will determine whether the cart’s electronic acceleration system will be capable of operating at
various throttle percentages.
Equipment:
•

Bench or Platform

Hazards:
•
•
•

Rotating components
Pinch points
High voltage (40+ Volts)

PPE Requirements:
•
•
•
•
•

Safety googles
Closed-toed shoes
Long pants
Tied-up hair
No jewelry

Facility:
This test will occur in the Bonderson Senior Project room where the cart is stored. There is a platform that
comes with the cart for transportation. This platform will be used to elevate the wheels above the ground
for this test.
Procedure:
1. Verify that everyone in close proximity to the vehicle during the test is wearing the proper safety
equipment
2. Place cart onto test stand and raise the stand at least 1 ft. above ground
3. Ensure all exposed wires are tied up and away from the cart’s motor and axle
4. Verify with a multimeter that the microcontroller is outputting the desired signal/voltage
5. With the cart’s wheels initially at rest, turn the key on the dash to set the cart’s speed to “H”
6. Apply a voltage equivalent to 10% throttle and wait until the cart’s motor has reached full speed
7. Increase the throttle percentage by 10% and audibly verify that the motor is spinning faster
8. Repeat step 7 until full throttle is achieved and then disconnect the microcontroller from the cart
9. Lower the cart back down to the floor and disconnect the battery from the cart
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Results:
Pass Criteria:
•

The controller is capable of replicating at least 10 different throttle percentages.

Fail Criteria:
•

The controller is not capable of replicating at least 10 different throttle percentages.

Test Date(s):

Test Result (circle one): Pass / Fail

Performed By:
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