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ABSTRACT 
 
The University of Arizona Baja Racing team competes in an international competition each year.  
We build a custom telemetry system for the car to collect data during races in order to inform 
design decisions and warn of upcoming problems.  This paper will focus on the contrast between 
designing a system for production versus designing for the educational experience, as is the 
ultimate goal of our team.  We will specifically discuss this contrast in the areas of size, power 
consumption, manufacturability, maintainability, repairability, and testability. 
 
 

INTRODUCTION 
 
Our team puts a custom telemetry system on an off-road racing car for a competition each year 
with the goal to use the data collected to improve future designs.  More importantly, we want our 
members to gain hands on experience designing and building a system that can be modified for 
future needs.  Because of this emphasis on education, our system looks quite different from 
commercial telemetry systems built for similar applications.  The goal of this paper is to explain 
our design philosophy and how it differs from the industry, from the perspective of students 
learning from and teaching other students as a team.   
 
 

INDUSTRY GOALS 
 

Commercial telemetry systems have goals and constraints attached to best fit them to the 
customers’ needs.  While constraints shape the outcome of a system, limiting variables such as 
weight and cost, each project also has specific goals to optimize along the way.  Ultimately the 
goal is to make the best telemetry system that fits within the constraints, and this is attempted in 
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a few ways.  These may include making it cheap enough to be disposable, small enough to easily 
fit wherever it is needed, or power efficient enough to last longer or use a smaller battery.      
 
Systems designed with the goal of educating students often face different constraints and do not 
follow the same goals.  While these systems also seek to reduce costs and increase efficiency, 
they will compromise in these areas when confronted with a choice between pure performance 
and teaching potential.  This results in a much different end product which may still be 
considered a successful project even if it fails to meet some or all of its originally planned design 
criteria. 
 
 

SIZE 
PHYSICAL SIZE 

 
One of the largest differences between these two types of systems is size.  A system designed for 
education is typically not subject to as strict of size constraints as a commercially produced 
system.  This leaves room for students to work on more areas of design and learn more concepts 
instead of spending time shrinking and specializing each element of the system.  This also means 
the system can use cheaper, larger parts that are easier to solder.   
 
Our team also houses the electronics in 3-D printed cases with large margins for safety, taking 
advantage of the less stringent constraints.  This is a good solution for quick testing and rapid 
iteration for low cost. 
 

SCOPE AND COMPLEXITY 
 

Designing systems to teach students concepts and skills involves lowering the barrier for entry as 
much as possible.  This is important to be able to gain as many students as possible to learn and 
carry on in the future.  If a system is too complex for new members to learn or drives too many 
away, the members will not be able to iterate on the design before they leave.  Practically this 
means using components that are well documented and beginner friendly, so COTS parts are 
common.   
 
Keeping the system simple enough to retain members is one of our club’s main goals.  Our team 
uses Arduino to develop on because they are reliable, beginner friendly, and have smooth 
integration across boards.  Arduino uses C++, which is beneficial in our case because all 
engineering students at our school learn C as a prerequisite for their major.  This can act as a 
good lead in for new members to be able to learn C++ more quickly.  C++ is a good language for 
students to work in because it makes it easier for them to learn what the microcontroller is doing 
behind the scenes than more abstract languages.  In our club, members learn about data 
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structures, how to write efficient code, and how to write programs that interact with programs on 
other microcontrollers.  Arduino is also advantageous because it makes it easy for beginners to 
get into and write functional code, while also being open for more experienced members to write 
the lower level libraries that the other members can use.  Another way we reduce complexity for 
beginners is to use sensors on breakout boards.   
 
The overall system is designed with a simple, streamlined approach to help students learn the 
skills required to design for the system and assist in the assembly process.  This allows new and 
returning members to contribute new ideas to the system and have a hand in implementing their 
own ideas. As part of ensuring that this continues to be the case, each component of the system is 
limited in complexity so that it may be iterated in a single year, so that each year new members 
can experience the design process from beginning to end. 
 
 

POWER CONSUMPTION 
 

As alluded to previously, commercial telemetry systems often work to reduce their power 
consumption so that they will last longer or require smaller batteries.  While these ideals are still 
important in educational systems, the team often sacrifices power efficiency to design decisions 
that lead to a greater ability for the student to learn.  This can come in several different ways, 
such as the simplicity and coding practices discussed above, or from selecting different parts.  To 
be more manufacturable, parts are often selected to be larger with a different package then would 
be used in industry.  Additionally, a team might choose to use discrete components instead of 
always using a chip so that members learn the basic principles behind their circuits.  These 
choices may lead to less efficient systems. 
 
Our team tries to minimize power consumption in ways such as choosing lower powered 
microcontrollers, but still sacrifices power consumption in many design decisions.  While it is 
important for our system to not run out of power during operation, the main race is only 4 hours, 
and placing the batteries in parallel allows us hot swap them when the car comes into the pit.  
This year we designed a power management board to monitor the power consumption, regulate 
the voltage, and shut off power if need be.  This board served as a good introduction to voltage 
regulation for new members trying to learn how the board works because it is made with chips 
and discrete components rather than a completed part.   
 
 

MANUFACTURABILITY 
 

Education oriented systems need to be designed with the manufacturing process in mind to 
assure that the students can assemble the system and be able to learn from it.  A well-designed 
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system has a range of difficulties in assembly to teach both inexperienced and experienced 
students.  During the design process is a good opportunity to teach members important aspects in 
designing such a system.  This includes choosing a variety of package sizes, staying within what 
can be hand assembled, as well as positioning components on a PCB in a way that is conducive 
to hand soldering.  Similarly, since these systems are intended to be assembled manually as a 
team, they are not optimized for mass production, and would require a different design process to 
do so.   
 
We try to follow these guidelines as well as some additional design elements to aid in the 
manufacturing process.  The first is simplifying the wiring harness by using only I2C for data.  
This simplified system makes it easier for members to understand each specific section as well as 
the system overall so they can contribute more autonomously during assembly.  Additionally, the 
system is designed to have standardized, keyed connectors at each joint so that pieces can be 
assembled individually and then brought together on the car.   
 
 

MAINTAINABILITY 
 

Maintainability is a desired trait in most any telemetry system, although the reason it’s desired 
changes between systems.  A commercial system may desire this so that their products do not 
become outdated too quickly.  This is less of a concern for education-oriented systems as they 
are continually being redesigned and iterated upon.  Educational systems value maintainability 
because it allows new members to gain hands-on experience on a pre-built system, as well as 
allowing more experienced members to learn more about debugging and testing new features.  
When members service a broken system, they gain new experience that they can use to make 
their designs more robust and more serviceable.   
 
Our team designed the system with custom USB hubs in the harness that allow us to plug in a 
USB cable at the back of the car and reprogram any microcontroller on the car.  This is essential 
for maintenance as all the electronics are glued in watertight containers and would be much more 
difficult to reprogram otherwise as the need arose.  The standards we set for our keyed 
connectors let us attach different sensor or microcontroller modules to the system, needing only a 
programming update for the main board to be integrated.  This makes it much easier to test new 
sensors or replace old ones on previous systems as part of the learning process for new members. 
 
 

REPAIRABILITY 
 
Every system needs to be designed and produced in a way such that they would be serviceable.  
Educational systems tend to be prototypes, and as such do not have comprehensive debugging 
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features built in.  This means it is important for access points to be placed in the system and on 
the circuit boards for debugging and testing purposes.  Debugging using these access points 
allows students to learn how to use the tools they have available to them, what to expect from 
certain electronics, and gain a better understanding of how a process works at a deeper level.   
 
Our system is designed to make replacing parts simple, as components are liable to fail from 
either mistakes or from natural wear.  Components on our main board, from the microcontrollers 
to the GPS unit are attached with header pins to be easy to replace.  On the wiring harness, a 
module can easily be replaced by removing it at the connector.  Other than this feature, 
repairability is an area where our team can improve, especially in adding more access points for 
debugging and testing. 
 

CONTINUED OPERATION AFTER LOSS OF FEATURES 
 
If a design flaw caused a feature to fail in a commercial system, development would go into 
correcting the error immediately, especially since other features likely rely on the feature that 
failed.  Due to our limited time and resources, our club does not have this luxury: often if a 
design flaw surfaces in a project we must either abandon the project or move on with the design 
flaw.  For this reason, we design as many elements as we can to be able to function in their most 
basic capacity without the other features.  One example of this is the aforementioned power 
management board.  The management and monitoring were supposed to be done by a 
microprocessor on the back of the board, but a design flaw caused the processor to not work.  
Because of this possibility, we designed the board to function for voltage regulation without the 
microprocessor, and we were able to use it in this capacity for the race.   
 
 

TESTABILITY 
 

It is important for the system to be able to be tested on and to be easy to use for testing as a 
system.  As described previously, testing features of the system is a good way to teach members 
who are learning the extent of the system.  This testing includes the ability to use different 
sensors or code structures.  Systems that don’t allow this level of testability are not maintainable 
for these teams and could require full redesigns in the future when new features are desired.  
While such redesigns are good learning opportunities, especially for why specific design choices 
are made, they halt the progress of giving the system the desired new features.  For these reasons, 
testability is greatly desired in this type of system, in a way that is unlike a commercial system. 
 
 

ENGAGEMENT 
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One of the most important goals of our club is member engagement.  Since members only stay 
and make the team better if they want to, it is important to keep members engaged, starting as 
soon as possible.  Without this the team can get too small to maintain itself, and advancements 
stop.  Working on previous systems can show new members what they are working towards to 
motivate them as they learn the basics.  Bypassing the detailed design process in this way 
accelerates their ability to see the result of their work while they learn how the system operates 
through hands on experience.  Another important area to keep people interested is in testing the 
current system.  Testing the system in operation is a valuable step for members to gain opinions 
on how they think the system should operate, leading to new ideas and designs in the future.  
This is also a good way to kindle students’ interest, giving them ideas to push them further. 
 
 

SCREEN 
 

 
 
One element of our system that is a good example of how our team implements the ideas 
discussed above is our custom screen.  The screen is a custom PCB with DotStars (individually 
addressable RGB LEDs) in a 16 by 9 grid, is controlled by a microcontroller on the back, and has 
storage.  It was designed to be easily readable while covered in dirt in bright sunlight, something 
COTS screens failed to do.   
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This screen was designed by a second year, non-ECE member and the CAD was done as the first 
big project for a new member.  From here the new member had gained enough experience to 
move on to harder projects, becoming our main CAD engineer.  Because the screen is custom, 
the library had to be written from scratch.  Overall, the screen was a good project for our 
beginners to start learning on. 
 
This screen is larger and simpler than most COTS screens, which makes it possible to be built by 
hand.  It uses numerous large, bright LEDs, so it consumes more power than other commercially 
available options.  It can be easily reprogrammed while it is mounted on the car, so it can be 
maintained with the rest of the system as time progresses.  The pixels can be tested as they are 
being soldered on without the microprocessor on the back, which is vital to its manufacturability.  
Additionally, we learned a lot from flaws here too.  The method for testing the pixels required 
soldering in magnet wires in two places because a direct route had been cut off.  Like the power 
management board, the screen’s microcontroller also could not function, so it had to be 
controlled by an Arduino from the outside.  These errors teach us what to change in the future as 
we iterate on our designs. 
 
 

CONCLUSION 
 
While commercial and educational systems appear to have similar goals, their end products look 
quite different because their underlying goals are not aligned.  Educational systems require their 
designs to be simple enough to learn, build, and test, keeping members engaged so they can 
propel the team forward.  While this may result in a less efficient and polished system, it is still a 
success for pushing students to learn more.  We look forward to pushing our system further as 
we learn more about what this field has to offer. 


