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2020 Intro: 
 
 First, a bit about me. I was introduced to FIRST in January of 2012 when my older 
brother found me in the hallway of our school and asked me if I would be interested in joining 
robotics. This was halfway through the Rebound Rumble season. I thought about it. I was a 
shy 5th grader at the time, and I would be surrounded by highschoolers.  But I was stuck 
afterschool everyday anyways. So, I figured, sure. Why not? Right? 
 
 I quickly caught robot mania. I spent my free time drawing robot concept sketches. I 
set up a C++ IDE on my computer. When I discovered Chief Delphi, I spent countless hours 
reading through whitepapers, watching robot reveals, and reviewing match footage.  
 
 Most of my childhood heroes where high-schoolers.  
 
 Our team struggled. Most years we did not get picked for a regional alliance. Heck, our 
robot barely worked. On the field, we weren’t playing the game. We were fighting our own 
robot. 
 
 Unfortunately, this seems to be where many teams are stuck. The situation has, no 
doubt, improved since 2012, thanks to vendors like vex, resources like ri3d, the Everybot, 
#openalliance, the JVN Blog, and changes like the removal of the bag. But still. When you look 
at the field, many teams still seem to be fighting their own robots rather than playing the 
game.   
 
 Our team got past this somehow, and improved dramatically. Some of this can be 
attributed to a number of important developments, most importantly, a new head mentor and 
the donation of a CNC machine. This changed the game. In 2018, we were the second overall 
pick and the only team at our regional to pull off a triple climb. In 2019, we were alliance 
captains and regional finalists, qualifying for both worlds and the MSHSL state competition.  
 
 To all you students on teams struggling to get picked, I can’t give you mentors, or a 
CNC machine. But having been on the team before these changes, I can tell you that they were 
not the biggest determinants of our transformation. If there is one thing I’ve observed from 9 
years on an FRC team, it is the difference a single, impassioned student can make with the 
right guidance. By putting in the time to learn, and practice CAD, anyone can be the 
difference who makes their team make the alliance selection.  
 This is a document I wrote for my team after graduating in the summer of 2019, before 
heading off to Macalester to study to be an English Major (plot twist). It is aimed at the 
students for lower-to-mid level teams who want to up their game.  
 I present it almost wholly in its original form—I did quickly go in and edit some things 
to resemble new FRC developments (FALCONS! and JVN Likes Swerve Now?). Still, it is 
largely in need of another iteration. Perhaps in the future, I will dig deeper into matters like 
Crayola CAD, the design/strategy dialectic, stealing/inspiration, team structure (mentor vs. 
student debate), the flow of a season, and the intergenerational passage of team knowledge. 
But for now this is what you get.  
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An Intro to… 
 
 

The Grabanski Manifesto 
 
 
 As many MPArors recall, in the spring of 2018 I wrote a document titled “The Great 
Grabanski’s 2018 Design Takeaways”. That process of compilation greatly shaped my thinking 
going into the 2019 season, and I received a lot of positive feedback for it from the team.  
 
 So I figured… Why not give it another go? Here, however, I intend to undertake 
something more comprehensive. If it were to have a title, it would be “The Great Grabanski’s 
2012-2019 Design Takeaways” … That’s quite a few years to cover, so perhaps this guide will 
not be much more than expository in nature, but it’ll give me a real chance to rationalize what 
I’ve subjected myself to.  
 
 Something I want to be clear upfront: this is a “Great Grabanski” robotics guide for a 
reason. I want to speak fluidly here, without having to obfuscate myself by hiding my ego. So 
yes, I’m a bit pretentious, I could go out of my way to conceal it, but I’m not going to. Sound 
good?  
 
 8 years. In that time, I’ve learned little. Most things only within the past few years. I 
figured out CAD through the trial and error of clicking buttons, until a robot appeared. That’s 
a terribly inefficient way to do it… Can you imagine? No 3d Mouse. No hotkeys. No Design 
Library. No idea of where to look for guidance outside of our relatively uncompetitive robotics 
team… I had the drive, sure. I had drive in spades. But drive doesn’t mean you’ll learn. In 
hindsight, I did it stupidly, inefficiently, miserably. I did not know how to effectively learn 
FRC, and it took me a long time to know what I was doing.   
 
 So I write this with a particular person in mind: myself. This is the guide I would have 
wanted as a 5th grader, which would have allowed me to direct that passion. If all goes 
according to plan, the product will be a mix of the philosophical and the nut-and-bolt 
considerations of FRC robot design, slathering the art and science of the matter together.  
 
 But I’m not trying to reinvent the wheel here. As brilliant as I am, I’m no engineer. Most 
of the words here will be borrowed ones, and at many points I’ll leave direct links to the real 
smart people.  
 
 So do you want to be among the best FRC robot designers in the state of Minnesota? It’s 
easier than you might think. 
 
 
 
 
 
Let’s start with that good old fundamental question: 
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Why do you do this?  
 
As a team, Our Head Coach has lead us down the discussion countless times: What is the 
purpose of this program? Why does the team exist? Is it to have fun? To win? To share our love 
of robotics with the big wide world? 
 
That’s an important question, but it’s not what I’m asking here: 
 
Why do you do this?  
 
The reasons vary dramatically: 
 
People do robotics for their college apps.  
People do robotics for the pizza, Doritos, and mountain dew.   
People do robotics to hang out with friends.  
 
You can do it because you think it’s sick.  
You can do it because you have a compulsion.  
You can do it to prove you can.  
 
All of the above are perfectly legit reasons. I like pizza and friends and college too.  But to get 
the most out of this program as a design challenge, I think there is a certain emphasis you 
should place on those last three.   
 
 It is also important to remember, however, that a team is more than the sum of it’s 
parts, and the parts are forever changing.  Consequently, the purpose is transitory in nature, 
changing with the people on team. It’s complicated, and if you asked me what it is I couldn’t 
tell you. But as long as we feel that the purpose exists, and we have organically arising 
priorities, do we really need to know what our purpose is?  
 
 
Here, however, my goal is not so abstract, but concrete and simple: Demonstrating how to 
build a robot that kicks butt at the regional level, and competes at the worlds level.  
 
 
Another way of saying that, is that my goal is that you guys will build a robot at least as good as 
the everybot, EVERY year from now on. 
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The Flow of a Robotics Season 
 
 

Picture	the	oh-so	common	scenario:	
 

You are 2 days in, and 2 weeks behind. 
 
 

 We’ve ran seasons from the top-down, from the bottom-up, forwards, sideways, inside 
and out. All of course, with varying degrees of success. Sometimes we have gone full seasons 
without having any sort of design meeting after kickoff (2015 comes to mind). Sometimes we 
decide on a final design before prototyping at all (like 2013), and instead leave the decision 
solely to democracy and rhetoric. Sometimes, we designed a robot without following any 
clear, reasoned strategy priorities whatsoever (2017). 
 
 These were our worst seasons. It’s not very surprising why. In response, since 2016, 
we’ve attempted to open up our design process to more members of the team and have placed 
an ever-increasing emphasis on iteration and designing based on strategy.  
 
 This big, high-level structural change, among other things, has led to a clear 
improvement of the team in comparison to the wild wild west days of 2012-2015. We are 
striving towards, and should continue striving towards, the organic/iterative process of the 
Robowranglers as outlined by JVN.  
 

 
On Schedules 

 
 In the past, we’ve practically tried to set schedules before the season even begins. We’d 
make a list sort of like: 
  

Week 1 Prototype 
Week 2 Prototype+ Decide Final(?) design + Start 

CAD 
Week 3  CAD CAD CAD CAD 
Week 4  FINISH CAD—BUILD!  
Week 5 Finish robot. Start Code + Driver Practice 
Week 6 Code + Driver Practice 

 
 
 Following this is not a recipe for success—You don’t even know what the challenge is 
yet! How could you possibly know this timeline is the right way to tackle it?  
 
 While you shouldn’t strictly adhere to it, a schedule like this can have value as a 
reference. During a season, self-assessment with things like “Ok, at this point in 2018 we were 
starting the lift CAD, we need to get a move on” is good.  
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So perhaps the best reference for the flow of a season are other team’s build blogs from 
previous years. Here are a few notable ones: 
 
https://www.team254.com/category/frc/2017-frc-build-season/ 
https://johnvneun.com/blog/tag/2018-buildblog 
http://blog.spectrum3847.org 
 
 

Kickoff 
 
https://johnvneun.com/blog/2018/1/4/2018-day-0 
 
 Kickoff is a hallowed day. Things said on day one will resonate throughout the rest of 
the season, affect the priorities you develop, and direct the design.  
 
 The most important thing to do on kickoff is understand the game. Most of the 
manual, however, will be the same as it was last year, which means by having people read last 
years’ manual before kickoff, you only need to read for the changes and can speed up the 
process. (A number of high profile teams have stated that they do this.)  
 
 After reading the manual, you need to answer a bunch of questions and probably ask 
some new questions: 
 
 What ways are there to score? What ways are there to defend? What are the penalties? 
What zones are there on the field, and what restrictions apply in each zone at what times? 
Where do you score? Where do you defend? What driving/vision obstacles does the field 
present? Which areas of the field could get crowded by traffic? How are the game pieces 
positioned at the start of the match? Where do your intake more gamepieces? When can you 
start the end game? What could be expected as a reasonable score for a single robot doing the 
game on its own?  
 
 Answer these questions, and make a “Robot CAN” list (A list of all the things a robot 
CAN do.)  Eventually you will make the “robot will” list (A list of all the things your robot 
WILL do). Make also a list of questions that need to be answered through prototyping, 
strategy discussions, or the Q&A.  Share these so they are accessible by the entire time. You 
will be returning to them often.  
 
Here are some good kickoff resources from great teams:  

• https://www.chiefdelphi.com/t/paper-1885-kickoff-strategy-worksheets/161667 
• https://johnvneun.com/blog/2019/1/6/2019-update1?rq=robot%20can%20list 
• https://docs.google.com/document/d/1QCh5JwkW4C601CDnt2GbB9LpTjg8lSNwRLTP

ybwzgw8/edit 
• https://docs.google.com/document/d/1pEsLkgUG7i3epZ7-QSk-

Z2W7KSMtlysYNkRKIm_ARFI/edit (Look at pages 2-3) 
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A team is a multi-cored machine. 
 
 We can’t start prototyping until we have a strategy! We NEED the full coded robot before we 
can start driver practice, and we can’t start writing this year’s drive base code until we have this year’s 
drive base. Furthermore-- how can someone design a drive base without knowing what manipulators 
need to go on it? Oh, and I need the drivebase CAD before I can design the manipulators… 
 
 The point is, you will never have “everything you need” before you start. Figure out 
what you can and use your best guess for the rest. As you learn, you will be able to replace 
those best guesses with more accurate ones… Until you’ve got it.  
 
 Work in parallel—in a robotics season people not having things to do is either a result 
of a lack of knowledge or a lack of organization. There are always things for people to do, even 
if it isn’t applicable to the current season.  
 
 Working in parallel creates time. That’s not to say any team has unlimited 
resources/capabilities, but they should use what they have to their greatest potential.  
 
 

Try (almost) Everything 
 
 At the start of the season, you should try to accomplish nearly every task in the game. 
Don’t settle into a strategy too fast—early in the season you want more breadth in prototypes 
than depth. Tell yourself things like, “Alright, hatches and climb seems like the way to go. 
Those are top priorities right now, but let’s make some prototypes of all these cargo and triple 
climb mechanisms to see if our priorities survive when we learn more about the ‘effort vs 
reward’” for every task. Testing things yourself isn’t the only way to learn about this 
#openalliance. You don’t know what you don’t know. Continuous learning. Continuous 
improvement.  
 
   

The Cycle 
  
 We don’t make decisions, we set directions (in strategy and design discussions) and 
then check in on our progress. Rinse and repeat.  
 
  Firstly, please have design meetings. Ad hoc. Most engineering mentors are great at 
them, because many of them do similar things in their day jobs.  
 
 
 
What should these design meetings look like? 
 

1. What have you learned? What have you seen from Ri3d, #openalliance, and Chief 
Delphi lately? (If you aren’t checking these on a daily basis, you are doing something 
wrong!) What progress have you made on prototypes and what other ideas do you 
have for them? Have any new design ideas struck you? Did you discover new things 
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the robot can do? What did you discover about how the game is played in the past few 
days?  

2. Refine your model of how the game is played and reassess your robot-design priorities 
based on the new information 

3. Figure out what other things you need to find out more about (whether strategy or 
design) 

4. Make a plan of how you will move to figure/prototype/analyze those things out, with a 
deadline (Ideally the deadline shouldn’t be more than 2-3 days from the meeting. If it 
needs to be longer than that, try breaking down the tasks further) 

5. As you execute your plans, make sure everyone on the team stays updated on what is 
happening. Daily slack updates are a great idea, and a lot of fun to write.  

 
 
 Why is all this a good idea? Well firstly, it keeps in the team in conversation with one 
another. You need to give people opportunities to bounce ideas off one another and talk 
through things.  
 Secondly, it helps you stay organized, and work with a teams “multi-cored” nature. 
You can assign jobs and plan out the best order for them to be completed in so that each sub-
team always has things to work on. By meeting continually and setting goals for just the next 
few days, we can keep focus.  
 Thirdly, it makes you feel the pressure. We, collectively, are good procrastinators (How 
many nights past 10 PM do we have in the first half of the season? How many nights do we 
have in the second half?)  
 When we had this type of meeting early in the season this year the result was often, 
“Shoot. If we want to have time to try that, it means I have to have the prototype designed 
tonight... Alright, Alright—lets do it!”. In 2018 we did this well and felt the pressure right out of 
the gate, leading to fewer and shorter days later in the season (Now, we still had late nights, 
but nothing like 2019 or 2017). End this “everything happens in the last two weeks” madness. It 
is my belief  Have late nights from the start of the season. 

 
 

Making Design Decisions 
 

While the underlying stress of the system is not on making decisions, but rather on setting directions, 
sometimes we likely will have to decide between mechanisms to pursue further. 

 
 

 VOTE is a 4-Letter Word! When making any sort of design decision, you must have Consensus.  
 
 

Ways to build consensus: 
• Instead make a consensus for what needs to happen next (direction) to make choices 

(decisions). (I.E. Putting it Off Till you know better) –this works great if you have time! 
• Talking about it/reasoning through it together.  

• Weighted Decision Matrixes—If you need to pick something, don’t have all the information to 
do so, and want to eliminate biases, this is a way to estimate the factors you don’t know into 

making a decision. 
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“F### it, we’re getting this done.” 

 
 …Yea. No matter how well you’ve planned, at some point, generally you just have to 
call it and lock yourselves in the lab until the thing is finished. No one puts these lab hours on 
the schedule—If I posted, “We’re going to have lab hours from 3-2 on Friday” on slack, I’d 
probably not be taken seriously. Still, we have yet to go a single season without a hard-
deadline night or two.  
 I’m not trying to say this to scare you—It is more manageable than it sounds. These are 
often the most fun days of the season. Keep calm and you’ll be fine… Just give yourself a 
couple of study halls third quarter… 
 
 
 

“But Jordan! You forgot that we don’t have bag and tag anymore!” 
 
 Does that change anything? The bag was a joke! Besides, it only changed from a real 
bag into a metaphorical one. Follow the same schedule, do the same things as you would do 
any other season. Even with the lack of bag, I think getting rid of hard-deadline days could be 
dangerous.  
  
 Have the robot done by week zero--The only difference is now you should have a 
slightly easier time making changes to the robot later on, more time for code, more time for 
driving—and you need those things in order to be picked at nationals. The teams that change 
their schedule next season will be the ones that struggle.  
  
  
 

The Offseason 
  
 We developed a rocker H-Drive during the season! Go MPArors! Incredible!  
 
And… Very, very, very, very dumb.   
 
This is what we learned from the experience: Do it in the offseason. Listen to all the teams 
who say to do it in the offseason. I don’t care how precisely you think you need to line up. You 
can do it with a tank drive. For most teams, the season is more about using the skills already in 
your toolbox than wild, new, and innovative developments.  
 
 Design a drivebase, an arm, an intake, and an elevator all in the offseason. The reason 
teams can make those things so quickly is because they’ve done them before. How many tank 
drives do you think JVN has designed? Copioli? Aren Hill? Adam Heard?  
 
 Try this at home: CAD a two-stage reduction gearbox. It’ll probably take you two 
hours the first time you do it. But after you’ve done it a couple of times, you could probably 
whip a basic one out in under 20 minutes--You want to get that good at designing these 4 basic 
mechanisms. That is how people can build a robot in three days. All those CAD shortcuts? 
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That incredible speed? They got design basics down practically to the point of muscle 
memory. Tough it out and get to that point as fast as you can.  
 
 
 Do you think in the offseason 254, 118, 148, or 1678 ever questions if they’ll make it on a 
regional alliance? Of course they don’t. And it’s not cockiness either, nor is it simply because 
they’ve done it so many times in the past. It is because they are prepared each and every year 
going in.  They are confident because they participate in offseason events, because they have 
driver training, because students are learning CAD, because they have the same 
knowledgeable mentors. 
 Even in the days of the bag, the 6-week season was a myth. For the best teams, it is a 52-
week competition that the rest of us try to jam into 6 weeks.   
 
  
 Now you say, “Our team doesn’t have the resources of these big-name teams. We don’t 
have mentors who are available in the offseason to hold lab hours, or a space, or the student 
commitment to go to an offseason event” 
 
 
 One answer is, “Go find more mentors and more sponsors to buy a new lab space and 
preach to the students harder about the importance of robotics and the offseason, shovel FRC 
propaganda into their brain until their eyes go white and the only word they are able to say is 
‘steampower’. 
 
 This is a good idea, but it may be difficult to pull off for many teams. Luckily, there are 
other ways to improve in the offseason. If you are reading this right now, you can open up 
fusion or onshape and practice on your own—there are lots of good tutorials out there, which 
are linked throughout this document. You can get an xbox controller and use synthesis to 
practice driving. Yes, I know that seems silly, but it will really help you improve. If there’s 
anything I’ve learned from FRC, it is the amazing impact one individual can have on the 
whole. One person can make or break an entire team. 2018 Rookie sensation, and 2019 
Einstein run team 7179 had only 3 students in 2018.  
 
   
 
You can enter the season already knowing that you’ll be on a regional alliance before you even 
read the game manual. If you don’t have that confidence, you need to figure out why. 
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Strategic Design and Game Analysis  
 

You iterate not only your design for the game, but your understanding of the game, and the two are really 
part of the same, greater, beautiful thing 

 
First, this is an important talk Karthik has probably given thousands of times. I cannot do a much 

better job than this. If you’re serious about being the best, watch it! 
 
 

 You’re at the regional, you’re at the world competition, you’re at the state championship. How 
do you Win at each one?  
 

 
 

1. Be an alliance captain 
 

Ranking Points are important, and if you want to control your own fate in winning a regional, they are 
necessary. Identifying these ranking points is incredibly important. If you want to be an alliance 

captain, you must try to design to get 4RPs in every match you can. It is also important to identify which 
RPs are difficult to obtain (4 Rotors in 2017, Rocket in 2019)—sometimes the GDC creates challenges 

which are simply unfeasible for the bulk of teams and do not need to be completed to be Seeded 1st (at 
least at the regional level). If no one else can do it, they can’t rank above because of it. On the other 

hand, sometimes you never know which ones are the rarer, more difficult Ranking Points until you try!  
 

2. Be a good pick for an alliance captain 
 

In many games, in order to be a good pick for an alliance captain you need one thing: A powerful and 
reliable drivetrain. If you can shove robots out of the way, in about 50% of FRC games, you could be a 
good 2nd round pick. After the drivetrain, you need to look at the scoring of the game. Luckily, if your 

goal is simply to be a good pick you can largely ignore the Ranking points and focus on simply winning 
the match.  
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Analyzing/Learning about the game: 
 

READ THE MANUAL 
 

This should really go without saying. Many portions of the manual do not change between years, so it 
may be a good idea to read LAST year’s game manual before kickoff.  

 
Then on kickoff you want to READ FOR THE CHANGES. Read the relevant sections OUT LOUD 
together. Paraphrase each section, look for the root intent of the rules. Write down questions. It 

may be a painful hour or so but if that is all you do on kickoff you will be off to a great start. What is 
different about this games? What restrictions did they remove? (Frame perimeter is a big one. We did 

not consider the full potential of that in 2015, and we were lucky to have noticed it in 2018 (for the 
endgame)) What did they add?  

Spectrum will generally post a list of changes/summary of the game manual like this on their blog too, 
so be sure to read that as well—and look at the analysis on chief Delphi, Ri3D videos (snow problem+ 

greenhorns really do some analysis), the team blogs… etc. There ARE people who are smarter than you 
and who will generally understand the game faster than you. Pick their brains.  

 
And a couple of days after you read the game manual, REREAD the game manual. Watch the field 
videos, and then REwatch the field videos. Yes. I am talking about you. There is no shame in doing 
that. Toss aside your pride. You missed things the first time. I guarantee it. I have yet to be satisfied 

with my reading of the game manual in any year ever. (In 2017 I didn’t even know that the gear loading 
stations were on the OPPOSITE side of the field until we were at North Star. Whoops!) 

 
 

Past-Game Comparison: 
 

While every game provides a unique challenge, skilled FRC game analyzers are able to use their 
wealth of experience with past game challenges to asses the present game—noticing both their 

similarities to past design challenges, and the finer points where they diverge. When they notice a 
divergence, or a unique element they ask themselves “Why did the game designers do it this way?”. 

They can use this to get an early idea of the relative difficulty of the game tasks, and putting the 
problems into terms they have experienced. They do it, to stop them from the classic FRC trap of 

OVERESTIMATING. It’s easy to overestimate the ability of teams, if you have few previous baselines 
to work off of.  

 
In 2014, a good game analyzer would know how difficult it was for teams to handle the similar exercise 
balls in 2008. A great game analyzer would know that the scoring would be completely different, due 

to the different size of the balls, the layout of the field, and the assist dynamic of Arial Assist. 
 

In 2019, a good game analyzer would notice that a similar process of moving 1 game piece at a time and 
lifting it occurred in 2018. A Great game analyzer however would also notice how the Hatch changed 

the interaction with the game pieces, making the loading station important. They would notice that the 
defense rules were largely distinct from any other FRC game, and perhaps wonder why (Why is the 
Game design committee limiting it to 1 defender? Is it to make the game more entertaining, or is it 

because defense is really good to the point 2 defenders being potentially game-breaking…). They might 
also draw comparisons between 2019 and other games, like 2017/2013 to see that the cargoship broke 

the field up into two lanes (just like the pyramids, and airships did in 2017 and 2013), making them 
prime locations for heavy lane defense. They might also look back to 2007 or 2018 simply to recall that 

it is very hard to drive up a ramp-bot. There’s a lot of comparisons that can be made. 
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But these are usually just the initial reactions to the game. Basing your design solely on rhetoric from 
those who have previous FRC experience is not only a horrible time, but a recipe for mediocrity. 

 
 
 

Scoring Estimations/Simulations… 
 
In FRC we often have to set important directions without having all the information needed to do so. 
What becomes important for this information-lacking decision-making is having good guesses early 
on in the season. Of course, you will go back and improve these as you learn more about the game to 
allow you to set finer, subtler, and higher fidelity directions for the season, but first you need to get 
started learning about the game somewhere.  

 
 

Game Simulations:  
 

Often times, teams will do this on Kickoff. As far as I can tell, there seems to be 3 forms of them. 
Obviously, they are very imperfect. That’s ok! It’s impossible to get something perfect, but it is possible 
to get ideas, and basic understandings you can flesh out later. You iterate not only your design, but your 

understanding, and the two are really part of the same thing:  
 

1. Kids Run Around Acting as Robots (KRAAAR) 
 

 We all know you guys do this anyway. Setup some form of the game in the gym or something, 
and act out a couple of matches. Have the kids set strategies before each match (like an alliance would 

for qualification matches), keep score, keep trying new things and observe what happens.! 
 

2. Klugalations  
 Don’t want to break a sweat? Well, just pretend you all are moving around by playing the FRC 
kickoff version of dungeons and dragons! Break up the match into sections of 10 or 15 seconds and 
act them out with one person stating what each robot does, keeping track of their locations with a 
marker, a pin, a rook… Use constants (maybe you have a 70% chance of making a shot, and a 95% 
chance of intaking one in 5 seconds or something) …  
 
 Yes, you end up with something very theoretical and abstract, and almost nonsensical—You 
are also relying on an individual or group of individuals to decide what a robot can feasibly do in 15 
seconds… But you can learn some basic things from it.  

3. Autodesk Synthesis  
 This is my new favorite. It is the most accurate FRC simulation tool created to date. Play around with 
it in the offseason first so you know how to use it during the season right from the start.  
 
 It is, quite simply, a robot simulator. Plug in some joysticks and start seeing what it feels like to 
drive around that new field! Time yourself driving between the points of it, time yourself going 
through the motions of scoring game pieces, average the times, don’t fudge the times, get estimates on 
everything. Open it up and just play. Play around.  

 
4. BRING OUT THE OLD ROBOTS! 
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Pull out the carpet, mark the field element locations with tape (if you haven’t built them yet). Take 
an old robot to the field! See if it can play the game at all—at the very least go through the motions 
of the game (driving from loading station to scoring location or whatever the game is like). Take a 
second robot, and try out some defense to see where they can be stopped! You can do this sort of 

defense analysis immediately! All you need is to tape up the carpet and put two drivebases out 
there—and once you see real robots driving around something that’s to scale, you start to notice, 

you start to get a more personal feel for the game.  
 

   
 

ESTIMATION: 
 

The difference with estimation is you aren’t directly acting out the game, it’s more theoretical, relying 
on the pure numbers. Interestingly enough, there is often a lot of quantitative information you can get 

here that will be surprisingly close to the real world values. 
 

CYCLE TIMES 
 

Take a look at the field  

 
 
 

Then draw in commonly driven paths onto the field.  
 
 
 



	
	

18	

 
For now, let’s just look at the path from the loading station to the rocket.  

 
We will approximate the distance from the loading station to the near side of the rocket as 15 feet (You 

could get an exact dimension from the field drawings, or in CAD) 
 

So in one rocket-scoring cycle, what must the robot do? Firstly, it must drive to the loading station to 
the rocket. Then it must lift an elevator to get at the right level of the rocket, then it must place a hatch. 
After it places the hatch, it must turn and will drive back to the loading station and intake another one, 

and turn back towards the rocket. 
 

The time it takes to do all of those things is the cycle time—The amount of time it takes to score one 
game piece and get ready to score the next one.  

 
Let’s figure it out. 

 
Firstly, how long does it take to drive from the loading station to the rocket? A good approximation of 

the average robot’s top speed is around 10 ft/sec. This means that the robot can drive 15 feet in a 
straight line at top speed in about 1.5 seconds. Of course, this is a crazy oversimplification as 1) The 

robot won’t follow a perfect straight line and 2) our robot needs to accelerate to get to top speed, but 
let’s ignore both problems for now. Instead of doing it the right way, let’s just round it up to 2 seconds 

to try and correct some of these mistakes (Here is the more right way to do it) 
 

How long does it take to lift an elevator and to place a hatch? This one can be a bit tricky, but based on 
past experience of other game challenges 2 seconds seems reasonable. If you don’t have the past 



	
	

19	

experience, you can always use JVN’s calculator to figure out the time it takes to move mechanisms 
with certain weights or powered by certain motors, or you could watch old robot footage. 

 
 

Then the robot needs to turn back towards the loading station. Let’s say that takes a driver .5 second.  
 

Then it drives back. 2 seconds (the same as before). 
 

Intakes the next hatch. Let’s say that’s also 2 seconds. 
And then it must turn again .5 seconds. 

 
 

With that math, our predicted cycle time would be: 
   2 
   2 
   .5 
   2 
  2 

+ .5 
_________ 

9 Seconds 
 

 So 9 seconds would be our theoretical max cycle speed without driver error and everything 
done perfectly! (Which aligns fairly well with fairly well with real world Destination Deep Space—
there were a lot of teams that could AVERAGE 11 second cycles during a match, and some of them 
probably got close to their minimum cycle time to being 9 seconds… if not lower…) 
 
 Of course, no one is going to do this in reality. There are defense robots, there are driver errors, 
there are dropped game pieces, there are problems with mechanisms—but it can at least give you a 
baseline to go off of, and the top teams in the world are often going to be pushing it close to predictions 
like these. 
 
It’s hard to get the numbers predicted right—How do you know how long it takes to place/intake a 
gamepiece without ever having done it? It’s a lot easier for me here—I’m looking back with hindsight.  
I did the same rocket calculation at the beginning of the season and came up with a cycle time of 15 
seconds. (I thought the turning, intaking, and scoring would all take longer)—My conclusion was that 
soloing a rocket was a near impossible task only to be accomplished by the VERY highest echelon of 
teams, and wasn’t worth us going for. You aren’t going to get it right, that’s ok. Even if your estimate is 
5 or even 10 seconds off, having some idea of the relative difficulty/time-span of tasks is better than 
having none at all—and you can always update your time estimates based on your prototypes/driving 
around!  

 
 

PTS/SEC COMPARISON 
 

Well, we know how long it takes to score a hatch, and we know how many points a hatch is worth, so 
we can figure out how many points we will get each second by scoring hatches: 2pts/9seconds = .222 

pts/sec 
 

If we assume that a cargo cycle to the rocket takes the same amount of time we would estimate: 
3pts/9seconds = .333 pts/sec 
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But hopefully, we would also recognize that the cycle time of cargo is shorter because they are 

scattered on the field on we don’t need to return to the loading station. After we figure that out, and do 
some test in Synthesis or with real robots we would come up with a new cycle time of something like 6 
seconds. 3pts/6seconds = .5 pts/sec. Which would imply that scoring cargo is greater than TWO robots 

scoring hatches. (Yes, I’m making up the numbers, but they aren’t too unreasonable based on what 
we’ve seen and I’m trying to make a point here)  

 
That would make cargo a bit more appealing, right? 

 
 
 
 

Alright let’s look at one more thing. We want to know if it’s even worthwhile to make a climber—Why 
would a team build a climber if they knew they could score more points with their time doing either 

hatches or cargo? How fast do we have to climb for it to be worthwhile? 
 

Well, climbing is worth 12 pts. In order to be sure that it is worthwhile we need climbing to be able to 
get us more than .5 points per second. Which means we would need to climb in: 12pts/x seconds = .5 
points per second. X = 24 seconds—which is a pretty long amount of time. If you could climb in 10 

seconds that’s 1.2 pts/sec—which should just go to show you that a climber was really worth your while 
and the top teams would all have them!  

 
Autonomous Routines 

 
As of recent, the FRC game design committee has been placing a large emphasis on the autonomous 

period of the games, it is an important part of game strategy and not one to be overlooked—many 
times they can decide the outcomes of matches—How do you make the best of that 15 seconds? 

 
Well, first of all, you should draw out paths you think you might want the robot to follow in 

autonomous.  
 

Here are some possible paths you may consider: 
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Which of these paths is best? Firstly, you need to figure out the time each one takes (like we 

did for single cycle times), and make sure they can be executed in under 15 seconds. Go 
through each step of the process and estimate how long they take.  

 
After you find a series of feasible autonomous paths, look at how many points each of them is 
worth. Obviously the ones that score you the more points are better, but also look at how each 

routine leaves the field setup for the rest of the match—think about what situations each 
would work best in, and how you could coordinate with your alliance members.  

 
 

Solo-Robot Scores 
 

Really, you are going to do the same type of analysis as you did with the autonomous period—except 
for now you are looking at the full 215 seconds of the match! 

 
Basically, you are going to trace out the path of the robot like you did when figuring out cycle times, 
except now you are going to be choosing which cycles the robot should run at each time in order to 
maximize the time it spends doing the tasks/cycles with the highest points/sec. If you maximize the 

time you spend doing the game tasks with the highest points/sec ratio, you are maximizing your score. 
 

Firstly, scoring cargo (.5pts/sec) gets us more points than scoring hatches (.222 pts/sec), so in order to 
maximize the score, we would want to drive off hab2 (as it only takes a second or two to drive off the 
platform and it gives 6 points total (3pts/sec) and then spend as much time scoring cargo as possible 

before going for the hab3 climb. So, in order to maximize the time, we spend scoring cargo, let’s start 
by loading all null hatch panels, and scoring hatches only when we need to.  



	
	

22	

 
From there you only need to do the math, and you will have an estimate on what a top-level team 

could score maximum on their own! This can be useful as a baseline or a reality check, or seeing what 
you need to be capable of in order to keep up with that top level. 

 
It also helps you think of ways to make things faster—If you had a pass-through for gamepieces on 
your robot didn’t have to turn around how much time would you save? How much would a swerve 

drive help? What about a turret? This is a way to begin to answer those type of questions. It’s a way to 
make you think about what’s important for maximizing your score—And therefore, winning matches. 

 
 
 

Further Reading:  
Compass Alliance Game Strategy Pathway 
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Again and Again and Again and Again and Again 
 

ITERATION.  
 

This is the basic nature of any design process, and it holds just as true for FRC robots as it does 
anywhere else.  A large part of success in FRC simply comes in doing as many iterations as possible, 

quantity will eventually bring quality with it (There’s something Darwin-esque here…). So iteration is 
good. You should get good at it. You can improve at iterating by: 

1. Reducing the Amount of Iteration Necessary  
2. Reducing the time-cost of each iteration  

3. Making more effective iterations 
 
 
 

1. REDUCING THE AMOUNT OF ITERATION NECESSARY  
 

There’s some obvious things here. First of all, pick the simpler design. The design with fewer motors 
has less gear reductions to test, the one with fewer springs has less forces to try. That’s the simple truth: 

it takes fewer iterations to perfect a simple design than a complex one. Fewer variables mean less 
iteration.  

 
Second of all: How much iteration do you think teams did on their elevators in 2019 following 2018? 

Probably not very much. Elevators in 2019 took less iteration because teams could build off all the 
iterations they have done in the past. That means they didn’t have to spend time iterating during the season—

they did it all before the season began. 
 

If you don’t have that firsthand past experience/reference yourself, you can always leverage others. If 
you do research into how other teams built mechanisms and look at their CAD before you build your 

own, it will require fewer iterations to perfect your design—you already have a roadmap from another 
team. 

 
 
 

2.  REDUCING THE TIME-COST OF EACH ITERATION  
 

How do you iterate faster? 
 

Well, if there’s one thing that most people will agree on, it’s that wood is a great prototyping material. 
It’s cheap, light, and easy to work on with hand tools—you can make adjustments quickly. 

Furthermore, we have a CNC machine. That thing is meant for rapid prototyping. So quite simply: 
CAD YOUR PROTOTYPES. CAD models are easy to change, easy to re-cut. A fast CADer and a CNC 
machine in the end, will always be able to beat out the master-builder, over many iterations. Everyone 
on the “build” team should CAD, because that’s what the team really is… We need fewer BUILD subteams in 

FRC and more DESIGN subteams.  
 

You also design for adjustability. That’s why we use versaplanetaries: Testing out new gear ratios is 
slick. Don’t know the compression you need? Don’t know how long you want an arm to be or where it 
should pivot? Just throw down all sorts of holes where you make pivot points. Maybe use slots so you 
can move things. Even on final robots—leaving around hole patterns so you can add things on (even 

full mechanisms) is a good idea. Give yourself options in everything you do. 
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--2018 JVN blog Day 8 

 
 

By making things inherently adjustable, and using wood, you can make changes much more rapidly—
then you just need to take the geometry/dimensions and transfer them to aluminum! 

 
 

3. MAKING MORE EFFECTIVE ITERATIONS 
 

“Before we build a prototype for an over the bumper intake roller we will actually do the 2D CAD and parts of the 3D 
design to make sure we are actually building something that will fit on our robot. We know that spinning wheels will suck 
balls in to our robot. What we actually need to test is how much compression should we have, which wheels will do it best, 
what is the spacing on those wheels. So by doing more design work early and build better prototypes we can find solutions 
to these questions faster”  
http://blog.spectrum3847.org/2017/01/day-6-prototypes-are-getting-closer.html 

 
High Fidelity Prototypes 

 
 

Proto-typing doesn’t happen before the CAD. Prototypes are designed in CAD. To make an 
effective iteration, you need to be able to learn from it: By fully designing each iteration in 
CAD, you will end up with prototypes that can be learned from because they are neat, and 

fully dimensioned, rather useless shoddy, un-replicable constructions.  
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If you don’t have the dimensions, how do you know what worked? If you can’t replicate it, 

how can you improve upon it? Instead, without CAD, every change you make you run the risk 
of backwards iteration—Making the mechanism worse! (We experienced this in 2017—Is there 

anyone who can say which was better: The final version or that first prototype?) 
 
 

So after you have an honest first crack at CADing, CNCing, and building your mechanism, 
you need to effectively learn from it in order to make changes from the next version—you 

want to adopt a more scientific process.  
 

Firstly, you should replicate real world scenarios as closely as you can. This means, putting 
things on carts and old drivebases, as pushing a game piece towards an intake is different than 
pushing an intake towards a game piece. It means building up-to-spec field elements (I swear, 

there’s always one component of the team versions of the field elements you need to order 
from mcmaster that every single year gets sold out. This year it was the brushes for the hatch 
loading station, in 2016 it was some spring for the drawbridge or something… Make sure you 

order stuff like that early on! They usually are important!) 
 
 

Anyway, after you can replicate a real-world scenario you are going to want to do some 
testing—This is where you want to be taking slow motion videos! Being able to rewatch things 

and look at what is going on is important. Sharing them on slack allowed people to look at 
them at home—being able to diagnose and think about issues away from the lab can be 

surprisingly helpful.  
 
 

Then you need to go about testing every combination for your variables of interest. Yes. Every 
Combination. I know sometimes it is tempting to skip that, because you think you understand 
what is going on. You, however, never know what you don’t know. Basically, I’m just saying 

when testing things listen to your local physics-teacher-head-mentor-who-is-a-strong-
advocate for-the-scientific-method, he’s usually right more often than he’s wrong.  

 
Try the different wheels. Try changing the length of the arm. Try each wheel with each 

different arm length. Try different springs. Try each spring with each wheel with each arm 
length… See what happens. Try any other changes you may think of based on the problems 
you observe. When you have something that works well! Great! Take the dimensions, and 

everything else you’ve learned, and use them to make the next iteration!   
 

While you design your next iteration, have someone check over your work! Do you ever 
wonder why our climber worked from its first version? It’s because toby and I both looked 

over it and ran everything by one another—Have someone to look it over, have them talk you 
through your design. This will help keep you from making silly mistakes.  

 
Further Readings 

971 CAD 
Designing to improve 

148 2017 Robot Rebuild		
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558 2017 Full Robot Redesign “Thinking outside the bag” 
The Ghost from 2017 

Simplicity and Design Elegance 
 

Work Smarter Not Harder 
 

 The golden rule of FRC, incessantly indoctrinated, lived out repeatedly by the champions of 
the program, “build within your means”. It’s the one word ushered perhaps more than any other in 
FRC: “Simplicity”.  
 
 The problem is, once you get into a design discussion no one knows what it means. It would be 
useful to have some way to take one design and see if it is simpler than another design, but you can’t 
really quantify it. How can you possibly know that one design will be simpler than another without 
having built it? 
 
  
 Well, it seems to me that simplicity is simply a measure of the number of iterations you expect 
a mechanism to undergo before it becomes “an excellent execution”. The ones that takes the fewest 
number of iterations to become “an excellent execution” is simpler. 
 

The Actuation Count 
 

This is a classic: The number of actuations you have loosely correlates with the complexity, because 
often times actuations control things which need to be iterated upon. 

  
Moving Parts Count 

 This is a bit like an actuation count, but now you are accounting for joints that aren’t actively 
powered—Anywhere there’s an axles something pivots around, anywhere something slides even if it is 
passive.  
 This makes intakes with springloaded arms more complicated than ones with static arms, it 
can tell you that elevators are more complicated than arms… It isn’t perfect, but it’s another ok 
measure as a starting point. 
 

Complex Geometry 
If the game pieces need to interact with a static piece in a complex way (say a 2017 Passive gear intake), 

that will also take iteration to fully work out.  
 

Linear Motion vs. Rotational Motion 
 Linear Motion as a whole has a higher complexity cost than rotational motion—so if when 
comparing two designs, otherwise identical, one relies more heavily on linear motion than the other, 
the one with linear motion is more complicated. Making the jump for pneumatics makes linear motion 
a bit easier, but even with pneumatics it often still takes more thought than just slapping on a 
versaplanetary in most contexts.  Spinning shafts are easy.  
 

Prior Experience 
 

 There’s two uses of prior experience to determine simplicity which you will want to keep in 
mind: Firstly, it can help you decide the simpler between two mechanisms you have already built 
before in the past. 
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 Secondly, the more complicated design you’ve built before can be simpler than a simple 
design you haven’t built before. Complexity has a subjective element.  
  
 For instance, arms are widely considered to be a simpler mechanism than an elevator, but 
what if you already built an elevator before? Well that means that for your team, the elevator may be 
simpler. Listen to your designers, whenever you can stick with what they know, because in the end they 
are the ones that will have to put it in CAD. 
 

Compressed CAD file size… 
 

Not very useful during a design discussion, but if you already have a mechanism/robot in CAD and 
want to have an idea of its complexity, export it as a step file and compress it. Higher file sizes loosely 

correlate with more “complex” designs. 
 

Multi-functionality 
 

It is possible to get something for nothing. There are some simple robots which can do a lot, 
and some complex robots which do little. Being a simple robot that does a lot in the game… 

That is the essence of design elegance in FRC.  
 

Let’s say it’s 2018, and you are trying to make a climbing mechanism. You are thinking, oh this 
seems like a rather complicated challenge for only 30 points. I mean you need a whole new 

mechanism just to reach up to the climbing-bar.  
 
 

But then an idea strikes you. What if you used your elevator, which already reaches up to that 
height, to deploy a hook which you can use to winch your robot up. That is design elegance. 

That is how you get something for nothing.  
 

The same thing happened this year as well. Teams used their arms and elevators not only to 
move game pieces, but to climb hab 3. They got something for nothing. Meanwhile, we built 
an entirely separate mechanism for climbing—what if we replaced the front half of that with 
the cargo arm from the get-go and used that to climb? My opinion is that our robot would not 

have been much more complicated (as rotational motion is easier than linear), and would 
have had significantly more functionality. That is how you get something for nothing. 

 
I had an idea for something like that in 2017: Reusing our intake mechanism to climb: I mean 

they were both spinning shafts at the right speed, using the intake would give you a way wider 
climbing range… Now it wasn’t a great idea, but… That’s the right line of thinking.  

 
So you always want to be on the lookout for that type of thing, just don’t force it. What can 

you use for more than one thing? Buy one, get one free! 
 
 
 
 

Further Reading: 
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3847’s MCC guide 
JVN’s “The Weak Robot Cart” 

 
 
 
 

“Robustness, Reliability, Reparability” 
 

How to Make Your Robot a Traffic Cone 
 
 
 Material Choice. Modulus of Elasticity. Take engineering and design (Thanks local 
physics-teacher-head-mentor-who-is-a-strong-advocate for-the-scientific-method!) 
 
 

MATERIALS 
 

 There’s polycarb and acrylic and PLA and ABS and bronze and steel and stainless steel 
and PVC and carbon-fiber and wood and aluminum.  
  
 I am mostly going to focus on the two we 
most commonly use on final robots: Aluminum and 
Polycarb. Aluminum is a very good one when rigid 
components are necessary. This makes it the ideal 
choice for structural pieces of the robot. Polycarb is 
more flexible, often times for robot mechanisms you 
need to stack 2 plates of it together with standoffs in 
order for it to hold its shape (seen right). You can but 
your pulleys and belts in between the two plates (that 
way both ends of the shaft can be supported) 
 

COMPLIANCE 
   
 Anything that sticks outside of the robot is going to get rammed, and rammed hard—
That’s why you want it to be like a traffic cone. You can run over a traffic cone with an 
automobile and it will still bounce back into shape. Things that stick outside the robot should 
be compliant. If you put aluminum outside your frame perimeter without accounting for any 
kind of compliance, I guarantee you that at some point you are going to bend some part of it, at 
some point. 
 
A good choice for a flexible material is Polycarb (thanks COPE plastics!). Ram into a wall and 
it will bend… and then snap right back! 
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DESIGN CONSIDERATIONS: 
 

Protect Important Components 
  Move important components closer to the “Heart” of the robot—namely your 
electronics and your motors. Often times it is pretty easy to just add a timing belt to move a motor 
closer to where you want it to be (this often will also help your Center of Mass so it is a really good 
decision). This is why all the top level teams design use bellypans. A bellypan is almost always the 
right decision, even if you do have to design around it somewhat. 
 
 When these components must be in a certain location, you should make a shield/cover to 
protect them. Usually a 3d printed case is enough. 
   
 

Be careful with cable routings! 
 
  We had a usb cable get caught in our lift during an elimination match in 2018. That 
was fun. In 2019, the motor for the gurney wheel got unplugged and we missed a climb RP because of 
it. Cables are hard! Make sure you pay attention to them. 
  
 

MAKE THINGS SWAPPABLE 
  

A big part of this is quite simply bolt accessibility—It’s very hard to replace something if it 
cannot be removed!  

 
One way to handle this is by using separate easy-to-remove plates with accessible bolts to 
attach hard-to-remove components with inaccessible bolts (that is what I did on the Tach 

mounts this year). An application of which is described by JVN below: 
 

“One of my favorite little tricks has to do with motor mounting and design for 
maintenance.  We do this all over the place on our robots.  We try to make sure that wherever 
we mount a motor, there are clearance holes such that you can stick a t-handle allen wrench 
in from the outside of the robot and swap out the motor without disassembling anything 
else.  In some locations, this isn't possible... 
 
What we do in this instance, is mount the CIM to a separate plate using the standard 
mounting holes, then mount this plate to the robot using screws that ARE accessible from the 
outside of the robot. 
 
You can see in the above picture that the normal CIM mounting hole is blocked by the omni-
wheel, but the mounting holes for our custom plate are open to access above the wheel.  In 
this case, the plate has embedded PEM insert nuts so the pit crew doesn't need to deal with 
holding nuts in place as the motor is installed.” –JVN 
https://web.archive.org/web/20110503022422/http://blog.iamjvn.com/2011/02/inside-raptor-
drive-module.html#more 
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Another way to make bolts more accessible is to put bolts/rivets in an alternating pattern 
when attaching things together—this way you can ensure that they will not hit one another, 

and they will be easier to remove/replace. 
 

 Finally, create access holes to fit Nut drivers and 
Allen Keys for otherwise-hard to reach locations (like the 
inside of a tube), this saves a lot of migraines later if you 

have the CAD foresight.  
 

If every bolt on the robot is accessible, you should be well 
on your way to a swappable machine. In addition to that, 

see if you can make it easy to swap out large portions of the robot with only a few bolts--as you 
CAD look for the natural connection/disconnection points on the robot, and see how you can 

make those even more convenient/workable. For any mechanism you expect to undergo 
many many iterations, you should take particular care in ensuring that it can be removed with 

only a few bolts.  If you can take the intake off your robot and put a brand new one on in 
under 5 minutes, you designed it well. 
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(CAUTION: SOME OF MY THOUGHTS ON THIS HAVE CHANGED—AT LEAST ON THE 
UNDERLYING PHILOSOPHY OF WHY IT IS GOOD TO BE LIGHT—THIS MAY BE 

UPDATED AT SOME POINT) 
 

Light as A… 
 

I want you to imagine a beautiful world. There is no war, everyone lives in perfect harmony, 
and your robot weighs only 90 lbs.  

 
Robots should be light.  

 
 

Watch a couple of matches of 7179. From that, you should be able to see that the weight limit is a limit 
not a recommendation. Most higher level teams aim to be up to 30-40 pounds under the limit. By building 

a lighter robot, you give yourself more flexibility in the changes you make to your robot—you have 
plenty of overhead to add mechanisms.  

 
More importantly, it means your robot will be able to accelerate faster—You can really notice the 
difference. Even 10 pounds lighter makes a robot noticeably nimbler, slipperier, and controllable 

 
When you think in weight reductions, you want to think in percentages. Saying that a cutout pattern 

reduces only .25 lbs doesn’t sound very impressive. When you instead phrase it that the cutout pattern 
reduces 50% of the weight… Well that sounds a bit better. After all, if you were to shave off 50% on 

every part of your robot, your robot would be half its weight. 
 
 

Material Choice 
 

Aluminum is pretty nice, use 1/16” wall thickness when you can… Choose the correct extrusions for the 
job at hand. Do you really need 2x1 on that? What about 1x1? What about C-channel?—L-Channel?!?! 

How thick does that plate really need to be? 
 

Here’s a great way to find out—take stuff away until it breaks. Once it does you know you need a little more!   
 

 Sheet metal is good--if the piece itself has a bend, you don’t need angle brackets OR fasteners! 
 
 

In a real pinch you can also use churros in place of hex shaft but... only I’d only do so in low-load 
places (maybe an intake shaft or something?). Rev Ultrahex shaft with the hole down the middle 

however is lighter (and easier to tap into!) as well. 
 

Replace shaft collars with bolts tapped into the ends of shafts… Or use slip rings. Shaft Collars add up. 
 

I’d argue that rivets are a better choice of fastener than bolts for a few reasons. You have to design in a 
pattern of more of them, but they’ll still end up being lighter, stronger, easier.  Plan it from the 

beginning, and you’ll see it really isn’t much more effort than the initial switch. 
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Light Power Transmissions  

Cims weight 2.82 lbs… 
NEOs are light and powerful (2lbs less than a CIM) 

So are Redlines 
 
 

In this age of FRC, there is very little reason to choose another motor. If you do use a redline instead of 
a neo you are often going to need another stage of gear reduction, as it has a significantly higher free 

speed. Additional stages of gearing add weight 
 

Gears are heavy. If you can, swap larger gears to aluminum (and possibly aluminum gears with 
cutouts, you can buy them from WCP) 

 
 

Cutout Patterns 
 

1. Do not to waste time adding cutout patterns until the part is “Final” 
 

2. Do not add cutout patterns until the part is “Good” 
 

3. Do not to add cut-out patterns if there are more pressing things for you to spend your time on. 
 

4. Before you cut out anything from the INSIDE of your piece, remove material on the outside, 
around the edges, first. Condense it. Move things as close together as possible.. (As toby can 

vouch for, when designing the 2019 Cargo Intake, I had rather long belt connecting a 
versaplanetary to a point far away on the side plate. By shortening the belt and moving the 

bearing holes closer together, I got a sweet .5lb total weight reduction between the two plates.  
Do you really need that versaplanetary to be in Ireland?!?! 

 
 

As for actually making cutout patterns there’s a 973 video on them already that’s so good I’m not going 
talk about it, I just stole my style from them anyway. (Remember! BIG TRIANGLES!) 

 
Anyway, that’s about all I got on making light robots. Maybe you could think about making a smaller 

robot… That would probably make it lighter too.   
 

On Weight Distributions: 
 

A low center of mass is desirable in every FRC game. Generally, you want this center of mass to be 
around the center of the robot as this can improve driving stability. The placement of your weight will 
have an effect on the traction your wheels have and therefore your drivebase performance and turning 

characteristics. Keeping heavy parts of your robot closer to the center can decrease your moment of 
inertia and help slightly with turning responsiveness.  

 
Let the drivetrain be powerful! Let the weight be low and low!  

 
Don’t move anything away from the core of the robot farther than it needs to be! Not only does it 

worsen your center of mass, but often time you need more structure to support things further away 
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from the chassis, more material needed to protect them from other robots (because they are more 
exposed). That all means more weight in general. Try very hard to figure out ways to keep things 

centralized! You want the center of mass to be as close to the left-right center of the robot as well as the 
front-back center of the robot—It will lead to more predictable robot behavior (driving characteristics 

in particular). It’s usually not much more work,  just more planning. Think about the 2019 
electronics—THAT is why belly-pans are such a great idea.  

 
So move your electronics, batteries, and motors close to the robot frame. You can often do so with 

chains or belts. One of my particular examples of this is using a dead axle with two pulleys on it—one 
to raise the arm and the other to drive something like an intake! (this works because the shaft stays in 

the same place relative to the rest of the arm as it rotates up+down—Meaning the intake belt will 
always connect!)  
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Help! My Arm is Moving Too Fast!  
The name of the game is controllability. 

 
https://web.archive.org/web/20110902235632/http://blog.iamjvn.com/2011/02/s

oftware-and-frc-robots.html 
 

 I tried telling our drivers to just climb the same exact way every time, to just line up 
with the Velcro the same way every time, but no matter how I told nor how many times for 

some reason they never seemed to get it. 
 

 If you want to make every single climb, if you want that level of consistency in 
everything you do, you need more than just good hardware and good drivers. You need good 

hardware designed for good software designed for good drivers. 
 

So what are the little design things you can do to enable this? 
 

1. Make precise, rigid, reliable, and repeatable mechanisms. 
Really, this is pretty straightforward and should come along naturally with good design 

practices. The best way to make it easier for the code team, is to give them good hardware to 
work with. 

 
2. Put encoders on every motor.  

With our move to standardize to the Versaplanetary this is very easy—Just add an encoder 
stage onto the end of it! You want the encoder to be as close to the wheel/arm/winch as 

possible! 
 

3. Other sensors 
 

A camera mounted in the center of the robot would be nice… A limelight would be even 
better. 

 
Personally, I think for mounting sensors 3D-printing is perfect. It is a low load application, so 
the PLA can take it, and you can offset the work that needs to be done on the CNC machine. 
Often times, sensors need to be mounted in a very specific, and very odd location which is 

very easy with a 3d printed component—You can build angle brackets right into it! I have also 
heard of teams 3d printing little gears to spin secondary shafts connected to encoders. 3d-

additive manufacturing! What a great way to mount sensors! 
 

4. Eliminate as much backlash as humanly possible 
Backlash causes inaccuracies in measurement—so use fewer gear stages and tighten up 

those tolerances!  
 

5. Slow and steady 
If you know you won’t have time to control something with sensors, make sure you are able to 

run it at a slow and controlled speed. For whatever it is, 2 seconds from bottom to top is more 
than enough for a human driver. Slower is faster. 
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Further Readings: 

 
Spartan Series Design for Controllability 
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There goes the Breakers… Too Much of a Good Thing 
	

Current Draws. I’m just going to steal this all from JVN: 
 

 “When one designs an elevation mechanism one typically chooses a motor, determines how much load 
you're lifting (the object + the weight of the mechanism itself) then calculates the gearing such that the chosen 
motor can lift the load without drawing too much current. 
 
 What does this mean?  What is the definition of too much current? 
In my experience this is dependent on two things, firstly the circuit breakers.  The 40 amp breakers we use can 
only run so much current continuously before tripping; surprisingly enough this amount isn't actually 40 
amps.  The time it takes for the breaker to trip varies depending on the amount of current applied.  I tend to 
design for a "worst case" loading of 45 or 50 amps knowing that I'll beat my driver if he or she puts the robot 
through worst case loading for more than 5 or 10 seconds at a time. 
 
The other thing which determines "too much" current draw is the motor itself.  Some motors are air cooled by the 
motion of the motor itself -- they have built in fans which draw air across the motor windings when the motor is 
spinning -- no spinning, no airflow.  These motors are designed to run fast and don't handle stall very well, even 
at low voltages -- you should design these motors such that they see very little load and require very little voltage 
to hold that load.”  (JVN 2011 Blog) https://web.archive.org/web/20110310001101/http://blog.iamjvn.com/ 

 
 

Ok, so let's assume you've calculated your gearing based on the applied load and the motors you've chosen... 
What happens if your gearing calculation is too slow?  What happens if you do your math such that your motor 
is handling the load (this is why we do the math) and it ends up taking 15 seconds to raise your elevator? 
 
You have four options: 
1.  Deal with it. 
2.  Gear the arm faster and run more current through the motor and hope something bad doesn't happen. 
3.  Add more power to the system (bigger motor, more motors) 
4.  Reduce the load on the motor. 

 
Got that? That’s not so hard to keep in mind now is it?  

 
How do you figure out what current draws you should expect with what reduction? Well, just enter it 

into the: JVN spreadsheet. It’s pretty self-explanatory.  
 

Yo.. on an only slightly related note, just because it can’t be said to many times, new batteries can make 
a BIG difference, and buy them for like 33$ from MK batteries! 

 
Have fun and keep it below 40A most of the time! Generally, your two best 

choices are Falcons, NEOS or Redlines. 
 
 
 

If you want a little more background on Motor Math and how the JVN 
spreadsheet works: 

971 Selection of Gears and Motors to make robust robots (Slides available as well) 
973 RAMP Spreadsheets 
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973 RAMP Motor Curves  
973 RAMP Arm Motor Selection 

973 RAMP Elevator Motor Selection 
Motors & Power Transmission 
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Slippery, Slippery Robots 
How do you dance around the defense?  

 
 

 You did it. You built a fantastic robot, you score countless game pieces each match.  
 
 But then, the other teams begin to catch on. They start putting defenders on you. Your game 
piece count begins to drop, and your seed with it.  
 
 Do you know why this is happening to you? 
 
You forgot to build a mecanum robot to dance around the defense! 
 
 
 In all seriousness, to handle defense you either ram through it, or you maneuver around it. 
Ramming through it is slow. Maneuvering around it is fast. Not saying that mecanum is the way to do 
it but rather: Make your robot small. Make your robot narrow. Make your robot bumpers SLIPPERY. 
Make your chassis rounded if you can. Make a fast and powerful drivetrain. Make it have a low CoM.  
Make sure you get driver practice.  

 
 

Small+Narrow 
 

There’s been a particular push towards small and narrow robots as of late—if you look at pretty much 
any top-level team’s robot from 2019 they are going to be well under the max frame perimeter (again 

the frame perimeter is a limit, not a recommendation). 
 

If you are smaller, there’s less of you to block, it’s harder to get in your way, you will get caught on less 
things—you will find the holes in the traffic. 

 
Slippery, Rounded Bumpers. 

 
Almost all robot-to-robot contact, and therefore defense, occurs in the contact between bumpers. 

Consequently, in order to play effective defense there needs to be friction between the bumpers—
otherwise you would quite simply be able to slip away if they were hitting you from the side. 

 
That’s why team’s like 254 use Sail-Cloth on their bumpers—they are trying to reduce the coefficient 

of friction on other bumpers.  
 

Teams also try to reduce the surface area that can be in contact with a defending robot. Teams 
apparently have studied this down to the pool noodles and opt for solid pool noodles over hollow ones (As 

solid noodles are harder to compress and therefore reduce the surface area in contact)—that 
deformation can matter when being pinned from the side up against the wall.  

 
The other way to decrease the bumper surface area in contact with another team is by using a rounded 
or angled bumper. With an angled/round bumper, teams cannot push you directly from the side, they 
can only hit you at that angle—which often makes it easier to escape. It also allows you to turn when 

pinned up against the wall (because you don’t have a flat surface up against a flat surface) 
 

Finally, you also want your bumpers mounted as low to the ground as possible—if another team’s 
bumpers can get under yours, they will begin to push your robot up which will reduce the amount of 
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traction you have---That’s how robots can tip over under defense. In a pushing match, having lower 
bumpers is advantageous. 

 
Drive Fast 

 
If you built a solid drive-train that handles well, you should have no problem out-manuevering the 
hordes of kit bots out there. If you kept your weight low, this is when you will notice it—You do not 

want to tip over if you get pushed! You do not want to tip when you accelerate quickly! To avoid 
defense, you need to be able to push the limit of your robot 

 
And you need drivers who feel comfortable pushing the robot to its limit. The best way to maneuver 

around defense, is to get practice against it, you will be doing the same jukes in real matches soon 
enough. 
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PART TWO: ROBOT DESIGN 
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Quick CAD Tips 
 

NEVER DO THE SAME THING TWICE 
 In the First Robotics Competition students are given 6 weeks to design half of a robot, and then 

another 3 or so days in the build season after that. While they don’t say so explicitly, in that time, you 
are meant to use the mirror tool. Please use the mirror tool. It will make your life sooooo much easier.  

 
 Patterns, subassemblies, copying things, (and in solidworks, configurations), these are all 
things to make it so you only have to do things ONE time. If you only have to do things one time it 
means you won’t be using other time.  
 
A 3D mouse can make it way faster and easier to navigate a model. I know it only takes a second or two 
longer to rotate your model with a conventional mouse, but since you are going to be doing that tens of 

thousands of times, it isn’t a bad investment. 
 
Keyboard Shortcuts. This goes along somewhat with the 3D mouse. You want to be able to execute 
and draw parts in CAD as quickly as you can think. Keyboard shortcuts are another way to reduce the 
clunky medium of your hand, and connect your brain straight to your part file.  
 
Constrain with intent! Many beginning FRC CADers rely on the dimension tool too much. Most of 
the time what you are really looking for is a sketch-constraint. This will keep your sketches cleaner and 
easier for someone else to read. Using constraints (especially “equal” and “mirror”) can also make the 
sketch more closely follow your design intent—That means it will be easier to iterate and change 
things as the rest of the sketch will simply update based on the constraints you’ve applied! 
 
Design libraries… rather than having to google, download, and upload/import a step file into a folder 
every single time you want to use a part, you should just have a collection of parts put in Fusion 360 in 
the first place, before the season begins. Here’s Spectrum’s.  

 
Collaboration… Having multiple people can speed things up in a number of ways. Firstly, by having 
more than one person checking things over you won’t have to spend as much time checking over 
mistakes. Secondly, you can break up sub-assemblies by individual specialties! Everyone can do what 
they’re good at! Gotta Love Capitalism! 
 
Practice! The first time you design a drive base on your own, it may take you hours. The next couple of 
times I bet you’ll be able to do it in under 1. The more practice you get the faster you will be. Get it 
down to muscle memory! 
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Drive Bases 
 

 Everyone says the drivetrain is the 3 most important parts of your robot. Usually, it is 
the very first thing you CAD in the season, and often, it seems teams set the goal of having 
theirs built within the first week—How can you possibly accomplish this? (Well… Actually 
I’m not so sure anymore your final drive base needs to be done by the end of the first week, 
but that has been our practice some years) 
 
 Most of the time, you begin by deciding on the style of drive base you are going to use. 
Currently, for our team only two real option are: A WCD, or our Rocker H-Drive.  Is 
holomonic motion a good idea for this game? 
 
Here’s some questions to help you decide: 
 
 Have you designed this style of drive base in a previous season/offseason? 
 How open is the field? 
 Is heavy defense going to be played in this game? —What about at worlds?  
 What are going to be commonly driven scoring routes? 
  
 At this point, you should understand that there is a reason 90% of the drivetrains that 
have made it to the Einstein field are tank drives. Yes, swerve certainly will be showing up 
there more often. Yes, a well-executed swerve drive will beat out just about any tank drive.  
The problem is many teams don’t have the code or driver experience to execute a swerve 
drive well. As such, the rest of this guide is going to assume that’s what you’re designing.  
 
 Great! Now that we’ve chosen our drive base style, our job is to make sure it can drive 
across anywhere on the field in a quick and controllable manner. We do this in 5 steps: 
 

1. Identifying driving obstacles  
2. Create Basic Drivetrain sketch 
3. Tweak drivetrain characteristics/clearances for driving obstacles (without affecting 

turning!) 
4. Identify common robot “sprint” paths 
5. Create a reduction/power transmission optimized for “sprint” paths and defense  

  
 

1. Identifying driving obstacles 
 
 While the field can be perfectly flat (like 2011, and 2012), most of the time you have to 
deal with some level of terrain on the field. The most extreme example of this was in 2016. 
Those were some crazy drive bases. We decided to meet the challenge by throwing 12” wheels 
onto the KOP drive base. (I’m serious. It was an… interesting decision)  
 
 However, there are some slightly less obvious examples: How many people overlooked 
the cable protectors in 2018 and 2019? We were sorely reminded of them after we got our 
omnis smashed out from under us by some defense at worlds.  
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 Game pieces themselves often serve as driving obstacles. Balls often find ways to sneak 
themselves under your drivebase. In 2019, the Cargo ball was perhaps our greatest challenge 
as a defender. (In 2012, this was actually our method of intaking them!)  
  
 Ramps are perhaps the most common design clearance challenge.  
 
 

2. Start with a basic drivetrain sketch 
 
  You want to sketch a side-profile view of the standard 6WD drive base. Then 
you will make 2d sketches of the obstacles with critical dimensions to evaluate that base and 
make edits 
 
 
 
 Some considerations: 
  Responsiveness, Stability, Acceleration, Turning 
  
  One of the main things we are thinking about when we are designing 
drivetrains, is maneuverability. The first big part of this is acceleration from the power 
transmission (which will be covered below), the second big part of this is turning scrub. In 
order to turn with 4, 6, or 8 traction wheels, some wheels need to drag sideways. The further 
apart the wheels are from one another the worse you will turn.  
 
Turning a skid-steer is a complex problem on its own, that’s already widely covered. So for the 
sake of the scope I’m gonna go into here, there are two ways to solve the turning problem: Use 
a drop-center drive base, or swap in some omni wheels. Using a drop-center can reduces 
stability and causes a rocking motion. Using omni wheels increases stability, but for the cost of 
some pushing ability. If you use omni wheels, make sure most of your weight is above the 
traction wheels.  
 
 Additionally, some teams use a combination of a dropped-center and omni wheels on 
the corners. This ensures that the traction wheels will be touching the ground at all times—
even on uneven surfaces! It also biases the weight more onto the traction wheels. 

 
Interesting… Why do you think 148 spaced the wheels the way they did for their 2018 robot?  
 
 
https://www.simbotics.org/files/pdf/drivetraindesign.pdf 
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Anyway, your sketch should look something like this: 

 
 
 

3. Tweaking Drive Train Characteristics for Obstacles 
 
Take your drivetrain sketch, and drag it over the “terrain” of the field you drew by using a 
series of tangent constraints on whatever the wheels will contact. If the drive base frame or 
bumpers make contact with the obstacle during this, you may need to change the geometry of 
the drive base: 
 

 
 
 
 
 

 
 
Here a bonus question for you: In 2015, 1114 built a kiwi drive, which is a drive base using 
three omni wheels forming at 60 degree angles from one another. It’s a strange choice, 
why do you think they made it? 
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Answer: If it only takes three points define a plane, then what would a 4th wheel be doing? 
With those ramps in 2015, if you had a 4th wheel a lot of the time it wouldn’t be touching 
the ground—As a result, when you maneuver on the platform you would often be 
changing which wheels are resting on the ground…. This would cause an undesirable 
rocking motion that not only makes the robot harder to control, but in 2015 the problem 
was even worse—you are making tall towers of blocks and you don’t want to shake them 
so they fall.  So, rather than try to design for the flat plane you wished you had with 4 
wheels, why not design your drive base to work on any plane, by using only 3? For their 
kiwi drive, every wheel was resting on something at all times—that’s what you want to do, 
have your drive base geometry smoothly traverse the field. ) 
 

Three points define a plane. More points are odd men out—in engineering 
speak, the plane is “overconstrained.” In practical terms, when four rigid 
swerve units are put on the ground, manufacturing tolerance stackup or post 
manufacture movement (such as from a damaging collision, or drop) cause one 
of the points to come off the ground. The robot will then be less stable than it 
would otherwise be, possibly rocking (depending on frame stiffness), or will at 
least have less traction on the higher wheel 

 https://www.strykeforce.org/resources/Mechanical_Design_Description_of_Stryke_Force_Swer
ve_Drive_Units.pdf 

Now… another way to ensure constant contact is to add suspension but… Complexity… 
(However, that is commonly the solution for the center wheel of an H-Drive! Well… If they’re 
not using a rocker that is!) 

 
 
 

4. Identify Common Robot Sprint Paths 
 
  Often times, your robot while be running the same cycles over and over again 
the entire match. 2019 is a good example – your robot was driving from the loading station to a 
scoring location, to the loading station, to the scoring location, to the loading station…. In 2018, 
a common cycle was going from the sides of the switch nearest the scale to the scale. You want 
to figure out the distances and paths of these common cycle paths your robot will be 
following. 
 

5. Create a reduction/power transmission optimized for “sprint” paths and defense  
 

 
  After you find your “sprints”, whether you are using a COTS gearbox or a 
custom one, you should figure out the ideal gear reduction to optimize that sprint distance 
time. There are FRC calculators out there that can do this.* 
*(JVN’S calc on its own can give you theoretical top speeds as well)  
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Play around with different reduction with this calculator to optimize it for your found sprint 
distances. Here’s some things to keep in mind: 
 
 If you gear low, you will accelerate faster but have a lower top speed. You will also be 
better at pushing, and will lower current draws. 
 If you gear high, you will accelerate slower but have a higher top speed. You will be 
worse at pushing, and will increase current draws.  
 If you use a two speed gearbox, you have neither problem, but you do add weight, and 
money. Also code… (driver practice?) 
 
 
As a rule of thumb, I would say to gear lower than you might initially expect. Acceleration is 
more important in most FRC games than top speeds.  
 
Of course, you could always just throw motors at the problem too. Nowadays, with no CIM 
limit, and the advent of the NEO… Well, you can make a powerful drivetrain. Just, be careful 
with the overall current consumption! 
 
 
Once you figure out your reduction, you can either choose to design a gearbox with that 
reduction, or find a COTS option that will get you close. Up to you.  
 
On Wheels: 
 
 There are lots of wheels in the world, but fewer with a ½” hex bore. Generally the best 
wheels to use on drivebases are Blue Nitrile wheels from Andymark, and the omni wheels 
from Vex. 
 
Some final considerations: 
 Each stage you add of gear reduction increases the amount of backlash and reduces 
efficiency (each gear stage is generally approximated as 95% efficient) and responsiveness. I 
haven’t really experienced the effects of this one personally, but JVN has claimed on a few 
separate occasions that driving a robot with only 1-stage of reduction is noticeably more 
responsive, so maybe take that as a reason to stick with the 4” diameter wheels.  
 Mini Cims are a surprisingly not bad option for drive bases, and many high-level teams 
use them for this application. Consider also using a Copioli combination (a mix if CIMS and 
Mini-cims)    – Just Use Falcons 
 
 …JVN changed his mind about swerve… 
 
 

Further Readings: 
 
  125 “FRC DRIVETRAINS” 
 
 Drivetrain basic overview: 
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 Designing drive bases for ramp clearances (and other stuff specific to the 2015 game): 
 
 An 80-something page summary of the influential 148 offseason prototype drivebase  
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Intakes 
Vacuum Cleaners for the Robotics Student 

 
 In order to score points in an FRC game you need to pick up game pieces. Well… 
Usually. We built a chin-up robot in 2013, and some other silly team spent so much time on 
the drivetrain they forgot about everything else in 2008… But still, they are an important part 
of many robots, and probably the subassembly you will be iterating the most. Touch it, Own it. 
 
 Luckily, most of the time they are pretty simple in concept—just use an active wheeled 
intake! Active-wheeled intakes just work.  
 
 The style of intake you use is heavily dependent on the Gamepiece the game design 
committee has used. There are Frisbees, Gears, Boulders, Hatches, Cargo, 3’ exercise balls… 
And each require their own intakes, their own process, their own prototyping—you should 
prototype in some amount for every game piece thrown at you. Go through the process. 
 
That being said, there are common patterns in intake designs for specific game-pieces which 
can help lead you in the right direction. 
 

BALLS 
2012 basketballs, 2014 balls, 2016 Boulders, 2017 Fuel, 2019 Cargo 

 
 Generally, Ball Ground Intakes: 

• Use top/bottom rollers (Side rollers have a tendency to make the balls 
shoot off to the side)  

• Generally, the bigger the better (wider pickup range) 
• Can use mecanum wheels on the rollers to pull the ball towards the 

center 
• The Delphi Intake (first used in 2002) is another notable, and useful, 

style of ball intake 
   

BOXES 
2015 Totes, 2018 Powercubes 

 Generally, Box Ground Intakes 
• Use Side Rollers. Here the side-shooting problem isn’t as big of a 

deal since boxes are better at resisting the movement than rolling 
balls. 

• Use a Compliant Style wheel. FRC Boxes are usually stiffer than 
balls 

• Have Spring Loaded Arms. I have a question for you: What’s the 
diameter of a square? Boxes can be dramatically different 
depending on the orientation you pick them up in. The arm-
range of motion helps deal with this.  

• Can have a trade-off between hold on the box and intake ability. 
If you are planning on using your intake to hold the box as well, 
you need to have enough compression/spring force to have a 
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good grip on it—but that can often make it harder to intake 
gamepieces.  

 
 
 

“DISCS”/Unusual GamePieces 
    2013 frisbees, 2017 gears, 2019 hatches 

• Use a top roller, flat surface on bottom, or second bottom 
roller 

• Usually the most unique/require the most prototyping 
 
  
 

Geometry 
 

The main considerations for intake geometry is that you want the game-piece to always be in 
contact with the wheel’s surface, and you don’t want anything to get in the way of the game 

objects path from getting pulled into the robot…. Beyond that prototype and see what works!  
 

Compliance/Compression 
 

 A half-inch of compression is usually a good starting point for most game objects—but  
make a prototyping jig to test this! Whatever style of intake you are using; you need it to 
comply to the game object. One way to do this is to place the spinning wheels on a spring 
loaded (or gravity loaded) arm. Another thing that affects this is the type of wheel you are 
using (some squish more than others). Some game pieces’ compress more than others (2012 
balls were way more compressible than 2015 bins). If the game object is less compressible, you 
want a more compressible wheel. If the game object is very squishy, you can use a harder 
wheel. 

 
  

Motors/Gearing 
 For intakes, the rule is most generally: The more power the better—You can always reduce 
the speed in code if you need to. Just make sure the surface of the wheels is faster than the 
speed of your drivebase so you can pick up game pieces while moving! * 
 
 
 
 
*That’s why you put intakes on a cart when you prototype them. Moving the intake toward the 
gamepiece is different than moving the gamepiece toward the intake. 
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ARMS 
 

 After Drivebases, arms are the next most common mechanism used on FRC robots. If you can 
design an arm, you can design a 4-bar, a 6-bars, a double reverse 4 bars, double-jointed arms and the 
like. They are the simplest way to lift game pieces or to extend intakes out of your robot, and with just 
an intake, arm, and drive-base you could build a competitive robot for practically every FRC game in 
history (Seriously. Every year you can find some team that gets remarkably far with just an intake, 
drive-base, and single jointed arm—it’s practically a staple) All in all, they are a good thing to know 
how to build.  

 
 Really, arms are pretty simple. They are just a bar attached to a slow-spinning shaft such that 
the arm turns along with it. The most difficult thing to deal with in the design of an arm, is the massive 
torques being transferred. 
 
 

Dealing with massive Torques 
 

Get ready, cuz you are going to gear those motors nice and low. What you need to do is make sure that 
everything else on the arm will take it with tearing/or stripping.  

 
Use a CounterBalance Reduce the Force Transferred between the Arm/Shaft 

 
Gas shocks, surgical tubing and torsion springs are all fantastic solutions. They will make it so you can 

lift your arm faster. They will make it so your arm is more controllable (because it will be better at 
holding its position), and they will make it so you have a lower chance of breaking anything (because 

they reduce the torque needed to lift the arm) 
 

Direct Bolt Gears/Sprockets to the Arm 
 

Torque is measure in ft/lbs—that is the amount of force at what distance. A 1-pound force 1 foot away 
from the point of rotation is the same as a ½ pound of force 2 feet away. So if your connection point is 

just between the surface of a hex shaft, and some hub bolted to an arm, it is possible that you might 
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strip something, but if that torque transfer occurs further away from the point of rotation, you mitigate 
the risk of this mode of failure. One alternative to a hub then, is to direct bolt a large gear or sprocket to 
the arm—Then the torque isn’t being transferred from the hex shaft to the hub, but from the surfaces 

of the two meshing gears.  
 

Spread out the load 
Firstly, you want both sides of your arm to be driven somehow (so one side doesn’t drop below the 

other). Spreading out the power transmission across a wider area reduces the strain on each individual 
part—So if you are going to do the transfer just through hubs, maybe use more of them if you are 

worried about stripping them. 
 

Further measures to preventing gears from exploding 
• Reduce the number of reduction stages necessary by using a slower spinning motor (like a 

neo). The fewer stages there are (particularly the ones with small gears) the less likely one of 
them will fail. 

• But the strongest stage of the planetary gearbox on last 
• Power the arm with a pneumatic cylinder J (or DART actuator)  
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Elevators 
	
Excellent Videos: 
973 RAMP: CASCADE ELEVATOR PART 1 
973 RAMP: CASCADE ELEVATOR PART 2 
973 RAMP: CASCADE ELEVATOR PART 3 
 
 
 Elevators are guillotines. The ganglion of rope weaves itself through a malevolent spire 
of bearings, shoulder bolts, knots, lithium grease. Redlines howl. The titanic apparition triples 
in size. Did you know that the human head can babble for up to a minute after it is cut off? 
 
 
 
Relax! They’re only guillotines. Just a slide and a way of powering it… While they are certainly 
more complicated than the other mechanisms we’ve talked about thus far, they aren’t 
anything to be scared of. 
 
Just a slide and a way of powering it… 
 
Part One: Slides 
 
 Obviously, an elevator has at least one part that can slide linearly along another part—
each thing that slides is called a stage. Elevators can have as many stages as you want, but in 
the context of FRC it is rare to see one with more than 3. Each added stage will increase the 
maximum height an elevator can reach, but for each one there is increased weight and 
instability in the mechanism. 
 
 In order to make an efficient lift, you want to make the stages slide with as little friction 
as possible. One way to do this is to smother on a low friction substance like lithium grease (As 
Mr. Dalbo used to say, then you’ll be “sitting in butter”. A better way to accomplish a low 
friction slide between stages is with rollers.   
 
  
 Most commonly, teams design their elevators using 2x1” aluminum rectangular tubing 
for the structure. With our specific manufacturing process this is probably slightly easier to 
build so I’m going to continue with that style (however, other teams have used tubes with 
concave rollers with great success as well. ) 
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148 2018 Elevator using 1.5” diameter tubes and concave rollers         Great Grabanski Offseason Elevator using 2x1 Rect and Bearing Rollers 

  
 
 Either slide/channel will result in a nice low-friction elevator. For each stage of the 
elevator you will need 4 of these bearing sets total (one for each “corner”) 
 
Part Two: Way of Powering it (Winches) 

 
 
 Both forms of rigging lift by pulling in the red rope. As the red rope effectively gets 
shorter, the top of the 1st stage and the bottom of the second stage get pulled together (again 
because the length of rope is getting pulled shorter). 
 
 Notice how both also have a yellow rope to pull the elevator back down. While gravity 
could lower the elevator down on its one, having a rope to do so is a good idea for two reasons: 
1) You could add a constant force spring to offset the force of gravity. and 2) It is possible that 
the elevator could get jammed and then there is no way to lower it. You don’t want that to 
happen in a match.  
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 Often, for the winch teams will wrap the rope around a tube roller of some kind. If 
you’re really good you could use a tube with a thread so the rope will wrap up neatly. In 2018, 
we CNCed a spool thing.  
 
 Now that the rigging is set up, how do you actually power it to move this thing? 
 
 
Well, heavy objects are hard to lift, So... how do we reduce the load? 
 
 
 
Now picking up a lighter object isn't always possible (certainly not this year).  Reducing the weight of the 
mechanism sometimes helps, but this isn't always an option either.  So what is another way to reduce the load on 
the motor?  Passive Assistance!  There are two main ways people use passive assistance; add a counterbalance to 
their mechanism (i.e. hang a weight on the backside of an arm) or add some sort of spring loading to assist the 
mechanism's motion. 
 
People often commented they were surprised how fast 148's arm moved in 2007 powered only by a single globe 
motor (a relatively low powered motor) while some other teams were using CIMs and other much more potent 
actuators.  The secret was the surgical tubing on the arm.  As far as the motor was concerned, the arm weighed 
NOTHING.  To hold itself steady required minimal voltage on the motor which meant minimal current was 
drawn (even at stall in the max load configuration). 2011 JVN Blog 
https://web.archive.org/web/20110310001101/http://blog.iamjvn.com/ 
 

Counterbalancing 
 
 Counterweight the elevator with a constant force spring. If you select the correct 
spring to counterweight, your elevator should be able to hold its position on its own! (due to 
inevitable friction within the mecanism). In order to do this, you have to do the math! 
 
 Next you need to figure which motors and reduction to do to lift the elevator. As we 
always do when selecting a motor/reduction use the JVN spreadsheet. Redline motors are a 
particularly good choice for an elevator, because they are powerful and with a counterweight 
they won’t overheat due to being stalled. While you should have PID control for the elevator, 
if you know you won’t be able to make sure you have it running at a controllable speed (1.5-2.5 
seconds from bottom to fully extended is reasonable for an elevator)   
 
 
That’s about all I got to say here because the 973 RAMP videos I linked at the top already do 
such a good job. Watch them.  
 
 
 
Drums: 
 
 How to Deal with Coiling Ropes… 
  Or you could put a thread into your drum… Would probably need to use a 
lathe… 
  Or you could just lift the first stage through some other means (Like bolting it to 
chain…) Then you don’t have to deal with coiling any rope.  
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Anyway, that’s sort of how you make an elevator I guess. Maybe they aren’t so scary after all!  
 
 
There are, however, scarier things than elevators in the world… 
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Shooters 
 
 Shooters are the sensitive child. They can have a lot of variables. If you cannot control 
those variables (either through a rigid mechanical assembly, or feedback control in code) … 
good luck. Perhaps you should design a simpler style of shooter (or no shooter at all). 
Executed improperly, they can be a very unpredictable mechanism.  
 
 
 
There’s essentially 2 types of shooting mechanism: 

1. Fly-Wheel Shooters 
2.  Kickers/Catapults 

 
Shot Trajectories 

 
 In 2014, Vex took its own take on Ri3D, and created “Build Blitz”. There were two 
teams, one headed by JVN, the other by Paul Copioli, who would each draft teams of vex 
engineers and then in 3 days a winner would be decided upon based on the final robot On 
thing discovered by the JVN team for the 2014 game was a single shot trajectory that could 
score the ball anywhere from 7’ to the goal to 18’ from the goal “Aren’s Sweetspot”. All the 
driver would have to do is fire the ball from anywhere in this 11’ range. Needless to say, in the 
2014 challenge, finding something like that is a big deal, and many teams would go on to reuse 
that shot trajectory for themselves. Needless to say Team JVN won the blitz.  
 No matter what style of shooter you use, you are first going to want to find the ideal 
shot trajectory (otherwise how are you going to know what to design for?).  You can work on 
optimizing this with Desmos and some relatively basic projectile physics which your local 
physics-teacher-head-mentor-who-is-a-strong-advocate for-the-scientific-method could 
probably help you with.  
 A shooter that can make one type of shot consistently is better than one that misses 
from everywhere—For most teams in most games, turreted shooters with adjustable hood 
angles are a waste of time.  
 So you either want to find shot trajectories which work well from one wise spot on the 
field—Like if there’s a protected zone where defenders can’t touch you (like touching the 
pyramid in 2013) Another good option is shooting from right next to the goal (Like 254 did in 
2014, or countless teams did in 2016 and 2017). Or, maybe you can just shoot right from the 
loading station like several teams did in 2013.  
 If there is no clear place to shoot from, maybe you should instead try to find a 
trajectory that works in a wide zone of locations (like Aren’s Sweet Spot did in 2014). Open up 
desmos, and model those parabolas.  

 
 

FLY-WHEEL SHOOTERS 
 

Spinning Wheels 
 

 The actual design of a simple flywheel shooter is, at its essence, almost identical to the 
design of ball intakes—it is just using a spinning wheel to move balls.  
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Again, the most important thing for shooters is controlling variables (Variable-control, such as 

turrets/hoods/different shot speeds, should come after you are able to build a simple shooter with all the 
variable under control.) 

 
Constant Shooter Speed 

 
One such variable is shooting speed—you want every ball to touch the wheel when the wheel 

is spinning at the same speed every time.  
 

 Firstly, on a shooting mechanism you generally want there to be less compression than 
on something like an intake. The more compression on the game object, the more the 

flywheel will slow down between shots, and having more compression can often exacerbate 
other shooting inaccuracies. A good starting point for shooter compression might be closer to 

.25”—depending on the game piece of course. 
 

 Secondly, you can increase the resistance changes to the shooter speed—that is change 
the moment of inertia on your shooter—by adding a flywheel. You can attach it to your 

shooting wheel with timing pulleys to make room for it. For an effective flywheel, you want it 
to have a lot of weight far from the center of the shaft. In your timing pulleys, you should also 

gear it up, such that it spins faster than your shooting wheel (That gearings increases the 
moment of inertia as well).  

  
 Lastly, and most importantly, is software. The only way to be able to accurately control 
the speed of a shooter is by using some form of feedback loop, likely a PID loop—so make 
sure you designed in an encoder!  
 

Constant Loading Position 
 

You want balls to be fed into the shooter the same way every single time. Small differences in 
feeding lead to large differences in shot.  

 
First of all, symmetry here created under tight machining tolerances is not to be 

underestimated in important here. You can have any old high-schooler fabricate an intake, 
and it will probably work fine, but a shooter requires precision, and a bit of subtlety—CNC/3d 

Print every piece of it if you can (That’s true for everything, but especially true here). 
 
 

So you want the balls to enter the shooter at the same location each time with the same 
speed— Having a funnel or using two rails can help ensure that the ball will be in the same 
spot, a slower-spinning feeding wheel can make sure the ball enters the shooter at the same 
speed each time.  I haven’t seen anyone try it, but I would imagine you could accomplish the 

same thing with two mecanum wheels feeding the balls into the shooter.  
 
 

Other Variables to try Adjusting or to Beware of: 
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• Launch Angle. When prototyping make sure you test the prototype on a flat surface. 
With the competition bot, try to make the robot as flat as possible (maybe using a less 

significant center-drop on the drivebase) 
• Ball Slippage Against the Wheel+Hood Surface. If you have only one shooting wheel 

the opposite side of the ball will be rolling up against the hood/ramp surface. If the ball 
doesn’t grip this surface well enough, it will slip—oftentimes different and 

unpredictable amounts. You can fix this by slightly increasing the shooter compression 
or changing the hood/ramp material, or the wheel material. 

 
• Orientation of shooter relative to feeding system. If you mount your shooter flywheels 

perpendicular to the wheels of your feeding system, you may have more difficulty in 
getting the balls to load consistently—this is mainly a design concern with turreted 

shooters, but it can be one for certain types of feeding systems 
 

• Wheel size.  Hee hee hee… 
 

Hoods and Turrets 
 

Like swerve drives, hoods and turrets are not only more complicated to build, but more 
complicated to program. You should only do so if you are skilled in both areas, and there is a 

significant reward in the game for building a hood/turret. 
    

Kickers/Punchers/Catapults 
 

Often times Kickers, Punchers and Catapults can be more consistent and accurate than 
shooters as there are fewer variables that need to be controlled for. The drawback is they are 

often larger, heavier, and take longer to reload.  
 

Energy Storage Devices 
Kickers and catapults build stored energy and then quickly release it all in one rapid motion 
to fire the ball. This energy is commonly stored in surgical tubing, but practically any elastic 
material/spring can be used in tension. Storing energy in compression springs has also been 

done, but it is slightly more rare, and finally in the case of pneumatics the energy is stored 
quite simply in the form of compressed air.   

 
Quick-Release Mechanisms 

Once the energy has been built it up, it needs to be released all at one time in order to send the ball 
flying. In the case of a pneumatic catapult, that release quite simply through the pneumatic cylinders. 
In an elastic stored-energy style of catapult, there are a number of quick-release mechanisms which 

can be used: 
 

•  The Choo-Choo 
•  Cam quick release 

• 	
Consistent Holding 
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In general, with a catapult style shooter it is easier to get a consistent, powerful shot than it is with a 
flywheel shooter. However, even in a catapult you want to make sure that the ball will rest in the same 

position each time. 
 
 
Further Reading: 
 
2012 Shooter Design Processes  
Idiot’s Guide to Making Good Shooters 
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2D Robot Sketches 
	
 Do you need a 2 stage elevator, or a 3 stage elevator to reach high enough? Does your 
arm extend far enough? How do you figure out if your intake will touch the game pieces? And 
most importantly: How do you make your mechanisms integrate with one another?  

 
 
        254 2019 robot                                                                                                   1983 2015 Robot 
	
	 Making	a	2D	master	sketch	of	the	entire	robot	can	help	you	plan	how	your	mechanisms	
will	work	together—You	can	DESIGN	PRACTICALLY	AN	ENTIRE	ROBOT	in	ONE	SKETCH.		On	a	
robot,	everything	is	heavily	dependent	on	one	another,	and	a	2d	sketch	allows	you	change	
things	more	easily	together	by	using	sketch	constraints.	Furthermore,	a	2D	sketch	can	be	
iterated	upon	more	rapidly	than	a	3D	Assembly.		
	 If	you	constrain	it	right,	you	will	be	able	to	lift	your	elevators,	lower	your	arm,	move	
your	drive	base…	See	if	everything	can	fit	inside	a	starting	configuration.	It	is	a	better	version	of	
a	whiteboard:	You	can	draw	all	your	different	different	concepts	to	scale,	see	how	they	look	
next	to	drawings	of	the	field	and	check	if	they	are	feasible.	
	 After	you	figure	out	all	the	dimensions	here,	recreating	the	geometry	in	a	3-Dimensional	
assembly	will	be	significantly	easier	than	if	you	were	to	figure	out	all	the	geometry	in	a	3D	
assembly	on	its	own.		
	
	 2D	sketches	are	without	a	question	the	most	valuable	tool	in	for	the	FRC	mechanism-
integration	Designer--put	all	your	mechanisms	into	one	sketch	and	figure	out	how	to	make	that	
work!		
	
	
Further	Reading:	
973	RAMP	Designing	Linkages	with	Sketches		
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VENDORS: Know What is Available to You 
 
 
 It’s hard to design something without knowing what you can use to build it. I’m not 
going to cover every material and piece of hardware—there’s enough FRC dictionaries out 
there for you to use already. Just spend some time looking through the vendor’s websites, and 
seeing what is possible.  
 
 
 

VENDOR Notable Items 
West Coast Products Small Compliant Wheels, Pocketed Gears 
Andymark Compliant Wheels, Blue Nitrile Wheels, 

Toughbox Mini, Redlines, 2x1 Extrusion 
Vex Versaframe, Versaplanetaries, Aluminum 

gears, bearings, Everything really 
ServoCity Linear Motion Stuff, servos 
REV NEOS, SparkMax, Hollow Hex 
McMasterCarr Everything 
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The Mental Design Library 
 
 Hopefully by this point, you should know lots of the common and basic mechanisms 
used on FRC robots. Wheeled intakes, arms, 4-bars, shooters, elevators… If you got those 
down, you are in a very good spot for conceptual robot designs. Roughly 80% of robots in FRC 
history are made by combining those basic mechanisms. 
 
 However, of course there are more mechanisms out there that are used, and their 
application can lead to strange innovative solutions. All this talk about CAD, all this talk about 
process, and technique… But it all really originates in your imagination--so keep your brain fed. 
Whenever you are faced with a design problem, you want as many different solutions, as 
many designs in your mental toolkit to draw from as possible. Creativity comes from drawing 
connections between concepts in your mind. Before you start drawing, you need a crayon box.  
 
 So… How do you build up this “mental library”?  
 
 
Well, you need to expose yourself to design, and lots of it. Look at more mechanisms than just 
the ones used in FRC. Do you know how a differential works? Do you know how a clutch 
works? Be the type of person that’s curious about the things around you, goes out of their way 
to understand how they work and to actually understand them. Unless you’re toby and 
mechanical things come very naturally to you (they do not for me) You won’t understand 
sometimes, you will have to ask stupid questions you definitely should already know, you will 
want to just nod your head and pretend you follow. Don’t do that. I’ve seen so many people do 
that, I’ve done it. It’s helping no one—MAKE SURE YOU KNOW HOW THINGS WORK 
 
Why do I say that? Well, throughout my time on the team, there’s been a lot of people who do 
take their time to go out and watch reveal videos, who do seem to look at. They are the kind 
who see an elevator in a reveal video and say “Oh they Just used a elevator” without saying 

anything about the elevator, without having a clue how an elevator lifts. So yes, it is really easy 
to say, “oh it’s a high goal shooter”, everyone can see the balls in the air, but how does it take 

the ball and shoot? You should understand the mechanism to the point where you can copy it 
in all its intricacies, you would have a plan on how you would manufacture it.  You should be 

able to CAD it, and if you haven’t, maybe you should! 
 
 
 So watch robot reveals. Draw sketches of the mechanisms you see. Walk around in the 
pits, and ask other teams questions about the mechanisms. Do the same for the FLL and FTC 
teams. Do the same for any engineer you come across anywhere. Download CAD models of old 
robots. Study the techniques used, try to replicate them. Trace the movement of power from 
the motors, what happens each step along the way? What drive base are they using, how are 
pieces of metal joined together? Where are the electronics, battery, cameras? What moves 
what? What holds it together? 
 
https://photos.spectrum3847.org/Robot-Mechanisms 
https://www.youtube.com/user/thang010146/videos 
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https://grabcad.com 
https://www.thebluealliance.com 
 
 
Robot Reveal Playlists: 
 https://www.youtube.com/user/FRCDesigns/playlists?shelf_id=2&sort=dd&view=50 
 https://www.youtube.com/playlist?list=PLocx3vY5mUKMfeQvrUu-nbSw57V-fOJfA 
 
 
 
 So look for the choo-choo, the Cams, the virtual 4-bars, the un-even 4-bars, the rockers, 
the Archimedes screw, the clutches, the disc-brakes, the heaps upon mounds of linkages, all of 
it. Nuance, sometimes, a clever application of these type of mechanisms can be really neat. Have 
Fun With it. 
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Final Reminder 
 

• Work Smarter Not Harder 

• Research other teams, other mechanisms! STEAL! Read Chief Delphi/team blogs every couple 

of weeks throughout the offseason and every day during build season.  

• Don’t Reinvent the Wheel-COTS Components! 

• Standardize! Not only hardware, not only gearboxes, file-naming, mounts, and angled 

brackets, but whole CAD techniques, whole processes, everything! 

• Build Simple. Know your limits. Be 7179 good at everything you do—if you aren’t, do less. 

• The 3Es: “Efficient”, “Effective”, “Elegant” 

• The 3Rs: “Rigid”, “Robust”, “Reliable”  

• Your design embodies your strategy, so have a good one.  
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Appendix Design Tools and 
References: 

 
 
 

DESIGN TOOLS: 
 

Good Starting Places: 
JVN Calc 

West Coast Products Timing Belt Calculator 
Motor Curves 

 Alpard’s Time to Distance 
 

More Complex but Powerful: 
 

Spectrum Design Spreadsheet  
Aren Hill Design Spreadsheet 
	AMB Design SpreadSheet 	
ILite DriveTrain Simulator 

 
 
 
 

Top 3 FRC Resources: 
973 Ramp Designing Robots with Sketches 

971 CAD 
JVN Blog “Prototyping and Organization” 
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2T = .1 PD 
20T = 1” PD 
40T = 2” PD 

… 
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.375  ≥ 30 TEETH
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0.500" Hex Gears

Note:
(1)Made from 7075-T6 aluminum
and coated with a teflon infused ceramic

Note:
Face Width shown is for gears 
with 30 teeth or greater

Part # Tooth 
Count

Pitch 
Diameter 

(ref)
Outer 

Diameter Material

217-3209 18 0.900 1.000 Aluminum
217-5460 18 0.900 1.000 Steel
217-2702 20 1.000 1.100 Aluminum
217-5461 20 1.000 1.100 Steel
217-5462 22 1.100 1.200 Aluminum
217-5463 22 1.100 1.200 Steel
217-2704 24 1.200 1.300 Aluminum
217-5464 24 1.200 1.300 Steel
217-5465 26 1.300 1.400 Aluminum
217-5466 26 1.300 1.400 Steel
217-5467 28 1.400 1.500 Aluminum
217-5468 28 1.400 1.500 Steel
217-2705 30 1.500 1.600 Aluminum
217-5469 30 1.500 1.600 Steel
217-5470 32 1.600 1.700 Aluminum
217-2706 34 1.700 1.800 Aluminum
217-3214 36 1.800 1.900 Aluminum
217-5471 38 1.900 2.000 Aluminum
217-2708 40 2.000 2.100 Aluminum
217-3216 42 2.100 2.200 Aluminum
217-2710 44 2.200 2.300 Aluminum
217-5472 46 2.300 2.400 Aluminum
217-3218 48 2.400 2.500 Aluminum
217-3572 50 2.500 2.600 Aluminum
217-5473 52 2.600 2.700 Aluminum
217-3573 54 2.700 2.800 Aluminum
217-5474 56 2.800 2.900 Aluminum
217-5475 58 2.900 3.000 Aluminum
217-3574 60 3.000 3.100 Aluminum
217-5476 62 3.100 3.200 Aluminum
217-3575 64 3.200 3.300 Aluminum
217-3223 66 3.300 3.400 Aluminum
217-5477 68 3.400 3.500 Aluminum
217-3576 72 3.600 3.700 Aluminum
217-5478 74 3.700 3.800 Aluminum
217-5479 76 3.800 3.900 Aluminum
217-5480 78 3.900 4.000 Aluminum
217-5481 80 4.000 4.100 Aluminum
217-5482 82 4.100 4.200 Aluminum
217-3577 84 4.200 4.300 Aluminum
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