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Abstract
An Autonomous Mobile Robot was designed and manufactured to compete in a robot
tank battle competition. The robot design considers various goals. The robot must be able to
complete a round without colliding with and walls or obstacles. It must leave and return to its
home base. It must score points, both by tagging the opposing base and the opposing robot
with a ping-pong ball. The robot uses two motors to get around, controlled by an Arduino. It
uses six Sharp IR sensors to avoid obstacles and navigate the arena. Turtlebot has six IR
phototransistors to detect the enemy robot and enemy base in order to target and launch at
them. A rubber-band slingshot is triggered by a solenoid linear actuator in order to fire the ping
pong ball. Turtlebot has a very powerful and accurate ping-pong ball launcher, and it uses this
to its advantage. The competition strategy is to initially get ahead in score with long range shots
at the enemies base, and to follow up by roaming the field, scoring more and hunting down the
enemy robot. Turtlebot successfully completed all of its assigned objectives, and functioned
consistently for the duration of competition.
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Introduction
Turtlebot was designed to compete in and win the 2016 Cooper Union Robot Tank
Battle Competition. The premise of the competition is that two robots are place in a 6’x10’ arena
ain a “home base” and must make its way around the arena to hit either the opposing robot or
the opposing home base with a ping pong ball before returning home. The home base consists
of a 1’x1’ segment of the wall that is slightly indented from rest of the wall. The home base also
has an IR beacon, allowing the robot tanks the ability to find the bases, either for the purpose of
attacking the opponent base or for docking.
There are strict dimension restrictions on the robots, such that the robots must at all
points of competition fit within a 12”x12”x10” box. The robot also needs to be able to support an
IR LED beacon, similar to those in the home base. This beacon shines IR light in all directions
horizontally, allowing robots to find and target opposing robots in order to shoot them with a ping
pong ball. . The ping pong ball launcher is restricted such that it can only hold one ping pong
ball, and must manually reloaded in between shots upon returning to home base.
Throughout the arena there are three different types of obstacles. The first type is a
white, rectangular extrusion about one foot tall. This obstacle is put in place to ensure that
robots cannot drive straight across the arena to shoot the opposing base. There is always one
of these obstacles in the middle of the arena, so as to prevent cross-arena shots. The second
is a flat floor obstacle at most .375” tall, intended to inhibit locomotion of robots which sit too low
to the ground. The third and final type of obstacle is a rough surface obstacle which is
approximately flat to the floor. This obstacle is designed to inhibit locomotion of robots whose
drive system is not properly designed to deal with the change in surface roughness. While the
two different floor obstacles remain in the arena for the entire competition, the number of upright
obstacles is determined by dice roll, with a minimum of one and a maximum obstacle.
Launched ping pong balls are considered dead if they hit the robot that launched it or the
wall. However, the ping-pong ball can hit the floor and is still considered alive. A team scores
10 points for hitting the opponent’s home base or docked opposing robot, or 20 points if they hit
the opposing robot when it is not docked. However, a team loses ten points for shooting their
own home base. A robot is considered docked if it is within the tape that surrounds the robots
home base. A robot can not take a legal shot if they are docked. Teams may choose to
emergency teleport their robot, removing it from the arena when it is not docked, at the cost of
10 points. A team may also lose 10 points if their robot shoots its own home base or if it collides
with a tall obstacle or the walls of the arena. Hitting the other robot does not count against either
team, and a robot shooting itself does not lose any points.
A team wins a round if they score the most points, where the team winning the most
rounds is considered the winner of the competition. In addition to the competition, each team is
each team is expected to accomplish four achievements: “Score a Hit on the Opponent’s Base”,
“Score a Hit on the Opponent’s Robot“, “Return Home”, and “No Collision Round”. The key to
fulfilling these achievements is to design as simply as possible an easily maneuverable robot
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with a reliable ball launcher, a good ability to detect obstacles and IR light, and code that
successfully integrates these abilities.
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Design
Mechanical Components
This robot is designed in a tiered style. Each tier serves a unique purpose. The general
strategy of the robot is shown in Figure 1. A more detailed description of the architecture can be
found below.

Figure 1: Robot Architecture
The bottom level contains 8 rechargeable batteries. The positioning of the batteries was
chosen to make the robot bottom heavy and prevent tipping over when going over floor
obstacles. The robot is driven by two motorized wheels and is stabilized with a caster. The
motors are mounted to this level with purchased mounts. The caster is mounted with a
customized laser cut mounting piece.
The second level is home to the circuitry, including both the Arduino Uno microcontroller,
and the breadboard which serves as the hub for all electrical connections. These components
are positioned here to provide greater accessibility to the sensors. Six infrared distance sensors
are mounted on this level for detecting obstacles. The mount is positioned on a lower level to
detect obstacles that are not tall. The mount is 3D printed.
The third level is approximately six inches off the ground so that it can easily detect the
beacon at the enemy’s home base. This level has five IR sensors to detect the enemy base.
Directly above this is the fourth level, which is home to the launcher. It is also approximately six
inches off the ground so that it can launch the ping pong ball horizontally into the opponent’s
base.
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The final (fifth) level is approximately twelve inches off the ground. This level will also
house another set of IR sensors. The purpose of this level is to detect opposing robots. The
height is chosen because the opposing robot has an IR beacon mounted on top of it. Since the
maximum height of the opponent is twelve inches, we want to be able to detect up to the
maximum height.
A computer render of the robot assembly can be found in Appendix 1. All of the parts
needed to build this robot are listed in Appendix 2. Detailed drawings of every part can be found
in Appendix 3. The material safety data sheet for acrylic is included in Appendix 6.
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Electronics
Turtlebot’s electronics systems can be split into five distinct subsystems, the drive
system, the object detection/avoidance system, the IR detection/tracking system, the trigger
mechanism, and the microcontroller. All of Turtlebot’s electronics were powered from a single
battery pack with eight Nickel Metal Hydride (NiMH) batteries. NiMH batteries were chosen
mostly for their rechargeability, allowing for the same eight batteries to be used throughout all
phases of testing and competition. These batteries output about 9.6 V DC on full charge, which
is sufficient to drive Turtlebot’s motors at nearly full speed.
Turtlebot’s drive system consists of two 168 RPM high-torque motors to provide
locomotion, as well as a LS298 H-bridge to power the motors. Turtlebot’s motors were chosen
to provide a good balance between motor speed and torque. The motors are high enough
speed to ensure that Turtlebot can make multiple trips around the arena during competition,
while at the same time providing enough torque to ensure that it could navigate the floor
obstacles with little difficulty. Since the motors cannot be driven directly from Turtlebot’s
microcontroller, a LS298 H-bridge used to drive the motors, chosen for its ability to drive both of
Turtlebot’s motors bidirectionally.
Turtlebot’s object detection system is made up of six Sharp IR sensors. The number of
sensors was limited by the number of analog input pins on Turtlebot’s microcontroller, but six
sensors proved sufficient. Sharp IR distance sensors work based on the reflection of IR light.
The sensors emit IR light from an emitter, which then reflects off of an object and returns to the
sensor into the receiver. The Sharp IR sensors were chosen over sonar distance sensors to
avoid the possibility of being jammed by opposing robot teams. Turtlebot’s object detection
system was based on a threshold system set on the microcontroller. The Sharp sensor
provides an analog value corresponding to a distance which is read by Turtlebot’s
microcontroller. If this value was less than the threshold set in the microcontroller’s code,
Turtlebot was determined to have approached an obstacle and thus triggered its obstacle
avoidance behavior
Six IR phototransistors were used for Turtlebot’s IR detection/tracking system. These
phototransistors were placed in two levels. The first of these levels had three phototransistors
aimed in front and to the right of Turtlebot and was placed at the height of the base’s IR beacon.
TheThe second level of IR phototransistors was placed higher up on the robot at an adjustable
height, such that it could be moved to the height that the opposing robot placed their beacon.
These IR phototransistors were aimed in front of the robot and to the left, toward the center of
the ring. Since these six IR phototransistors were used simply for IR detection, and not for
detecting the proximity of the IR source, the IR phototransistors were wired up with a 10
kilo-ohm resistor in parallel, thus putting them in a “trigger mode” with 0V to 5V swings when
any level of IR light above the threshold set by the resistance was detected. Using the IR
phototransistors in this way allowed for their use as digital sensors as opposed to analog
sensors, thus saving analog input puns on the microcontroller.
Turtlebot’s microcontroller is an Arduino Uno. The Arduino Uno was chosen for a
combination of its intuitive interface, size, and ability to easily code. The Arduino has six analog
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input pins, which allows for use six distance sensors, more than enough for this application.
The Uno also has 14 digital I/O pins, of which six can be used for PWM control. Of these digital
pins, thirteen were used: six for digital input from the IR phototransistors, six for motor direction
and speed control, and one to trigger the solenoid which actuates the cannon’s trigger
mechanism. The source code for Turtlebot can be found in Appendix 4.
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Materials and Manufacturing
Several primary manufacturing processes have been utilized in the production of this
robot. One important process is 3-D printing. A FDM 3D printer printing PLA has been used to
manufacture three key pieces of the robot. The sharp IR mount and the two IR phototransistor
mounts are 3D printed, with great success. 3D printing is important in manufacturing these parts
because it is easily, cheaply, and quickly able to create complex geometries that would be
difficult to construct through other methods. These three parts are not load bearing, so
imperfections and structural weaknesses of 3D printed pieces are not a concern. 3D printing
allows designs to efficiently and easily integrate with other parts of the robot, and provides rapid
prototyping capabilities.
Another crucial manufacturing process was laser cutting. Many pieces, even whole
assemblies, were manufactured in some part using a laser cutting machine. The material cut
with the laser cutter was acrylic sheets of various thicknesses ( less than or equal to .25”). The
main chassis components of the robot are manufactured through laser cutting, as all the
platforms are laser-cut acrylic. Additionally, the ping-pong ball launching system was
constructed primarily out of laser-cut acrylic. 8 separate laser cut pieces were adhered together
to tension a rubber band and form the launcher mechanism. Other parts of the robot were laser
cut as well, such as the caster mount. Laser cutting is a rapid and precise form of manufacturing
that allows rapid iteration and modification. Manufacturing time is very brief, and material is
readily available. In order to use a laser cutter as a manufacturing procedure, one is limited to
certain materials and generally limited to plate and sheet thicknesses of those materials. Acrylic
is a sturdy material compared to the loads and stresses expected under normal operation for
this robot. Acrylic is also easy to work with, and is effectively fastened with adherents such as
epoxy and hot glue. The tank battle robot must be able to carry sensors, a ping-pong ball
launcher, electronics, and drive itself around. Given these design constraints and goals, laser
cut acrylic is chosen as an effective and efficient material.
The majority of fastening and mechanical connection on the robot is achieved through
metal hardware. Four vertical threaded rods provide the backbone for the robot, with nuts
supporting the platforms and mounts at various heights. Other components, such as the motors,
the castor, and the sharp IR sensors are attached to the robot with nuts and bolts. Additional
fastening materials used are glue, double-sided tape, and solder. The fastening methods
chosen are sufficient such that the stability of the robot does not degrade during its life of
operation. The simplicity and standardization of the platforms, threaded rods, and nuts allows
for quick and easy adjustability for both maintenance and performance adjustments. Design
iteration was easy due to the constant skeleton upon which changes could be made without fully
re-designing the robot. Additionally, materials used were accessible and reliable, resulting in an
operable and consistent robot
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Strategy
Turtlebot’s code is divided into two distinct sections, a startup portion and a ... portion.
During the startup portion of the code, Turtlebot drives forward about two feet such that it is
outside the base, triggers its cannon, and then backs up the same distance such that it is back
in base. This portion of the code was implemented so that if Turtlebot was in base and the
other robot was stalled either in the field of play or in base, it could be shot reliably for points.
This technique could also be used to shoot the opponents base in some cases, however these
cases were more limited because due to the rules of the competition there is always an obstacle
in the middle of the field. After Turtlebot returns to base after the startup portion of the code,
Turtlebot can either be reset to repeat this portion of the code, or reloaded without resetting to
progress to the second portion of the code. The second portion of Turtlebot’s code is a wall
following algorithm. After Turtlebot is reloaded after the startup portion of the code, Turtlebot is
then aimed out of the right side of the base. After the reload delay, Turtlebot drives forward until
it encounters the wall. After it senses the wall, it turns 90 degrees and begins and begins to
follow the long wall of the arena by consistently making semi-circular turns to the right. It does
this until a point where its IR phototransistors detect a beacon. If the IR phototransistor in the
front of Turtlebot detected a beacon, Turtlebot triggered its cannon. If one of the IR
phototransistors on Turtlebot’s side detected a beacon, Turtlebot turned to the detected side
until the beacon was detected by the front IR phototransistor. After this IR detection loop
triggered and the ping pong ball was shot, either at the opposing robot or at the opponent’s
base, Turtlebot would again progress along the wall until it returned home to base. As
implementation of a compass proved too noisy for consistent results, there was no safeguard in
Turtlebot’s code which prevented it from shooting its own base. As such, if Turtlebot managed
to navigate around the field without shooting its ping-pong ball, Turtlebot would be immediately
retrieved upon returning to base to prevent own-base hits.
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Results/Conclusion
In competition, Turtlebot performed with mixed results. During the first round, the startup
portion of Turtlebot’s code worked as expected though no points were scored due to alignment
issues. The roaming section of Turtlebot’s code, however, did not function as expected.
Toward the end of the round, when Turtlebot was sent into the ring to roam, it did not follow the
wall properly and instead became “stuck” on the obstacle in the middle of the arena. Upon
approaching the obstacle, Turtlebot’s front left Sharp IR sensor triggered, causing it to turn to
the right. After turning, Turtlebot’s front right Sharp IR sensor triggered, causing Turtlebot to
turn to the left due to a coding error. This behavior then began to cycle, locking Turtlebot onto
the center obstacle without actually colliding with it. This behavior lasted for about a minute,
after which point the round ended. Turtlebot tied in round one of the competition, with a score of
0:0. In the first round, Turtlebot achieved two of the four objectives required for a grade, namely
“Return to Home” and “No Collision” round. Code patches were applied to Turtlebot between
rounds one and two to fix the error in object avoidance code which caused this locking behavior.
Turtlebot had more success in round two of the competition against “Bumblebee”. During
this round, Turtlebot’s startup code again functioned as expected. This time, however, Turtlebot
scored hits on the opponent base three times and once on the opposing robot while docked.
The roaming section of Turtlebot’s code again proved non-functional however, as upon leaving
base Turtlebot immediately collided with the wall, before backing up and continuing to track the
wall. Turtlebot won round two, with a score of 30:-10. In addition to winning the round, Turtlebot
achieved the final two of the four objectives it needed to for a grade, namely “Score a Hit on
Opponent Base” and “Score a Hit on Opponent Robot”.
Between rounds two and three of the competition, the triggering mechanism for
Turtlebot’s cannon broke. Paper which was stuck onto the trigger-arm of the launcher tore off,
thus reducing the friction between the rubber band and the triggering arm. This reduction in
friction caused the rubber band to slip off of the trigger arm before the solenoid was activated,
thus launching the ping-pong ball prematurely. Several attempts were made to fix the triggering
mechanism between rounds with little success. As this issue was not discovered until round
three began, most of round three of competition was spent attempting to load Turtlebot’s
cannon with no success. Turtlebot won round three without firing a single shot, with a score of
0:-10 due to a collision by the opposing robot.
With no triggering mechanism, round four of the competition was spent attempting to
demonstrate functional roaming behavior to no avail. The code patches applied to Turtlebot
ended up completely breaking Turtlebot’s obstacle avoidance behavior, causing multiple
collisions leading to emergency teleports. Turtlebot also showed in this round that it could not
navigate the 3/8” tall floor obstacle, as the washers which held up the floor of the robot were too
close to the floor to provide proper clearance.
While Turtlebot did not actually get the opportunity to demonstrate IR beacon detection
behavior during competition, as it never actually drove over to the other base, and the only other
round it faced another robot which left its base was round three which was spent trying to fix its
cannon, this behavior was demonstrated in in pre-competition testing.
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Appendix 1: Bill of Materials
Part Description

Source

Acrylic Sheet (18x32)

Canal Plastic

Motor Mount

Unit Price

Quantity

Price

18

1

18

Servo City

6.99

2

13.98

Motor

Servo City

24.99

2

49.98

Wheel

Robotshop

6.75

2

13.5

Wheel Hub

Robotshop

7.65

2

15.3

3D Printer Filament

Hatchbox

21.21

1

21.21

Sharp IR Sensor

Pololu

8.95

6

53.7

1/4-20 Threaded Rod

McMaster Carr

9.33

1

9.33

Wood Block

McMaster Carr

5.83

4

23.32

Solenoid Linear
Actuator

Robotshop

4.95

1

4.95

IR Phototransistor

Mouser

0.7

6

4.2

1/4-20 Nut

McMaster Carr

2.68

1

2.68

Caster

Pololu

2.99

1

2.99

Rubber Band

McMaster Carr

9.9

1

9.9

Arduino Uno

Arduino

25

1

25

Breadboard

Pololu

4.95

1

4.95

Half Breadboard

Pololu

3.75

1

3.75

H-Bridge

Mouser

4.41

2

8.82

Battery Holder

Pololu

1.99

1

1.99

Batteries

Pololu

2.39

8

19.12

Total

306.67
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Appendix 4: Source Code
/* This code demonstrates object detection and avoidance using 6 Sharp IR sensors */
#include <SharpIR.h> //include Servo library
#define model 1080
int launch=0;
int dir1PinA = 2; //In1
int dir2PinA = 6; //In2
int dir1PinB = 4; //In3
int dir2PinB = 5; //In4
int speedPinA = 9;
int speedPinB = 10;
int irRec1 = 13;
int irRec2 = 12;
int irRec3 = 11;
int irRec4 = 7;
int irRec5 = 8;
int irRec6 = 3;
int irVal1 = 0;
int irVal2 = 0;
int irVal3 = 0;
int irVal4 = 0;
int irVal5 = 0;
int irVal6 = 0;
const int ir1 = A0; //Sharp infrared sensor pin
const int ir2 = A1;
const int ir3 = A2;
const int ir4 = A3;
const int ir5 = A4;
const int ir6 = A5;
const int rightdangerThresh = 20; //threshold for obstacles (in cm)
const int leftdangerThresh = 30;
int dis1, dis2, dis3, dis4, dis5, dis6; //distances on either side
SharpIR sharp1(ir1, 25, 93, model);
SharpIR sharp2(ir2, 25, 93, model);
SharpIR sharp3(ir3, 25, 93, model);
SharpIR sharp4(ir4, 25, 93, model);
SharpIR sharp5(ir5, 25, 93, model);
SharpIR sharp6(ir6, 25, 93, model);
void setup()
{
pinMode (launch, OUTPUT);
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pinMode (dir1PinA, OUTPUT);
pinMode (dir2PinA, OUTPUT);
pinMode (dir1PinB, OUTPUT);
pinMode (dir2PinB, OUTPUT);
pinMode (speedPinA, OUTPUT);
pinMode (speedPinB, OUTPUT);
pinMode (ir1, INPUT);
pinMode (ir2, INPUT);
pinMode (ir3, INPUT);
pinMode (ir4, INPUT);
pinMode (ir5, INPUT);
pinMode (ir6, INPUT);
pinMode(irRec1, INPUT);
pinMode(irRec2, INPUT);
pinMode(irRec3, INPUT);
pinMode(irRec4, INPUT);
pinMode(irRec5, INPUT);
pinMode(irRec6, INPUT);
}
void loop()
{
//Drive forward, stop, shoot, then back up
delay(3000);
moveForward();
delay(3000);
motorAStop();
motorBStop();
shoot();
motorAReverse();
motorBReverse();
delay(3000);
motorAStop();
motorBStop();
delay(20000);
while (1==1)
{
int distanceFwd = sharp4.distance();
int dis1 = sharp1.distance();
int dis2 = sharp2.distance();
int dis3 = sharp3.distance();
int dis5 = sharp5.distance();
int dis6 = sharp6.distance();
int irVal1 = digitalRead(irRec1);
int irVal2 = digitalRead(irRec2);
int irVal3 = digitalRead(irRec3);
int irVal4 = digitalRead(irRec4);
int irVal5 = digitalRead(irRec5);
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int irVal6 = digitalRead(irRec6);
//Drive around avoiding obstacles and going towards the beacons
if(irVal1==1 || irVal4==1)
{
moveForward();
delay(500);
shoot();
}
if(irVal2==1 || irVal3==1)
{
turnLeft();
delay(500);
shoot();
}
if(irVal5==1 || irVal6==1)
{
turnRight();
delay(500);
shoot();
}
if (distanceFwd > leftdangerThresh) //if path is clear
{
moveForward();
delay(200);
}
if (distanceFwd < leftdangerThresh)
{
motorAReverse();
motorBReverse();
delay(100);
turnRight();
delay(200);
}
if (dis1 < rightdangerThresh)
{
motorAReverse();
motorBReverse();
delay(100);
moveForward();
delay(100);
}
if (dis2 < rightdangerThresh)
{
motorAReverse();
motorBReverse();
delay(100);
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turnRight();
delay(200);
}
if (dis3 < rightdangerThresh)
{
motorAReverse();
motorBReverse();
delay(100);
turnRight();
delay(200);
}
if (dis5 < leftdangerThresh)
{
motorAReverse();
motorBReverse();
delay(100);
turnRight();
delay(200);
}
if (dis6 < leftdangerThresh)
{
motorAReverse();
motorBReverse();
delay(100);
}
moveForward();
delay(100);
}
}
void shoot()
{
digitalWrite(launch, HIGH);
delay(2000);
digitalWrite(launch, LOW);
}
void motorAForward()
{
analogWrite(speedPinA, 200);
digitalWrite(dir1PinA, HIGH);
digitalWrite(dir2PinA, LOW);
}
void motorBForward()
{
analogWrite(speedPinB, 200);
digitalWrite(dir1PinB, HIGH);
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digitalWrite(dir2PinB, LOW);
}
void motorAReverse()
{
analogWrite(speedPinA, 200);
digitalWrite(dir1PinA, LOW);
digitalWrite(dir2PinA, HIGH);
}
void motorBReverse()
{
analogWrite(speedPinB, 200);
digitalWrite(dir1PinB, LOW);
digitalWrite(dir2PinB, HIGH);
}
void motorAStop()
{
analogWrite(speedPinA, 0);
digitalWrite(dir1PinA, LOW);
digitalWrite(dir2PinA, LOW);
}
void motorBStop()
{
analogWrite(speedPinB, 0);
digitalWrite(dir1PinB, LOW);
digitalWrite(dir2PinB, LOW);
}
void turnLeft()
{
motorAReverse();
motorBForward();
delay(100);
}
void turnRight()
{
motorBReverse();
motorAForward();
delay(100);
}
void moveForward()
{
motorAForward();
motorBForward();
}
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