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Micromouse is an engineering competition that involves building a miniature maze solving
robot. The goal of the competition is to have your robot find the center of a 16 by 16 cell maze
in as little time as possible. Each team has ten minutes for their micromouse to find the center of
the maze.

Minotaur Engineering has built a micromouse using small, fast DC motors mounted

to a PCB chassis that also holds all the equipment needed for the robot to function
autonomously.
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The purpose of this report is to describe Minotaur Engineering’s process of designing a DC
motor micromouse [1]. Additionally each component is explained and the reasons for choosing
to implement those components are given. The software that was used to control the
micromouse and calculate the shortest distance to the center of the maze is also illustrated in the
report. Finally it will portray the iterative process that was taken to construct the micromouse.
The Micromouse competition is a robotics competition that was started in the 1970’s by IEEE
that brings up a variety of engineering design problems. Competing teams are required to design
and build a completely autonomous maze-solving robot, otherwise referred to as a
“Micromouse.” Each Micromouse is given ten minutes of access to the Micromouse maze,
which consists of 16x16 square cells, each cell being 18cm x 18cm in length and width. The
Micromouse may not make contact with, traverse over, burn, destroy, or break the walls of the
maze. The goal of the Micromouse competition is to be able to navigate to the center of the
maze within the shortest amount of time.

Minotaur Engineering sought out to design a completely autonomous maze solving robot that
would be competitive in the upcoming 2015 IEEE Region 6 Micromouse competition. To
achieve our goal, we focused on creating a mouse that was both lightweight and able to achieve
high speeds. For this purpose, we chose DC motors as the locomotion system for our
Micromouse. To keep the robot lightweight, we designed a PCB board to hold all of the
components as well as to act as the chassis. In order to navigate the maze, the Micromouse
utilized IR sensors to detect the walls, magnetic encoders and gyroscope to provide positional
data, and a microcontroller unit to execute decision making logic.
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We desired a powerful microcontroller that was easy to program, had the necessary peripherals,
contained ample memory, was widely available, and cost effective; so we selected the
PIC32MX450F256H. The PIC32 was essentially the brains of our micromouse. To maximize
programmer productivity we used the MPLAB X Integrated Development Environment.

The PIC32MX450F256H is a microcontroller based on a 32-bit MIPS processor clocked at 80
MHz, which gives sufficient processing power and enabled us to take advantage of all the
functions we needed to utilize such as
·

Two external timer inputs for the motor encoders

·

Four analog inputs for IR sensors and to monitor battery voltage

·

SPI for gyro

·

Seven GPIOs: Five for the H-Bridge and two for user pushbuttons

·

Pulse Width Modulation (PWM) for motor control

During the PCB design phase we used the PIC32 Starter Kit to prototype all operations. This
enabled us to test our software in parallel to designing our hardware.

Microcontroller
Operating Voltage
General Purpose I/O Pins
Analog Input Pins
Clock Speed
DC Output Current
Flash Memory
SRAM

PIC32MX450F256H
2.3V – 3.6V
53
28
100 MHz
130 mA
256 KB
64 KB
Figure 1 - PIC32 Specifications
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In order to map the maze the micromouse first checks its current heading. It then reads its left,
right, and front IR sensors. Based on the heading and which sensors indicated a wall was present,
the wall matrix cell for the micromouse’s current position is updated. Then from the velocity
feedback of the encoders the micromouse calculates the distance traveled. The overall goal for
the mapping is for the micromouse to build a matrix of numbers counting from 16 down to 1. By
following this number trail, the micromouse will find its way to the center.

In order to get to the center of the maze the software utilizes a flood fill algorithm. To implement
this two matrices are created. The solving matrix contains integer values indicating the distance
from that cell to the specified target cell(s). The wall matrix contains integer values, which
represent the walls each cell contains.

To solve for the values of each cell the algorithm starts by filling all cells with a negative one
value. It then places zeroes in the target cell(s). A cell that is adjacent to the center has a value of
one placed in it. Nested for loops are used to fill in the values of each cell. The two inside for
loops fill all cells that both neighbor zero cells and have no walls between with one. The outside
for loop increments the distance to goal so on the second iteration all cells neighboring cells with
one’s would be filled with two’s. This continues until all cells have been assigned a value. The
figure shows the general idea of how the micromouse will solve the maze after the floodfill
algorithm has assigned values to every cell. In this example it will follow the numbers from 13
down to 1. The actual maze will follow numbers from 16 down to 1 as the maze is 16 cells by
16 cells in dimension.
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Figure 2 - Flood Fill Algorithm

To navigate the maze the micromouse uses both the cell matrix and the wall matrix. First it
checks its current heading. Then it checks to see if there is no wall between it and a neighbor cell
and if that neighbor cell contains a value one less than its current cell. If both conditions are true
then the micromouse moves in that direction and no other neighbors are checked. Priority is
given to the neighbor directly ahead of it as turning both slows the micromouse down and
increases chance for error. Before exiting the navigation routine the distance traveled is reset,
and interrupts are enabled.

The interrupt service routine runs every one millisecond. It checks distance traveled to see if the
micromouse has traveled one cell. If the micromouse’s cell position has changed, the heading is
checked and the micromouse’s current position is updated. If the new current position is the
target cell then the micromouse shuts down. If not, then mapping is enabled.
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The interrupt service routine also controls the motors in order to keep the micromouse moving
straight. The micromouse checks the left and right IR sensors to ensure that the micromouse
stays in the center of the maze. If the micromouse gets too close to either wall then the
micromouse slows down the motor on the opposite side to correct its course. If the micromouse
is not close to either wall it maintains its speed. The speed is controlled through the setRPM()
function, which gets called once per interrupt, passing desired speeds to control the left and right
motor depending on the criteria stated earlier.

Our robot is equipped with three pairs of IR sensors. Each pair has an OSRAM 720 – SFH4550
LED emitter and a VISHAY 782 – TEFT 4300 phototransistor receiver. These sensors use a
change of the light intensity to detect the distance of the objects in front of them. Because the
walls in the maze are white we achieved good results by using these sensors.

Figure 3 – IR Sensors
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The front pair is used to detect walls in front of the robot so the robot will be able to slow down
or speed up when necessary. The left and right pairs are used to keep the robot in the center of a
cell. In addition the left and right pairs are used to detect a “no side wall” condition in order to
prepare the robot for a possible turn if one of the two conditions is met:
1. There is a wall in front of the micromouse
2. The cell that the micromouse is currently in has been marked as visited by our mapping
algorithm.

Two graphs below represent data captured by our front and side receivers. As depicted in the
graphs, when robot gets closer to the wall the voltage starts to increase rapidly. We had to tune
our sensors to get the desired voltage swing for our ADC by changing the resistance of the
phototransistor. The front sensor is tuned to work effectively with in a 16 to 5 cm range. The
side sensors were tuned to work effectively with in a 7 to 1 cm range.

Figure 4 – Front IR Sensors Range Data
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Figure 5 – Side IR Sensors Range Data
Since our IR sensors take care of ambient light automatically we decided to keep front and side
emitters on all the times. This increases accuracy of positioning data and decreases complexity
of our software.
As soon as our robot is on, all of the Digital/Analog IO’s of the microcontroller are initialized
with initIO() function. After that all IR emitters turn on and start to emit. Reflected light is
detected by receivers and depending on the intensity of the light a voltage value will be assigned.
That voltage value is passed on to the 10-bit resolution ADC module. The ADC is constantly
sampling and converting voltages. Since the ADC is constantly processing voltages there is a
minimum time between calls to make sure the new analog voltages have been sampled [2].

During every scan cycle the voltage of AN10 will be sampled and converted because it has the
lowest analog pin number. After conversion for AN10 is over, AN12 will be sampled and
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converted followed by AN13 and AN25. Once all conversions are done the ADC interrupt flag is
set for ISR and samples are stored as a values from 0 - 1023.

Figure 6 – ADC Block Diagram

When accessing the ADC buffer we configured the ADC such that scans alternate between
writing to buffers ADC1BUF0 – ADC1BUF3 and ADC1BUF8 – ADC1BUB. On every interrupt
service routine information from the ADC buffer is used to adjust the PWM for motors in order
to make sure that desired velocity has been achieved. On every interrupt service routine we
compare the values from both side sensors to calculate the error and make necessary adjustments
to the motors PWM so the micromouse can drive straight.

We are using serial communications to debug and talk to the micromouse. In serial
communications only one data line is used for transmitting and receiving data bits. No more
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than four lines are typically used. Synchronized serial communications require an extra external
“clock” wire to control and sync data transfer while asynchronous exchange occurs without an
extra “clock” wire which means data transfer can occur at any time.

For example we are using SPI (Serial Peripheral Interface), which is synchronous, and UART
(Universal Asynchronous Receiver/Transmitter), which is asynchronous. The SPI protocol is
used to send data to and from our gyroscope and the UART in combination with our XBEE is
implemented to only receive and display the values from the gyroscope for debugging.

Achieving error-free data transfers using serial protocols require proper setup of the
communication protocols configuration for the components interacting. Communications work
because of a variety of signaling mechanisms that frame the data packets being sent and regulate
the rate at which the data is sent over the line. The size of the data packet and how the data is
framed should be known beforehand and should be configured to ensure that the correct number
of bits is being sent and received.

The Serial Peripheral Interface protocol is a serial communication protocol that operates using a
slave/master relationship. The microcontroller was used as the master that controls the data
frame, sets the chip select, and generates the clock signal used for syncing data transfer. We used
the SPI protocol for full duplex communication abilities to configure and get data from the gyro.

Before being able to use the SPI protocol to send and receive data we have to enable the SPI pins
on our microprocessor and setup the channel configurations in code. Our L3GD20H gyroscope
has a communication interface ready for SPI. The serial peripheral interface uses four wires: CS,
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SPC, SDI, and SDO. The CS line is the chip select line which needs to be driven low before data
can be sent/received. SPC is the Serial Port Clock which is the master clock that synchronizes
our data transfer to sample according to the clock. SDI and SDO are Serial Port Data
input/output (I/O) data lines for writing or reading to the device.

We needed to have a fast and stable response to changes in angular position. We used a
gyroscope to measure the change in rotational motion. That measured data was used as feedback
for our positional control system. The L3GD20H three-axis gyro is capable of measuring rotation
about the roll, pitch, and yaw axes. We only used the yaw (Z) axis because the micromouse only
had rotation about that axis.

We chose to interface with our gyroscope using serial peripheral interface because of its
simplicity and speed. The gyro data was sampled within our 1ms interrupt service routine with
the SPI clock frequency of 100KHz. All Microelectromechanical systems (MEMS) gyroscopes
suffer from some error, which can be associated with the manufacturing process of the sensor.
We empirically calculated the error in the gyro by taking samples while the micromouse was not
moving and averaging those values. We then took that average value and subtracted it from the
gyro output to get corrected samples from the gyro.

This corrected rate of change was summed overtime to give a positional change. This positional
change was compared to a set rotational change in position and the difference between the two
was the error in our rotational position control system. This error was applied to the DC gain of
our position controller which was used to set the PWM signal which drove the speed of the
motors. The figure below provides an illustration of this process.
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Figure 7 - Gyro Data Acquisition
The UART (Universal Asynchronous Receiver/Transmitter) chip allows for data transmission
and reception through the RX and TX serial ports on our microcontroller. The microcontroller
can always read from the UART because it is asynchronous communication. We implemented
the UART to help with debugging and prototyping.

Using an FTDI breakout board we were able to configure the UART to communicate with the
microcontroller and read from the UART buffer into RealTerm using a USB cord. The UART is
used for debugging and checking the output data from the gyroscope using SPI. To use the
UART we had to configure the Baud rate and enable the ports. The UART puts into its buffer the
calculated data after the SPI gathers the gyroscope z-axis register data. We used library functions
to implement the configuration and to put data into the buffer then read from that buffer.

XBEE’s are wireless transceivers that can send and receive data on serial ports. XBEE provides a
wireless communication interface controlled through UART to connect our micromouse to a PC.
This was especially useful for testing and debugging. We used the XBEE to wirelessly see our
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gyroscope’s rotational output and monitor register values in real time. The reason for this was to
optimize testing and simplify the process of getting the data from our peripheral equipment

One of the first design decisions that had to be made for our micromouse was to determine the
type of motors we were going to use. In keeping with our design goal of being lightweight and
high-speed we decided to go with DC motors instead of the conventional stepper motors. We
decided to select a 0.3 ounce DC motor with a no load speed of 30,000 RPM from Pololu.
Outfitted with a 10:1 reduction gear head the wheel output shaft speed is 3,000 RPM.

During our testing with the completed micromouse our motors would occasionally stall after
completing a course of several 90-degree turns due to having to operate the motors at a low
voltage to keep a stable low speed. The same motors with a higher reduction gear head like 30:1
or higher would have been a better selection to allow for the motors to operate at a higher voltage
and still running a low output shaft speed. In order to effectively control these DC motors our
design required a sensor that could provide accurate and high-resolution speed data.

Throughout the design process we tested three different encoders for our micromouse design.
The first being quadrature optical encoders from Pololu that required signal conditioning with
custom designed Schmitt triggers. The Schmitt triggers were needed because the output signals
from the encoders were noisy signals that needed to be made into clean digital inputs. After
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testing and an initial implementation on a PCB these encoders were verified to take up to much
space on our PCB. They also only provided 120 counts per wheel revolution which proved to
not be enough for our application [3].

We then tested the TCUT1200, which is a subminiature dual channel optical sensor with a
phototransistor output coupled with custom manufactured rotary encoder. This sensor suffered
from many of the same issues as the optical sensors from Pololu, those being that it did not have
the desired resolution we required and the output required signal conditioning with Schmitt
triggers. The main issue being the encoder wheels would break if not placed exactly in the right
location also vibrations during operation would cause the teeth to break.

Our third and final motor encoder sensor was a magnetic rotary encoder sensor. The AS5304
paired with a 22-pole pair magnetic ring that mounts to our custom 3D printed wheels. The
AS5304 was a complete package IC and is capable of creating a digital output signal with 880
pulses per revolution. This IC used the Hall effect to create a differential voltage signal as the
magnetic field changed within its proximity and converted this signal to a digital one. This
eliminated the need for any comparator or support type circuits and had a much higher resolution
than the previous encoders tested.
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Figure 8 - AS5304 Encoder Output
This IC did require us to design and fabricate a printed circuit for it to mount to in order to be
within 1 mm of the magnetic ring mounted to the wheel as specified in the data sheet. This PCB
design show was fairly easy to design and populate with the Magnetic Rotary Encoder IC and
it’s support components. This magnetic rotary encoder design idea came from our research on
the Project Futura Micromouse USA website, as were several other key components of our
micromouse [4].

The digital output signal of the motor encoders is sent to the PIC32 microcontroller into an
external timer input. This timer is capable of counting the number of pulses in essentially real
time without the use of an interrupt. An example of how this would work is shown in the
oscilloscope screenshot in Figure 8 and Equation 1 shows the formula of how to convert this
digital signal into the Motor RPM output.
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Equation 1 – AS5304 digital pulse to RPM conversion formula

Converting these digital pulses received in Timer 4 or Timer 5 of the PIC32 into RPM we
multiply that number 60 (seconds per minute) and divide that by the period of the interrupt
multiplied by 880 (encoder pulses per wheel revolution). Without this accurate high resolution
velocity data driving the micromouse straight would have been impossible. This velocity data
was also used to calculate the distance traveled in order to determine which cell of the maze the
micromouse was located for mapping and solving the maze.

The way our micromouse uses this velocity data to control the motors and keep the micromouse
driving straight is shown in Figure 9 with a modified proportional control closed-loop block
diagram. The difference of the desired RPM and measured RPM creates an error signal. This
signal then is then multiplied by a gain constant that was calculated through empirical testing
driving the micromouse. This value then becomes the duty cycle amount for the Pulse Width
Modulated (PWM) signal that gets sent to the H-Bridge and then to the DC motor.
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Figure 9 – DC Motor Proportional Control Block Diagram
The function that we created in the PIC32, setRPM(), takes in a desired RPM for the left and
right wheel. This provides a method to allow different desired RPMs of the left and right wheel
instead of just driving straight. This method of allowing one wheel to drive faster than the other
is how our micromouse centers itself between the walls with the aid of the IR sensor feedback.

Manufacturing of the PCB is one of the more important parts of our whole design. As we
planned on using fast, lightweight DC motors along with all the peripheral components needed to
make our micromouse fully autonomous, we did not want it to be big and bulky. So to prevent a
rat’s nest of wires and maintain a small design we had to design a PCB that was big enough to
mount all the components but small enough for us to utilize the DC motors to propel our
micromouse through the maze.

We used Altium Designer 14 for all of the schematic drawings and PCB design throughout the
project. The overall chassis design is seen in Figure 10 [5]. The length is 12.1 cm with a width
of 8.5 cm wheel to wheel. The wheels were placed more toward the back for balancing the
weight of the motors and preventing the wheels from clipping any part of the maze while in
operation.
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Figure 10 – PCB Chassis Top (Left) and Bottom (Right) layer
This compact design gives us good operation within the cells of the maze. This micromouse
weighed around 125 grams.

The infrared sensors are placed in the front as they act like the eyes of our micromouse. Three
overall infrared sensors were used on this design. One was placed pointing forward to sense any
walls directly in front of the micromouse. The other two sensors were placed on the sides behind
the front sensor, pointing at a 45-degree angle. This allowed the micromouse to see any
upcoming openings in the maze as well as see things that can obstruct the micromouse as it turns.

A second revision to this board was designed, made, and mostly populated. This board was
made as a backup in the event the first board became damaged to the extent it would no longer
work. This board ended up not needed since the first board lasted until the end of the project, but
in going forward to the UCSD IEEE competition this would likely be the board we would use.
This board revision included some improvements:
1. An additional forward looking IR receiver/transmitter to give the micromouse the ability
to detect corners easier.
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2. Moving the motor mount location closer to the edge of the board to allow the wheels to
mount more rigidly to the output shaft since it will be able to slide further onto the shaft.
3. Moving the location of the 3.3 voltage regulator further away from the PIC32 to allow for
better heat dissipation.
4. Many other minor footprint errors and location logistics that we were unaware of until
physically mounting all of the parts to the board.

One challenging thing when designing the PCB was that we did it on a two layer copper board.
Due to space and the amount of traces needed for all peripheral components. A lot of time and
planning went into this design. For example the PIC32 microcontroller was placed on the
underside of the micromouse as space permitted because we used through-hole mounts for the
Gyro, H-Bridge and XBEE which took more space. As well as placing the infrared sensors on
the topside in the front did not allow the PIC32 to be placed anywhere else.

As with any good design comes debugging of the hardware. We encountered instances where
traces burnt off the board or were ripped off by accident. To fix this we soldered jumper wires
between the bad traces.

The initial design called for a fuse to be soldered between two vias. This design was changed to
a through hole carrier implementation to allow us to change fuses easier after they went bad. If
we were to de-solder and solder, the board would have been ruined because the copper traces
were unable to take this abuse.
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One instance of a problem that needed troubleshooting was a bad ground between the battery
connection and the rest of the board. This caused some confusion as the micromouse kept
turning on and off while testing software. After a while of troubleshooting the battery ground
was found to be the issue. To alleviate this problem, a jumper was soldered between the battery
ground plane and the other ground plane of the board. This problem subsided and wasn’t seen
again.

Another issue we changed was the placement of the side infrared sensors. Originally the infrared
sensors were placed perpendicular from the front of the micromouse. Through testing we
realized placing them at a 45-degree angle was more suitable. With this new configuration we
were able sense cell openings from farther away in the maze allowing us to navigate more
effectively.

To supply our system with sufficient power for proper functionality, we decided to go with the
Turnigy lithium polymer battery which supplied our mouse with 7V and 180mAh with an added
capability of producing 4.5A of max current discharge. This specific battery was chosen due to
its compact size and extremely light weight, only adding an additional 13 grams onto our mouse.
With this battery, the mouse was able to run for approximately 13 minutes under normal
conditions, which satisfied our design constraint an operation time of 10 minutes.

To satisfy the specific power requirements of the XBEE, motor encoders, and gyro, we decided
to include an (LM1117) 5V regulator which kept the power supply to these components at a
steady 5V and 800mA.
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For the PIC32, IR sensors, and H-bridge configuration, we chose to implement the Analog
Devices (ADM7150ARDZ) 3.3V regulator which supplied a near constant 3.3V and 800mA to
these devices.

Minotaur engineering built a light weight DC motor micromouse capable of solving a 16
by 16 cell maze. The micromouse was designed and built successfully but not without problems
and obstacles along the way. The biggest hurdle in the design of our micromouse was the
hardware manufacturing of the PCB which led to software issues once the micormouse was built.
One recommendation would be to begin the PCB design earlier in the process. The PCB
should have been designed early in the semester and manufactured professionally. Due to
manufacturing limitations we were not able to use the microcontroller that we did most of our
software prototyping on. This was a major setback that cost at least three weeks during the
design process.
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Software Flowchart

i

Front IR Sensors with R2 being 24 kΩ for long-range object detection.

Side IR Sensors with R2 being 4.7 kΩ for short range object detection.

ii

Micromouse Schematics
iii

BILL OF MATERIAL
DESCRIPTION

QTY UNIT PRICE TOTAL

TB6612FNG Dual Motor Driver Carrier

1

4.95

4.95

10:1 Micro Metal Gearmotor HP w/ Extended Motor Shaft

2

16.95

33.90

L3GD20H 3-Axis Gyro Carrier with Voltage Regulator

1

12.95

12.95

Infrared Emitter - High Power Infrared 940 nm

3

0.33

0.99

Phototransistor 70V 100mW 925nm

3

0.564

1.69

Board Mount Hall Effect / Magnetic Sensors

2

9

18.00

Turnigy nano-tech 180mAh 2S 25C Lipo Pack

1

5.1

5.10

LDO VOLTAGE REGULATOR 800mA ULN LDO 3.3V

1

7.37

7.37

Linear Voltage Regulator - 5V - 1.5A - 3 Terminal

1

0.75

0.75

4A Fuse

1

0.56

0.56

Polulu Ball Caster with 3/8" Metal Ball

1

1.99

1.99

Polulu Wheel 32x7mm Pair - Black

2

4.98

9.96

Polulu Micro Metal Gearmotor Bracket Extended Pair

2

4.99

9.98

PIC32MX450F256H

1

5.03

5.03

RES 100 OHM 1/4W 5% 1206 SMD

5

0.1

0.50

RES 100K OHM 1/4W 1% 1206 SMD

2

0.10

0.20

RES 4.75K OHM

5

0

-

RES 24.3K OHM

1

0

-

RES 69.8K OHM

1

0

-

10uF Cap

6

0.1

0.60

1uF Cap

6

0

-

MOSFET (P ch)

1

1.19

1.19

BREAK AWAY MALE HEADER

2

1.5

3.00

26 PIN FEMALE HEADER

2

1.95

3.90

XBEE

1

0

-

Surface Mount LED GRN

1

0

-

Surface Mount LED RED

1

0

-

Surface Mount Pushbutton Switch

2

0

-

SUBTOTAL

122.61

TAX

9.81
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TOTAL

v

132.42
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Artem Tkach
IR Sensors
Our robot is equipped with three pairs of IR sensors. Each pair has an OSRAM 720 – SFH4550
LED emitter and a VISHAY 782 – TEFT 4300 phototransistor receiver. These sensors use a
change of the light intensity to detect the distance of the objects in front of them. Because the
walls in the maze are white we achieved good results by using these sensors.

Figure 3 – IR Sensors

The front pair is used to detect walls in front of the robot so the robot will be able to slow down
or speed up when necessary. The left and right pairs are used to keep the robot in the center of a
cell. In addition the left and right pairs are used to detect a “no side wall” condition in order to
prepare the robot for a possible turn if one of the two conditions is met:

A.

There is a wall in front of the micromouse

B.

The cell that the micromouse is currently in has been marked as visited by our mapping

algorithm.
Two graphs below represent data captured by our front and side receivers. As depicted in the
graphs, when robot gets closer to the wall the voltage starts to increase rapidly. We had to tune
our sensors to get the desired voltage swing for our ADC by changing the resistance of the
phototransistor. The front sensor is tuned to work effectively with in a 16 to 5 cm range. The
side sensors were tuned to work effectively with in a 7 to 1 cm range.

Figure 4 – Front IR Sensors Range Data

Figure 5 – Side IR Sensors Range Data
Since our IR sensors take care of ambient light automatically we decided to keep front and side
emitters on all the times. This increases accuracy of positioning data and decreases complexity
of our software.
As soon as our robot is on, all of the Digital/Analog IO’s of the microcontroller are initialized
with initIO() function. After that all IR emitters turn on and start to emit. Reflected light is
detected by receivers and depending on the intensity of the light a voltage value will be assigned.
That voltage value is passed on to the 10 bit resolution ADC module. The ADC is constantly
sampling and converting voltages. Since the ADC is constantly processing voltages there is a
minimum time between calls to make sure the new analog voltages have been sampled.

During every scan cycle the voltage of AN10 will be sampled and converted because it has the
lowest analog pin number. After conversion for AN10 is over, AN12 will be sampled and

converted followed by AN13 and AN25. Once all conversions are done the ADC interrupt flag is
set for ISR and samples are stored as a values from 0 - 1023.

Figure 6 – ADC Block Diagram
When accessing the ADC buffer we configured the ADC such that scans alternate between
writing to buffers ADC1BUF0 – ADC1BUF3 and ADC1BUF8 – ADC1BUB. On every interrupt
service routine information from the ADC buffer is used to adjust the PWM for motors in order
to make sure that desired velocity has been achieved. On every interrupt service routine we
compare the values from both side sensors to calculate the error and make necessary adjustments
to the motors PWM so the micromouse can drive straight.

Boris McDaniel
The purpose of this report is to describe Minotour Engineering’s process of designing a DC
motor micromouse. Additionally each component is explained and the reasons for choosing to
implement those components are given. The software that was used to control the micromouse
and calculate the shortest distance to the center of the maze is also illustrated in the report.
Finally it will portray the iterative process that was taken to construct the micromouse.
We needed to have a fast and stable response to changes in angular position. We used a
gyroscope to measure the change in rotational motion. That measured data was used as feedback
for our positional control system. The L3GD20H three-axis gyro is capable of measuring rotation
about the roll, pitch, and yaw axes. We only used the yaw (Z) axis because the micromouse only
had rotation about that axis.

We chose to interface with our gyroscope using serial peripheral interface because of its
simplicity and speed. The gyro data was sampled within our one millisecond interrupt service
routine with the SPI clock frequency of 100KHz. All Microelectromechanical systems (MEMS)
gyroscopes suffer from some error, which can be associated with the manufacturing process of
the sensor. We empirically calculated the error in the gyro by taking samples while the
micromouse was not moving and averaging those values. We then took that average value and
subtracted it from the gyro output to get corrected samples from the gyro.

This corrected rate of change was summed overtime to give a positional change. This positional
change was compared to a set rotational change in position and the difference between the two
was the error in our rotational position control system. This error was applied to the DC gain of
our position controller which was used to set the PWM signal which drove the speed of the
motors. The figure below provides an illustration of this process.

Throughout the design process we tested three different encoders for our micromouse design.
The first being quadrature optical encoders from Pololu that required signal conditioning with
custom designed Schmitt triggers. The Schmitt triggers were needed because the output signals
from the encoders were noisy signals that needed to be made into clean digital inputs. After
testing and an initial implementation on a PCB these encoders were verified to take up to much
space on our PCB. They also only provided 120 counts per wheel revolution which proved to
not be enough for our application.

We then tested the TCUT1200, which is a subminiature dual channel optical sensor with a
phototransistor output coupled with custom manufactured rotary encoder. This sensor suffered
from many of the same issues as the optical sensors from Pololu, those being that it did not have

the desired resolution we required and the output required signal conditioning with Schmitt
triggers. The main issue being the encoder wheels would break if not placed exactly in the right
location also vibrations during operation would cause the teeth to break.
Minotaur engineering built a light weight DC motor micromouse capable of solving a 16 by 16
cell maze. The mocromouse was designed and built successfully but not without problems and
obstacles along the way. The biggest hurdle in the design of our micromouse was the hardware
manufacturing of the PCB which led to software issues once the micormouse was built.
One recommendation would be to begin the PCB design earlier in the process. The PCB should
have been designed early in the semester and manufactured professionally. Due to
manufacturing limitations we were not able to use the microcontroller that we did most of our
software prototyping on. This was a major setback that cost at least three weeks during the
design process.

Darrin Parsons
Microcontroller

We desired a powerful microcontroller that was easy to program, had the necessary peripherals,
contained ample memory, was widely available, and cost effective; so we selected the
PIC32MX450F256H. The PIC32 was essentially the brains of our micromouse. To maximize
programmer productivity we used the MPLAB X Integrated Development Environment.
The PIC32MX450F256H is a microcontroller based on a 32-bit MIPS processor clocked at 80
MHz, which gives sufficient processing power and enabled us to take advantage of all the
functions we needed to utilize such as
·

Two external timer inputs for the motor encoders

·

Four analog inputs for IR sensors and to monitor battery voltage

·

SPI for gyro

·

Seven GPIOs: Five for the H-Bridge and two for user pushbuttons

·

Pulse Width Modulation (PWM) for motor control

During the PCB design phase we used the PIC32 Starter Kit to prototype all operations. This
enabled us to test our software in parallel to designing our hardware.

Microcontroller
Operating Voltage
General Purpose I/O Pins
Analog Input Pins
Clock Speed
DC Output Current
Flash Memory
SRAM

PIC32 Specifications
PIC32MX450F256H
2.3V – 3.6V
53
28
100 MHz
130 mA
256 KB
64 KB
Figure 1 - PIC32 Specifications

Nicholas Thorpe

Abstract
Micromouse is an engineering competition that involves building a miniature maze solving
robot. The goal of the competition is to have your robot find the center of a 16 by 16 cell maze in
as little time as possible. Each competitor has ten minutes for their mouse to find the center and
complete this goal.

Minotaur Engineering has built a micromouse using small, fast dc motors

mounted to a PCB chassis that also holds all equipment needed for a robot to function
autonomously.
Manufacturing PCB

Manufacturing of the PCB is one of the more important parts of our whole design. As we
planned on using fast, lightweight DC motors for speed we did not want it to be big and bulky.
So to prevent a rat’s nest of wires and maintain a small
design we had to design a PCB that was big enough to
mount all the components needed but small enough for us
to utilize the power from the DC motors to propel our
mouse through the maze.

The overall chassis design is seen in the figure. The
length is 12.1 cm with a width of 8.5 cm wheel to wheel.
This compact design gives us good operation within the

16 cm by 16 cm cells of the maze. This mouse weighed around 125 grams.

The wheels were indented in the design and placed more toward the back for balancing the
weight of the motors and preventing the wheels from clipping any part of the maze while in
operation.

The infrared sensors are placed in the front as they act like the eyes of our mouse. Three overall
infrared sensors were used on this design. One was placed pointing forward to sense any walls
directly in front of the mouse. The other two sensors were placed on the sides behind the front
sensor, pointing at a 90 degree angles originally, then altered to 45 degree angles. This allowed
the mouse to see any upcoming openings in the maze as well as see things that can obstruct the
mouse as it turns.

One challenging thing when designing the PCB was that we did it on a two layer copper board.
Due to space and the amount of traces needed for all peripheral components a lot of time and
planning went into this design. For example, the pic32 microcontroller was placed on the
underside of the mouse as space permitted because we used through-hole mounts for the Gyro,
H-Bridge and XBEE which took more space. As well as placing the infrared sensors on the
topside in the front did not allow the pic32 to be placed anywhere else.

Hardware Debugging

As with any good design comes debugging of the hardware. We encountered instances where
traces burnt off the board or were ripped off by accident. Other things like faulty or missed
circuits slowed down progress but we were still able to make our mouse work.

To fix bad traces on our mouse it was easy to add jumper wires. Traces were easily damage du
to the board material being delicate and our robot being exposed to the maze. One instance was
an over amperage that cause a trace to actually burn off. These were all fixed in a few minuets
and our mouse was back in the maze.

The initial design called for a fuse to be soldered directly to the board. This design was changed
to a through hole carrier implementation to allow us to change fuses without the use of soldering.
If we were to de-solder and solder, the board would have been ruined because the copper traces
were unable to take this use of heat.

Another issue that was changed was the placement of the side infrared sensors. Originally they
were placed to look 0 and 90 degrees at the front. This was found to not be the best way and
were bent to look now at a 0 and 45 degrees. This still allowed them to sense the distance from
the walls but now were able to see more obstructions as the mouse turned a corner. That is to
say if the mouse clipped the corner and was stuck. With the side sensors now at a 45 degree
angle, it was less likely to happen during operation within the maze.

One instance of a problem that shut the mouse down and needed troubleshooting was a bad
ground between the battery connection and the rest of the board. This caused some confusion as
the mouse kept turning on and off while testing software. After a while of troubleshooting the
battery ground was found to be the issue. To alleviate this problem a jumper was soldered
between the battery ground plane and the other ground plane of the board. This problem
subsided and wasn’t seen again.

A battery voltage issue also became a problem because we did not have a low voltage protection
circuit installed. The issue would cause the battery’s to completely drain due to over usage from
the mouse during testing. The battery cells were not supposed to dip below 3 each volts and this
happened a few times. To charge them back up we would have to hook them up to a power
supply and slowly add voltage. Once the voltage was back to 3 volts per cell we could put them
on the battery charger and complete the charge. This ruined two of our batteries.

Paul Sarmiento
The Micromouse competition is a robotics competition that was started in the 1970’s by IEEE
that brings up a variety of engineering design problems. Competing teams are required to design
and build a completely autonomous maze-solving robot, otherwise referred to as a
“Micromouse.” Each Micromouse is given ten minutes of access to the Micromouse maze,
which consists of 16x16 square cells, each cell being 18cm x 18cm in length and width. The
Micromouse may not make contact with, traverse over, burn, destroy, or break the walls of the
maze. The goal of the Micromouse competition is to be able to navigate to the center of the
maze within the shortest amount of time.
Minotaur Engineering sought out to design a completely autonomous maze solving robot that
would be competitive in the upcoming 2015 IEEE Region 6 Micromouse competition. To
achieve our goal, we focused on creating a mouse that was both lightweight and able to achieve
high speeds. For this purpose, we chose DC motors as the locomotion system for our
Micromouse. To keep the robot lightweight, we designed a PCB board to hold all of the
components as well as to act as the chassis. In order to navigate the maze, the Micromouse
utilized IR sensors to detect the walls, magnetic encoders and gyroscope to provide positional
data, and a microcontroller unit to execute decision making logic.
Power Management
To supply our system with sufficient power for proper functionality, we decided to go with the
Turnigy lithium polymer battery which supplied our mouse with 7V and 180mAh with an added
capability of producing 4.5A of max current discharge. This specific battery was chosen due to
its compact size and extremely light weight, only adding an additional 13 grams onto our mouse.

With this battery, the mouse was able to run for approximately 13 minutes under normal
conditions, which satisfied our design constraint an operation time of 10 minutes.

To satisfy the specific power requirements of the XBEE, motor encoders, and gyro, we decided
to include an (LM1117) 5V regulator which kept the power supply to these components at a
steady 5V and 800mA.

Steve Kuczka

Printed Circuit Board Design
Using a printed circuit board (PCB) to host all of our components and serve as the chassis was a
goal from the beginning of the project. We used Altium Designer 14 for all of the schematic
drawings and PCB design throughout the project. The first board we made was a breakout board
for the PIC32MX340F512H-80I/PT. This

breakout board

was used to facilitate

circuit design

verification and to

interface the

software with the

sensors or

hardware. After

testing on this

breakout board we

determined that we

needed to use a

different chip due

this PIC32 only having one external timer input for the motor
encoder inputs.
After some thorough research we decided to select the PIC32MX450F256H-80I/PT since
it had more than one external timer input and the ability for peripheral pin select (PPS). PPS is a
very useful function, it gives the capability to map registers to different pins. The second board
we made was the board we used for all of the mouse testing and the final Micromouse
competition. The design of this board is shown in Figure 1 showing the top layer in green and
bottom layer in red.
Figure 1 - Printed Circuit Board Top Layer (left) and Printed Circuit Board Bottom Layer (right)

A second revision to this board was designed, made, and mostly populated. This board
was made as a backup in the event the first board became damaged to the extent it would no
longer work. This revision included some improvements:
1. An additional forward looking IR receiver/transmitter to give the mouse the ability to
detect corners easier.
2. Moving the motor mounting location closer to the edge of the board to allow the wheels
to mount more rigidly to the output shaft since it will be able to slide further onto the
shaft.
3. Moving the location of the 3.3 voltage regulator further away from the PIC32 to allow for
better heat dissipation.
4. Many other minor footprint errors and location logistics that we were unaware of until
physically mounting all of the parts to the board.
DC Motor
One of the first design decisions that had to be made for our mouse was to determine the
type of motors we were going to use. In keeping with our design goal of being lightweight and
high-speed we decided to go with a DC motor instead of the conventional stepper motor. We
wanted to use a Faulhauber 1717 motor as it is basically the standard motor in the international
MicroMouse competition with it’s high speed, high quality manufacturing, and ability to have a
built in motor encoder with a digital output of 512 pulses per motor revolution. The fastest these
motors could be procured was two months and therefore we decided to select a 0.3 ounce DC
motor with a no load speed of 30,000 RPM from Pololu outfitted with a 10:1 reduction gear head
bringing the output shaft speed to 3,000 RPM.

During our testing with the completed mouse our motors would occasionally stall after
completing a course of several 90 degree turns due to having to operate the motors at a low
voltage to keep a stable low speed. The same motors with a higher reduction gear head like 30:1
or higher would have been a better selection to allow for the motors to operate at a higher voltage
and still running a low output shaft speed. In order to effectively control these DC motors our
design required a sensor that could provide accurate and high-resolution speed data.
Magnetic Rotary Encoder
Our third and final motor encoder sensor was a magnetic rotary encoder sensor, the
AS5304 paired with a 22-pole pair magnetic ring that mounts to our custom 3D printed wheels.
The AS5304 was a complete package IC is capable of creating a digital output signal with 880
pulses per revolution. This IC used the Hall effect to create a differential voltage signal as the
magnetic field changed
within its proximity and
converted this signal to a
digital one. This eliminated

the

need for any comparator or
support type circuits and
a much higher resolution

had
Figure 2 – Oscilloscope Screenshot of AS5304 Magnetic Rotary Encoder
Output

than

the previous encoders
tested.

This IC did require us to design and fabricate a printed circuit for it to mount to in order
to be within ____ mm of the magnetic ring mounted to the wheel as specified in the data sheet.

This PCB design show in Figure ____, was fairly easy to design and populate with the IC and
it’s support components. This magnetic rotary encoder design idea came from our research on
the Project Futura Micromouse website, as were several other key components of our mouse [1].
The digital output signal of the motor encoders is sent to the PIC32 microcontroller into
an external timer input. This timer is capable of counting the number of pulses in essentially real
time without the use of an interrupt. An example of how this would work is shown in the
oscilloscope screenshot in Figure 1 and Equation 1 shows the formula of how to convert this
digital signal into the Motor RPM output.
Converting these digital pulses received in Timer 4 or Timer 5 of the PIC32 we multiply that
number 60 (secs/min) and divide that by the period of the interrupt multiplied by 880 (encoder
pulses/wheel revolution).

Equation 1 – AS5304 digital pulse to RPM conversion formula

Without this accurate high resolution velocity data driving the mouse straight would have
been impossible. This velocity data was also used to calculate the distance traveled in order to
determine which cell of the maze the mouse was located in for mapping and solving the maze.

PIC32 Motor Control
So, the way our mouse uses this velocity data to control the motors and keep the mouse
driving straight is shown in Figure 2 with a modified proportional control closed-loop block
diagram. The difference of the desired RPM and measured RPM creates an error signal. This

signal then gets multiplied by a gain constant that was calculated through empirical testing
driving the mouse. This value then becomes the duty cycle amount for the Pulse Width
Modulated (PWM) signal that gets sent to the H-Bridge and then to the DC motor.

Figure 3 – DC Motor closed-loop proportional control block diagram

The

function that we

created in the PIC32, setRPM(), takes in a desired RPM for the left and right wheel. This
provides a method to allow different desired RPMs of the left and right wheel instead of just
driving straight. This method of allowing one wheel to drive faster than the other is how our
mouse centers itself between the walls with the aid of the IR sensor feedback.

William Sin
Mapping the Maze

In order to map the maze the micromouse first checks its current heading. It then reads its left,
right, and front IR sensors. Based on the heading and which sensors indicated a wall was present,
the wall matrix cell for the micromouse’s current position is updated. Then from the velocity
feedback of the encoders the micromouse calculates the distance traveled. The overall goal for
the mapping is for the micromouse to build a matrix of numbers counting from 16 down to 1. By
following this number trail, the micromouse will find its way to the center.
Solving the Maze

In order to get to the center of the maze the software utilizes a flood fill algorithm. To implement
this two matrices are created. The solving matrix contains integer values indicating the distance
from that cell to the specified target cell(s). The wall matrix contains integer values, which
represent the walls each cell contains.
To solve for the values of each cell the algorithm starts by filling all cells with a negative one
value. It then places zeroes in the target cell(s). A cell that is adjacent to the center has a value of
one placed in it. Nested for loops are used to fill in the values of each cell. The two inside for
loops fill all cells that both neighbor zero cells and have no walls between with one. The outside
for loop increments the distance to goal so on the second iteration all cells neighboring cells with
one’s would be filled with two’s. This continues until all cells have been assigned a value. The
figure shows the general idea of how the micromouse will solve the maze after the floodfill
algorithm has assigned values to every cell. In this example it will follow the numbers from 13

down to 1. The actual maze will follow numbers from 16 down to 1 as the maze is 16 cells by
16 cells in dimension.

Figure 2 - Flood Fill Algorithm
Navigating the Maze

To navigate the maze the micromouse uses both the cell matrix and the wall matrix. First it
checks its current heading. Then it checks to see if there is no wall between it and a neighbor cell
and if that neighbor cell contains a value one less than its current cell. If both conditions are true
then the micromouse moves in that direction and no other neighbors are checked. Priority is
given to the neighbor directly ahead of it as turning both slows the micromouse down and
increases chance for error. Before exiting the navigation routine the distance traveled is reset,
and interrupts are enabled.

BILL OF MATERIAL
DESCRIPTION
TB6612FNG Dual Motor Driver Carrier
10:1 Micro Metal Gearmotor HP w/ Extended Motor
Shaft

QT
Y

UNIT
PRICE

TOTAL

1

4.95

4.95

2

16.95

33.90

L3GD20H 3-Axis Gyro Carrier with Voltage Regulator

1

12.95

12.95

Infrared Emitter - High Power Infrared 940 nm

3

0.33

0.99

Phototransistor 70V 100mW 925nm

3

0.564

1.69

Board Mount Hall Effect / Magnetic Sensors

2

9

18.00

Turnigy nano-tech 180mAh 2S 25C Lipo Pack

1

5.1

5.10

LDO VOLTAGE REGULATOR 800mA ULN LDO 3.3V

1

7.37

7.37

Linear Voltage Regulator - 5V - 1.5A - 3 Terminal

1

0.75

0.75

4A Fuse

1

0.56

0.56

Polulu Ball Caster with 3/8" Metal Ball

1

1.99

1.99

Polulu Wheel 32x7mm Pair - Black

2

4.98

9.96

Polulu Micro Metal Gearmotor Bracket Extended Pair

2

4.99

9.98

PIC32MX450F256H

1

5.03

5.03

RES 100 OHM 1/4W 5% 1206 SMD

5

0.1

0.50

RES 100K OHM 1/4W 1% 1206 SMD

2

0.10

0.20

RES 4.75K OHM

5

0

-

RES 24.3K OHM

1

0

-

RES 69.8K OHM

1

0

-

10uF Cap

6

0.1

0.60

1uF Cap

6

0

-

MOSFET (P ch)

1

1.19

1.19

BREAK AWAY MALE HEADER

2

1.5

3.00

26 PIN FEMALE HEADER

2

1.95

3.90

XBEE

1

0

-

Surface Mount LED GRN

1

0

-

Surface Mount LED RED

1

0

-

Surface Mount Pushbutton Switch

2

0
SUBTOTAL 122.61
TAX 9.81
TOTAL 132.42

-

Winnie Dinh
Serial Communication
Serial communication is the exchange of data bits between devices sequentially one bit at
a time synchronously or asynchronously. Data exchange between our gyroscope and our
microprocessor can only occur if they share a common communication protocol and
configuration. In our project, we are using serial communications to debug and talk to our
gyroscope. Parallel communications differ from serial communications with the use of larger
busses of data and multiple bits of data transferring at the same time. In serial communications,
only one data line is used for transmitting and receiving data bits, no more than four are typically
used. Synchronized serial communications require an extra external “clock” wire to control and
sync data transfer while asynchronous exchange occurs without an extra “clock” wire which
means data transfer can occur at any time. For example, we are using SPI(Serial Peripheral
Interface) which is synchronous and UART(Universal Asynchronous Receiver/Transmitter)
which is asynchronous. The SPI protocol is used to send data to and from our gyroscope and the
UART in combination with our XBEE is implemented to only receive and to display the values
from the gyroscope for debugging.
Achieving error-free data transfers using serial protocols require proper setup of the
communication protocols’ configuration for the components interacting. Communications work
because of a variety of signaling mechanisms that frame the data packets being sent and that
regulate the rate at which the data is sent over the line. The size of the data packet and how the
data is framed should be known beforehand and should be configured to ensure that the correct
number of bits is being sent and received. Whether to use or not to use a parity bit to error check
that the correct number of bits have been sent can also be configured. Most importantly for all

communications, the Baud rate needs to be correctly set. The Baud rate is what regulates how
fast data is sent and read. The higher the baud rate, the faster the data is being transferred.
Standard Baud rate where speed is not a main concern is around 9600 bits per second. Since we
are interested in a quicker data exchange rate, we are using a Baud rate of 115200 bps for all our
communications.
SPI
The Serial Peripheral Interface protocol is a serial communication protocol that operates
using a slave/master relationship. The microcontroller is being used as the master that controls
the data frame, sets the chip select, and generates the clock signal used for syncing data transfer.
We will be using the SPI protocol for full duplex communication abilities to configure and get
data from the gyro.
Before being able to use the SPI protocol to send and receive data, we have to enable the
SPI pins on our microprocessor and setup the channel configurations in code. Our L3GD20H
gyroscope has a communication interface ready for SPI. The serial peripheral interface uses four
wires: CS, SPC, SDI, and SDO. The CS line is the chip select line, which needs to be driven low
before data can be sent/received. SPC is the Serial Port Clock, the master clock that is
synchronizing our data transfer to sample according to the clock. SDI and SDO are Serial Port
Data I/O data lines for writing or reading to the device. Our gyroscope has the option to
communicate using three wires or four wires. In three wire mode, the only I/O data line we need
is the SDI. Using three wire mode, we send the necessary bits to flag whether we are writing or
receiving data and the address of which register we wish to write to/read from.

SPI Protocol in 3-wires Mode

The timing diagram above is taken from the gyroscope’s datasheet shows how the SPI
works in three wire mode. Using SPI, we set the RW bit to either 1 for read or 0 to write, MS bit
to 0 not to increment or 1 to auto-increment, and finally the address of the register we want to
access in AD(5:0). The data we want to read or write will follow on the SDI data line as D(7:0).
As you can see, the data transfer happens synchronously using the Serial Port Clock. Overall,
there are 16 bits that get sent on the data line.
We are only interested in the feedback read from the z-axis register from the gyroscope to
confirm whether or not our mouse has completed a turn. Accessing the z-axis register requires
sending a read bit to and the address of the z-axis. Although this was expected to work, there
were some complications initially getting any feedback from the gyroscope. Initially, we had to
reduce the clock frequency to about 100 kHz. This reduction helped clean up some of the
synchronization issues and regulates the clock at a more appropriate frequency. Instead of using
the microcontroller’s chip select pin, we instead set a general I/O pin high initially, then set it to
low right before we wish to do any communication. After still not receiving meaningful
feedback, looking at the SPI data lines using the oscilloscope and checking the timing on those
signals, we noticed some bits being shifted and maybe some contention. As a result, the data
being sent in was read incorrectly by the gyro. In order to get the proper data to the gyroscope,

we had to bit shift right once for all the values we wanted to send to get a signal output similar to
that on the datasheet for the gyroscope.
UART
The Universal Asynchronous Receiver/Transmitter (UART) chip allows for data
transmission and reception through the RX and TX serial ports on our microcontroller. UART
converts parallel data to serial data FIFO with start and stop bits to frame the data. A
microcontroller can always read from the UART whenever because of its’ asynchronous
behavior. Implementing the UART is to see what our micromouse is thinking and help us debug
issues with calculations or feedback data.
Using an FTDI breakout board, we were able to configure the UART to communicate
with the microcontroller and read from the UART buffer into RealTerm using a USB cord. The
UART is used for debugging and checking the output data from the gyroscope using SPI. To use
the UART, we had to configure the Baud rate and enable the ports. The UART puts into its
buffer the calculated data after the SPI gathers the gyroscope z-axis register data. We used
library functions to implement the configuration and to put data into the buffer then read from
that buffer.
XBEE
Xbees are wireless transceivers that can send and receive data on serial ports. XBee
provides a wireless communication interface, controlled through UART, to connect our
micromouse to a PC. For testing and debugging, we wanted to use the XBee to wirelessly see our
gyroscope’s rotational output. The reason for this was to optimize testing and simplify the
process of getting the data from the gyroscope.

