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Abstract 
Given an omni-directional mobile platform using four Mecanum wheels, it 
requires further a capability being programmed to achieve various motion 
behaviours and intelligence. This paper describes an undergraduate solution 
to the problem involving both hardware and software developments. Two 
optical mice were attached to the front and rear of the robot giving positional 
feedback for closed-loop control and dead-reckoning for navigation and a 
Mitsubishi M16C/62 microcontroller was interfaced to all those TTL 
compatible devices and subsequently programmed to implement various 
robotic behaviours. A closed-loop control scheme using three independent 
PID controllers was implemented to follow three degrees-of-freedom 
motions. The path following performance of the robot was tested in both 
open-loop and closed-loop modes and the optical mice were found to be a 
promising but inexpensive sensor to the dead-reckoning for robot motion 
control.. 
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1. INTRODUCTION 
Mecanum wheel was designed in Sweden in 1975 [1]. Using four of these wheels 
provides omni-directional movement for a vehicle without needing a conventional 
steering system[2,3,4,5,6]. The wheel itself consists of a hub carrying a number of 
free moving rollers angled at 45° about the hub's circumference. The rollers are 
shaped such that the overall side profile of the wheel is circular. However, slipping is 
a common problem in the Mecanum wheel, particularly when the robot moves 
sidewise, as it has only one roller with a single point of ground contact at any one 
time. The severe slippage prevents the most popular dead-reckoning using rotary 
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shaft encoders [7,8] from being performed well on the Mecanum robot. To cope with 
the problem, visual dead-reckoning was used as an anti-slip sensor to complement 
the shaft encoders [9,10,11]. This technique, including optical mouse, makes use of 
an on-board video-camera continuously capturing frames of the ground beneath and 
image processing hardware on the robot determining the speed and direction in 
which the current frame has moved relative to the previous frame thus allowing the 
speed and direction of that point of reference to be calculated. However, the visual 
dead-reckoning using single camera or optical mouse could not provide all three-
degree-of-freedom positional information for robot navigation and motion control.  

 The research presented in this paper started upon an existing omni-directional 
platform built of  a box-like aluminium chassis, four electric window winder motors 
and four Mecanum wheels[12]. The aim of this project was to provide the platform 
with motion control that could be programmed to accommodate various robotic 
behaviours specified. With respect to the path following behaviour, two optical mice 
were attached to give positional feedback for closed-loop control and dead-reckoning 
for navigation and a Mitsubishi M16C/62 microcontroller was interfaced and 
programmed to implement robotic behaviours.  
 
2. MECANUM MOBILE ROBOT PLATFORM 
The motor and Mecanum wheel assembly at each corner of the chassis was mounted 
on a single shaft that allowed one degree-of-freedom between it and the chassis 
about the longitudinal axis. As shown in Figure 1, its electronics were mounted on 
top of the chassis; a Liquid Crystal Display (LCD) display was screwed up to the 
inside surface of the cover and power and program switches were positioned on the 
side of the cover; and a 18Ahr Sealed Lead-Acid was mounted beneath the robot 
platform. Major physical properties were measured and given in Table 1. 
 The robot uses four used automotive electric window winder motors to drive the 
Mecanum wheels. These units are powered by a 12V DC motor which in turn is 
connected to a self-contained worm drive reduction. The output gear is connected via 
a rubber cush drive. A quad MOSFET and relay H-Bridge driver circuit was 
designed to drive the motor. Each H-Bridge circuit consisted of one logic-level N-
Channel 45Amp power MOSFET (PHB 45N03LT) and a Double-Pole Double-
Throw (DPDT) relay. A signal transistor was used to interface the relay with logic-
level signals. A Schottky diode was placed across the relay to catch transient voltage 
spikes generated during the high speed switching of the MOSFET as a result of the 
inductive nature of motor coils. 
 In order to give the existing robot any intelligent functionality some form of on-
board processor was essential. Microcontrollers are ideally suited for such an 
application as they are compact, have many built-in hardware features such as timers 
and UARTS, have a significant number of digital I/O lines and have low power 
requirements. The essential microcontroller specification for this project was its 
ability to generate four independent PWM signals at frequencies greater than 15 kHz 
and with at least 8-bit resolution at these high frequencies. Other general 
requirements were: high speed operation to ensure environmental data could be 
processed at real-time, large RAM and ROM for complex algorithms, at least four 
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10-bit Analogue-To-Digital Converters (ADCs) to interface a sensory array and more 
than 30 digital I/O lines to interface peripherals such as an LCD display. The 
Mitsubishi M16C/62 was employed as it met the requirements. The board contains 
many functions such as built-in timers, both hardware and software interrupts, A-D 
conversion and 87 digital I/O lines. Its other major features are: 256KB ROM, 20KB 
RAM, two 7-segment LEDs, 16MHz main clock & 32KHz subclock, reset IC, 
switches, 5V regulator, RS232 driver chip, 96-pin DIN connector for application 
board interface. 
 

 
 
Fig 1 Mecanum wheeled mobile robot 
 
Table 1 Physical properties of robot platform 
Wheels Chassis Overall 
Diameter 150 mm Length 463 mm Length 543 mm 
Width 75 mm Width 260 mm Width 460 mm 
Mass 1.94 kg Height 203 mm Height 218 mm 
Moment of Inertia 0.00546 kgm² Mass 12.15 kg Mass 19.91 kg 
Number of Rollers 9 Moment of Inertia 0.223 kgm²   
Motor Torque 8.16 Nm     
 
 
3. OPTICAL MICE FOR DEAD-RECKONING 
Both navigation and path following require the robot know its location. It was 
considered that a system using optical mice would provide greater flexibility when 
compared to other options (e.g., shaft encoder based dead reckoning, image based 
line following, beacon reference system). An optical mouse has a tiny camera, a 
Digital Signal Processor (DSP) and microcontroller on-board which can provide a 
continuous data stream of x and y movements. Since an optical mouse can only 
measure translational movement not rotational movement, two optical mice would be 
needed to sense motion in the robot’s three degrees-of-freedom. By placing a mouse 
at either end of the robot, the difference between the front and rear displacements is 
proportional to the angular rotation of the robot. 
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3.1  PS/2 protocol for optical mouse 
Optical mice that were readily available could be interfaced via either the USB or 
PS/2 protocol. However, since the M16C/62 microcontroller does not have USB 
capabilities, a software PS/2 driver was derived and written from the specifications 
for the PS/2 mouse protocol [13]. 
 The PS/2 protocol uses a two wire bi-directional serial bus. Both wires are open 
collector and are only required to be pulled low by the host (microcontroller). One 
wire is the clock signal which is provided by the device (mouse) at anywhere 
between 10 and 20 kHz. The clock line can be held low by the host to inhibit the 
PS/2 bus. In this scenario the device will accumulate displacement until it overflows 
at which point data is lost. The second wire is the data signal which uses standard 
serial framing, one start bit, eight data bits, an odd parity bit and one stop bit (8-O-1).  
The Least Significant Bit (LSB) of the data is always sent first. The Clock line of the 
PS/2 bus is connected to a general purpose I/O line and the Data line is connected to 
one of the hardware interrupt lines of the M16C/62 microcontroller. 
 
3.2   M16C/62 software driver for optical mouse  
The software driver written for the M16C/62 waits for the mouse to complete its 
power up self test and then issues a command to the mouse to enable data reporting. 
By default, the mouse starts up in stream mode in order to continually generate x and 
y displacement data. This data is relative to the previous set of data whenever there is 
motion. However, the data is only transmitted on the PS/2 bus if data reporting is 
enabled. The acknowledge command is then expected to be returned, if it is not, the 
user is requested to reset the system. Once the mouse is initialised, the Clock line is 
held low by the microcontroller to inhibit the bus. At this point the main program is 
able to allow the Clock line to float high and read the data in when an interrupt is 
caused on the Data line. In default start up, the mouse operates in a standard PS/2 
compatible mode. The data sent in this mode consists of a three byte packet. The first 
byte is a header, the second is the x data and the third the y data. The optical 
mouse provides approximately 400 CPI (counts per inch) but testing proved that a 
value of 430 CPI, or 17 counts per mm was needed to properly calibrate the 
displacement data given by the mouse. The movement data is in 9-bit two’s 
complement, with the ninth bit located in the packet header. The mouse can also 
utilise the corresponding overflow bit in the header to increase its displacement 
accumulation buffer to 10-bit two’s complement (± 512 counts). This limits the 
displacement of the mouse between readings to 512/17 = 30mm per reading. To 
enable the mouse to travel at 1m/sec it would need to be serviced every 30/1000 = 
0.03 seconds.  
 
 
3.3   Testing 
A mouse was temporarily attached to the front of the robot to test whether the 
performance of the measurement provided would be sufficient in the application. The 
tests showed that the optical mice provided better than 1% accuracy when the 
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displaced measurement was compared to that given by a tape measure. Parity errors 
did occur but were very infrequent. The errors were most likely to occur if the mouse 
data cable was placed in close proximity to any one of the DC motors. To minimise 
the noise to which the data cables were subjected they were routed centrally down 
the chassis, while the DC motor power cables were routed through the side rails. 
 The final stage in fully implementing the optical mice on the robot was to create 
mounting brackets to hold the mice securely in the x and y-direction. Because the 
mice needed to be sitting flush with the ground it was necessary to implement some 
system to allow vertical movement. The mice were stripped down to the base and 
four shafts were mounted, one in each corner. These shafts were free to slide up and 
down in holes in the mounting bracket. 
 
4.  PLANNED PATH MOTION 
4.1   Open loop testing 
With the mice installed it was possible to assess the open loop performance of the 
robot quantitatively, thus creating a benchmark for any further development. A 
standard planned path was designed that would provide the best assessment of the 
specifications. The path consisted of straight forwards, reverse, sideways and 45° 
diagonal lines. The 45° diagonal path was considered to be the most demanding of 
the robot as it is only driving with two wheels to achieve this direction. The standard 
testing path is shown in Figure 2. Due to the limited space available for testing, the 
maximum displacement from the centre of the course was 800mm. Table 2 gives the 
Cartesian coordinates for the path as used in the software. 
 
Table 2  Planned path cartesian coordinates 
 0 1 2 3 4 5 6 7 8 9 
X 0 0 800 0 -800 -800 0 800 800 0 
Y 0 800 800 0 -800 0 0 0 -800 0 

 
The speed for forward and reverse movement was 152.88 mm/sec which gives 5.25 
sec for 800 mm, the speed for sidewise movement was 152.28 mm/sec which gives 
5.25 sec for 800 mm and the speed for diagonals was 167.19 mm/sec which gives 
6.77 sec for 1130 mm. Using trigonometry functions the robot’s local motion was 
converted into world motion according to its instantaneous angle of rotation. This 
was done in real time on-board the microcontroller. To enable the positional data to 
be logged from the robot, an on-board UART and its associated RS232 connector 
was used to stream data to a laptop computer that logged the data via a terminal 
program – Tera Term. The logged data was plotted using Excel and compared with 
the ideal path. An example of the data received is shown in Figure 2. It can be seen 
that the robot’s open loop path only resembles the desired path for the first leg. Any 
motion required other than forward or reverse displayed poor performance as initial 
qualitative testing indicated. 
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Fig 2  Open Loop Path Following Performance 
 
4.2  Closed-loop control 
In order to let the robot follow a planned path a closed loop control in Cartesian 
space was required. The simplest form of control for this multi-input, multi-output 
system is an array of Proportional Integral Derivative (PID) controllers as it requires 
no modelling of the system and is efficient to calculate for use in a fast acting real 
time application. The speed of the robot in the x and y-direction and rotation is 
controlled to bring the robot to the desired position otherwise known as a velocity 
servo controller. The problem was simplified by controlling the rotational position of 
the platform to a set-point of 0° and so simplifying the task of the microcontroller as 
the need to calculate trigonometry functions at real time which is highly demanding 
on the processor was alleviated. The set-points for the x, y and rotational speed 
controllers are proportional to the error between the desired x, y and rotational 
position and the actual positions. The desired value for the x and y position is 
calculated from the equation for a straight line (y = mx + c), between the previous 
and the current destination.  
 The three PID controllers were tuned using the Zeigler-Nichols Ultimate Gain 
method [14] via three potentiometer voltage dividers connected to ADCs on the 
microcontroller. These were continuously scanned and scaled appropriately. Refer to 
Table 3 for the actual PID tuning constants. The software also streamed positional 
data through the UART to be logged and analysed by a PC. The path followed by the 
robot using closed loop control can be seen in Figure 3. A dramatic improvement can 
be seen over the performance of the open loop system. 
Table 3  PID tuning constants 
 Proportional (P) Integral (I) Derivative (D) 
X-Controller 3.38 0.154 1.02 



7 

Y-Controller 1.96 0.205 1.04 
Rotational-Controller 2.72 0.343 1.21 

 
4.3   Results from testing 
Quantitative testing and analysis of the system was performed on the planned path 
motion application. The actual path travelled by the robot was compared to the 
desired path specified for both open loop control and closed loop control. 
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Fig 3  Closed loop path following performance 
 
The specifications for the planned path motion were that the robot should not deviate 
more than ±1mm from the desired path for any forward or reverse movement, or 
±5mm for any arbitrary angled movement within a two meter square area. The test 
data show that neither of these specifications was met with open loop control. The 
implementation of closed loop control enabled the forward and reverse specification 
to be met. The diagonal path did prove to be difficult to control and although its 
performance lay outside the defined specification, it was a significant improvement 
over the open loop control. 
 
5.  CONCLUSIONS 
Optical mice were successfully implemented on the system to provide positional 
measurement data to the microcontroller. They provided a cheap and accurate 
method of dead-reckoning for robot navigation, while making use of current 
technology in an application that is not currently common practice. Wheel slip 
continued to be an issue with the Mecanum design. This problem was significantly 
improved by the use of closed loop control. PID controllers created a sturdy control 
design to investigate the platforms closed loop performance. Although the 
specifications set for the control task where not fully met, the performance of the 
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platform was greatly improved. In addition to the unique contributions in visual 
dead-reckoning for closed-loop control of the multi-degree-of-freedom Mecanum 
mobile robot, the student research addressed in the paper has indicated to what extent 
and how well undergraduates could carry out a research project involving open and 
challenging issues at limited budget. 
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