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Abstract. This paper covers the mechanical design process of an omni-directional mobile
robot developed for the Ohio University RoboCup team player. It covers each design
iteration, detailing what we learned from each phase. In addition, the kinematics of the final
design is derived, and its inverse Jacobian matrix for the design is presented. The dynamic
equations of motion for the final design is derived in a symbolic form, assuming that no slip
occurs on the wheel in the spin direction. Finally, a simulation example demonstrates simple
independent PID wheel control for the complex coupled nonlinear dynamic system.

1 Introduction

Research interest in mobile robots has been tremendous in the past few years, as evidenced by review
articles (e.g. [1,2]). The RoboCup 2000 competition in Sydney, Australia proved that omni-directional
mobile robot platforms are desirable for agility. Many research groups are studying omni-directional
mobile robots and vehicles [3-7].

This project began when a cross-disciplinary group of Ohio University engineering students and
faculty Electrical Engineering, Computer Science, and Mechnical Engineering) decided to take part in the
2001 RoboCup Competition. The Ohio University RoboCup team consists of 4 players and 1 goalie. They
have separate mechanical/el ectical/software designs to meet different performance requirements as a player
and a godie. For example, the players are designed to optimize forward motion with omni-directional
capability, while the goalie is designed to optimize side-to-side motion with omni-directional capability
equipped with alocal vision camera. This paper will detail the mechanical design process of the player, the
kinematics and dynami cs of the final design, and simulation results.

2 Design

There were several factors that influenced the design of the Ohio University RoboCup 2001 player robot.
It was necessary for the robot to be agile, but heavy enough not to be pushed around by other teams on the
field. While purposefully ramming another teams robots is against the rules, some incidental contact would
occur. The robot should also be able to "kick" the ball relatively hard, with a degree of accuracy. Four
rulesin particular complicated the design process[8].

Kicker - Specialized kicking mechanism are allowed.

Area - The robot can be any shape, but the total floor area occupied by arobot must be
less than 180 cn’. This rule was later rescinded for the RoboCup 2001 competition, but
only after several design iterations had been completed.

18 cm Rule - The robot must fit within an 18 cm diameter cylinder.

Height - If a global vision system is used, the height must not exceed 15 cm. If alocal
(robot-mounted) vision system is used, the height must not exceed 22.5 cm. All the
players would be using aglobal vision system.



2.1 ThePhase !l Robot

The mechanical engineering design process began with what was known as the Phase 1| RoboCup Robot
(see Figure 1). Designed by a former Ohio University graduate student, this was a simple two wheeled
robot with skids on the front and a roller ball on the back. The kicking mechanism consisted of a solenoid
propelling an auminum block forward, "kicking" the ball. However, in practice, this design had several
faults. The four supports didn't provide the necessary stiffness, and the kicking mechanism never worked
properly.

The final flaw in the Phase Il RoboCup Robot design became apparent from a videotape of the
RoboCup 2000 competition. Many of the robots on this tape possessed two greatly desired capabilities:
omni-directional locomotion, and a "dribble-bar". Omni-directional locomotion is the ability to move in
any direction while facing any orientation. The "dribble-bar" is a spinning rod on the front of the robot
allowing the robot to impart backspin on the ball. This backspin allows the robot to maintain control of the
ball while moving.

Fig. 1. The Phase |l RoboCup Robot.

Several different nethods of omni-directional locomotion were considered, but most were too
bulky, or the wheels were too expensive. However, one relatively simple solution fit our size constraints,
as well as our budget. Three wheels, which were able to have free rotation in one direction, and powered
rotation in an orthogonal direction, should enable omni-directional movement [6].

22 ThePhase |11 RoboCup Robot

The next design iteration undertaken when the author joined the RoboCup 2001 team was dubbed the Phase
I, and followed the theory of [6] exactly, making the dynamics of this Phase the simplest of any
aternative considered due to the inherent symmetry of the design. The wheels were arranged in a
symmetrical manner, 120° apart. As can be seen from Figure 2, this Phase only made it as far as the basic
design, as there was no way to fit in a kicking mechanism of suitable size while maintaining observance to
the RoboCup rules. However, it was used as a test bed to verify that the selected motors would be able to
move the vehicle at a sufficient velocity for the competition. Special note should be taken of the wheels,
shownin Figure 3.



These wheels, produced by the Kornylak corporation [9] and dubbed the Transwheel, were
designed for the material processing industry. Not only are they sturdy (up to 25 Ib), they're aso
economical ($2.50/wheel). As can be seen from Figure 3, the wheels can be used for powered rotation
along the primary diameter, just as any other wheel. However, the smaller rollers along the outside of this
diameter allow freerotation along an orthogonal direction to the powered rotation.

Fig. 2. The Phase Il RoboCup Robot

Fig. 3. The Transwheel™, used on the Ohio University RoboCup Robots

Due to the size limitations from the RoboCup rules, the Phase |11 had to be compromised. To
make room for a kicking apparatus, the symmetry of the Phase I11 would have to be lost, complicating the
kinematics and dynamics calculations. However, this change in geometry did optimize the speed in the
forward direction, with a corresponding loss of overall omni-directional agility.

2.3 ThePhase111B RoboCup Robot

The next design was dubbed the Phase |11B, and displays the kicker/dribbler design created by Mechanical
Engineering undergraduate students working on this project. As can be seen from Figure 4, the bar at the
front of the robot is the dribble bar. The bar that rotates about the dribbler is the kicker bar. Unlike the
Phase Il1, the Phase 11IB's front wheels are at a 105° angle from the back wheel, rather than the
symmetrical 120°. However, this allowed a full 5" of kicker area, allowing easier contact with the ball.
Thiswas the sturdiest design, and was promising.



Unfortunately, there were some design issues that the prototype of the Phase I11B brought up. The
first was the height restriction. With this design, we had approximately 3.5" of available space for the
electrical components necessary to run the robot. Since we wanted to maximize the amount of payload,
several design suggestions were implemented in the next design iteration.

Fig. 4. The Phase 111B RoboCup Robot.

24 ThePhase |V RoboCup Robot

The final design, dubbed the Phase 1V (see Figure 5), was the final product of the previous designs.

Although it is very similar to the Phase I11B, it has recessed wheels (i.e., notches cut into the base plate
allowing the chassis to sit lower on the wheels, much like the wheel wells of a car), aswell as athinner top
plate and motor mounts. This increased the vertical space within the robot by just over haf an inch,
allowing more room for the required circuits and processors.

Fig. 5. The Phase IV RoboCup Robot.



3 Kinematics of the Phase |V RoboCup Robot

The inverse kinematic model for the Phase IV was relatively simple to devise. As can be seen from Figure
6, the moving frame [xm, Ym]" islocated at the center of gravity of the robot. The two front wheels (1 and 2)
are offset from vy, by fixed angle d Please note that the arrows projecting from each of the three wheels
indicates the velocity vector generated by that wheel when rotating in the positive direction.

The inverse Jacobian matrix was relatively simple to calculate. As can be seen in Figure 6, the
velocity vectors generated by each wheel (labeled 1, 2, and 3) are offset from the vy, axis by three angles.
These angles are: (d+ f) for 1, (d- f) for 2, and (90 - f) for 3. Given that the velocity vector for wheel i is

given as R(ji , it is simple to compute the necessary wheel speed for a desired Cartesian velocity, as can be
seen in equations (1)-(3).

Xw

Fig. 6. Kinematic Diagram of Phase IV RoboCup Robot.

The inverse kinematic equations are as follows:

Rg, =- sin(d +f )%, +cosd +f )y, + Lf @)
Rq, = - dn(d - f )X, - cosd - f )y, +Lif )
Rd3 = cos(f )x,, +sn(f)y,, + Lyf 3

Please note that the constant L; refersto the distance from the center of gravity of the robot to the
center of the two front wheels (1 and 2) along aradial path. The constant L, refersto the distance from the
center of gravity of the robot to the center of the rear wheel (3) along a radial path. [Xw, Y] is the fixed
world frame, f is the orientation of the robot with respect to the fixed world frame, R is the radius of the



wheels, and q is the angular position of each wheel. The constant drefers to the wheel orientation with
respect to the mobile robot frame. For the Ohio University design, this value is 15°. Equations (1)-(3)
allow usto form the inverse Jacobian matrix for the system, asfollows:

iq, (& Snd+f) cosf+f) LUX.U
}qu&,:_g— snd-f) -coxi-f) Llﬁyyv_'y 4)
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4 Dynamics

A dynamic model for the robot was difficult to derive. Although there was an existing derivation for a
similar model [6], the lack of symmetry in the Ohio University wheel design caused complications. The
derivation began with Newton's Second Law:

MX, = Fy (5)
My,, = F, 6)
If =M, @)

where M is the mass of the mobile robot, I, is the moment of inertia of the mobile robot, F, and Fy are the
Cartesian forces acting upon the robot with respect to the world frame, and M, is the moment acting upon
the center of gravity of the mobile robot.

Please note that the Cartesian dynamics equations (5) and (6) are given with respect to the world
frame and need to be transformed to the moving frame to aid the derivations. After transformation, the
following equations are revealed.

M (% - Viuef ) = fy ©)

M (i +%of )= ©)

Please note that f, and f, refer to the Cartesian forces acting upon the mobile robot with respect to the world
frame in terms of the mobile robot frame, and x, and yy, refer to the Cartesian position with respect to the
world frame in terms of the mobile robot frame. f,, f,, and M, are given by:

f, =-dn(d)D, - sn(d)D, + Dy (10)
f, = cos(d)D; - cos(d)D, 1)

M :(D1+D2)|—1+ DsL, 12)



where D; isthe driving force due to each wheel assembly.
The driving system dynamic model for each wheel is assumed to be given by [10]:

luG +cd; =ky - RO, (13)

fori =1,23. 1, isthe moment of inertia of the wheel assemblies, q isthe angular position of each wheel, ¢
is the viscous friction factor of the wheel assembly, k is the driving gain factor , u; is the driving input
torque, and Ristheradius of the wheels.

The inverse kinematic equations for the mobile robot with respect to the mobile robot frame are
shown below.

;N
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Using equation (14) and its derivatives, and plugging this into equation (13) and solving for D;
calculates the driving force due to each wheel. Substituting these values into equations (10)-(12), and
substituting these into equations (7)-(9) allows the equations of motion to be represented in the standard
format.

[P]{Xm}"'{N (Xm’Xm)} =[A]{U} (15)
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5 Simulation
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Given equations (15)-(18), it was possible to simulate the nonlinear system dynamics using Simulink, the

graphical Matlab workspace.

Derivative controller, as can be seen below in Figure 7 as a preliminary study.

The controller used was a wheel independent Proportional-Integral-
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Fig. 7. Smplified schematic diagram of the Simulink model for the Phase IV RoboCup Robot.

The responses of the system to a simple step-input for position, while maintaining a fixed
orientation (0°), are shown below. Please note that this simulation deals only with mechanical factors
(weight, inertia, etc.) and ignores any electrical components. Also, this model does not account for any

slippage occurring. Therefore, the real world behavior may not closely mimic this simulation.
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Fig. 8. Response of Smulated Phase 1V RoboCup Robot to a Step Inpuit.

As can be seen from Figure 8, the overshoot is approximately 10% for the X-Position and 5% for
the Y Position, and the settling time is approximately Q08 seconds. As shown in the bottom graph, the
orientation fluctuates briefly while the robot moves to the desired position, but quickly returns to the

desired value of 1.57 rad (90°).

6. Conclusion

This paper presents design, modeling, and simulation for the Ohio University 2001 RoboCup player robot.
We have developed an omni-directional motion base using omni-directional wheels over several prototype
iterations. We have presented the kinematics and dynamics equations, plus preliminary control simulation
results using simple independent PID wheel control with the coupled nonlinear dynamics model.
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