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A b s t r a c t  
RoboCup-97 proved to be a major learning curve. At RMIT University we took up 
the challenge of trying to build the most suitable robot platform for playing robot 
soccer. We investigated existing platforms, examined their strengths and weaknesses, 
and related each design to the needs of actual soccer players. We determined a set of 
criteria that we believe defines the needs of soccer playing robots of the future. 
Armed with this knowledge we set out to design a robot chassis that fulfilled, or at 
least, had the potential to fulfil as many of the desirable attributes as we could. Our 
approach is a long term one. It is very difficult to innovate in all areas of robotics at 
once. Unlike virtually all other teams we took a ground up approach, developing a 
unique, ideally suited robot platform fLrst, giving a strong foundation to develop more 
sophisticated vision and control systems. 
The development of omnidirectional sphere based technology at RMIT has produced 
a very lightweight practical omnidirectional drive for applications requiring rapid re- 
sponse, robust construction and isotropic I maneuverability in an adversarial envi- 
ronment. The mechanism competed in the first world cup for Robot Soccer in Nagoya 
and won the inaugural Engineering Challenge award for innovation in design. 

1 Introduct ion  
A n u m b e r  o f  o m n i d i r e c t i o n a l  m e c h a n i s m s  h a v e  b e e n  p r o p o s e d  and demons t r a t ed  
(Sub i r  K u m a r  Saha  1993;  F ranco i s  G.  Pin. 1994; A s a m a  1995;  M a r k  W e s t  
1995) and it is e v i d e n t  that  there  are  a s ign i f i can t  n u m b e r  o f  a p p r o a c h e s  that  are 
pos s ib l e  w h e n  d e s i g n i n g  an o m n i d i r e c t i o n a l  m e c h a n i s m .  W h e e l  based  p la t forms ,  
us ing  bo th  c o n v e n t i o n a l  and n o n - c o n v e n t i o n a l  w h e e l s  h a v e  b e e n  d e v e l o p e d  for  a 
n u m b e r  o f  app l i ca t ions  ( B o r e n s t e i n  1985) and cons ide r ab l e  r e sea rch  has gone  
into the d e v e l o p m e n t  o f  the con t ro l  o f  such  m e c h a n i s m s  (Ala in  B e t o u r n e  1993; 
Igor  E. P a r o m t c h i k  1994).  W h e e l  based  r o b o t s  can  be r o u g h l y  d i v i d e d  into  con-  
ven t iona l  w h e e l  sys tems  and  n o n - c o n v e n t i o n a l  whee l  sys tems.  C o n v e n t i o n a l  

I 
Isotropic: Having uniform physical properties  in all direct ions .  
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wheel systems are typically in the form of differential steered, front/rear wheel 
steered or four wheel steered. Each of these variations has limited degrees of 
freedom. Non-conventional wheeled systems (Jonsson 1985; Subir Kumar Saha 
1993; Asama 1995) use wheels fitted with rollers in order to allow lateral mo- 
tion. Such roller mechanisms, though having the advantage of being positively 
driven via a central shaft are often mechanically complex, and require signifi- 
cant control in order to achieve any form of omnidirectional ability. To date, 
each of these mechanisms has been produced in metal, requiring significant ma- 
chining time and skilled labor to produce. A significant weight penalty is also 
inherent in the construction method. 
Spheres have long been used as truly omnidirectional transfer mechanisms. In 
industry, ball transfer units form omnidirectional conveyor systems and trolleys. 
In the standard computer mouse, a sphere translates omnidirectional motion into 
x and y vectors. Such mechanisms are capable of  isotropic motion, however 
they are not easily translated into practical and simple omnidirectional sphere 
based drive mechanisms. 
Existing sphere based drive mechanisms (Mark West 1995) are complex and 
heavy. Although precise they have not been designed to operate in an unstruc- 
tured, adversarial, or even hostile environment under autonomous control. The 
mechanism presented in this paper has been designed specifically to operate for 
relatively long periods in adversarial environments. Issues such as dead reck- 
oning, directional stability and simplicity are considered. Robot soccer(Hiroaki 
Kitano 1995) is used as an example of an adversarial environment in order to 
test the design. The working design was presented for the first time at RoboCup: 
The First World Cup for Robotic 

Figure 1 The RMIT Omnidirectional platform in action at RoboCup-97. 

Soccer in Nagoya Japan (Andrew Price 1997) and was widely acclaimed, win- 
ning the Engineering Challenge award for innovative design. 
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2 An  A d v e r s a r i a l  E n v i r o n m e n t :  R o b o t  S o c c e r  

In order to test the practicality of our design we decided to place the drive 
mechanism in environments that were challenging and not contrived. Adversar- 
ial environments provide a more realistic model for designing in the real world 
because it is very difficult to predict what an independent adversary will do in 
any situation. As such they represent a more realistic challenge for an autono- 
mous vehicle test bed. Robot soccer, specifically the RoboCup-97, World Ro- 
botic Soccer Championship was selected as a manageable sized problem space 
for our drive mechanism. However selecting such an environment to begin with 
influenced the design itself. (Minoru Asada 1997) gives an overview of the 
challenges faced by designers of soccer playing robots. For developers of drive 
technology there are even more fundamental problems to be considered. One of 
the most significant is dead reckoning. In stable artificial environments, and 
environments under continuous human control dead reckoning is a manageable 
problem (Mark West 1995). But in adversarial environments it is quite feasible 
that one robot will collide (touch or bump) another robot. This is acceptable and 
should be expected for such an environment, particularly when the emphasis is 
placed on the higher level tasks and not on collision avoidance. In any case, one 
can only do so much to avoid a collision. In the autonomous environment of 
RoboCup it is not possible to keep aligning the robot manually. Though slip- 
page can be minimized, lateral shifts of the entire mechanism render internal 
feedback reckoning systems ineffective. The RoboCup challenge presents sub- 
stantial problems. Our robots were designed to compete in the middle sized 
league for real robots. We produced a team of five robots to compete against 
other teams of five robots. In all, up to ten robots were on the field at any time. 
In addition to the number of robots, the surface of the field was constructed 
from synthetic carpet tiles. This surface was found to be firm in places and 
spongy in other places. As a result, robots tended to perform differently in dif- 
ferent parts of the field. A comparison of  battery life performed on the surface 
prior to the competition showed that batteries consumed approximately twice 
the energy on the carpet compared with linoleum. Instead of developing a robot 
for a well managed laboratory environment, RoboCup requires consideration of 
unknown surface conditions, battery life, weight, speed agility, vision and a host 
of  other real world considerations 

3 O m n i  d i r e c t i o n a l  M o t i o n  
We began the design of our robot hardware with the requirement that it be the 
most suitable design for the environment that we could produce, in an attempt to 
simplify as many software problems as possible. This led to many additional 
problems and a five month development program~ Initially we considered cost 
as a driving factor and examined model cars because they were economical. 
However we felt that although showing significant straight line speed they were 
not as maneuverable as we wanted, and showed a significant shortfall, if  for 
example, the ball was sitting beside the robot, it would have to reorient itself in 
order to attack the ball. This would incur a time delay as well as the need to 
reprocess a certain amount of information when the robot reaches its attack po- 
sition. This assumes that the ball is where the robot left it, which is not guaran- 
teed. 
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We chose to avoid this problem by developing an omni-directional robot. 

! 

i 

Figure 2 0 m n i  Directional Drive mechanism 

The drive mechanism for our robot is depicted in Figure 2. The principle of opera- 
tion may be considered as a typical computer mouse, operating in reverse. A stan- 
dard remote control car motor and gear mechanism rotates a shaft that is pressed 
against the drive sphere by means of a spring loaded roller. Two such shafts oriented 
at 90 degrees to each other drive each sphere. Thus when motor 'A '  turns, the sphere 
is driven in the Y direction and when motor B turns, the sphere is driven in the X 
direction• When both motors turn, the sphere is driven at 45 degrees to the X and Y 
directions. By varying the speed and direction of each motor motion in 360 degrees 
is achieved. The spheres are suspended and are free to rotate inside a cage of bear- 
ings. The bearings, motors, and fastening screws are the only metal components in 
the entire design. 
The design is simple and effective however its drawback is that each robot requires 
two drive mechanisms and therefore four motors. If we were to manufacture the 
drive mechanism out of say aluminium it would be prohibitively heavy. A second 
failing is that, we are building a team of six robots (five for the contest plus one re- 
serve) and to produce enough parts, with comparable tolerance, in time and at rea- 
sonable cost was not possible. Hence we chose to develop our robots using plastic. 
Each of the components was custom made as a pattern, then cast repeatedly in light- 
weight high strength plastic in a very simple process. Given that four standard model 
car motors drive our robots and the weight for the entire mechanism including on- 
board processor and batteries is 5Kg,  its acceleration is considerable. 
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Figure 3 Omnidirectional Robot: The Raider 
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There are several key issues in this hardware design: 
1. The drive shaft must press against the ball with enough pressure to transfer rota- 

tional energy with minimal slipping. 
2. The bearings must support the weight of the robot without significantly com- 

pressing the sphere and providing unnecessary drag. 
3. The sphere must grip to the arena carpet and provide suitable traction. 

The exact composition of the drive sphere became a very significant factor in 
the success of our design. After a considerable amount of experimentation we 
determined that an Elastomer rubber compound with a Shore hardness of  50 was 
a suitable compromise for all three interfaces described above. The construction 
of the robot showing both drive mechanisms is shown in Figure 3. Control of 
the drive system is performed by an onboard H C l l F 1  microprocessor system 
using H-bridge bi-directional motor drive circuits (Jones 1993). Since the speed 
relationship between two motors driving the sphere at 45 degrees is slightly 
higher than one motor driving the ball in say, the Y direction, the robot can 
move faster at angles. 
In our original design we planned to use optical shaft encoders to perform the 
task of directional and speed control. Shaft encoders can reliably detect the ro- 
tation of the sphere with respect to the drive shaft. However the drive mecha- 
nism relies on friction between the sphere and the surface of the playing field. 
In addition, any form of collision caused a translation or rotation of the entire 
mechanism that could not be reliably measured by internal sensors mounted on, 
or part of  the drive. Field testing confirmed this problem which was exasperated 
by differences in the surface density, cleanliness and texture of the field. Any 
variation in alignment through differing motor speeds, slippage between the 
drive shaft and ball (a minute quantity), slippage between the ball and the field 
surface (a substantial quantity on initial acceleration) caused a cumulative error 
in directional control. Sensing slippage sufficiently accurately throughout the 
system would add considerable cost and complexity to the drive. 
The solution to directional stability in an adversarial environment in our design 
relies ~on external feedback. For this purpose we have employed a digital com- 
pass mounted centrally as shown in Figure 4. The digital compass provides ab- 
solute directional awareness without relying on wheel sensors or slip detectors. 
Given that the drive mechanism contains multiple friction drive points, all of 
which are imperfect transfer mechanisms to some degree, the compass provides 
a simple means of determining direction to within one degree (+/- 0.25%). 
An internal reference is s tored ,  arbitrarily chosen as 0 degrees North. This is 
used to determine the error angle when the robot moves in an arbitrary direc- 
tion. 
Differential Error minimization is applied in two dimensions by resolving a 
vector from the origin of  the compass at the reference angle into its components 
at the error angle and perpendicular to the error angle. The resulting compo- 
nents are then applied as moderating factors to the speed of each motor such 
that the error is minimized. 
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Figure 5. Error angle produced by different speeds of each sphere. 

As with differential steering on a conventional wheeled robot, the correction is 
applied to each sphere to minimize response time and overshoot. Figure 6. 
shows a unit vector in the desired plane resolved into two components, one par- 
allel to the True Plane (at the error angle) and one perpendicular to the True 
plane. In the first case, sphere 1 is travelling slower than sphere 2. E is as- 
signed a positive magnitude. In the second case, sphere two is travelling faster 
and E is assigned a negative magnitude. Given the vectors A, B, C and D the 
following algorithm demonstrates how the internal reference direction may be 
used to correct the speed difference: 
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If  E is positive: 
Increase speed of One perpendicular to True Plane to minimize vector A 

(Send to 0) 
Increase speed of One parallel to True Plane to maximize vector B (Send to 

1) 
Increase speed of  Two parallel to True Plane to maximize vector C (Send 

to 1) 
Decrease speed of Two perpendicular to True Plane to minimize vector D 

(Send to 0) 

I f  E is negative 
Decrease speed of One perpendicular to True Plane to minimize vector A 

(Send to 0) 
Increase speed of One parallel to True Plane to maximize vector B (Send to 

1) 
Increase speed of Two parallel to True Plane to maximize vector C (Send 

to 1) 
Increase speed of Two perpendicular to True Plane to minimize vector D 

(Send to 0) 

By applying correction across all motors a more rapid response, with less over- 
shoot is achieved. 

! Sphere One 

~ - ~  
]3es i red PLane 

k . . . .  S p h e r e  

'Top' Sphere TreiLing 
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A -~ ere 13he 
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Figure 6. Correcting the speed difference based on the error angle. 

Absolute direction alone cannot provide sufficient information to tell the robot 
where it is, only provide the necessary references to maintain orientation. Ab- 
solute position in an adversarial environment relies on external cues, or global 
positioning. At RoboCup-97 we used an overhead camera system. This proved 
effective in locating the robot on the entire field to within 25mm but was sus- 
ceptible to varying light and detracted from the idea of fully autonomous and 
self contained robots. Our preferred solution relies on vision and other senses. 
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4 Vi s ion  and  o ther  S e n s e s  

Figure 7. Soccer is a game requiring more than simple 'vision' 

The two players in Figure 7. are using more than vision to determine their ac- 
tions. Both players are looking at the ball, however they are in physical contact 
and are in a position to hear their opponent. In addition they have an awareness 
of what their opponent is trying to achieve. Vision is not the only sense avail- 
able to a human soccer and should not, in our opinion be the only sense avail- 
able to a robot soccer player. As we have already stated, robot soccer is an ad- 
versarial and dynamic environment. It is expected that robots will touch, and 
also that one or more robots will collide in some fashion with the ball, hopefully 
driving it to their own advantage. A global positioning system gives a substan- 
tial advantage by mapping the entire environment in one stroke. Positions of the 
ball, the robots, goals and walls are easily extracted from an image recorded 
centrally over the field. One of the aims of the RoboCup Challenge is to eventu- 
ally use fully autonomous and self-contained robots. To this aim we have devel- 
oped an omnidirectional vision system to work in conjunction with the omnidi- 
rectional drive. 
In order to achieve 360 degree view and a one meter radius image surrounding a 
robot would have required the camera to be mounted approximately two meters 
above the robot. This was unrealistic. However by means of a custom designed 
mirror, as shown in Figure 8. and by placing the camera facing upward into the 
mirror we were able to achieve the required 360 degree vision with over one 
meter of  image radius. This has several significant advantages over vision sys- 
tems used at RoboCup-97. 
Cameras mounted facing in one direction away from the robot (out the front on 
a conventional design) are susceptible to interference caused by the presence of 
a crowd. This occurs if the lens is sufficient to capture spectators as well as the 
important information on the field. In most systems where this camera arrange- 
ment is employed the offending section of  the image is simply cropped. The 
problem with cropping is that depending on the orientation of the camera a sig- 
nificant amount of  the image may be wasted. Since capture time and processing 
ability are very limited on existing robots, any loss is to be avoided. 
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Figu re  8 0 m n i  V i s ion  C a m e r a  S y s t e m  

The RMIT mirror has been designed such that the field of view is from just 
above the surface of the robot, to approximately 1 meter distant in all direc- 
tions. The image produced is an annular ring that contains a 360 degree view of 
the surrounding area. By shaping the mirror only the area of interest is viewed 
and minimal image content is wasted. The mirror is supported on a transparent 
polycarbonate plastic tube that provides an unobstructed view while serving to 
protect the camera within and support the mirror. We anticipate this tube being 
damaged during the course of a soccer game, should the ball be lifted into it, 
and so have made this section easily replaceable. The need to view the area di- 
rectly surrounding the robot dictated the shape of the robot body. The camera is 
capable of seeing the ball directly touching any edge of the robot and can detect 
the proximity of other robots or walls. Instead of supplying an overall image of 
the field the image produces shows the area local to the one robot. As a result 
the performance of the team playing soccer becomes dependent on greater 
communication and collaboration. Each robot locates itself within the current 
state of the world and acts accordingly, independent of the overall status of the 
world. As a result, absolute position is not as critical to our omnidirectional 
platform design. An awareness of direction, and the possibility of movement in 
any direction, preferably to the robots own advantage is crucial. 

5 The  G o a l  K e e p e r  P r o b l e m  a n d  the  N e x t  S ta te .  
Conventional design of a soccer playing goal keeper has generally produced a 
mechanism that, unlike its striker and defender team mates, is capable of sig- 
nificant sideways motion, and generally minimal forward and backward motion. 
One of the most noticeable results from RoboCup-97 was the fact that goal 
keeper robots, though capable of stopping a ball, defending, and deflecting, 
were unable to directly change the state of play from defending to attacking. As 
a result, attacking robots that followed the ball in were often able to deflect the 
ball around the goal keeper. The omnidirectional platform that we have de- 
signed is capable of overcoming this problem. As a goal keeper, the robot may 
best serve by moving side to side. But once the ball is in the robots presence, it 
would be most advantageous to drive the ball away from the goal, preferably in 
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the direction of a team mate, or to the opposite goal. Another robot can drop 
back and take the place of the original goal keeper, allowing the keeper who has 
acquired the ball to become a striker, thus minimizing the risk of losing posses- 
sion. For this reason the RMIT robots were built identical without a designated 
or specialized goal keeper. 
A second observation from the RoboCup-97 was the need for the Control sys- 
tem to sense a certain condition, such as "Robot-inline with ball-inline with 
Goal" before it would act. In a classic subsumption architecture problem 
(Brooks 1986), it is necessary for robots to be able to generate the conditions 
necessary to achieve the next state (i.e. move from searching for the ball to po- 
sitioning the ball, then striking the ball at the goal). 
An advantage of our omnidirectional platform during RoboCup-97 was its ex- 
treme mobility and rapid acceleration. While applying a purely defensive strat- 
egy the team of robots managed to successfully drive the opposition back to the 
far end of the field. This demonstrated that agility plays as significant a role in 
robot soccer as it does in human soccer. 

6 Logistics,  Scale, and the Future of Robot Soccer 

One of the greatest challenges facing future RoboCup competitors is without 
doubt logistics. It was amusing to note that the entire RMIT Raiders team com- 
plete with support equipment weighed less than 50kg. This was relatively easy 
to distribute between team members on the long flights to Japan. However it 
should be noted that on the return journey we chose to freight our team home. 
The overall cost was $900 Australian dollars. In addition, the boxes were 
somewhat cumbersome; requiring that each person could only transport two at a 
time. Fortunately we were aware of  the immense difficulties of transportation 
for our chosen team size. We designed solid packing containers that were them- 
selves light. We packed our team such that there were only six boxes, to be 
shared between three persons. Fortune smiled upon us at the Nagoya airport 
where a taxi truck was available. However, it is important not to underestimate 
the bulk of equipment needed to support a mid size league team. We only used 
one PC for the entire team. If we had used one PC per robot our weight would 
have tripled and the number of boxes doubled. As complexity and sophistication 
increases the amount of support equipment is likely to increase and the cost of 
transportation is likely to skyrocket. We see this as being the greatest threat to 
the future success of  RoboCup. 
Without doubt our chassis system is a complex piece of  hardware, both to de- 
sign and construct. It is also prone to gathering dust. One of  the main reasons 
why we chose the mid-sized league to compete was the fact that components 
that we simply could not manufacture had to be purchased, or adapted from 
some existing piece of hardware. The scale of  the robots made the task consid- 
erably easier to find bearings, motors and various fittings for the mid-sized 
league. 
Though it is now possible due to improved manufacturing and a greater range of  
available components and materials, primarily achieved through publicity of our 
success in Japan, to construct small league robots, the future of RoboCup, we 
believe, is in the development of bipedal and quadrapedal walking robots. These 
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platforms offer significant research challenges, in the production of the me- 
chanical hardware, their control, and their coordination to play a game of soc- 
cer. For now, the small and middle sized leagues offer significant enough re- 
search challenges. 

7 C o n c l u s i o n s  

The design and construction of omnidirectional chassis is problem specific. Our 
platform was specifically designed for use over extended periods in adversarial 
environments where we could not guarantee collision avoidance. An electronic 
compass mechanism is used to provide absolute direction and correction for 
cumulative steering errors. The entire mechanism was designed to be as light 
and easily manufactured as possible. The complete robot weighs 5 kg. Despite 
being manufactured almost entirely from lightweight rigid plastic, the robust- 
ness of the design was tested with favorable outcomes at the World Robotic 
Soccer Championships 1997. 
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