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Abstract

This report discusses the design of an omnidirectional drive system for use on
robots in the FIRST (For Inspiration and Recognition of Science and Technology)
Robotics Competition. The theory behind omnidirectional drive is covered, as well
as some possible overall designs. The actual design implemented is then described in

detail, with some suggestions for future improvements.
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Introduction

The FIRST (For Inspiration and Recognition of Science and Technology) Robotics
Competition [1] is designed to allow high school students to work with engineers and
mentors on a challenging, high-energy project. The hope of FIRST is that this will
inspire students to pursue a career in the fields of science and technology.

Early in January of every year, FIRST announces a new ‘game’ for that year’s
robots to play, along with a kit of standardized parts that form the basis for every
robot. In six weeks, teams of high school students and engineering mentors work
together to design, build, and test a robot to compete in the game. The game is dif-
ferent every year, but generally involves two ‘alliances’ of two teams each, competing
against each other for two minutes to score points by manipulating various objects.
For more information on the 2004 game, please see [2].

The St. Catharines General Motors Engine Plant sponsors and mentors a FIRST
team at Governor Simcoe Secondary School. Every winter, General Motors engineers
work with the students to produce a robot for the competition. One of the most
important tasks every year is to design and build a mobility system or chassis on
which to mount the robot’s functional components. This report focuses on the design
of an omnidirectional drive system for the 2004 General Motors / Governor Simcoe

“Simbotics” robotics team.






Design Specifications

2.1 Parameters

Almost without exception, robots in FIRST move around the playing field by using
either wheels or treads. Most robots steer using tank-like steering, where the wheels
or treads on opposite sides of the robot are driven by separate motors. In order
to drive forward, both sides are driven forwards; to turn, the wheels are driven at
different speeds. Some robots use car-like steering, where the front (and possibly rear)
wheels are able to rotate slightly around a vertical axis, allowing more controllable

motion.

However, neither of these designs allow full manoeuvrability; for instance, a robot
with tank or car steering cannot move sideways. A decision was made early on that
the Simbotics robot should have full manoeuvrability, i.e. be capable of arbitrary

motion in 2 dimensions.

Since the game appeared to be more suited to an offensive robot (one which focuses
on scoring points rather than blocking, pushing, or interfering with an opponent), the

mobility system had to have high speed while maintaining medium pushing force.

Finally, part of the playing field consisted of two 6” high decks; the mobility
system had to be designed to be able to climb the ledges up onto these decks.



2.2 Constraints

All FIRST robots are limited to a maximum size of 36” long, 30” wide, 60” tall and a
maximum weight of 130 1bs. Therefore, the mobility system had to be designed to be
as light weight as possible while fitting within the 36” x 30” envelope. Also, only 12
motors were provided in the kit of parts and these were the only motors allowed on
the robot. Since the robot also had a large, multi-jointed arm, the mobility system
had to be designed with as few motors as possible (this was also important to reduce

weight).



Theory

A tank drive robot has effectively two degrees of freedom: forward speed and angular
speed. In the simplest case of a robot with two driven wheels at the front and two
caster (free) wheels at the back, it is simple to calculate the speed of each driven
wheel for any given combination of forward speed and angular speed.
In Figure 3.1, it is easy to calculate the speeds of the left and right wheels:
Vp = U+ wWr
v, = U—wr
For arbitrary motion, the calculations are similar but more complex. Taking the
centre of the robot as a reference point (as in Figure 3.2), it is possible to have
translational velocity in any direction combined with angular motion. In this case,
U = U+WdXTR
U, = U4+d X7

Alternatively, in scalar Cartesian form,

VR, = Up— wb
VR, = Uytuwa
v, = Uy —wb
VL, = Uy — wa

It is then simple (in theory) to convert the Cartesian vectors representing the
velocities of each wheel into polar vectors. The polar vectors can then be directly

used to control each wheel’s speed and orientation.
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Figure 3.2: Omnidirectional drive vector calculations




One challenge faced by the team was how to design the operator controls. Most
robots use a single joystick, where the vertical (forward-backward) axis controls the
forwards speed of the robot and the sideways axis controls the angular speed. How-
ever, it is impossible to control a robot with 3 degrees of freedom using a joystick
with only 2; clearly, a new system needed to be designed.

One option was to have two modes; one which emulated tank steering (forwards
speed on the ‘y’ axis of the joystick, rotation on the ‘x’ axis), and one which moved
the robot with pure translation (where the robot would simply move in the direction
of the joystick, without rotating). However, there are some motions that would be
impossible in either mode; for instance, it would be impossible to move sideways while
turning.

The final solution was to use a joystick with a sprung knob mounted to the base.
With this system, the joystick itself controlled translation (with the x and y axes
mapping directly to the 2 and y components of the robot’s velocity) and the knob
controlled angular speed. Therefore, turning while moving forwards was accomplished
by moving the joystick forward and rotating the knob; rotating in place was done by
simply turning the knob without moving the joystick; moving sideways corresponded
to moving the joystick sideways without moving the knob, etc.

The pseudocode for the control system would look something like the following

(refer to Figure 3.2):

\\Get input variables
v_x = joystick_x;

v_y = joystick_y;
angular = knob;

\\Cartesian calculations

v_right_x = v_x - angular * b;
v_right_y = v_y + angular * a;
v_left_x = v_x - angular * Db;
v_left_y = v_y - angular * a;

\\Convert to polar

v_right = sqrt( v_right_x"2 + v_right_y~2 );
drill_power_right = fisher-price_power_right = v_right;
angle_right = arctan( v_right_y, v_right_x );

7
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Figure 3.3: Alternate omnidirectional drive

v_left = sqrt( v_left_x"2 + v_left_y"2 );
drill_power_left = fisher-price_power_left = v_left;
angle_left = arctan( v_left_y, v_left_x );

It should be noted that there is another method for omnidirectional drive that does
not rely on wheels that can change direction (as is clearly necessary to implement
the method described above). The solution is to use wheels that can provide trac-
tion in one direction (forwards or backwards) but move freely in the other direction
(sideways).

For instance, consider Figure 3.3. By using calculations identical to those for the
mobility system in Figure 3.2, the velocity at each wheel can be calculated. Then,
each wheel is driven at a speed equal to the projection of that velocity vector onto
the line in the direction of the wheel.

Note that two such wheels would be insufficient; it is impossible to control three
degrees of freedom (translation in z and y plus rotation) with only two variables (the
speed of each wheel). In contrast, two powered wheels is sufficient for the mobility
system in Figure 3.2, since there are four variables to control (wheel speeds and

directions).



4

Initial Designs

4.1 Common Elements

It was decided early on to use a design with rotating wheels (Figure 3.2) instead of one
with side-slipping wheels (Figure 3.3). The primary reason was that the latter design
sacrifices some power; for instance, if the robot pushes against an obstacle, some or
all of the wheels will not be parallel to the direction of motion. With independent
steerable wheels, full power is always available. Note: For the remainder of this
report, unless specifically indicated otherwise, ‘rotation’ refers to the rotation of the
wheel and housing around a vertical axis for the purpose of steering.

All designs used the same gearbox to actually drive the wheel. Each gearbox used
a Bosch cordless drill motor and a Fisher-Price motor, the two most powerful motors
in the kit, geared to provide a top speed of approximately 10 ft/s.

Very early on, the design called for 4 independent driven wheels (exactly the same
as shown in Figure 3.2, but with powered wheels replacing the caster wheels). This
would have had better driving characteristics than the two-wheel design (four wheels
generally provide much more predictable and controllable motion), but would have
required a minimum of 8 motors (one drive motor and one steering motor for each
wheel). With only 12 motors in the kit of parts and a weight limit of 130 Ibs, this
design would have left very few motors and very little weight for the robot arm.

Therefore, all designs involved 2 gearboxes with 2 motors each.

9



In order to climb the deck, either the wheels must be large enough to climb the
6” step (requiring a 14”-18” diameter wheel) or the entire wheel must lift up onto the
deck. Since the entire wheel must have enough room to rotate, a large wheel would
take up an excessive amount of space within the robot. Also, since the wheel would
have to be moved in from the edge of the robot to allow room to rotate, the wheel
base (and therefore stability) of the robot would be seriously reduced. Therefore, the
decision was made to use very small 4”7 diameter wheels and design a method to lift

them onto the deck.

To accomplish this, each wheel was designed to be able to be moved vertically by
a pneumatic piston. As each wheel came close to or in contact with the deck, it was
raised, dropping the robot down slightly onto a simple slider or passive roller. The
robot then continued to drive, and the lifted wheel rode up onto the deck, regaining
traction. See Figure 4.1 for a diagram of the entire process; see Figures 7?7 and 77 to

see the gearbox in the retracted and extended positions.

4.2 Designs

The primary difference between the two main initial designs was the placement of
the lifting and rotation mechanisms relative to each other. In one, the wheel and
gearbox lifted within a housing that rotated; in the other, the wheel and gearbox

rotated within a housing that lifted.

Lifting Within Rotation

Figure 4.2 shows the wheel and gearbox from the first design. The four rollers visible
above the wheel, motors and gears (along with four more rollers on the back side)
allowed the gearbox to slide vertically within a rectangular housing which, in turn,
rotated on the frame of the robot. However, this design would have been very heavy,

with the large gearbox (shown) in addition to a large housing.

10
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Figure 4.1: Lifting wheels to climb deck
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Figure 4.3: Rotation within lifting

Rotation Within Lifting

Figure 4.3 shows the wheel and gearbox from the second design. The roller bearings
visible on the vertical shafts were designed to roll against the inside of an outer
housing, which would in turn be able to slide vertically. However, this method of
rotation was unproven, and the limited 6-week design and build period was not long

enough to allow for testing of new and unknown designs.
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Final Design

5.1 Description

The final design for the mobility system is shown in Figure 5.1 (Note: One vertical
support and part of the robot frame have been hidden). Each gearbox rotates on
two ball bearings, mounted on two sliding plates. The gearbox is moved vertically by
the pneumatic piston shown, and slides on the vertical shafts using linear bearings.
Steering is achieved by one motor driving a chain, which in turn rotates a sprocket

bolted to the top plate of the gearbox. For an exploded view, see Figure ?7.

5.2 Gear Ratios

An early decision involved in any FIRST mobility system design is whether to optimize
it for speed or pushing force. Since it is difficult to estimate the amount of force
required for many tasks (especially the one which requires the most pushing force,
pushing another robot with an unknown drivetrain design), the mobility system is
generally designed for a specific speed. This can then be compared to past experience
to determine if the robot is likely to have more or less pushing force than other robots.
The number of motors also makes a difference; most teams use either 2 or 4 motors
on their drivetrain, with rookie teams tending towards 2 and veteran teams towards

4. Table 5.1 shows the approximate relationship between robot speed and capability.

15
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Figure 5.1: Overview

Table 5.1: Relation Between Robot Speed and Capability

<2 ft /s Extremely slow, extreme pushing force

2-3 ft /s Very slow, very high pushing force

4-6 ft /s Average speed and pushing force

8-10 ft/s | Above average speed, moderate pushing force

11-13 ft/s | Very fast, little pushing force

>13 ft/s | Nearly uncontrollable

16




Figure 5.2: Gearing
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Table 5.2: Motor

Max. Power | Max.
Free Speed | Stall Torque | Speed Speed
Motor (RPM) (Nm) (RPM) (RPM)
Drill 19670 0.870 9835 16000
15694 0.40 7847 12000
Table 5.3: Gear
Gear Diametral Pitch | Number of Teeth
Drill pinion 0.75 module 18
pinion 32 19
Drill mating gear 0.75 module 80
mating gear | 32 64
Small gear 24 12
Idler gear 24 30
Wheel gear 24 72

It was decided by the strategy team that speed and would be

more in the 2004 game than pushing force; it was decided to aim

for a top speed of 10 ft/s.

for such a drive system, it is critical to use 4 motors; as was

verified later during testing, to drive at such speeds with only 2 motors
causes them to overheat very quickly. the kit of parts given to teams does
not include 4 of any one motor; different motors must be used and must
be geared to them to the same final speed. The drill and
motors were selected because they were the most motors in the

kit; Table 5.2 shows the for each motor.
Table 5.3 describes each gear used in the gearbox (refer to Figure 5.2). For each

motor, this gives the ratios:
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Drill ; (8)x (8) % (2) = 26.7:1
Fisher — Price : (@) X (@) X (7—2) = 20.2:1

19 12 30
The motors were using their speeds at maximum this has
proven to work well in the past, as this is the speed the motors run
at when not pushing against (only friction within the gearbox
and rolling resistance of the the wheel speed for each motor
(as if the other motor was each are running at
their speed:
Drill : ——— = 599 RPM
Fisher — Price: —— = 594 RPM
Clearly, the motors are well at maximum for a wheel speed

diameter of 3.757:

As mentioned earlier (see Section 4.2), the design involved 2 with 2
motors driving each one. It has been argued that having multiple motors in one
gearbox causes them to ‘fight’ each other and actually reduce the available power
while current draw; this is simply not the case. The simplest counter-

is that as long as a motor is running slower than its free speed, it is still

torque to the wheel. Since the motors will never run at free speed in

within the alone is sufficient to slow the motors down

both motors in a gearbox always contribute useful torque to the

wheels. This becomes even more obvious when the robot pushes against an obstacle
and each motor slows down

To decrease the size of the gearbox, the gear reduction was done in 2 stages

of the more common 3 or 4). This was possible only because the mobility

system was for high speed less and had very small

19



wheels higher rotational speed for the same speed). The drill
and motors drove one common shaft, which had one small gear driving

an idler which in turn drove a gear bolted to the side of the wheel. See Figure 5.2 for

a view of the gearing; see Figure 77 for a more detailed view.

5.3 and

Each gearbox had a Hall effect sensor mounted 0.5 mm radially out
from the teeth of the gear bolted to the wheel. By the change in

field as each tooth passed the sensor, the control system could count gear teeth and

thereby measure the rotation of each wheel. This was for two main reasons:

1. For the first 15 seconds of every match, robots ran in autonomous mode with
no driver control. It was therefore to count wheel rotations in order

to be able to position the robot on the field.

2. Two-wheel drive robots in general are difficult to drive in a straight line; if
one wheel has a little more power or a little less friction, it will turn faster,
causing the robot to turn quite It is difficult for a driver
to at high speed. the Hall effect sensors were

used to monitor and correct the speed of each wheel.

To measure steering rotation, a 10-turn was used. Here there was a
accuracy The on the robot

controller have a 10-bit i.e. the analog resistance of the is
read as a number between 0 and 1023. If the was driven directly by

the rotation of the gearbox, the gearbox would have been able to rotate a full 5 turns

to either side and the maximum angle resolution would have been:

10 degrees
turn_ — 3.5 degrees
To increase accuracy, the was geared 2:1 from the rotation of the

gearbox,

20



Figure 5.3: Steering

to less than 2 degrees. This was done for accuracy in autonomous mode,
where the robot had to move 24’ forward with drift less than 1’.

even higher would not have changed the overall accuracy,
as the control system code introduced 1-2 degrees of error through
various See Figure 5.3 for a view of the steering system.

21



22



The mobility system well in as measured by titles,

awards, and overall

o At the the team won the in Con-
trol” award for the mobility system, for the innovative method of
the deck. The team also helped carry their alliance to the finals before

losing in two very close matches.

e At the Long Island the team won the “Delphi Driving
award, innovative
with an excellent In the team
won the second ever to win an event

outside of Canada (and the only one to win multiple technical awards outside

of
e At the Canadian in the team won the “Xerox
as well as the “Motorala Quality” awards, the latter for to build an

and complex robot which was also reliable.
the team lost in the finals because a small shaft (part of the steering
snapped - the only failure of the mobility system in the

entire season.
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e At the Event in Atlanta, the robot (the
snapped shaft having been replaced by a slightly larger one).
due to some bad luck in the seeding rounds, the team seeded 11th and was

eliminated in the

6.1

There were several specific times when the of an drive
system were clear. Many times, teams would try to prevent their from
on the deck by pushing them turning them out of the correct

Since the for the deck was insensitive

to precise teams that to do this to the robot usually ended up

pushing it right onto the deck.

Once on the upper the bar from which robots could
hang to score 50 points), it was to be able to prevent robots
from getting up. The mobility system allowed the robot to manoeuvre well

on top of the deck to block other robots. Simple 2 or 4 wheel drive robots often had
since the deck was only 4’ wide, allowing very little room to turn.

In one match at the Canadian the two teams realized that
their best chance to win the match was to attempt to pin the robot. While in a
narrow corridor on the field, one robot pushed a mobile goal into the robot
while the other opponent came in to pin from the other side. With very little room
to manoeuvre, the robot was able to slip and around the and

proceed to climb the deck before they could react.
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never an issue during the brass gears used to mesh with the

wear steel gears

with a wider face should be used in future designs. In 10 ft/s was excessive
and not often used; 7-8 ft/s would likely be more useful and as well as
the strain on the motors. Finally, if the do not have to move

it would be much stronger to support the gearbox at the bottom to support

the load more directly; see Figure 4.3 for a
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