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Abstract

This paper explores a novel mode of mobile manipulation
using a car-like robot whose chassis does not extend above
the height of its wheels. It transports an object that rests
on top of the wheels, so as the robot moves forwards, the
object moves forward relative to the robot. The robot must
maneuver so that the object stays on top of the robot, or a
second robot must be in position to receive the robot as it
rolls off the first. We describe the mechanics of this system,
describe its basic maneuvers and manipulation techniques,
present a motion planner for generating plans to transport
an object, and give results of our experimental implemen-
tation of this system.

1 Introduction

Manipulation is an important capability for mobile robots.
Many tasks require objects to be transported, reoriented, or
aligned. There has been a great deal of research on robotic
manipulators and manipulation as well as on numerous as-
pects of mobile robotics. Researchers in the area of mobile
manipulation have often combined the two by affixing a
manipulator to a mobile robotic platform.

In these systems, the division between the “manipula-
tion” and the “mobility” is very distinct. In human beings,
however, the division is not so distinct — people some-
times locomote with their hands and manipulate with their
feet! Human beings have a far greater repertoire of both
manipulation and locomotion strategies in addition to sim-
ply having better “hardware.”

We are interested in exploring a more natural integration
between manipulation and mobility. In this line of inquiry,
we have built small car-like robots which have a chassis
that is shorter than the wheels. This allows us to place an
object on top of the wheels. As a robot drives forwards,
the object is pushed ahead. An illustration of our robots is
shown in Figure 1.

In this paper we describe a variety of modes of manip-
ulation that are possible with this mechanism: from basic
maneuvers and dynamic manipulation to motion planning
for transportation tasks.

L 1
o0 —

[ 1
Can)

Figure 1: A cartop manipulator transporting an object.

1.1 Related work

There have been a variety of approaches to mobile manip-
ulation explored in the robatics literature. (Due to space
constraints, we omit a review of work using mobile robots
to push objects and instead focus on other methods.)

One approach has been to incorporate an industrial ma-
nipulator into a mobile platform [4, 12, 8, 11]. This work
has tended to focus on developing force or compliant con-
trol that can take advantage of the redundancies introduced
by the mobile base.

Others have explored mechanically simple manipulators
that require multiple robots to cooperate in order to trans-
port objects. One line of research is that by Sugar and
Kumar [10] who developed compliant manipulators that
transport objects in a squeeze grasp between two robots.
Huang and Holden [3] used mobile robots with two degree-
of-freedom “palm” manipulators to pick up an object.

This work is most closely related to the “mobipulator”
project of Mason and colleagues [7, 1, 9]. In this project, a
“dual differential drive robot” is used to manipulate sheets
of paper and other objects on a desktop. The robot consists
of four wheels, each independently driven, none steered.
With a sheet of paper under two of the wheels, the robot
can manipulate the paper and drive around on the desk in-
dependently. Our work is similar in that the same hardware
that is used for locomotion (i.e. the wheels) is also used for
manipulation.

Another related work is the “Stickey” desktop robot de-
veloped by Rus et al. [6]. This robot features a “foot” with
adhesive tape that can pick up a single sheet of paper and
move it to another location. Coordination between this foot
and the wheels of the robot allow it to “unstick” the foot
from the paper.



Figure 2: A parallel parking maneuver. The robot moves to
the points A, B, C, and D; the object moves to the points A,
B’, C’, and then back to A. For clarity, only the path of the
reference point for the robot and the object are shown.

2 Basic motion & maneuvers

The basic design of a car-like robot involves a differential
for the wheels that are driven (usually the rear wheels) and
an Ackerman steering linkage for the front wheels. The
Ackerman steering turns the front wheels unequally so that
all wheels travel about a common center of rotation. The
differential allows the driven wheels to roll at different ve-
locities. The whole design is to prevent any of the wheels
from slipping on the ground; however, it also serves us well
in preventing the object from slipping relative to the robot.

As a wheel rolls forward it pushes the vehicle along. If
an object is resting on top if the wheel, it is pushed ahead
at the same rate relative to the vehicle. This means that
the object will travel twice as far (and twice as fast) as the
vehicle, relative to the world. This will hold whether the
vehicle is going in a straight line or around a curve. In
the latter case, since it travels twice as far along the arc
(assume a constant turning radius), it will rotate twice as
much as the robot.

One challenge for this “cartop manipulation” is that if the
robot keeps going, the object will roll off the wheels. We
will put this characteristic to good use in Section 3, but for
now we will concentrate on limited excursion maneuvers
that keep the object resting on a single robot.

This section analyzes the object behavior when the mo-
bile manipulator executes the standard car-like robot ma-
neuvers: parallel parking and the three-point turn. Per-
haps most surprisingly, a parallel parking maneuver leaves
the object in the same configuration while the robot moves
sideways. In the three-point turn, both the robot and the
object return to the same location, but the object will have
rotated twice as much as the robot.

2.1 Paralle parking

We consider the parallel parking maneuver illustrated in
Figure 2 that consists of a straight forwards segment of dis-

tance d followed by a backwards right turn and then a back-
wards left turn, both of angle ¢ about the respective center
of rotation. The net effect for the robot is a displacement
sideways of h. Given a value of d and the turning radius R,
we have:

sin ¢ = % @

The robot displacement is then:
h =2R(1 — cos ¢) (2)

We represent the position of the robot using the homo-
geneous coordinate vector [ kz ky k ] where the value
of & is often taken to be 1. We assume the robot starts fac-
ing in the positive y direction with the center of its rear axle
(the robot’s reference point) at the origin.

Since the robot starts at the origin , so initially the robot
and the object start at the pointA=[ 0 0 1 ]%.

As the robot moves forwards as distance d to point
B=[0 d 1]%,the object moves forwards a distance
of 2d (with respect to the world frame) to point B’. This
transformation is represented by the matrix:

10 0
S=|01 2d 3)
00 1

sowenowhaveB' =SA=[0 24 1]%.

Next, the backwards right turn rotates both the
robot and the object about the point (R,d). While
the robot undergoes a rotation of ¢ to point C =
[ R(1—cos¢) d/2 1 ]7, the object undergoes a rota-
tion of 2¢ to point C'. This transformation is represented
by the matrix:

cos2¢ —sin2¢ R

1 0
T=| sin2¢ cos2¢ d 0 1 —d (4)
0 0 1 0 0

so we can conclude that:

—Rcos2¢ —dsin2¢ + R
—Rsin2¢ + dcos2¢ +d (5)
1

C'=TB =

Finally, the backwards left turn rotates the robot an an-
gle —¢ about the point (—R(2 cos¢ — 1),0) to point D =
[ 2R(1 —cos¢) 0 1 ]T,and the object undergoes a ro-
tation of —2¢ to point D’. This is represented by the matrix:

cos2¢ sin2¢ —R(2cos¢p—1)
U = —sin2¢ cos2¢ 0

0 0 1

1 0 R(2cos¢p—1)
x| 0 1 0 (6)
0 0

1



Figure 3: Construction for a three-point turn.

We can then compute the point D’ = UC' is then given by:

dsin2¢ + 2R cos ¢(cos2¢ — 1) 0
D'= | d(1+cos2¢) —2Rcos¢sin2¢ [ = | 0
1 1

(7

Straightforward (if tedious) multiplication of the matrices
and a few trigonometric identities leads to the intermedi-
ate result above. Application of a few more trigonometric
identities and substitution using Equation 1 reveals that the
object has in fact returned to its starting position!

2.2 Three-point turn

For the three point turn, it is simple to argue from the sym-
metry of the maneuver that the object undergoes twice as
much rotation as the robot and, like the robot, returns to its
starting position. We describe the construction of the three-
point turn illustrated in Figure 3 in order to demonstrate its
symmetry.

First, we draw the circles S and U through the starting
point A and tangent to the starting and ending orientation,
respectively. We must then draw the circle T tangent to
circles S and U. All circles have a radius R, the turning
radius of the robot. Note that the line TA is the perpendic-
ular bisector of the line segment that could connect points
S and U. It will serve as the line of symmetry for this con-
struction.

The robot first travels forwards on the circle S to the
point B which is the tangent point between circlesS and T.
The object also rotates about the point S, but twice as far to
point B’. We then know that /ASB’ = 2/ASB.

Next, the robot and object both rotate about point T: the
robot to point C and the object to point C'. Because of sym-
metry about the line ST, ZBTA = /B'TB and therefore
/B'TA = 2/BTA. Similarly, Z/ATC' = 2/ATC. There-
fore we can conclude that /B'TC' = 2/BTC.

Finally, the robot and object both rotate about point U:
the robot from point C and the object from C’. Due to sym-
metry about the line UT, we know that ZC'UC = ZCUA
and therefore /C'UA = 2/CUA.

At each step, the object undergoes a rotation twice that
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Figure 4: Dynamically standing up an object

Figure 5: A “cow catcher” can be used to pick up objects
off the ground.

of the robot, so when the robot and object have returned to
their original starting position, the object will have rotated
twice as far as the robot.

3 Dynamic & other motions

This mobile manipulator is capable of a number of types of
dynamic motion. With sufficient speed, it can throw an ob-
ject forwards that will then slide on the ground. Our hard-
ware implementation was designed so that it could throw
an object fast enough that it could slide for a half meter.

Another dynamic task is that of standing an object up.
The basic approach is that the robot should drive forwards,
the center of mass should pass the front wheels, and then
the robot should quickly reverse. Friction from the wheels
will impart a torque to the object and can stand it up. See
Figure 4 for an illustration.

With the addition of some simple hardware, these mo-
bile manipulators can pick up objects off the ground. Fig-
ure 5 illustrates a “cow catcher” on the front of one cartop
manipulator and on the rear of another. This cow catcher
is simply a ramp from the ground up to the wheel of the
robot. Should the object slide up the cow catcher of the
rear robot, the wheels should push it forward. When the
object slides up the cowcatcher of the front robot, the wheel
rotation should pull the object on top of the robot.

4 Motion planning

For these cartop manipulators to transport an object over
any distance, they must be able to hand off the object from
one robot to another. They should also work in an environ-
ment where they will have to avoid obstacles while trans-
porting an object; this requires motion planning for both
the object to be moved and for the individual robots.
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Figure 7: A timeline for a handoff cycle.

Figure 6: Handoff relationships

4.1 Handoffs

Suppose we are transporting an object of length L with
a line of identical cartop manipulators with a wheel-
base W and wheels of radius r separated by a “handoff
distance” H > 2r, the distance from the centers of the
front wheel of one robot to the rear wheel of the next. (See
Figure 6 for an illustration.)

There are two basic constraints that ensure the object is
supported by at least one wheel on either side of the center
of mass (com) which we assume is in the center of the
object:

L

< =
W< ®)

L
H< - 9
<3 ©)

The limit on L given n robots is:

L<H+n-1)(W+H) (10)

We will require that the object com start at some frac-
tion & of the distance between the front and back wheels of

a robot and that it will stop in this same relative position on
the last robot at the end of a segment. Figure 7 shows an il-
lustration of a single handoff, showing the location of each
robot over time. Note that we use a reference point for the
object that is not at its center of mass so that this reference
point coincides with the robot reference point (the middle
of the rear axle) at the start and the end.

Requiring the object to start and end each segment with
the object and robot reference points coincident provides a
certain decoupling between segments of path, e.g. between
straight line segments and curved segments. In order for
this to occur, each segment must have a length that is an
integral multiple of 2(W + H). We may choose an H for
each segment subject to the constraints above which, com-
bined, give:

1 -1
o= lycem<l
n n -2

L (11)

However, one important factor affecting handoffs is that the
curvature of the path may not change while two or more
robots are supporting the object — otherwise, the robots
would be traveling about different rotation centers and the
object would slip on the wheels of one or both robots. In
order to transition from, say, a straight line segment to a
curved segment, some maneuvers, illustrated in Figure 8,
would be required to remove all but one supporting robot.
This robot can then change its steering direction, and fi-
nally, an additional maneuver is needed to “insert” a second
robot under the object ahead of the first robot.
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Figure 8: Maneuvers that may be required at a transition
from a straight to curved segment. On the left, the robots
drive forward until the rear robot can drive away, and then
the lead robot drives backward to the transition point. Sim-
ilarly, on the right, the robot drives backwards along the
same arc until the next robot can be put in place.

4.2 Nonholonomic motion planners

In order to plan robot motions for a transportation task, we
first plan a path for the object, treating it as a car-like robot
with the same turning radius as the robots. The object path
is divided into 1-handoff length segments, and then paths
for the individual robots are planned.

We have used Barraquand and Latombe’s approach to
nonholonomic motion planning [2] for planning the object
path. This planner searches from the start configuration,
and at each step, tries going forwards and backwards from a
configuration at each steering angle (straight and maximum
left and right). The distance of each attempted motion is
set to be the length for a single handoff. The advantage of
this planner is that we are guaranteed an integral number of
handoffs, each of length 2(W + H). The only drawback
is that a path is only guaranteed to reach the vicinity of the
goal, not the goal itself.

For a 2(W + H) segment on the object path, the first
robot carries the object a distance of (1 — k)W + £, and
the second robot carries the object for kW + % However
the second robot of one segment is the first robot of the
next segment. We have chosen k& = % to simplify the path
decomposition if the path reverses direction.

The paths for each individual robot are planned using
the approach described by Latombe [5]. This planner
starts with a holonomic path and recursively refines it us-
ing Reeds & Shepp curves. We use a different planner here
because the robots must move to the exact point to receive
the object handoff and because there is no constraint on the
length of path segments.

Figure 9 shows an object path and its decomposition into
segments for each robot. The individual robot paths are
shown in Figures 10 and 11. These paths are for robots
with a 15.6 cm wheelbase and an object length of 40 cm.
Only one robot supports the object any curvature change,
maneuvers are not required at transition points.
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Figure 9: Path segments for two robots

Figure 10: Complete path for the first robot
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Figure 11: Complete path for the second robot




Figure 12: One of our “cartop manipulators”

5 Experimental hardware

We have built two cartop manipulators and have conducted
a number of preliminary experiments.

The robots use a differential, steering blocks, wheel
hubs, and several other components from model racing
cars, but the chassis and wheels were custom made. A
Maxon motor drives the robot while a hobby servo han-
dles the steering. Optical quadrature encoders measure the
rotation of the right rear wheel and the steering angle of the
right front wheel. The wheels are made of Delrin with a
#329 O-ring used as a tire. Figure 12 shows a picture of
one of these robots.

A desktop computer controls the robots through a tether
which also provides power to the robot. The drive motors
are driven by AMC servo amplifiers, and the hobby servos
are driven via a Pontech card. A ServoToGo card provides
the D/A converters and hardware support for the encoders.
While this arrangement has decreased development time,
tether management may become an issue.

We have experimentally demonstrated that that these
robots can dynamically stand up an object and have demon-
strated the parallel parking and K-turn maneuvers. We ex-
pect to demonstrate the remaining manipulation skills de-
scribed in this paper within the next few weeks.

6 Conclusions

This paper has described a novel method of mobile ma-
nipulation using a car-like mobile robot: the same wheels
used for driving the robot are used to manipulate an object
placed on top of the wheels. As the robot drives forwards,
the object is pushed forwards relative to the robot. The
basic maneuvers for a car-like robot have somewhat sur-
prising results — the parallel parking maneuver results in
no net motion of the object while the robot moves sideways
underneath it, and the three-point turn results in object ro-
tation twice that of the robot.

We have described a number of different types of manip-
ulation that these robots are capable of, including dynam-

ically standing up an object, picking an object up off the
ground, and handing an object off to another robot. Our
motion planner for this system first plans a path for the ob-
ject, treating it as a car-like robot, and then plans paths for
multiple robots that repeatedly hand the object off to each
other. We have built two of these mobile manipulators and
have experimentally demonstrated several types of manip-
ulation.
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