Proceedings, 1999 IEEE Int Conf Robotics and Automation

A Mobile Manipulator

Matthew T. Mason  Dinesh K. Pai  Daniela Rus Lee R. Taylor Michael A. Erdmann

Carnegie Mellon U. British Columbia Dartmouth Carnegie Mellon Carnegie Mellon
Pittsburgh, PA Vancouver, BC Hanover, NH Pittsburgh, PA Pittsburgh, PA

Abstract

This paper describes a mobile manipulator that uses its
wheels for manipulation as well as locomotion. This robot,
named thanobipulator looks like a small car with four in-
dependently powered wheels, none of them steered. It is de-
signed to manipulate paper and other objects on the surface
of a desk. The wheels are used for locomotion or for ma-
nipulation, switching functions dynamically as the task de-
mands. So far we have preliminary demonstrations of a va-
riety of motions, and performance data for the task of mov-

ing a sheet of paper in a square while maintaining constant o pual diff drive mode. This mode (Figure 1) combines

Figure 1: Mobipulator in dual diff drive mode.

orientation. locomotion and manipulation. To maneuver a piece of
paper on a desktop, one pair of wheels drives the pa-
1 Introduction per relative to the robot, while the other pair drives the

. . , ) i robot relative to the desktop.
This paper describes a mobile manipulator, which we call

the mobipulator It combines the two functions of locomo- e Inchworm mode. This mode (Figure 2) is pure ma-
tion and manipulation in a uniform way: it uses wheels for nipulation. With all four wheels on the paper, by quick
both. So far the robot has demonstrated the ability to manip-  alternation of the front wheels and rear wheels, the pa-
ulate a piece of paper on a desktop, and also shows potential per can be advanced incrementally beneath the robot.
for manipulating other common desktop objects. This pa-
per introduces the robot, describes several different modes *
of manipulation and locomotion, outlines the kinematics of
the device, and gives some experimental results.

Our goal is to create small robots that can be plugged into
a desktop computer with the same ease as a camera or a CD
ROM. We believe that motors, sensors, and electronic com- o Scoot mode. For this mode (Figure 4) the robot first

ponents have become small enough and inexpensive enough  accelerates hard and then decelerates hard. During ac-
to build robotic systems that would be practical and useful celeration the paper slips backward, and during decel-

in an office environment. A particular task might be to keep  eration the paper slips forward. There is a net forward
a desktop organized: to store, retrieve, or discard items on  motion of the paper.

demand; to stack papers neatly; to scan papers or books; and ) ) . .
so on. This is a complex problem—for the present we will While we have seen inchworm, translation, cyll'nd(_ar rolling,
focus on how the mobipulator handles single sheets of pa@nd scoot modes work, so far we have quantitative results
per. Closely related work [15] describes a system that use@nly for dual diff drive mode.
a camera to capture electronically and index the contents of Although dual diff drive mode is fundamental to the de-
the papers contained on a desktop. In the future, we envisio®dn of the robot, no single mode is sufficient by itself. For
combining this previous work with a robot (perhaps somePlanar motions of the paper, we expect to rely primarily on
variation on the mobipulator design) to address the largeflual diff drive mode, but also to use translation mode and
problems of desktop robotics. others not yet d_empnstrated, such as skid-steering and drag-
The mobipulator looks like a small car, with four in- 9ing a paper with just one wheel. To move the paper out
dependently powered wheels. None of the wheels ar€f the plane, we expect to use inchworm mode to create a
steered. We envision several different modes of manipulabump in the paper, which might then be maneuvered on top

tion/locomotion, of which four have been demonstrated s@f @ corner of a stack of papers. To manipulate other ob-
far: jects, we expect to use a variety of pushing and other modes,

perhaps including the cylinder-rolling mode for pencils.
e Translation mode. This mode is pure locomotion. This paper describes the robot in some detail, and docu-
To translate forward or backward, all four wheels arements the performance of the robot in dual diff drive mode.
driven at equal rates. It also outlines some of the many technical challenges and

Cylinder rolling mode. This mode (Figure 3) is in-
spired by dung beetles. The robot’s front wheels are
placed on a cylinder. It uses its rear wheels to propel it-
self forward while its front wheels turn in the opposite
direction to roll the cylinder forward.



bile platform. The JPL Cart [17] provides an early exam-
ple, while Romeo and Juliet [8] provide a current example.
These projects have demonstrated effective coordination of
wheels and arm joints in manipulation tasks.

One goal of the work described here is to explore the re-
lation of manipulation and locomotion, a goal shared with
the distributed manipulation work of Donald et al [4]. This
work included a set of mobile robots pushing objects, as
if each robot were a finger in a multi-fingered grasp. The
OSU Hexapod [16] used dynamic stability analysis and al-
gorithms quite similar to those sometimes used to coordi-
nate or analyze dexterous manipulation with multi-fingered
hands.

The Platonic Beast [12] is probably closest in spirit to the
present work. It had several limbs, each of which could be
used for locomotion or manipulation.

All of these works illustrate that there is a deep connection
between locomotion and manipulation, and the present work
seeks to take the connection even further: the robot is just
one of several movable objects in the task. The job of each
actuator is resolved according to the task, be it manipulation,
locomotion, or something not clearly classifiable as either.

The present work can also be viewed in relation to other
manipulation systems. In fact it fits naturally with work on
nonprehensile manipulation. A few examples are manipula-
Figure 3: Cylinder rolling mode. tion of objects in a tilting tray [6] or on a vibrating plate [14],
gnanipulation of parts on a conveyor belt with a single-joint
robot [1], manipulation of planar objects dynamically with
simple robots [10], use of a passive joint on the end of a
manufacturing arm to reorient parts [13], control of an ob-
2 Related Work jectby roIIinggth between two pla?es [35, aLd manipulation of

This section reviews some of the history of mobile ma-Planar shapes using two palms [5]. These examples are sim-
nipulation and its relation to the present work. Then we de®ler than a conventional general purpose manipulator, they
scribe the present paper’s relation to recent work on minican manipulate a variety of parts without grasping, and they
malism and nonprehensile manipulation. exploit elements of the task mechanics to achlevg goals. In

Several preceding systems have explored the connectidh€ case of the present work, the robot manages six freedoms
between manipulation and locomotion. One of the earliesWith just four motors. Manipulation is accomplished by fric-
influential robots, Shakey [11], was a mobile manipulator. Ittion, gravity, and dynamics, without grasping. Perhaps the
pushed boxes and other objects. Many subsequent mobil80st relevant previous work is the business card manipula-
robots have incorporated manipulation in some way. Everion work of Kao and Cutkosky [7], which addressed ma-
the recent activities of Sojourner on Mars included elementglipulation of laminar objects by fingers pressing down from
of manipulation. These and other examples provide a com@bove.

text of broad insights and experience with mobile manipula- \We are just beginning work on the analysis, planning, and
tion. control of the mobipulator, which will depend heavily on

A direct approach is to attach a manipulator to a mo-Wwell-established techniques for non-holonomic robots. [2, 9]

describes some variations of the robot. Finally we discus
some of the motivating ideas and possible applications.

3 Dual diff drive mode

This section examines dual diff drive mode in detail. We
begin with some remarks on the configuration space and the
quality of paths. Then we develop the kinematic equations
describing the paper’'s motion as a function of wheel veloci-
ties. The section concludes with some experimental results.

3.1 Paths

We assume that one pair of wheels, either the front or the
back, is on the paper, and that the other pair is on the desk.
Each pair defines a differential drive. For small motions we
Figure 4: Scoot mode. can consider the system to be decomposed into a chain of the




U frame,

UR d TR
v = —

R dt YR
WR WR
up d xrp
v = —

P dt yp
wp wp

We will follow the common convention of using pre-
superscripts to indicate coordinate frames. Thus
(Bxp,Fyp) gives the origin of the paper frame rela-
tive to the robot frame, in robot frame coordinates, while
(Rup,Fvp) gives the paper frame origin velocity in robot
(rp,yp) frame coordinates. But observe that velocities are relative
to theU frame, then transformed to other frames.

Letw; be the angular velocity of wheglwith the positive
two diff drives acting independently. The robot relative to Sense defined to correspond with a forward motion of the
the desk is a nonholonomic three degree-of-freedom systerar. Letc be the wheel radius, and letandb correspond
and so is the paper relative to the robot. The entire systertp the chassis half-length and half-width respectively. If we
has six degrees of freedom but only four controls. It followsassume no wheel slip, then with some calculation one can
directly from well known results of differential drives that obtain for the robot's motion:
the entire system is small-time controllable, and that paths

Figure 5: Notation for dual diff drive
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in the configuration space can be followed as closely as de- R“R agc(“’i% +wa)

sired. VR = Q—b(w4 —o.)g)
One important complication is an obstacle that is hard to WR o5 (W1 — w3)

ignore: the edge of the paper. To remain in dual diff drive

mode, the paper’s edge must pass between the front arftPm which the nonholonomic constraint may be derived:
rear wheels. Consider the problem of driving an automo-
bile down the highway, while keeping the front wheels in
the left lane and the rear wheels in the right lane. A long
path would require a long sequence of tedious parallel parkA similar set of equations may be derived for the paper’s
ing maneuvers. motion relative to the robot. Combining, we obtain the pa-

The configuration space comprises two components, whater’s motion relative to the fixedl frame, but for simplicity

we might callfront-wheels-orC-space, andear-wheels-on  expressed in robot frami coordinates:

C-space. Each of these components is very short in the car's

RUR —awrp =0

preferred direction of travel, and long in the tedious direc- Ryp
tion. e . o Bop | = fiwr + fows + faws + faws
For that reason, dual diff drive by itself is limited. How- wp

ever, if we also allow the robot to use translation mode, then

it can drive directly across the paper, switching from front-\here eacly; is the vector field arising from driving just one
wheels-on to rear-wheels-on, for example. The resultingyheel:

plans are much more efficient.

R R
s R
. . . =\ sier—5 |, L=| —g'rrty
3.2 Kinematic analysis < -£
S+ 5 yp ¢ — Sfyp
2 2 2 2
This section derives kinematic equations and shows that f3 = | —5 — 5" @p |, fa=| % + 5" wp
the motion of the paper relative to the desktop is uncon- —57 57

strained. We assume a coordinate fraihfixed to the desk-

top, a coordinate framg fixed to the robot, and a coordinate ~ Then we see that the paper’s motion is unconstrained by
frame P fixed to the paper. (See figure 5.) Let the origins offinding linear combinations of the four vector fields which
the R and P frames bgzr,yr) and(zp, yp) respectively, ~ span the space of paper velocities.

measured in th& frame. Let the angles be given By and

fp. Then the configurations of the robot and the paper are —2c

given byqr = (zr,yr,0r) andgp = (zp,yp,0p). The fitfo—fa—fa= 0

velocities of the two frames will be taken relative to the fixed 0



0 700

fi=fotfa—fa=| -3¢
0 600
*%Ryp
hi—fo—fs+fa= %I;IP 500
0
400

It is readily observed that the above fields sg&hfor all
configurations of the system. The system also has one “re-
dundant” degree of freedom, corresponding to translation
mode, where the robot rolls forward but the paper doesn’t
move:

3001

200

fitfo+fa+fa=0

Thus, although the robot and paper system is nonholo-
nomic, if we consider just the paper relative to the desk- .
top, we can achieve velocities of any direction, as if it were 0 oo 200 300 400 500 600 700

a holonomic system. In principle we can close a feedback;q e 6: The mobipulator driving a rounded square, while hold-

|00dp about the paper’s configuration, although we have yefg the orientation of a mylar page constant. Dimensions are mm.
to do so.

100

_ We acquired data using a video camera positioned above
3.3 Experiments the desk. The surface of the desk was covered with paper

The goal of our experiments was to test the basic concefontaining a 50mm square reference grid. We recorded the
of dual diff drive, especially three key assumptions: that thenobipulator motions, captured individual frames, and digi-
paper will slip on the desktop, that the wheels will not slip tized points by hand to generate plots of both the mylar and
on the desktop, and that the wheels will not slip on the path€ mobipulator motion. _ .
per. We were also concerned with the possibility that the pa- 1h€ control hardware generates trapezoidal velocity pro-
per would gather between two wheels, creating an unwantef€s- The parameters of the commanded motions were cho-
hump. (Our chassis design allows some control of sideway8€" to ensure that accelera_tl(_)ns commence anq cease simul-
humps, as in inchworm mode, but provides no control Of.taneouslly for_allwheels. In joint space (—;-ach motion segment
humps parallel to the wheels.) Our conclusions are that itS & straight line, even during acceleration and deceleration.
works fairly well, and that the slip assumptions are satisfied! "€ turning motions took 5 seconds, while the edges took 2
well enough for effective locomotion and manipulation. It S€conds. The system operated open-loop, except for the PID
came as no surprise that unwanted slip is significant enougfPntrol of the individual wheels.
to defeat accurate odometry. The uncontrollable hump prob-

lem was never observed. Results Figure 6 shows typical paths of the mobipulator
and the mylar sheet it is maneuvering. One curve is a trace
fof the mylar sheet’s center point; the other curve is a trace of

Experimental Setup The car has a square wheelbase oéhe right back wheel,

approximately 125mm along each edge. All four wheels ar ; . o .
independently powered by DC servomotors with gearheads Figure 7 is a plot of the mylar sheet'’s orientation. It was

and incremental encoders. The front wheels form one moa@_ommanded to maintain a constant zero angle, so any mo-

ule and the rear wheels a second. The front and rear modulé'gn is an error. After rotating relative to the robot, the

are joined by a steel strap that is flexible in torsion to a”OWma_lrxherror IS arotung.l trad|ans_, or aboud®. f The first
the load to be evenly distributed between the four wheels. eére seem 1o be two main Sources of error.  The rs
The mobipulator was operated in dual diff drive mode,pmblem is slip of the wheels against either the paper it is ma-

and was programmed to move a piece of square mylar aborl'!pulating, or more commonly the desk surface. This prob-

a desk in a rounded square, while maintaining constant oricm Is worst when moving the paper about the corners of the

entation of the mylar. The pattern was composed of 8 se square, which requires more effort from the rear wheels due
arate segments: 4 arcs and 4 straight edges. Each strai Rran increased lever arm. The second problem is tracking

edge moved the rear wheels (those not on the mylar) 100m rror during the motions, which affects _synchronization of
while keeping the front still. The corner moves consistedi'e Wheels. The worst case occurs during a turn when the
loads on the rear wheels differ, and so of course the servo

of moving the inner rear wheel along an arc of 89.5mm, . .
while the outer rear wheel traversed an arc of 303mm. Th&" O differs, leading to a departure from the programmed

front wheels traveled 106.8mm in opposite directions, ropath'

tating the mylar 90 degrees in reference to the mobipulator,

while maintaining constant orientation in reference to theLessons learned We learned four main things from these
desk. experiments. First, we feel encouraged that the basic idea



012 - - - - - - does not reach the limit of static friction. We are presently
working with simulations to explore this hypothesis.
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Cylinder rolling mode. The design of the mobipulator
was partly inspired by the noble dung beetle, which manip-
ulates its dung ball with its rear legs as it walks with its front
legs. On the desktop this seems a natural way to manipulate
pencils. We had no difficulty rolling a small brass cylinder
and a large PVC pipe several inches, but our first attempts
to repeat the feat with a pencil were not successful. We sus-
pect that slip of the pencil is a problem, especially with the
hexagonal cross section.
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002} { 5 Discussion

, , , , , , What is the difference between locomotion and manip-
10 2 Ve 50 60 7 ulation? The answer seems obvious: it is the difference
between moving onself relative to the earth, versus moving
Figure 7: Control error for page orientation, which was com- some collection of objects relative to oneself. The distinc-
"n%ﬁ:nki??sta?n%iuiifcc?rrrﬁt:;rtn;ﬁr:g’ogﬁglg [t)huia’t‘i“grtl'%? tf?(fa Ir']golf[irgnGtion is straightforward when comparing most mobile robots
was one minute, with about half that time spent at rest betweer\f\"th most robotic manipulators. However, the distinction
motion commands, due to communication delays. g,ecﬁgggrs awkward for some tasks, as illustrated by the mo-
ipu .
worked so well on our first attempt. Second, not surpris- The design of hands, arms, legs, feet, and wheels really
ingly, we have to provide means to deal with error due todepends on our relation to the objects we interact with, not
wheel slip. Third, materials and wheel loads are impor-on whether it is locomotion or manipulation. The mobipu-
tant. We tried various combinations until we found one thatiator is designed for a manipulation task that closely resem-
worked best. We even cheated a little, using ballast to put 8les indoor locomotion. A differential drive is a good way
higher wheel load on the rear wheels than on the front, anéb manipulate a large flat object, just as it is a good way to
using mylar to reduce slip. Fourth, independent control oflocomote on a large flat floor.
the wheels is a problem. Although the servos seem to set- The similarity between the mobipulator’'s locomotion and
tle accurately enough, because of the nonholonomic natung@anipulation tasks means that its motors can be dynamically
of the system errors during the trajectory lead to significanteassigned to either task. This is a characteristic of animal

-0.04
0

errors in the final robot position. behavior that we might profitably emulate. It allows a more
opportunistic approach to planning and control, and should
4 Other modes increase the capabilities of a robot.

There are many other ways of driving the mobipulator.

We envision a number of different motion modes. Besides/Ve hope it will be able to pick one sheet from a stack of
the four modes described above, we plan attempts to dragR@per, to place a sheet back on a stack, to turn a page of a
page with one wheel, to translate the page with two wheel§00k, and so on. There are a number of interesting techni-
on the same side of the robot, to use microslip to turn théal problems to pursue: coordinated control of the wheels,
device without a paper, to turn the pages of a book, and @utomatic planning, analysis of different motion modes, and
variety of other techniques. However, we will focus on theVvariations on the mechanical design to name just a few.
four modes we have already tried.

6 Conclusion

Inchworm mode. If we first advance the front wheels of = The mobipulator is a simple system for manipulating lam-
the car, and then the rear wheels, and repeat, what happensmhar objects on a desktop, and perhaps for a variety of other
the paper? The answer depends on the normal loads applisthall-scale mobile manipulation tasks. Early experiments
at each wheel, the frictional characteristics of each contactre encouraging, although there are a number of unresolved
and on the nature of the wheel motions. If these factoréssues including control, planning, mechanical design, per-
can be managed appropriately, the paper will incrementallgeption, design, and applications.

advance beneath the car. Our first attempt with inchworm

mode worked. It appears that a hard acpeleration \{vith Onﬂcknowledgments

set of wheels will advance the paper without moving the

robot. Possibly the reaction force is filtered by the mass Many of these ideas arose during discussions with lllah
of the car in combination with the servo stiffness, so thatNourbakhsh. Stephen Moore and Jason Powell helped in
the other set of wheels never sees the peak force and henttee design and construction of the mobipulator. This work is
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