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Abstract

A novel, miniatue robot designed to use its two arms for
both manipulation and locomotion is described. Intended for
military and civilian surveillance and sedr-and-escue
applications, the abot must be small, rggd, and
lightweight, hence the desifor dual-useThe pbbot consists

of two, thee-dgree-of-feedom arms that can stow
completely inside the 75 mm diameter cylindrical body for
ballistic deployment. This paper describes the aaism
and design motivation as well as twoseblocomotion gaits
and a thid corventional gait.

1 Introduction

In the final scene of the movigerminator a fictitious
humanoid robot loses its lower torso including the legs it
uses for locomotion. In the research laboratory, the scene
would be over as a swarm of graduate students attempt t
salvage the tangled wreckage. In Hollywood, the robot
dynamically reconfigures its locomotion strategy,
employing its manipulators (arms) as locomotors to drag
itself across the floor. Furthermore, it visually servos toward
its intended target.

This type of dual use for manipulation/locomotion --
which is not uncommon in the biological world -- is our
primary goal withTerminatorBot We intend to produce a
visually-servoed, two-armed robot that drags itself to visual

landmarks and visually manipulates objects using the same

two arms. Our motivation is provided by military special
operations and civilian SWAT team applications in which
very small, rugged, gun-launchable robots can be used for
reconnaissance, surveillance, and
operations.

2 Prior Work

Mobile manipulation is an area of research that has not
been atensiely addressed in the robotics community
Manipulators hee been placed on mobile robots before (in
fact, commercial éérings from Nomadic &chnologies and
RWI include \arious OmanipulatorsO as options, including
PUMA robots), ot they have generally been treated
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disjointly. Sandia, for @ample, has put Schilling arms on a
variety of platforms for teleoperation in hazardous
ervironments (e.g. [4]). Carrék, et al intgrated the path
planning of lav-DoF subsystemsulb motion operations and
design for each were treated separately [1]. Khatib has done
signibcant wrk in intgyrating the motion control of arms
and mobile bases through the Operational Space formulation
[3], but has not performed visual semg nor are the
mechanisms dual-use. Brachiation robots, which use arms
for locomotion by swinging li& a gibbon, hee also receied
some study (e.g. [5]),ub current mechanisms are incapable
of manipulation.

A few robots hae been considered with dual use
design. SM and DM at Carngie Mellon ([8] and [9],
respectiely) and PolyPod/PolyBot at Stanford/Xerox ([12])
are notablexamples. SM and DM are symmetric, inch-
worme-like robots with grippers at each end. The robots are
designed to walk around the outside of the space station to
perform repair and inspection tasks. PolyPod is a modular
serpentine manipulator of mgansimilar joint modules
designed with both manipulation and locomotion in mind.

3 Target Applications

The TerminatorBot concept is an outgrih of our work
on the DARPA Distributed Robotics program to create a 40
mm diameter sumillance robot foreentual deplgment by
means of an M203 grenade launcher [11]. The entire system
comprises a hierarghof heterogeneous robots. At the
bottom of the hierarghare the 40 mm OScoutsO (Fidyre

Figure 1: 40 mm diameter OScoutO mobile r obot.



These are serely resource-constrained in terms oivpg
locomotion range, and payload capaditgnce the need for
heterogeneity in functionality within its vel of the
hierarcly. Between leels of the hierargh there is also

there are concerns thanay be inadequate for particular
scenarios, hence thevastication of alternate designsoi-
example, the Scouts auld be most useful in search-and-
rescue operations in which the damage is ta@reeand

heterogeneity as the robots are distinguished according toconstricting to send in dogs (whiclgaably will be superior

size: plysical size, battery size, and CPU size.

Next up in the hierargh are the ORangedsThg are
based on R/I, Inc@ ATRV Jr. robotic platform and prade
medium-range mobility (on the order of avfkilometers) as
well as communications and computational support for the
Scouts. The carry a supply of Scouts and degplkihem as
necessary

There is another el in the hierarch for lamge-scale
locomotion ot it is irrelevant to the design and application
of the Scout and/oréFminatorBot. (The &minatorBot is an
alternate design for the Scoutdd of the hierarch) Scouts
possess taw modes of locomotion: rolling and hopping. On
smooth suiices, tw dense-foam dre wheels dfciently
roll the robot along with minimal peer consumption and a
reasonable dgee of naigational certainty When
encountering an obstacle (common for a robot only 40 mm
tall) the Scout can winch in its foot and hop up to one meter
in height. (Currentersions can hop only 25 cm in height.)

Unfortunately while the hopping is required for
practical mobility it is rather time and peer inefcient due
to the inebcieny of the winch mechanism. Nigational
certainty is also ery lov for hopping. The distance and
direction of trael is poorly knavn and orientation in the
plane upon landing is completely random.

Still, its small size gies it stealth and the ability to
access small spaces. This is primarily of interest to the
military, but there are wilian uses, as well. o example,
equipped with a camera or microphone (the payloads are
interchangeable) Scouts could be used in search-and-rescu
operations follaving natural disasters (e.g. earthgeskor
terrorist actions (e.g. Oklahoma City bombing). There is
also potential interest fromwuiian SWAT teams in hostage
situations and police standef Of course, these are natural
military applications, as well, particularly in urbamnfare
ervironments that wolve cvilians. Sureillance robots of
this size could be carried and demd by varbghters,
keeping the wrbghters out of the line of bPre and minimizing
the risk of cvilian casualties in the Oheat of the mon@ent.

With vibration detecting payloads, Scouts can be
deployed along a roadside to discretely monitortafThe
can hide nearhymonitoring for vibration signatures that
would indicate heay equipment or laye troop m@ements.
Finally, it has been suggested yheould be used to carry
small distriluted explosive chages that can be amassed to
sufbcient wlumes through their numerosityhis can se
for demolition of specibc tgets or detonation of land mines
or other ungploded ordnance.

to robots in sensing for the near future). Bugéaamounts

of rubble within &tremely cramped spaces may #riboth
locomotion modes of the Scouts (too much rubble to roll, too
litle headroom to hop). A cowding robot such as
TerminatorBot could PIl this niche in whichvalable
headroom is, onvarage, just a fe times the rubble size.

In suneillance tasks, it is desirable for the robot to
conceal itself. The Scouts will only be able to maise of
existing open spaces such as underneath furniture. A robot
with manipulators could actually pull objectseo itself,
creating its wn cover and enhancing its stealth. A
miniature, telescoping panftilt unit has beewedeped to
facilitate such stealyhsuneillance, too [10].

The idea of mansmall robots amassing a useful der
from small, insignipcantxplosives has been suggested by
researchers in a number of scenarios. The main problem
with this idea is that the le€ieny of explosives is highly
dependent on their placement. Anch of mobile robots
with no ability to manipulate wuld amass a rather
inefbcient bombJust one or tar robots with the ability to
locomoteand manipulate could carefully place the des,
demanding manfewer trips to achiee a gien objectie.

Finally, in mary of these scenarios, the ability to dig or
burrow in light soils could be benebcial. This could\pde
camoullage during surilance, additional access during
search-and-rescue, and an alternate detonation means during
de-mining.

d Mechanism Design

The robot consists of aylindrical body with tvo 3-
degree-of-freedom (DoF) arms that can fullyvgtoside the
body (Figure2). The ultimate goal is to bt the 40mm
diameter formdctor of a launchable grenadat the current
prototype is approximately tw times wersize with a
diameter of 75 mm and maximum reach of each arm of 170
mm.

Two gearmotors within the body de a 2-DoF shoulder
joint through a dferential. This arrangement couples the
torque of both motors through the same axis of rotation for
pure motions around the principalemx Encoders on each
motor pravide position feedback for positioning link 1. The
gearmotors hze a relatiely low ratio of 17:1, bt an
additional reduction stage in the form of a 15drmw gear
boosts the total gear ratio to 255:1 andrpres back-dring
the motors.

The prst link is 200 mm in length and 23 mm in width,

While the ScoutsO dual locomotion modes are necessarllowing the inclusion of the gearmotor and encoder for the

to achi#e mary of these missions in real \@ronments,
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third joint within. A right-angle gear arrangement transfers



torque. A traditional torque sensor (see cross-section in
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Figure 4: 2-DoF f orce/tor que sensor wheel f or elbo w joint.

Figure5) consists of four to eight radial Rees arranged
with regular spacing about the center point [6]. By biasing
the distrilution of Rexures tovard a single diameteas in
Figure5, the sensor is made more sewsito forces along
Figure 2: CAD rendering of T erminatorBotinthe sto wed F. As in a multi-axis wrist fqrce/torque senstire Beures
conbguration. can be usgd to sense multiple components. But a common
problem with multi-axis sensors is maximum load capacity

torque to a traditional 1-DoF elaojoint that dries the is dominated by torques, which multiply quicklp combat
70mm second link. Incorporated into the joint are torque this problem, the Baires are placed bfthe radii and
sensors for direct measurement of joint torque at the point of perpendicular to the force (Figuég For a given Reure
application. Brce/torque sensing is incorporated for use dimension, this diminishes the torque sewijti and
during manipulation of objects and also to enablecg#tv  increases the force sengity, making the response more
back-drvability of the gear train. isotropic.

The torque sensors include a number of important The use of strainapes on such a smalliee (The

design features to increase their utiliach sensor wheel  Rexures are only 2 mm wide and 2.5 mm longduid
(see Figurel) is designed to pwide two axes of force/

Elbow Gearmotor

Left Arm

Differential
Shoulder Joint

\ Force/Torque
/ Sensor Wheels

Shoulder
Gearmotors

Right Arm

Figure 3: Internal par ts of the T erminatorBot in the sto wed conbguration. Bearings and some other par  ts are not
illustrated.
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during manipulation as the manipulators do possess the
ability to move out of plane and it is unkky that transerse
torques will come into play during manipulation of objects
F (which is the only time precise measurements are required).
The tips of the arms are hemispherical shells thaeserv
a dual purpose. The coneaside is cla-like and is useful
for traction during locomotion and/ien for digging in ery
light soils, such as sand. When manipulating objects, the
arms will Bip 180 dgrees, rposing the covex sides to one
another These sudces are lig bngertips and pvale a
pPxed center of rotation for objects miog across the
spherical sudce. Coupled with the force/torque sensors,
this can be modeled as a passiut sensable, fourth joint
on each arm during manipulation.
The assembled prototype is shin bgures 7 and 8.
The arms of the prototype are 105 grams each and the body
is 440 gramsxxluding batteries and CPU, for a total of 650

Figure 5: Cr oss-section of OtraditionalO tor que sensor - .
grams in mechanism alone.

with radial Be xures (although irregular Re xure spacing
is Onon-traditionalO - see te xt).

Shoulder
LVDT »~
Attachment
Point Elbow

Figure 7: Assemb led TerminatorBot in sto wed

conbguration.
Figure 6: Cr oss-section of the f orce/tor que sensor
wheels used on T erminatorBot. 5 Locomotion Gaits
present manaicturing problems and the compressitrains _ _
introduced by the 6&fadii Rexures would inject noise. Novel mechanisms often suggesvaband mechanism-

Instead, MDTs (linear \ariable diferential transformers)  SpeciPc gits, as s the case with PolyPod [12]. There are
are mounted between the hub and the link to sense purghree proposed classes of locomotioaitgy for use on
deRection as in [2]. IDTs are insensite to the noise  TerminatorBot: swimming a@jts, narra-passage ats, and
strains &perienced by the Reres and, due to their high ~bumpy-wheel gits. All the gits are used on dry landjtithe
frequeny carrier vave ecitation, are more immune to ~ Oswimming gitsO are so named because of their similarity
electrical noise produced by the motors and other sources. to human swimming stras. These are thexpectedOagts,
Finally, two sensor wheels are empéal on each joint, characterized by stances with the arms slightly splayed out
one on each side. This alle the measurement of a third axis  to the sides and a full stride through much of the range of
of force at the manipulator tip, complementary to the other motion of the shoulder joints (Figugs.
two components. This is somkat problematic because the The narrev-passage @t is a neel gait that maks
sensors are not collocated and it is impossible to probtable use of the fi#fential shoulder joint and unique
disambiguate a force at the tip from a trarse torque. ability of the prst link to rotate around its principal axis.
Nonetheless, the additional force axis will baeluable Wit this type of git, the robot canan passage through
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Figure 8: Assemb led pr ototype with micr ocontr oller f or
joint contr ol in deplo yed conbguration.

Ground
Reference

\

Figure 9: An e xample s wimming gait. (top vie w)

openings that are no wider than the body itself \(joiex!

navigational capability is stfciently precise). lllustrated in
Figure10 with both top and side wies, motion is gbcted
entirely fornard of the roboglbody as it pulls itself along.

Finally, the umpy wheel @it is another neel gait that
makes use of the ability of the f&fential shoulder to rotate
360 dgrees. As Figurél indicates, the arms OrollCelik
broken wheels to ma the body fonard. This is the most
powerful gait as all four shoulder motors are coupled teedri
the body forvard and forces on the ellvgoint are absorbed
by the structure. Irefct, the current prototype does notéa
slip-ring electrical contacts, so continuous rolling of joint
two is not permitted. Still, theumpy wheel @it can be
implemented by rolling 180 deees, straightening the
elbow, and rotating back to the start position.

It can be ayued that theseagjs are indbcient compared
to wheels or een lgys that are optimized for locomotion.
This may be true. Dual-use generally implies non-optimal
for both uses. The mettion behind this design is that both
locomotion and manipulation are required to maximize
utility of the robot as a whole,ub size and ruggedness
constraints prohibit redundant systems optimized for their
specibc purposes. In this sense, we are trying to optimize the
robot as a whole, rather than specibc parts.
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