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Abstract

In this papemwe examinethedevelopmenbf modu-
lar self-reconEgurableobots. A suney of existing
modularrobotsis given. Somdimitationsof homo-
geneousdesignsand connectionmechanismsare
discussedTherefore we proposea heterogeneous
self-recon£gurableobotwith genderlessfail-safe
connectingmechanismsWe initially designthree
basictypes(joint, powerandspecialunits) of mod-
ule.

1 Intr oduction

A modularrobot can be de£nedas a robotic systemcon-
structedfrom a set of standardiseccomponentgor build-
ing blocks). Modular robots are of interestbecausethey
permit the constructionof a wide variety specialisedobots
from the set of standardcomponents. Over the last ten
years,researchefforts in the £eld of modularroboticshave
beendirectedtowards robotic manipulationswith the goal
of versatility andadaptabilitylHamlin and Sanderson] 996;
Yim etal., 200d. Lesseffort hasbeenmadein the £eld of
self-recon£gurablmodularobots whicharemodularrobots
which can autonomouslychangetheir con£guration. Most
robotshave beenbuilt to perform particulartasks. Station-
ary manipulatorsare designedto move materials,parts, or
tools for industrial applications. While mobile robots are
ableto mave effectively on hard and smoothterrains[Muir
andNueman 1987, leggedrobotshave beenstudiedbecause
of their agility in traversing uneven terrain [Todd, 1984.
In someapplications,robotsshouldhave the ability to per
form awide rangeof tasksautonomouslyThe modularself-
reconf£gurableobotis proposedn orderto make a system
adaptabldo the differentgiven tasksandunknown erviron-
ment.

Wherewould the modularrecon£gurableobotsbe used?
A modular self-recon£gurableobotis mostusefulin anun-
known, complex ervironment. For example,a building that
hasbeendamagedby earthquak containsa variety of ob-
structionsand may not be not be suitablefor ary particular

standardrobot. A reconf£gurableobot, with the ability to

locomoteover a variety of terrains,throughgapsand over
obstaclesanperformwell in this situation. With the adapt-
ability of the modularrobot,it canpassthroughnarrov pas-
sagavays(in asnale-like con£guration)it couldreshapénto

aleggedrobotandwalk over rubbleandit canclimb stairsor

evenontodesksby self-recon£gurationAnotherapplication
is space/planetargxploration, where unpredictableerrains
on aplanethave to be exploredby a robotbeforehumanbe-
ingsaresent.

A variety of self-recon£guringnodularrobotshave been
investigated [Tomita et al., 1999; Yoshida et al., 1999;
Castanoand Will, 2000; Rus and Vona, 2000; Unsal and
Khosla, 200d. In this paper we surwey existing modular
robotsand proposeour own designfor heterogeneouself-
recon£gurablenodular robotic system. We believe that a
successfuself-reconf£gurablenodularrobotmustbe hetero-
geneoussimply becausea homogeneousobot whosemod-
uleseachcontainall of the actuation sensingCPU andbat-
tery requirementsvill bephysicallytoolarge. In thisareaas
in mary others,it helpsto mimic biological systemsandto
developspecialisedheterogeneousodules.

This paperis organisedas follows, in Section2, we de-
scribe previous works have beendone by mary modular
roboticsresearchgroups. Comparisonsamongthe designs
aremade. In Section3, we presentour philosoply andthe
designof somebasicmodularcomponentsin Section4, we
proposea setof experimentgo evaluateour designs.In sec-
tion 5, we presentonclusions.

2 Survey

A variety of recon£gurableobotshave beenresearcheand
developed asfollows:

21 ACM

The active cord mechanism(ACM), a snale-like robotic
mechanismwas an early developmentby Hirose [Hirose,
1993. The ACM is a homogeneousnodularrobot and it
wasusedto try to mimic snale movement. Both manipula-
tion andlocomotionhave beenimplementedn for the ACM.
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Figurel: Examplesof modularrobots:(a) ACM-R1 (b) Tetrobot(c) Fracta(d) Molecule

ACM-R1is shavn in Figure1(a). ACM operatesn 3D but
doesnot have theability to self-recon£gure.

2.2 TETROBOT

Hamlin and SandersorfHamlin and Sanderson1994 im-
plementeda modularsystem, TETROBOT. Novel spherical
joints were usedto designa homogeneous$russ structured
robot(seeFigurel1(b)). Thejoint designallows the structure
to sphericallymove arounda centreof rotation. However,
connectingpartsare manuallyassembled.The authorspre-
sentedoossiblecon£gurationsf the systemasfollows: Dou-
ble Octahedral, TetrahedralManipulator (as shawvn in Fig-
ure1(b))andSix LeggedWalker TETROBOT. Suggestedp-
plicationswerespace/seaxplorationandconstructiorsites.

2.3 CEBOT

A cellularroboticsystem(CEBOT) wasdevelopedby Fukuda
and Kawauchi[Fukudaand Kawauchi,199d. Thisis a ho-

mogeneousnodularrobotwhereeachcell haslimited sens-
ing andcomputation Theproblemof determininganoptimal

arrangemenof cells for a particulartask was studied. Ex-

perimentsn automatede-con£gurationverecarriedout but

therobotdid not self-recon£gurea manipulatorarmwasre-

quiredfor this.

2.4 Fracta

Murata et alconsidered3D [Murata et al., 1999 and
2D [Tomita et al., 1999 cateyories of homogeneouslis-
tributedsystem. In the 3D design,Fracta(asshaovn in Fig-
ure 1(c)) hasthree symmetricaxes with twelve degreesof
freedom. A unit is composedof a 265mm cube weigh-
ing 7kg with connectingarmsattachedio eachface. Self-
recon£guratioris performedby meansof rotatingthe arms
and an automaticconnectionmechanism.Eachunit hasan
on-boardmicroprocessoand communicationsystem. The
drawvback of this approachis that eachmoduleis quite big
andheavy. The connectiormechanisnusessix sensorsaand
encodersfurther increasingsystemcompleity. However,
this is one of the few systemsthat can achieve 3D self-
recon£guration. This systemperfectly illustratesthe prob-
lemswith a homogeneousdesign: the modulesbecomebig
andcumbersome.

2.5 Molecule

A similar type of 3D homogeneouself-reconf£gurablsys-

tem is the Molecule. Figure 1(d) shavs a molecule. Each
moleculeconsistsof a pair of two-DOF atoms, connected
by a link (called a bond). By suitably connectinga num-

ber of modulesone canform 3D shapedRusand McGray,

1994. Twelve movementsof eachatom can perform self-

recon£guration. Independenimovementon a substrateof

moleculesincluding straight-line traversal and 90 degrees
cornvex andconcaetransitiongo adjacensurfacecanbeper

formed.

2.6 Metamorphic Robotic System

The Metamorphic robotic system was demonstratedby
Chirikjian [Chirikjian, 1994;Pamechaand Chirikjian, 1996
(seeFigure2(a)). Eachmoduleis a planarhexagonalshape
with threeDOFsthat cancombinewith otherswith varying
geometry Eachmodulehasabilities to connect,disconnect
and rotate aroundits neighbours. However, it is a limited,
planarmechanism.

2.7 Proteo

A metamorphicrobot, Proteo,was proposedby Bojinov et

al [Bojinov etal., 200d. Eachmoduleis a rhombicdodec-
ahedronwith twelve identical connectionfaceswhich allow

othermodulesto attach.Electromagnetareusedfor module
connectionMotion is simply composeaf a numberof rota-
tionsaboutthe edgesof thefaces(however, only simulations
have beengiven of this). This robot consistsof compactho-

mogeneoushomhusunits. This is aninterestingconceptout

the useof twelve connectingfacesleadsto high compleity

andhigh cost.

2.8 Crystalline

The conceptof a Crystallinemodulewas describedby Rus
andVona[RusandVona,200d (seeFigure2(c)). Eachmod-
ule hasa squarecross-sectionvith a connectiormechanism
usingchannelsandrotatingkeys to lock modulestogether A
distributedrobotic systemis actuatedy expandingandcon-
tracting eachmodule. Eachmodule can expandits size by
a factor of two from original size. The modulehasan on-
boardCPU, IR communicatiorandpower supply Notethat
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Figure2: Examplesof modularrobots:(a) Metamorphicsystem(b) Proteo(c) Crystalline(d) Fractalrobot

the Crystallinerobotis planarbut it couldbe extendedo 3D.
The connectiormechanisnhasmaleandfemalepartswhich
limits possiblematingcon£gurations.

2.9 Fractal Robot

Figure2(d) shavs a novel polymorphicrobotcalled“Fractal
robot” whichwasproposedy Michael[Michael,1994. The
Fractalrobotis composeaf homogeneousubeswith scrav

andgroove mechanismsit eachcubicfaceto allow therobot
to performgeometrychanges@ndtasks.Thestructureforma-
tion is performedby sliding oneor agroupof cubeto another
locationalongattachedace(s).This mechanisnseemdlif£-

cult to implementandthe resultsappeato be mainlyin sim-

ulation. It is suggestedhat eachmodulecanattachspecial
devicessuchascameragripper etc.

2.10 Fractum

Fractumis a 2D homogeneousystemdevelopedby Tomita
etal [Tomitaetal., 1999 (seeFigure3(a)). Eachunit has
six arms threeelectromagnetalearmsandthreepermanent
magnefemalearms.Basedon simplemagneticsconnection
occurswhenaneighbour(malehasa samepolarity of perma-
nentmagneifemale).Ontheotherhand reversingthepolar
ity of the electromagnetsausesdisconnection.A unit has
threeball wheelsundera body; its own processoandoptical
communication. The Fractumrobot hassimple mechanism
soit canonly achieve motionin the plane(2D).

2.11 Miniaturized Self-reconf£gurableSystem

The miniaturizedself-recon£gurableobotwas presentedy
Yoshidaetal [Yoshidaetal., 1999 (seeFigure3(b)). A male
andfemaleconnectiormechanisnis used with locking pins
holdingthe modulestogether A shapememoryalloy (SMA)
springis usedto releasethe lock. Its sizeis approximately
40mm high, 50mm long andweighs80g. This is a planar
designbut the researcherare consideringa 3D mechanism.
This systemhasbeendesignedusing novel SMA actuators
which reducedsizeof system.However, limited torqueanda
shortrangeof movementaredisadwantages.

2.12 CONRO

CONRO [Shenet al., 2004, is a self-reconfgurableobot
composedf two-DOF homogeneousnodules(Figure 3(c)

shovs a module). Eachmoduleis 108mm long andweighs
1153. Docking connectorgactive andpassie) usinga SMA
locking mechanisnallow modulesto connectwith pinsand
holes for alignment. Each module has two motors, two
batteries,a micro-controllerand IR communicatiorsystem.
The designof homogeneou€ONRO robot allows for self-
recon£gurationlts sizeis compacto reconEgureHowever,
the use of a bipartite active/passie connectionmechanism
limits recon£guration.

2.13 |-Cubes

UnsalandKhosla[UnsalandKhosla, 2004 hasdesigned-
Cubes(olCES-Cubespa modularself-recon£gurableobotic
system(seeFigure 3(d)). I-Cubeis a bipartite systemcom-
posedof athree-DOFdink anda passie elementasconnec-
tor. Thelink is 80mm long andweighs370y. The passie
elementis a cubic shapewhich hassix facesfor connect-
ing. A novel mechanisnprovidesintermodule attachment
anddetachmento performvarioustaskssuchasmoving over
obstacles.

2.14 Polypod and PolyBot

Yim proposedPolypod,a modularrecon£gurableobot, with
two typesof modules:atwo-DOF sggmentwith two connec-
tion portsanda passve cubicnodewith six connectiorports.
Themodulesaremanuallyboltedin differentwaysin orderto
achieve versatilityto mary modesof locomotiongaits[Yim,
1994 (Figure4(a) shawvs Polypod). Eachmoduleis approx-
imately a 60mm cube. Now at Xerox Palo Alto Research
Centre, his researchteamworks with PolyBot [Yim et al.,
2004 (seeFigure4(b)). PolyBot(G2)is comprisedbf homo-
geneouwneDOF moduleswith hermaphroditi¢genderless)
connectiorplates. EachPolyBot modulehasa quite power-
ful on-boardcomputerbut limited sensinglt is about50mm
eachside (with the motor protrudingby about50mm) and
weighs416g. Infraredis usedto communicatdetweermod-
ules. PolypodandPolyBotarehomogeneousystems.They
aresimpleandversatile. On the otherhand,Polypodhasto
be manuallyrecon£guredo form differentstructuresandthe
mechanicakhapeof the PolyBot(G2)leavessomethingo be
desired.
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Figure3: Examplesof modularrobots:(a) Fractum(b) Miniaturizedunit of Yoshidaetal (c) CONRO (d) I-Cubesstructure
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Figure4: Examplesof modularrobots:(a) Polypod(b) PolyBot(G2)(c) Semi-glindrical robot

2.15 Semi-Cylindrical Recon£gurableRobot

Another 3D homogeneouself-reconf£gurablstructurewas
designedoy Kurokava [Murataet al., 200d which is com-
posedof two semi-glindrical boxes(with aseno each)con-
nectedby a link mechanism(seeFigure 4(c)). The size of
semi-g/linder is 66mm and it weighs350y. The connect-
ing mechanisnutilisesrare-eartmagnetdor attachingand
SMA coil springsfor detaching(on oneside of the connec-
tion). A processoandcommunicatiorsystemareembedded
in eachmodule. The proposedmechanismallows robot to
global move in 3D by moving eachlocal module. The at-
tachmenanddetachmenarelimited by theforce of themag-
nets,thereforea problemmight occurif a modulehasto lift
several othermodules. The useof magnetdor connections
severely limits the available connectiongconnectionfaces
areeitheractive or passve).

2.16 Comparisons

Table 1 shavs the comparisonsf specifcatiorof existing
modularrecon£guratiomobots.Clearly, thereis awide range
of possibilities.However, somegeneraktharacteristicsanbe
obsened. Most reconf£gurableobot researctis basedon a
homogeneoudesignandaimsto operaten 3D. Mostly, each
proposednodulecanmave over neighboursaandreconf£gure
themseles. The numberof internaldegreesof freedomper
modulevariesfrom zeroto twelve dependingon desiredmo-
bility of eachmodule(with two-DOFthemostcommon).The
smallestunit sizeis about40£ 50mm [Yoshidaetal., 1999.
The emphasi®n connectingmechanisnmhasnot focusedon
genderlesgonnectingmechanismsgenerallythey are sep-
aratedinto male and femaletypes. Thereappeargo be no

Number of DOF(s
Genderlessconnect-
ing mechanism

mechanism

ACM

Tetrobot
CEBOT

Fracta

Molecule
Metamorphic
Proteo
Crystalline
Fractalrobot
Fractum
Miniaturizedunit
CONRO
I-Cubesstructure
Polypod
PolyBot
SemiCylindrical

e
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Tablel1: Comparison®f featuresf existing modularrobots
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Figure5: Connectingnechanism(a) Beforeconnection(b) After connection

designwith a fail-safe connection(by which we meanthat
a failed module can be disconnectedy it's healtlty neigh-
bours). Instead,we proposea heterogeneousecon£gurable
robot,with agenderlesandfail-safeconnectingnechanism.

3 Outline of Modular Design

The goal of the researchs to designa heterogeneouself-

recon£gurableobotic systemthat canperforma wide range
of tasks. To achieve aswide a rangeof tasksaspossible,it

is clearthata heterogeneoudesignis calledfor (the number
of sensorsaandactuatormeededor a wide rangeof tasksis

simplytoo greatfor a singlemodule).Clearly of greatsignif-

icanceis the ability to self-reconf£gur@andthe rangeof pos-
siblecon£gurationshouldbeaswide aspossible.Therefore,
we considetthefollowing parameters:

2 arobotmusthave goodsensing,

2 a module must have enoughspaceto containall ba-
siccomponentse.g. actuatorsgconnectingnechanisms,
CPU,sensorandcommunicatiorsystems,

2 arobotmusthave genderlesgonnectorsywhich means
eachmodulecanuniversallyself-mateatary connecting
faceof neighbours,

2 the robot must be small enoughto be £t in confned
spaces.

We proposea modulardesignwhich (initially) hasthree
moduletypes:joint, pover andwheelunits.

3.1 Joint Unit

The modularjoint or body is an importantpart of a robot.
It hasone DOF which is a revolute joint at this stage. We
plan to extend the designto linear and rotational joints in
thefuture. Currently its body designis 70£ 70£ 80mm (see
Figure 6(a)). Two genderlessonnectingmechanismsare
attachedat the top and bottom face of the body A RC
hobbyseno will beusedto generatenotionatabout8kg=cm

torque. Processorsandcircuitry will be on board. Commu-
nicationsystenusingIR transmitter/receierwill beattached
aroundconnectingmechanism.Four pairsof pinsandholes
nearthe connerof eachconnectingfacealign the modules
duringtherecon£guratiomprocess.

GenderlessConnectingMechanism

This mechanisms composedf a rotationalarm, a torsion
springanda SMA wire. The V-shapetorsionspringrotates
the locking arm to connectthe modules. The SMA wire is
usedto rotate the arm to unlock the connection(see Fig-
ure5(a)). Notethatthe projectingleversmeanthatretraction
of eitherlatch causegheretractionof bothlatchessothatei-
thermodulecandisconnecthe connectiorunilaterally

3.2 Power Unit

This cubic part is designedas power sourceand ports of a
robot. It containsbatteriesandhassix connectingports,one
on eachface(seeFigure6(b)).

3.3 SpecialUnit

As a heterogeneousystemour robotwill have somespecial
function units. Initially, we proposea wheel module. This
module consistsof wheel and connectingmechanism(see
Figure 6(c)). The wheelis driven by a smallseno. In the
future, we will develop cameraand gripper modules. Spe-
cial unitsusethe sameconnectiormechanisnmandso canbe
attachedarywhere.

4 Progress

To date, we have developed several prototype connection
mechanisms£nally selectingthe one shovn in Figure5(a).
The designof the on-boardelectronicsand computatiorhas
beencompletedFinally, we arein theproces®f constructing
a prototypeof theone-DOFmoduleshowvn in Figure6(a).
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Figure6: Moduletypes:(a) Jointunit (b) Power units(c) Wheelunit

5 Conclusion

A variety of recon£gurableobotshasbeensuneyedin this
paper We also proposea novel designof a heterogeneous
self-recon£gurableobot which has genderlessconnecting
mechanismsOur next targetis to build andtestthe proposed
design.
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