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Abstract

In thispaperweexaminethedevelopmentof modu-
lar self-recon£gurablerobots.A survey of existing
modularrobotsis given.Somelimitationsof homo-
geneousdesignsand connectionmechanismsare
discussed.Therefore,we proposea heterogeneous
self-recon£gurablerobotwith genderless,fail-safe
connectingmechanisms.We initially designthree
basictypes(joint, powerandspecialunits)of mod-
ule.

1 Intr oduction

A modular robot can be de£nedas a robotic systemcon-
structedfrom a set of standardisedcomponents(or build-
ing blocks). Modular robots are of interestbecausethey
permit the constructionof a wide variety specialisedrobots
from the set of standardcomponents. Over the last ten
years,researchefforts in the £eld of modularroboticshave
beendirectedtowards robotic manipulationswith the goal
of versatilityandadaptability[Hamlin andSanderson,1996;
Yim et al., 2000]. Lesseffort hasbeenmadein the £eld of
self-recon£gurablemodularrobots,whicharemodularrobots
which can autonomouslychangetheir con£guration. Most
robotshave beenbuilt to performparticulartasks. Station-
ary manipulatorsare designedto move materials,parts,or
tools for industrial applications. While mobile robots are
able to move effectively on hardandsmoothterrains[Muir
andNueman,1987], leggedrobotshavebeenstudiedbecause
of their agility in traversing uneven terrain [Todd, 1985].
In someapplications,robotsshouldhave the ability to per-
form a wide rangeof tasksautonomously. Themodularself-
recon£gurablerobot is proposedin order to make a system
adaptableto thedifferentgiven tasksandunknown environ-
ment.

Wherewould the modularrecon£gurablerobotsbe used?
A modular, self-recon£gurablerobotis mostusefulin anun-
known, complex environment. For example,a building that
hasbeendamagedby earthquake containsa variety of ob-
structionsandmay not be not be suitablefor any particular

standardrobot. A recon£gurablerobot, with the ability to
locomoteover a variety of terrains,throughgapsand over
obstaclescanperformwell in this situation.With theadapt-
ability of themodularrobot, it canpassthroughnarrow pas-
sageways(in asnake-likecon£guration),it couldreshapeinto
a leggedrobotandwalk over rubbleandit canclimb stairsor
evenontodesksby self-recon£guration.Anotherapplication
is space/planetaryexploration,whereunpredictableterrains
on a planethave to beexploredby a robotbeforehumanbe-
ingsaresent.

A variety of self-recon£guringmodularrobotshave been
investigated [Tomita et al., 1999; Yoshida et al., 1999;
Castanoand Will, 2000; Rus and Vona, 2000; Ünsal and
Khosla, 2000]. In this paper, we survey existing modular
robotsandproposeour own designfor heterogeneousself-
recon£gurablemodular robotic system. We believe that a
successfulself-recon£gurablemodularrobotmustbehetero-
geneoussimply becausea homogeneousrobot whosemod-
uleseachcontainall of theactuation,sensing,CPUandbat-
tery requirementswill bephysically too large. In thisarea,as
in many others,it helpsto mimic biological systemsandto
developspecialisedheterogeneousmodules.

This paperis organisedas follows, in Section2, we de-
scribe previous works have been done by many modular
roboticsresearchgroups. Comparisonsamongthe designs
aremade. In Section3, we presentour philosophy andthe
designof somebasicmodularcomponents.In Section4, we
proposea setof experimentsto evaluateour designs.In sec-
tion 5, wepresentconclusions.

2 Survey

A varietyof recon£gurablerobotshave beenresearchedand
developed,asfollows:

2.1 ACM

The active cord mechanism(ACM), a snake-like robotic
mechanism,was an early developmentby Hirose [Hirose,
1993]. The ACM is a homogeneousmodular robot and it
wasusedto try to mimic snake movement. Both manipula-
tion andlocomotionhavebeenimplementedin for theACM.
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Figure1: Examplesof modularrobots:(a)ACM-R1(b) Tetrobot(c) Fracta(d) Molecule

ACM-R1 is shown in Figure1(a). ACM operatesin 3D but
doesnothave theability to self-recon£gure.

2.2 TETROBOT

Hamlin and Sanderson[Hamlin and Sanderson,1996] im-
plementeda modularsystem,TETROBOT. Novel spherical
joints were usedto designa homogeneoustrussstructured
robot(seeFigure1(b)). Thejoint designallows thestructure
to sphericallymove arounda centreof rotation. However,
connectingpartsaremanuallyassembled.The authorspre-
sentedpossiblecon£gurationsof thesystemasfollows: Dou-
ble Octahedral,TetrahedralManipulator (as shown in Fig-
ure1(b))andSix LeggedWalkerTETROBOT. Suggestedap-
plicationswerespace/seaexplorationandconstructionsites.

2.3 CEBOT

A cellularroboticsystem(CEBOT) wasdevelopedbyFukuda
andKawauchi[FukudaandKawauchi,1990]. This is a ho-
mogeneousmodularrobotwhereeachcell haslimited sens-
ing andcomputation.Theproblemof determininganoptimal
arrangementof cells for a particulartaskwasstudied. Ex-
perimentsin automatedre-con£gurationwerecarriedout but
therobotdid not self-recon£gure,a manipulatorarmwasre-
quiredfor this.

2.4 Fracta

Murata et alconsidered3D [Murata et al., 1998] and
2D [Tomita et al., 1999] categories of homogeneousdis-
tributedsystem.In the 3D design,Fracta(asshown in Fig-
ure 1(c)) hasthreesymmetricaxes with twelve degreesof
freedom. A unit is composedof a 265mm cube weigh-
ing 7kg with connectingarmsattachedto eachface. Self-
recon£gurationis performedby meansof rotating the arms
andan automaticconnectionmechanism.Eachunit hasan
on-boardmicroprocessorand communicationsystem. The
drawbackof this approachis that eachmoduleis quite big
andheavy. Theconnectionmechanismusessix sensorsand
encoders,further increasingsystemcomplexity. 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 homogeneousself-recon£gurablesys-
tem is the Molecule. Figure1(d) shows a molecule. Each
moleculeconsistsof a pair of two-DOF atoms,connected
by a link (called a bond). By suitably connectinga num-
ber of modulesonecanform 3D shapes[RusandMcGray,
1998]. Twelve movementsof eachatom can perform self-
recon£guration. Independentmovementon a substrateof
moleculesincluding straight-line traversal and 90 degrees
convex andconcavetransitionsto adjacentsurfacecanbeper-
formed.

2.6 Metamorphic Robotic System

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

2.7 Proteo

A metamorphicrobot, Proteo,was proposedby Bojinov et
al [Bojinov et al., 2000]. Eachmoduleis a rhombicdodec-
ahedronwith twelve identicalconnectionfaceswhich allow
othermodulesto attach.Electromagnetsareusedfor module
connection.Motion is simplycomposedof anumberof rota-
tionsabouttheedgesof thefaces(however, only simulations
have beengivenof this). This robotconsistsof compactho-
mogeneousrhombusunits. This is aninterestingconceptbut
the useof twelve connectingfacesleadsto high complexity
andhighcost.

2.8 Crystalline

The conceptof a Crystallinemodulewasdescribedby Rus
andVona[RusandVona,2000] (seeFigure2(c)). Eachmod-
ule hasa squarecross-sectionwith a connectionmechanism
usingchannelsandrotatingkeys to lock modulestogether. A
distributedroboticsystemis actuatedby expandingandcon-
tractingeachmodule. Eachmodulecanexpandits sizeby
a factorof two from original size. The modulehasan on-
boardCPU,IR communicationandpower supply. Note that
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Figure2: Examplesof modularrobots:(a)Metamorphicsystem(b) Proteo(c) Crystalline(d) Fractalrobot

theCrystallinerobotis planarbut it couldbeextendedto 3D.
Theconnectionmechanismhasmaleandfemalepartswhich
limits possiblematingcon£gurations.

2.9 Fractal Robot
Figure2(d) shows a novel polymorphicrobotcalled“Fractal
robot” whichwasproposedby Michael[Michael,1994]. The
Fractalrobotis composedof homogeneouscubeswith screw
andgroove mechanismsat eachcubicfaceto allow therobot
to performgeometrychangesandtasks.Thestructureforma-
tion is performedby slidingoneor agroupof cubeto another
locationalongattachedface(s).This mechanismseemsdif£-
cult to implementandtheresultsappearto bemainly in sim-
ulation. It is suggestedthat eachmodulecanattachspecial
devicessuchascamera,gripper, etc.

2.10 Fractum
Fractumis a 2D homogeneoussystemdevelopedby Tomita
et al [Tomita et al., 1999] (seeFigure3(a)). Eachunit has
six arms,threeelectromagnetmalearmsandthreepermanent
magnetfemalearms.Basedonsimplemagnetics,connection
occurswhenaneighbour(male)hasasamepolarityof perma-
nentmagnet(female).Ontheotherhand,reversingthepolar-
ity of the electromagnetscausesdisconnection.A unit has
threeball wheelsundera body, its own processorandoptical
communication.The Fractumrobot hassimplemechanism
soit canonly achieve motionin theplane(2D).

2.11 Miniaturized Self-recon£gurableSystem
Theminiaturizedself-recon£gurablerobotwaspresentedby
Yoshidaetal [Yoshidaetal., 1999] (seeFigure3(b)). A male
andfemaleconnectionmechanismis used,with locking pins
holdingthemodulestogether. A shapememoryalloy (SMA)
spring is usedto releasethe lock. Its size is approximately
40mm high, 50mm long andweighs80g. This is a planar
designbut the researchersareconsideringa 3D mechanism.
This systemhasbeendesignedusing novel SMA actuators
which reducedsizeof system.However, limited torqueanda
shortrangeof movementaredisadvantages.

2.12 CONRO
CONRO [Shenet al., 2000], is a self-recon£gurablerobot
composedof two-DOF homogeneousmodules(Figure3(c)

shows a module). Eachmoduleis 108mm long andweighs
115g. Dockingconnectors(active andpassive) usinga SMA
locking mechanismallow modulesto connectwith pins and
holes for alignment. Each module has two motors, two
batteries,a micro-controllerandIR communicationsystem.
The designof homogeneousCONRO robot allows for self-
recon£guration.Its sizeis compactto recon£gure.However,
the useof a bipartite active/passive connectionmechanism
limits recon£guration.

2.13 I-Cubes

ÜnsalandKhosla[ÜnsalandKhosla,2000] hasdesignedI-
Cubes(orICES-Cubes)amodularself-recon£gurablerobotic
system(seeFigure3(d)). I-Cubeis a bipartitesystemcom-
posedof a three-DOFslink anda passive elementasconnec-
tor. The link is 80mm long andweighs370g. The passive
elementis a cubic shapewhich hassix facesfor connect-
ing. A novel mechanismprovides inter-moduleattachment
anddetachmentto performvarioustaskssuchasmoving over
obstacles.

2.14 Polypod and PolyBot

Yim proposedPolypod,amodularrecon£gurablerobot,with
two typesof modules:a two-DOFsegmentwith two connec-
tion portsandapassivecubicnodewith six connectionports.
Themodulesaremanuallyboltedin differentwaysin orderto
achieve versatility to many modesof locomotiongaits [Yim,
1994] (Figure4(a)shows Polypod).Eachmoduleis approx-
imately a 60mm cube. Now at Xerox Palo Alto Research
Centre,his researchteamworks with PolyBot [Yim et al.,
2000] (seeFigure4(b)). PolyBot(G2)is comprisedof homo-
geneousoneDOFmoduleswith hermaphroditic(genderless)
connectionplates.EachPolyBotmodulehasa quitepower-
ful on-boardcomputerbut limited sensing.It is about50mm
eachside (with the motor protrudingby about50mm) and
weighs416g. Infraredis usedto communicatebetweenmod-
ules. PolypodandPolyBotarehomogeneoussystems.They
aresimpleandversatile.On the otherhand,Polypodhasto
bemanuallyrecon£guredto form differentstructuresandthe
mechanicalshapeof thePolyBot(G2)leavessomethingto be
desired.



(a) (b) (c) (d)

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-cylindrical robot

2.15 Semi-Cylindrical Recon£gurableRobot
Another3D homogeneousself-recon£gurablestructurewas
designedby Kurokawa [Murataet al., 2000] which is com-
posedof two semi-cylindrical boxes(with a servo each)con-
nectedby a link mechanism(seeFigure4(c)). The sizeof
semi-cylinder is 66mm and it weighs350g. The connect-
ing mechanismutilisesrare-earthmagnetsfor attachingand
SMA coil springsfor detaching(on onesideof the connec-
tion). A processorandcommunicationsystemareembedded
in eachmodule. The proposedmechanismallows robot to
global move in 3D by moving eachlocal module. The at-
tachmentanddetachmentarelimited by theforceof themag-
nets,therefore,a problemmight occurif a modulehasto lift
several othermodules. The useof magnetsfor connections
severely limits the available connections(connectionfaces
areeitheractiveor passive).

2.16 Comparisons
Table 1 shows the comparisonsof speci£cationof existing
modularrecon£gurationrobots.Clearly, thereis awiderange
of possibilities.However, somegeneralcharacteristicscanbe
observed. Most recon£gurablerobot researchis basedon a
homogeneousdesignandaimsto operatein 3D. Mostly, each
proposedmodulecanmove over neighboursandrecon£gure
themselves. The numberof internaldegreesof freedomper
modulevariesfrom zeroto twelve dependingondesiredmo-
bility of eachmodule(with two-DOFthemostcommon).The
smallestunit sizeis about40£ 50mm [Yoshidaet al., 1999].
Theemphasison connectingmechanismhasnot focusedon
genderlessconnectingmechanisms,generallythey are sep-
aratedinto maleand femaletypes. Thereappearsto be no
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Table1: Comparisonsof featuresof existingmodularrobots
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Figure5: Connectingmechanism:(a)Beforeconnection(b) After connection

designwith a fail-safeconnection(by which we meanthat
a failed modulecan be disconnectedby it' s healthy neigh-
bours). Instead,we proposea heterogeneousrecon£gurable
robot,with agenderlessandfail-safeconnectingmechanism.

3 Outline of Modular Design
The goal of the researchis to designa heterogeneousself-
recon£gurableroboticsystemthatcanperforma wide range
of tasks. To achieve aswide a rangeof tasksaspossible,it
is clearthata heterogeneousdesignis calledfor (thenumber
of sensorsandactuatorsneededfor a wide rangeof tasksis
simply toogreatfor asinglemodule).Clearlyof greatsignif-
icanceis theability to self-recon£gureandtherangeof pos-
siblecon£gurationsshouldbeaswideaspossible.Therefore,
weconsiderthefollowing parameters:

² a robotmusthave goodsensing,

² a module must have enoughspaceto contain all ba-
sic components,e.g.actuators,connectingmechanisms,
CPU,sensorsandcommunicationsystems,

² a robot musthave genderlessconnectors,which means
eachmodulecanuniversallyself-mateatany connecting
faceof neighbours,

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

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

3.1 Joint Unit

The modular joint or body is an importantpart of a robot.
It hasoneDOF which is a revolute joint at this stage. We
plan to extend the designto linear and rotational joints in
thefuture. Currently, its bodydesignis 70£ 70£ 80mm (see
Figure 6(a)). Two genderlessconnectingmechanismsare
attachedat the top and bottom face of the body. A RC
hobbyservo will beusedto generatemotionatabout8kg=cm

torque. Processorsandcircuitry will be on board. Commu-
nicationsystemusingIR transmitter/receiverwill beattached
aroundconnectingmechanism.Four pairsof pinsandholes
nearthe connerof eachconnectingfacealign the modules
duringtherecon£gurationprocess.

GenderlessConnectingMechanism

This mechanismis composedof 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(seeFig-
ure5(a)).Notethattheprojectingleversmeanthatretraction
of eitherlatchcausestheretractionof bothlatchessothatei-
thermodulecandisconnecttheconnectionunilaterally.

3.2 Power Unit

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

3.3 SpecialUnit

As a heterogeneoussystem,our robotwill have somespecial
function units. Initially, we proposea wheelmodule. This
module consistsof wheel and connectingmechanism(see
Figure6(c)). The wheel is driven by a small servo. In the
future, we will develop cameraandgrippermodules. Spe-
cial unitsusethesameconnectionmechanismandsocanbe
attachedanywhere.

4 Progress

To date, we have developedseveral prototypeconnection
mechanisms,£nally selectingthe oneshown in Figure5(a).
Thedesignof theon-boardelectronicsandcomputationhas
beencompleted.Finally, wearein theprocessof constructing
aprototypeof theone-DOFmoduleshown in Figure6(a).
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Figure6: Moduletypes:(a) Jointunit (b) Powerunits(c) Wheelunit

5 Conclusion
A varietyof recon£gurablerobotshasbeensurveyed in this
paper. We also proposea novel designof a heterogeneous
self-recon£gurablerobot which has genderlessconnecting
mechanisms.Ournext targetis to build andtesttheproposed
design.
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