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Abstract. We describea new multi-robot system,namedSWARM-BOTS, that ex-
ploits physicalinter-connectionsto solve tasksthatareimpossiblefor a singlerobot.
This is for instancethe caseof passinglarge gapsor high stepsin all-terraincondi-
tions. In order to achieve this type of autonomouscollective operations,the design
of the typeof connection,aswell asits sensorsandactuators,playsa key role. This
paperpresentsthe choicesmadein the SWARM-BOTS project and the know-how
collecteduntil now. Therequirementsfor autonomousoperationandmobility of each
robotshaveledto thedevelopmentof aconnectivity verydifferentthosefoundin self-
recon�gurablerobots.Someof thesolutionsemployedfor this problemareinspired
uponphysicalconnectivity of socialinsects.We alsoillustratewith two experiments
how sensorsandactuatorsallow autonomousoperationin connection,releaseaswell
aspassiveandactiveexploitationof inter-robotdegreesof freedom(DOF).

1 Intr oduction

The goal of the SWARM-BOTS1 project is to explore new hardwareandsoftwareaspects
of swarmintelligence[2]. A swarm-botis composedof severalsmallmobile robots(with a
diameterof 10 cm), calleds-bots, able to autonomouslyself-assembleinto biggerentities,
calledswarm-bots[7, 6]. A peculiarfeatureof theSwarm-botis thats-botscanexploit rich
connectiondevicesto self-assembleinto variouscon�gurations,helpeachother, performcol-
lective transportation,andevencommunicateto eachother. This feature,which is exploited
by several social insects[1], providesan additionaldimensionto collective roboticswhere
interactionsamongrobotsareoftenvirtual or takeplacethroughpushingactions.

One of the most critical aspectsof this project is clearly the connectionbetweenthe
robots,which is alsothecoreof the innovation.Theproblemof interconnectingrobotmod-
uleshasalreadybeenaddressedby many researchersin the�eld of self-recon�gurablerobots,
leadingtomany designsolutionsasshown in �gure 1.ForexampletheMTRAN andthePoly-
Bot modularrobotsdisplaysomeof themostinterestingresultsanduseef�cient connection
solutions.The MTRAN design[4] is basedon permanentmagnetsfor connectionandon
shapememoryalloy coils combinedwith non-linearspringsfor disconnection(connection
type d. in �gure 1). PolyBot [10] hasconnectionplateswith four grooved pins that match
four holeson theopposingplateandaregrabbedby a latchingmechanismthatcanbe later

1www.swarm-bots.org
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Figure1: Schematicrepresentationof thefour maintypesof connectionsfoundin self-recon�gurablerobots.

releasedby ashapememoryalloy mechanism(connectiontypea.in �gure 1). BothMTRAN
andPolybothave hermaphroditicconnections,which implies only onetype of mechanical
connector. Othersystems,suchasCONRO [8], have pin-basedconnectionstoo but arenot
hermaphroditei.e. needmaleandfemaleconnectors.Finally, somemodularrobotssuchas
I-CES [9] and the Molecule robot [5] have structureswith two typesof modules,one re-
sponsiblefor the structureitself, the otherdedicatedonly to connectivity. Both I-CES and
Moleculehave male-femaleconnectionmechanismsbasedon matchingof complex shapes
(connectiontypeb. for I-CESandc. for Moleculeasillustratedin �gure 1).

All theconnectionmethodsmentionedabove,with theexceptionof theMTRAN system,
arebasedonpenetrationandshapematching,similar to themodelof apin in ahole.Thistype
of connectionis mechanicallyvery stablebut needsvery goodalignmentduring approach.
TheMTRAN systemis basedon �at contactsurfacesandhasthereforebettertolerancesto
misalignment.Thedisadvantageof this typeof solutionis that it doesnot withstandlateral
forcesby mechanicalpartsbut only by friction. Despitethebetterpositioningtoleranceof the
MTRAN system,all thesesystemsrequirea relatively accuratepositioning.This constraint
is not a limitation becausemodulesof self-recon�gurablerobotsmove always inside the
structure,thusallowing accuratepositioning.

In thecaseof two mobile robotsinterconnectingwith eachother, thecommonstructure
doesnotexist. Theconnectionmustbethereforemuchmoretolerantto alignmenterrorsstill
providing goodmechanicalrobustness.The only availablemulti-robot conceptwith phys-
ical connectionsis the Millibot train [3]. The Millibot train designis basedon a pin-hole
conceptfor strongmechanicalstability, but this makesit very hardto performautonomous
self-connection.Furthermore,thelackof sensorsontheconnectingpointsmakesautonomous
self-connectionalmostimpossiblein ouropinion.

In theSWARM-BOTS projectwe have consideredmechanicalrobustnessin thecontext
of anautonomousconnection.Thishasresultedin thechoiceof asystembasedon 2D shape
matchingwithout penetration.This makesthe connectionlessmechanicallyrigid, but sim-
pli�es theconnectionprocedureproviding largetoleranceto positioningandalignment.This
solution,which looks like a gripper, is alsosimilar to the mechanismsusedby animalsfor
this typeof tasks,suchasmandiblesin antsor bees.



Figure2: Two s-botsconnectedby meanof the �e xible gripperwith detail on matchingbetweengripperand
graspingring.

2 Mechanical conceptand implementation

In SWARM-BOTS,theconnectionbetweens-botsis based,asmentionedabove,on2D shape
matchingwithoutpenetration.Theconnectionmechanismis agripperthatmatchestheshape
of a ring presenton themain bodyof the robot.Figure2 shows two connecteds-botswith
thedetailof shapematchingbetweengripperandring. This solutionallows a robot to grasp
anotherrobotall aroundits body.

Eachs-botis equippedwith two grippers.Oneis supportedby a rigid structurewith one
degreeof freedom(DOF) and is calledrigid gripper. The secondoneis placedat the end
of a �e xible armwith threeDOF andis called�exible gripper. The two grippersplay very
different roles in swarm-botcon�gurations.The rigid gripperallows to createvery stable
multi-robotstructureswith oneactivedegreeof freedomoneachinter-robotlink. The�e xible
gripperinsteadallows thecreationof �e xible swarmcon�gurationsthatarecompliantwith
the surfaceof the terrain. The �e xible gripper can extend all the way to the groundand
thereforecanalsobeusedto graspobjects.

2.1 Rigidgripper

The very different rolesof thesetwo grippersrequiredifferent features.The rigid gripper
must ensurea rigid connection,in order to lift anothers-bot.Moreover a strongforce is
necessaryto correctmisalignmentduringconnection.The force availableto closethe rigid
gripperof ourprototypeis 15N.Whencompletelyclosed,theconnectionis very �rm andthe
robotscanuseforcesensorsto assesstheeffectsof theirpulling actionsontheotherrobot.If
only partiallyclosed,therigid gripperallowssmallmovementsusefulto interactively explore
severalpulling directions.Thisfeaturehasbeensuggestedby biologistsbasedonobservation
of similar behaviors in socialinsects[1].

To achievetheforceof 15N,theactuatorof thisgripperis a tractorplacedinsidethemain
bodyof therobot,asillustratedin �gure 3 (right). Thetractoris composedof asliderpulling
thecableandslippingoverawormgearwith apathof 0.3mm.Thewormgearis drivenby a
motorandthreegearswith atotal reductionof 16.Thatmakesanadvanceof 0.01875mm/rev
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Figure3: S-botshowing its gripperswith thedetail on the �e xible gripper(left) anddetail on the tractorand
waycableof therigid gripper(right).

for theslider. Thetransmissionto thegripperis doneby a cable.Theopeningof thegripper
is ensuredby ahelicoidalspring,placedwithin thedifferentialmechanism.

Therigid gripperis supportedby amobilestructurethatcanrotatein arangeof +90o/-45o

aroundahorizontalaxisandhassuf�cient torqueto lift anothers-bot.

2.2 Flexible gripper

The�e xible gripperis composedof anextensiblearmandof a grippingdevice.Thegripper
(�gure 3) is actuatedby two motorsin parallelthrougha two stagesworm gear. Thewhole
mechanismis includedin the grippersupportas illustratedby the CAD view of �gure 3.
Becauseof theextrememotorminiaturization,thegrippercanexerta forceof approximately
1N. However, oncethegripperis closed,a non-reversiblegearensuresa reliableconnection
evenif therobot is pulling. Errorsin alignmentarecorrectedduring thegraspingprocedure
by the�e xibility of thearm,withoutneedof muchforcein thegripperitself.Theshapeof the
gripperis similar to therigid gripper, but it alsoincludestwo rows of teethto graspvarious
typesof objects.

3 Sensors

Both grippersareequippedwith two light emittersdiodes(LEDs) anda light sensorsto de-
tect whetheran object hasbeengraspedand to communicatewith connectedrobots.The
responseof the sensorcombinedwith the activity of the emittersis illustratedin �gure 4.
Thesemeasurementsallow to de�ne thepositionof thering of anothers-botin thetwo hori-
zontaldirectionsthatarenotmechanicallylimited by theshapeof thegripper.

Thegraspingring all aroundthes-botbodyalsoincludesthesametypeof light emitters
andreceiversasthegripper, but candisplayRGBcolors.This featureallowsto communicate
in long distanceby displayinga color that canbe seenby otherrobotsusingtheir onboard
camera.Whenarobotis connectedto thering, thesamedevicesallowslocalcommunication
insidetheswarm-botstructure.
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Figure4: Responseof thegrippersensorswhenapproachinganothers-bot(left) andwhenrotatingthegripper
overanothers-bot(right)

4 Behavioral validation

In this sectionwe presenttwo preliminaryexperimentsthatvalidatetheswarm-botconnec-
tion conceptin autonomouscontrol conditions.Both focusonly on the �x ed gripperfunc-
tionality andillustratetheuseof thesensors,thegripperitself andits elevation in relatively
�at surfaces.In the�rst experimentwe show anexampleof a connectingsequenceandpas-
siveuseof theconnectionto passover a gap.In thesecondexperimentthegripperelevation
movementis actively exploitedto passa stepthata singles-botcouldnot pass.We call this
anactiveuseof theconnection.

4.1 Passiveuseof theconnection:Passinga gap

This �rst experimentvalidatestheswarm-botconnectionconceptin realconditions.In par-
ticular, it teststhe gripperdesignandthe autonomousconnectionsequence.The goal is to
passovera gaptoobig for a singles-bot.

Figure5 (left) showsthecontrolprogramof eachrobotasa �nite statemachine.The�rst
s-botusesgroundproximity sensorsto detectthegap,stopsandaskfor helpswitchingonthe
color ring. Reactingto theevent,theseconds-botapproachesandusestheopticalbarrierof
its gripper(�gure 4 left) to detectthe�rst s-bot.Onceit is suf�ciently close,it startsacircular
scanningto �nd theoptimalconnectionposition(�gure 4 right). Whenthepositionis found,
thegripperis closedwith someverticaloscillationsto compensatesmallmisalignments.As
soonasa �rm connectionis established,the two s-bots(now calledswarm-bot) passover
thegapanddisconnectwhentheseconds-botdetectstheendof thegapwith its rearground
proximity sensor.

Figure5 (right) presents6 imagesof the experiment.The establishmentof the connec-
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Figure5: S-botcontrolfor graspingandpasssequence.

tion is oneof themostchallengingphases.In its currentstageof development,ans-botcan
successfullyestablisha connectionwith thering of anothers-botonly on almost�at terrain.
Autonomousconnectionin roughterrainwill requirea modi�cation of thecontrolprogram
to includesearchon the vertical axis aswell asbetterpositioningby usingthe panoramic
cameraavailableon thes-bot.

4.2 Activeuseof theconnection:Passinga step

In this experimentthe goal is to passa steptoo high for a singles-bot.This is possibleby
actively controllingtheelevationof therigid gripperto lift andloweranothers-bot.
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Figure6: S-botcontrolfor steppassingsequence.Noticethathereit is the�rst s-bot(in thedirectionof motion)
thatgraspstheseconds-bot.

Figure6 (left) describesthe control programasa �nite statemachine.All the work is
doneby thes-botin front who is bothdetectingthestepandadjustingtheelevationforceson
therigid gripper. Figure7 shows thevaluesof thegroundsensorsandof thegripperbending
while thes-botmovesover thestep.Thestepis detectedby theincreasingvalueof thefront
inclined groundsensor. At this time the connectionis bent up. As consequencethe s-bot



lifts itself up, the front groundsensorvaluefalls andthe front inclinedgroundsensorvalue
continueto increase.As soonastheedgeof thestepis reachedby thetracks,thefront inclined
groundsensorvaluefalls.Thenthes-botmovesover thestepandbothgroundsensorsshow
a peakcorrespondingto theedgepassingin their �eld of view. Shortlyafter, thebacksensor
detectsthe edgetoo. Oncethe �rst s-bothaspassedthe step,the connectionis bentdown.
As a result,all sensorvaluesreturnto their normalstateandthegripperis positionedto the
”null” position.
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Figure7: Plotof mostimportantvariablesof the�rst robotin thestep-passingsequence.

In this case,simple software �lters are suf�cient to copewith sensornoise.For more
complex terrainsituations,s-botsarealreadyequippedwith pitch androll sensorsthatcould
beusedto betterinterpretsensorydata.

5 Conclusion

We describedtheconnectionmechanismsandfunctionalitiesof theswarm-botsystem.This
designis very differentfrom existing systemsbecauseof thevery differentconstraintsof a
mobilerobotin comparisonwith aself-recon�gurablesystem.Wealsovalidatedthesystemin
two experimentswith theautonomouscontrolof a connectionsequenceandits exploitation
in passive and active mode.The mechanical,sensory, and light emitting propertiesof the
s-botconnectionsmake this projectuniqueandvery promisingfor the explorationof new
applicationsof theswarmintelligenceparadigm.

This paperfocuseson the establishmentof connectionwithin shortrangedistanceon a
nearly �at ground.The methodsdescribedherewill be enhancedto performa long range
approachandconnectionin all-terrainconditions.To achieve this goal othersensorsof the
s-botwill beexploited,suchastheomnidirectionalcamera,thes-botinclinationsensorsand
thetorquesensorsincludedin thegripperandthes-botbody.

In additionto thementionedefforts,futureworkwill includelinearandnon-linearswarm-
botcon�gurationswith morethantwo s-botsaswell ascon�gurationsexploiting the�e xible
gripper.
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