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Abstract. We describea new multi-robot system,namedSWARM-BOTS, that ex-
ploits physicalinter-connectiongo solve tasksthatareimpossiblefor a singlerobot.
This is for instancethe caseof passinglarge gapsor high stepsin all-terraincondi-
tions. In orderto achieve this type of autonomousollective operationsthe design
of the type of connectionaswell asits sensorsandactuatorsplaysakey role. This
paperpresentghe choicesmadein the SWARM-BOTS project and the know-how
collecteduntil now. Therequirement$or autonomousperationrandmobility of each
robotshave ledto thedevelopmenbf a connectvity very differentthosefoundin self-
recon gurablerobots.Someof the solutionsemployed for this problemareinspired
uponphysicalconnectvity of socialinsects We alsoillustratewith two experiments
how sensorandactuatorsallow autonomougperationin connectionreleaseaswell
aspassve andactive exploitationof inter-robotdegreesof freedom(DOF).

1 Intr oduction

The goal of the SWARM-BOTS! projectis to explore new hardware and software aspects
of swarmintelligence[2]. A swarm-botis composedf several small mobile robots(with a
diameterof 10 cm), called s-bots ableto autonomouslyself-assemblénto biggerentities,
calledswarm-botd7, 6]. A peculiarfeatureof the Swarm-botis that s-botscanexploit rich
connectiordevicesto self-assembl@to variouscon gurations,helpeachother performcol-
lective transportationandeven communicatdo eachother This feature which is exploited
by several socialinsects[1], providesan additionaldimensionto collective roboticswhere
interactionsamongrobotsareoftenvirtual or take placethroughpushingactions.

One of the most critical aspectsof this projectis clearly the connectionbetweenthe
robots,which is alsothe coreof the innovation. The problemof interconnectingobotmod-
uleshasalreadybeenaddressetly mary researchers the eld of self-recon gurableobots,
leadingto mary designsolutionsasshavnin gure 1.ForexampletheMTRAN andthePoly-
Bot modularrobotsdisplaysomeof the mostinterestingresultsanduseef cient connection
solutions.The MTRAN design[4] is basedon permanenmagnetsfor connectionandon
shapememoryalloy coils combinedwith non-linearspringsfor disconnection(connection
typed. in gure 1). PolyBot[10] hasconnectionplateswith four grooved pins that match
four holeson the opposingplateandaregrabbedby a latchingmechanisnthatcanbe later
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Figurel: Schematicepresentationf thefour maintypesof connectiongoundin self-recon gurablerobots.

releasedy a shapanemoryalloy mechanisnfconnectiortypea.in gure 1). BothMTRAN
and Polybothave hermaphroditicconnectionsyhich implies only onetype of mechanical
connectarOthersystemssuchas CONRO [8], have pin-basedconnectiondoo but are not
hermaphrodite.e. needmale andfemaleconnectorsFinally, somemodularrobotssuchas
[-CES [9] andthe Moleculerobot [5] have structureswith two typesof modules,one re-
sponsiblefor the structureitself, the otherdedicatedonly to connectvity. Both I-CES and
Molecule have male-femaleconnectionrmechanism$asedon matchingof complex shapes
(connectiortypeb. for I-CESandc. for Moleculeasillustratedin gure 1).

All theconnectiormethodsnentionedabove, with the exceptionof theMTRAN system,
arebasedn penetratiormandshapematching similarto themodelof apinin ahole. Thistype
of connectionis mechanicallyery stablebut needsvery goodalignmentduring approach.
The MTRAN systemis basedon at contactsurfacesandhasthereforebettertolerancedo
misalignmentThe disadwantageof this type of solutionis thatit doesnot withstandlateral
forcesby mechanicapartsbut only by friction. Despitethebetterpositioningtoleranceof the
MTRAN system all thesesystemgequirea relatively accuratepositioning.This constraint
is not a limitation becausemodulesof self-recon gurablerobots move always inside the
structurethusallowing accuratgoositioning.

In the caseof two mobile robotsinterconnectingvith eachother the commonstructure
doesnotexist. Theconnectiormustbethereforemuchmoretolerantto alignmenterrorsstill
providing good mechanicarobustnessThe only available multi-robot conceptwith phys-
ical connectiongs the Millibot train [3]. The Millibot train designis basedon a pin-hole
conceptfor strongmechanicaktability, but this makesit very hardto performautonomous
self-connectionFurthermorethelack of sensor®ntheconnectingpointsmakesautonomous
self-connectioralmostimpossiblein our opinion.

In the SWARM-BOTS projectwe have considerednechanicalobustnessn the context
of anautonomougonnectionThis hasresultedn the choiceof asystembasedn 2D shape
matchingwithout penetrationThis makesthe connectionessmechanicallyrigid, but sim-
pli es theconnectiorprocedureproviding largetoleranceo positioningandalignment.This
solution,which looks like a gripper is alsosimilar to the mechanismsisedby animalsfor
this type of tasks,suchasmandiblesn antsor bees.



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

2 Mechanical conceptand implementation

In SWARM-BOTS, theconnectiorbetweers-botsis basedasmentionedcabove,on 2D shape
matchingwithout penetrationThe connectiommechanisnis agripperthatmatcheghe shape
of aring presenton the main body of the robot. Figure 2 shavs two connecteds-botswith
the detail of shapematchingbetweengripperandring. This solutionallows a robotto grasp
anothermrobotall aroundits body:

Eachs-botis equippedwith two grippers.Oneis supporteddy arigid structurewith one
degreeof freedom(DOF) andis calledrigid gripper. The secondoneis placedat the end
of a e xible armwith threeDOF andis called e xible gripper. The two grippersplay very
differentrolesin swarm-botcon gurations. The rigid gripperallows to createvery stable
multi-robotstructuresvith oneactive degreeof freedomon eachinter-robotlink. The e xible
gripperinsteadallows the creationof e xible swarm con gurationsthatare compliantwith
the surface of the terrain. The e xible gripper can extend all the way to the groundand
thereforecanalsobe usedto graspobjects.

2.1 Rigidgripper

The very differentroles of thesetwo grippersrequiredifferentfeatures.The rigid gripper
must ensurea rigid connection,in orderto lift anothers-bot. Moreover a strongforce is
necessaryo correctmisalignmentduring connection.The force availableto closetherigid
gripperof our prototypeis 15N. Whencompletelyclosed theconnections very rm andthe
robotscanuseforce sensorso assesghe effectsof their pulling actionsontheotherrobot. If
only partially closedtherigid gripperallows smallmovementsisefulto interactvely explore
severalpulling directions Thisfeaturehasbeensuggestetyy biologistsbasedn obsenation
of similar behaiorsin socialinsectq1].

To achievetheforceof 15N, theactuatorof thisgripperis atractorplacednsidethemain
bodyof therobot,asillustratedin gure 3 (right). Thetractoris composeadf asliderpulling
thecableandslippingover aworm gearwith a pathof 0.3mm.Theworm gearis drivenby a
motorandthreegearswith atotal reductionof 16. Thatmakesanadvanceof 0.01875mm/re
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Figure3: S-botshawing its gripperswith the detail on the e xible gripper (left) anddetail on the tractorand
way cableof therigid gripper(right).

for theslider Thetransmissiorno the gripperis doneby a cable.The openingof thegripper
is ensureddy a helicoidalspring,placedwithin the differentialmechanism.

Therigid gripperis supportedy amobilestructurethatcanrotatein arangeof +90°/-45°
arounda horizontalaxisandhassufcient torqueto lift anothers-bot.

2.2 Flexible gripper

The e xible gripperis composedf anextensiblearmandof a gripping device. The gripper
(gure 3) is actuatedby two motorsin parallelthrougha two stagesvorm gear The whole
mechanismis includedin the gripper supportasillustratedby the CAD view of gure 3.
Becausef theextrememotorminiaturization thegrippercanexertaforce of approximately
1N. However, oncethe gripperis closed,a non-reversiblegearensures reliableconnection
evenif therobotis pulling. Errorsin alignmentare correctedduring the graspingprocedure
by the e xibility of thearm,withoutneedof muchforcein thegripperitself. The shapeof 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 sensorgo de-
tect whetheran objecthasbeengraspedandto communicatewith connectedobots.The
responseof the sensorcombinedwith the activity of the emittersis illustratedin gure 4.
Thesemeasurementallow to de ne the positionof thering of anothers-botin the two hori-
zontaldirectionsthatarenot mechanicallylimited by the shapeof thegrippet

Thegraspingring all aroundthe s-botbody alsoincludesthe sametype of light emitters
andreceversasthegripper but candisplayRGB colors.This featureallows to communicate
in long distanceby displayinga color that canbe seenby otherrobotsusingtheir onboard
cameraWhenarobotis connectedo thering, the samedevicesallows local communication
insidethe swarm-botstructure.
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Figure4: Responsef the grippersensorsvhenapproachingnothers-bot(left) andwhenrotatingthe gripper
overanothers-bot(right)

4 Behavioral validation

In this sectionwe presentwo preliminaryexperimentghat validatethe swarm-botconnec-
tion conceptin autonomougontrol conditions.Both focusonly on the x ed gripperfunc-

tionality andillustratethe useof the sensorsthe gripperitself andits elevationin relatively

at surfacesln the rst experimentwe shov anexampleof a connectingsequencendpas-
siveuseof the connectiorto passover agap.In the secondexperimentthe gripperelevation

movements actively exploitedto passa stepthata singles-botcould not pass We call this

anactiveuseof the connection.

4.1 Passiveuseof theconnectioniPassinga gap

This rst experimentvalidatesthe swarm-botconnectionconceptin real conditions.In par
ticular, it teststhe gripperdesignandthe autonomougsonnectionsequenceThe goal is to
passoveragaptoo big for asingles-bot.

Figure5 (left) shonvsthecontrolprogramof eachrobotasa nite statemachineThe rst
s-botusegyroundproximity sensorso detecthe gap,stopsandaskfor helpswitchingonthe
color ring. Reactingto the event,the seconds-botapproacheandusesthe optical barrierof
its gripper( gure 4 left) to detectthe rst s-bot.Onceit is sufciently close,it startsacircular
scanningo nd theoptimalconnectiorposition( gure 4 right). Whenthe positionis found,
the gripperis closedwith somevertical oscillationsto compensatemall misalignmentsAs
soonasa rm connectionis establishedthe two s-bots(now called swarm-bo} passover
the gapanddisconnectvhenthe seconds-botdetectghe endof the gapwith its rearground
proximity sensor

Figure5 (right) presents$ imagesof the experiment.The establishmenof the connec-
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Figure5: S-botcontrolfor graspingandpasssequence.

tion is oneof the mostchallengingphasesin its currentstageof developmentans-botcan
successfullyestablisha connectiorwith thering of anothers-botonly on almost at terrain.
Autonomousconnectionin roughterrainwill requirea modi cation of the control program
to include searchon the vertical axis aswell as betterpositioningby usingthe panoramic
cameraavailableonthes-bot.

4.2 Activeuseof theconnectionPassinga step

In this experimentthe goalis to passa steptoo high for a single s-bot. This is possibleby
actively controllingthe elevationof therigid gripperto lift andloweranothers-bot.
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Figure6: S-botcontrolfor steppassingsequenceNoticethathereit is the rst s-bot(in thedirectionof motion)
thatgraspghe seconds-bot.

Figure 6 (left) describeghe control programasa nite statemachine.All the work is
doneby thes-botin front who is bothdetectinghe stepandadjustingthe elevationforceson
therigid gripper Figure7 shaws the valuesof the groundsensorandof thegripperbending
while the s-botmovesover the step.The stepis detectedy theincreasingvalueof the front
inclined groundsensor At this time the connectionis bentup. As consequencéhe s-bot



lifts itself up, the front groundsensowaluefalls andthe front inclined groundsensowalue
continueto increaseAs soonastheedgeof thestepis reachedy thetracks thefrontinclined

groundsensowaluefalls. Thenthe s-botmovesover the stepandboth groundsensorshawv

apeakcorrespondingo theedgepassingn their eld of view. Shortlyafter, thebacksensor
detectsthe edgetoo. Oncethe rst s-bothaspassedhe step,the connectionis bentdown.

As aresult,all sensowvaluesreturnto their normalstateandthe gripperis positionedto the

"null” position.
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Figure7: Plot of mostimportantvariablesof the rst robotin the step-passingequence.

In this case,simple software lters aresufcient to copewith sensomoise.For more
comple terrainsituations s-botsarealreadyequippedwith pitch androll sensorshatcould
beusedto betterinterpretsensorydata.

5 Conclusion

We describedhe connectiormechanismandfunctionalitiesof the swarm-botsystem.This
designis very differentfrom existing systemsecausef the very differentconstraintof a
mobilerobotin comparisomwith aself-recon gurablesystemWe alsovalidatedhesystemn
two experimentswith the autonomougontrol of a connectiorsequencandits exploitation
in passve and active mode. The mechanicalsensoryand light emitting propertiesof the
s-botconnectiongnalke this projectuniqueand very promisingfor the exploration of new
applicationsof the swarmintelligenceparadigm.

This paperfocuseson the establishmenbf connectionwithin shortrangedistanceon a
nearly at ground.The methodsdescribedherewill be enhancedo performa long range
approachandconnectionn all-terrainconditions.To achieve this goal othersensorsof the
s-botwill beexploited,suchasthe omnidirectionacamerathe s-botinclinationsensorand
thetorquesensorsncludedin the gripperandthe s-botbody:

In additionto thementionecefforts, futurework will includelinearandnon-linearswarm-
bot con gurationswith morethantwo s-botsaswell ascon gurationsexploiting the e xible

gripper
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