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Abstract—In this paper we describe a modular self-
recon guring robot composedof Molecule robot modules.
We presentthe architecture of this robot and discuss how
self-recon guration can be used as a locomotion gait for
this system.We presenttwo types of locomotion algorithms
for this robot: a statically stable tumbling algorithm and
a dynamically stable algorithm that achieves locomotion by
modifying the center of massof the robot. For eachalgorithm
we analyze the ef ciency of the self-recon guration gait for
locomotion. Finally we present experimental data for the
tumbling algorithm implemented on a four-module Molecule
robot.

Index Terms— Self-recon guring robot, Molecule robot,
locomotion.

I. INTRODUCTION

Self-recon guring robots are modular robots that are
physically connectedand can achieve structuralgeometric
changesautonomouslylIn this paperwe explore the use
of self-recon gurationas a kinematic gait in the context
of a particularrobot systemwe designedand built in our
laboratory

Modular robots are well-suited for locomotion in
unknown ervironments For example, self-recon guring
robotscanclimb stairsevenin theabsencef modelsof the
height, width, and length of the stairway. The robot will
be given the commandto move forward. The robot will
proceedwith a translationmotion until the front sensors
mountedon the forward modulesdetectan obstacle(e.g.,
the rst step). At this point the robot will changethe
locomotionmodalityfrom translatiorto stacking Whenthe
top modulesdetectfree spaceagnin (thatis, afterthe rst
step has beencleared),the robot will changelocomotion
modality again to unstackingand then translation.These
capabilitieslead to on-line algorithmsfor navigation that
take advantageof self-recon guring capabilitiesto create
a “water o w’-lik e locomotion.

In [2] we describe a generic algorithm for imple-
mentingthe “water o w” locomotiongain using the self-
recon guration property In this paperwe instantiatethe
algorithmto the Moleculerobot. We describea distributed
statically stablealgorithmfor the “water o w” locomotion
gait using the speci c degreesof freedom of Molecule
modules.In this gait a group of modulestumble on top
of eachotherto implementforward progressWe analyze
the efciency of this gait in terms of the number of
actuations We use this result as inspirationto develop a

Fig. 1. The two typesof Molecule modules.The male Molecule (top)
hasthe active grippermechanismandthe femaleMolecule (bottom) has
the passie xture which is grabbedby the gripperarms.

rolling gait which is dynamicallybut not statically stable.
Usingself-recon gurationa groupof modulescanactiely
changetheir centerof massto generateforward motion.
We analyzethe ef ciency of this gait and shav that the
dynamicallystablealgorithmis moreef cient. Finally, we
demonstratéhelocomotiontumblinggait on afour-module
Moleculerobot and discussour experimentaldata.

Il. RELATED WORK

A self-recon guring robot was rst proposedin [5],
althoughthis planarsystemfeaturedmoduleswhich could
function in isolation. The majority of subsequentelf-
recon guring robot researcthasfocusedon simpler mod-
ulesthatonly functionasa memberof a group.[6] extends
the CEBOT systemof [5], developingthe next generation
of modules.[4], [14] describeplanar self-recon guring
robots with simple modules that normally remain con-
nected (a2 minimum number of connectedmodules are
requiredfor a functional system).In thesesystems,sta-



tionary modulesoccupy x ed lattice locations,hencethey
are referredto as lattice model systems.Other examples
of lattice model systemsare the 3-D Fractum[15] and
Crystalline robot [17]. [7] proposesa 2-D lattice model
systemwhich usesa cellularautomatgparadigmfor recon-
guration control. We build on this work in our generic,
distributed approachto self-recon gurationcontrol.

Chain model systemsare an alternatve to lattice model
systemsin which modulesare not restrictedto lattice cell
positions.Chain model modulesare often connectedend-
to-endto form legs or other appendagesand insect-like
structuressuchas hexapodsand centipedesare commonly
usedfor locomotion.Connectingthe endpointsof module
chainsrequireskinematicanalysisto align the connectors
of the modules.In contrastmodulesin lattice model sys-
temstendto move individually on a staticmodulesubstrate
and thus module movement and analysisis simpli ed.
Examplesof chainmodelsystemsarethe PolyBotrobot of
[19] andthe CONRO systemof [3]. [18] describesn detail
the kinematicsof CONRO modulechaindocking. The M-
TRAN robot of [16] hascharacteristic®f both lattice and
chainmodelsystemsallowing the modulesto packtightly
in latticesor join togetherinto long chains.

Our previous researchincludeswork on the Molecule
robot [8]-[13] and recon guration planning using our
generic,distributed approach1], [2], [13].

Fig. 2. Two views of a Molecule module highlighting the rota-
tional degrees-of-freedomThe top image indicatesthe bond degrees-
of-freedom, and the bottom image indicatesthe connectordegrees-of-
freedom.

I11. MOLECULE MODULE DESCRIPTION

The Moleculeis a robotic module capableof aggreat-
ing with otheridentical modulesto form dynamic three-
dimensional structures. Molecules can selectively form

Fig. 3. CAD drawings of the gripper assemblyIn the top image the
northarmhasbeenremovedto shav theinternalcon guration. The north
andeastarmshaftsareshowvn in explodedview. The bottomimageshows
the drive train in detail, with the shaft(a at headmachinescrav) and
worm gearcap shawvn in explodedview.

rigid connectiongo other Moleculesand, by using these
connection@ndtheir rotatingdegreesof freedommodules
can move to different locations on Molecule structures.
A Molecule robot is an example of a lattice model self-
recon guring system.

A Molecule moduleis composedf two cubical atoms
linked by a rigid 90-degree link called the bond (see
Fig. 1). Each atom has ve inte~Molecule connection
pointsandtwo degreesof freedom(seeFig. 2). Onedegree
of freedomallows the atomto rotate 180 degreesrelative
to its bond connection,and the other degree of freedom
allows the atom (and therefore the entire Molecule) to
rotate 180 degreesrelative to one of the inter-Molecule
connectors.The bond and connectordegreesof freedom
permit independentmaovementon a substrateof identical
Molecules,including straight-linetraversaland 90 degree
concae and corvex transitionsto adjacentsurfaces. A
Molecule moves by attaching an atom to some other
Molecule and actuatingone or more of its four degreesof
freedom Attachmentsaremadeusingthe gripperconnector
mechanismyhich consistsof anactive four-armedgripper
and a passie “grippee” which provides an anchoring
surfacefor connection.

A. Moleculedesign

Our design goal for the Molecule was two-fold: (1)
creating a module that could independentlyrelocate on
a static module substrate,and (2) reducingthe required
actuationhardware to the absoluteminimum to minimize
modulesize and weight. Given a cubic lattice and a face-
to-face connectionscheme,it is easyto see that three



Fig. 4. Five snapshotsaken from a Molecule pair translationsimulationutilizing two Molecule pairs. The motion is in the + x direction.

movementmodalitiesare sufcient to traverseary struc-
ture: translation,concae transition,and convex transition.
Concae transitionis the simplestof thesemodalities—a
single cube in a lattice automaticallyspansthe concae
transition formed by two neighboringcubes. Translation
involvesmoving from one cubefaceto anothercubeface,
whereboth facesarein the sameplane.In a systemwith
discreteconnectiorpoints,a modulemustspanthedistance
betweenthe two faces. This can be achieved by using
a two-unit meta-module such as the Fractum pair [15].
Corvex transitionis the mostdemandingnodality sincethe
modulemustspanthe distancefrom onefaceof a cubeto
a neighboringfaceon the samecube.This canbe achieved
by using an “L”"-shaped module occupying three lattice
positions. Since an “L"-shapeis also capableof concae
transitionsand translationsit is sufcient for independent
lattice traversal.

However, simply composingthree cubical units would
requirelarge actuationforcesdueto the combinedweight
of the modulesand the distancebetweenthe units at the
endsof the “L"-shape(atom9. The simplestoptimization
is to replacethe centermodule with a rigid link (bond.
The atoms are required for connectionduring a corvex
transition,and are also sufcient for translationsand con-
cave transitions.Further analysisshavs that each of the
atomsrequire only two degreesof freedom: (1) rotation
aboutthe bond, and (2) rotation of one of the connection
pointswhosefaceis adjacento the facewhich connectgo
therigid link. Both degreesof freedomrequirea minimum
rotation of 180 degrees.The resultis a modulewith four
rotating degreesof freedomandten connectors.

The Molecule gripper connectoris a binary connector
with 90-deggree symmetry a large amountof compliance,
and the ability to retract within the bounding sphereof
the atom which permits in-place atom rotations. Fig. 3
(top) shavs the active male part of the gripper system
which containsthe motor, gears,andthe four armswhich
rotateinto placeto grip the passie femalepart. The arm
subassembliesurrounda centralworm gearwhich turns
to actuatethe arm gears.The worm gearis on the same

shaftasa crown gearwhich is turnedby the gearmotoras
shavn in Fig. 3 (bottom). The gearmotohasa diameterof

8 mm and an integral 256:1 geartrain.This systembears
someresemblancdo the hook-type coupling mechanism
on the Seriesll CEBOT modules[6], however there are

signi cant differencesas describedn [13].

IV. MOLECULE ROBOT LOCOMOTION

Molecule structuresmove by dynamically changingthe
shapeof the structure.The structurerecon guration can
either be static, where the structureis statically stable
throughoutthe locomotion, or dynamic, where instability
is exploited to increasethe locomotionef ciency.

A. Statically stablelocomotion:tumbling gait

Locomotion entails the relocation of modulesin the
direction of motion while maintaininga stable structure.
For example,if modulesat the rear of the structuremave
to the front thenthe structureachiezesa net displacement.
Fig. 4 shavs a simulation of two Molecule pairs moving
from the right to the left side of the group, effectively
translatingthe structure.This processcan be repeatedoy
continuallymoving the rearmosipair to the front, allowing
for arbitrarytranslationdistancesThis algorithmworks for
an arbitrary sizerobot as describedn [13].

A relatedlocomotionalgorithmis aninstantiationof the
generic,distributed locomotionalgorithmin [2]. This ap-
proachuseslocal rulesto supportalgorithmicdistribution,
extendingthe work of [7]. Fig. 5 shavs therule setwritten
in the form of productionswith the left side representing
the preconditionnecessaryor therule to be executed and
the right siderepresentinghe postconditionsafter therule
is executed.This rule setproducedocomotionby moving
moduleson the west (left) side of the structurenorthward
(up), then eastvard (right) along the top of the structure,
and nally southward (down) at the front of the structure.
Theresultis a caterpillarlik e locomotiongait. A simulation
of this algorithmis shown in Fig. 6.

Although our generic,distributed algorithmsare based
on an abstractmodule,a key componentof our approach
is instantiation of rule sets onto real self-recon guring
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Fig. 5. Five rulesfor eastvard locomotionwithout obstacleswith the direction of motion given for each.

Fig. 6. Threesnapshotof a simulationof the instantiationof the algorithmin Fig. 5 to the Molecule pair. Molecule pairs at the west (left) of the
group move to the top andthento the east(right), resultingin eastvard locomotionof the structure.

systemssuchasthe Molecule. By using pairs of modules
as a single conceptualmodule, or “meta-modulé, it is
possibleto instantiatethe ve-rulelocomotionrule setonto
the Molecule system.An exampleof this is shavn in the
simulation of Fig. 6, where a 4x3 structureof Molecule
pairsis translatedto the right (east)by moving the pairs
accordingto the rulesin Fig. 5.

1) Analysis: The locomotion efciency by self-
recon gurationcanbe quanti ed by the numberof module
relocationsrequiredto move the structurea givendistance.
If thesystems composeaf n modulesthenthenumberof
modulemovesrequiredto translatethe structurea distance
of n lattice spacesis a useful measureof locomotion
efciency. In the caseof the generic,distributed approach
describedabore, modulesmove one lattice cell at a time,
andthusthe numberof movescorrelatego the Manhattan
distancea modulehasmoved. In the Molecule pair trans-
lation experiment,however, modulesmove from one end
of the structureto the otherin a single sequenceof rota-
tions and connectionchangesModulesmove individually
despitethe factthat whenstationarythey are part of a pair
meta-module Thus we considerthe numberof “moves”
to be the actualdistancemoved by the pair asif the pair
moved onemeta-moduldattice cell at atime. For example,
in theMoleculepair translationexperimenteachpair moves
a distanceof two meta-moduldattice cells, for a total of 4
“moves! It is easyto seethat moving ary linear chain of
n modulesa distanceof n requireseachmoduleto move

a distanceof n, resultingin n? moves. This is, in fact,
a lower bound for static locomotion, since the structure
hasa minimum vertical componentAdding heightto the
structuremeansthat modulesmustmove vertically aswell
ashorizontallyto relocatefrom the rearto the front of the
structure.Thus, g squareinstanceof the rule setin Fig. 5
r(?)quireSZn2 n n movessinceeachmodulemustmove
2 n 1times,and mwigg_all module%oEceresultsin a
structuredisplacementf = n, requiring’ n repetitionsto
translatethe structurea distanceof n.*

In the precedinganalysis,“moves” refersto relocations
of Molecule pairs, not the numberof DOF movementsof
the individual modules.However, since ary pair reloca-
tion to an adjacentlattice cell requiresa x ed number
of Molecule DOF rotationsand connectionchangesthe
boundstill holds. The numberof modulerotationsvaries
for the different motions in Fig. 5. For example, the
southeasmove (Rule 4) canrequire40 modulerotations,
while the eastmove (Rule 3) needsonly 18in somecases.

B. Locomotionby modifyingthe centerof mass

This gait involves manipulation of the the center of
massof the structureto producea rolling motion. The

1Although the linear chain has greaterlocomotion ef ciency, a more
vertical structureis useful for climbing over obstaclesSee[1], [2] for
details.

2The Molecule pairs are oriented differently basedon the lattice
location becauseof the male and female componentMoleculesin each
pair. Moving from someorientationgo othersrequiresa slightly different
numberof DOF rotations.



Fig. 7. Examplesof nonstablestructureswhich canimprove locomotionef ciency. An idealizedring of x ed moduleswith a single modulemoving
alongthe inner surfaceof the ring is shawvn in (left). This systemcould producemavementon a level, planarsurfaceif the outer surfaceis a perfect
circle. By increasinghe width of thering to its maximumvalue,(center),a theoreticalower boundon the numberof movescanbe achiezed. However,
this systemis not practical sincethe centerof massdeviation is too small to move the ring undernon-idealconditions.A more practical systemis
shawn in (right), with a non-idealring composedof 600 modulesand 118 moving modules.Thesesystemscan be extendedin the z dimensionby

stackingalongthe ring axis.

adwantageof this techniqueis that the relocation of a
subsetof the modules may be sufcient to move the
entiregroup, unlike staticlocomotionwhereevery module
is relocatedduring the locomotion. Using a static ring
structure with modules maoving along the inner surface
of the ring producesa nonstablestructurefor locomotion.
Fig. 7 shavs examplesof variousimplementationof this
conceptwith the squaregepresentingbstractmodulesor
meta-modulesuch as the Molecule pair. The numberof
moving modulesrelative to the numberof static modules
in the ring determinesthe locomotion efciency of the
system.Note that the rolling motion is not necessarilyof
constantvelocity and thereforedoesnot require modules
to move in a synchronizedvay. Instead,modulesmove at
their own rate and the structurerolls incrementallybased
on the shifting centerof mass.

1) Analysis: Dynamic locomotion can improve on the
( n?) lower boundfor stablelocomotion,sincesomemod-
ules do not have to move during the structurerelocation.
A theoreticallower boundof ( * n) is possiblefor Fig. 7
(center)due to the large numberof static moduleswith
only one moving module3 However, this systemwould
only be functionalin ideal conditions:a perfectly circular
outerring surface and a level, planarsupportingsurface.
An actualsystemwould have a steppedouterring surface
due to the nite numberof moduleswhich composethe
ring. By balancingthe massof the moving modulesand
the static ring modulesit is possibleto induce a center
of massdeviation large enoughto overcomethe stepped

SFor Fig. 7 (center),n is within a constanfactorof r2 12, where
r is the outerradiusof thering andtheinsidering radiusis 1. Thenumber
of rotationsof the ring requiredto move a distanceof n is the number
of modulesdivided by the distanceper rotation (the circumference)or

r22 — . The numberof movesrequiredis the numberof rotationsof the
ring multiplied by the the numberof movesneededo causeonerotation
in the ring. For a systemwith one moving module,a constantnumberof
movesis requiredfor eachrotation (the perimeterof the inner surfaceof
thering). In the caseof Fig. 7 (center)it is four, but it certainlyis never
morethan2, sincethe inner radiusis 1. Thereforﬁthetotal numberof

. r +1 . . . —

movesis —p Sincer is essentiallyequalto = n, the total number
of movesis (" n).

outer surface of the ring, An exampleis shovn in Fig. 7
(right), whichrequiresAn™ n movesto move then modules
a distanceof n.* This result scaleswith the number of
modules, since the relatve numbersof modulesin the
static ring and the moving modulesremain the sameas
the numberof modulesincreaseslmagineeachmodulein
Fig. 7 (right) being composedof four modules,doubling
the width and height of the ring. This module count
increasewould not changethe relative masse®f the static
and maving modulegroups.Thus,a more practicalb[gund
for moving by modifying the centerof massis O(n" n).
However, even this systemmay not function on rough or
slopedterrain. In these cases,some static ring modules
may needto relocateto producea greatercenterof mass
deviation.

V. MOLECULE EXPERIMENTS

We have performedseveral types of Molecule experi-
ments, ranging from single-modulestructuretraversal to
multi-modulelocomotion.Fig. 8 shawvs the Molecule pair
translationexperimentin which eachMolecule pair moves
from the rearto the front of the structureonce.This is the
statically stabletumbling gait describedin SectionIV-A
andshawn in Fig. 4.

Tablel shavstheresultsfor 19 four-Moleculetranslation
experiments.Modules 0 and 1 are the leftmost pair in
Fig. 8 (top left) andmodules?2 and3 aretherightmostpair.
Module movementorderis 0, 1, 2, and 3. Runsare con-
tingent on the predecessorsompletingtheir moves, thus
a failed run by Molecule 1 will terminatethe experiment
without executing Molecule 2's and Molecule 3's moves.
The successatefor the femalemodulesis 100%,while the
succesgate for the male modulesis approximately90%.

“4For Fig. 7 (right) n is equalto 718. For aring rotationof 6 degrees,
approximatelyl4 modulesmustmove a distanceof about25 lattice cells.
Thusthe numberof modulemovesperring rotationis 21,000.Thenumber
of ring rotationsrequiredto move a distanceof n is 5", wherer is the
radius of the outer surface of the ring. In this case,r is equalto 32.
Thereforethe numberof rotationsis 3.57,andthetoteH numberof moves
requiredis about75,000which is aboutfour timesn™ n.



Fig. 8. Five snapshotérom a Molecule pair translationexperimentutilizing two Molecule pairs. The motionis in the + x direction.

[ Module | Attempted | Successful] SuccesRate |
Female0 19 19 100.0%
Male 1 19 17 89.5%
Female2 17 17 100.0%
Male 3 17 15 88.2%
All 19 15 78.9%
All (last13runs) | 13 12 92.3%

TABLE |
RESULTS FOR 19 FOUR-MOLECULE TRANSLATION EXPERIMENTS.

The differencein successateis dueto someimpediments
andinstability in early experimentssincethe malemodules
arelarger and hearvier thanthe femalemodules.Modi ca-
tions to the systemhave eliminatedtheseerrorsin later
experiments.Also, someexperimentfailures were due to
grippermalfunctionsdueto a design aw.® Becausef the
improvementsmadeto the modules,the succesgate for
the latter 13 trials is 92.3%.

The Molecule movements demonstratedn the four-
Molecule translationexperimentare sufcient to perform
the moves of Fig. 5. The major differenceis that the
Molecule pairs are oriented horizontally in the four-
Molecule translationexperimentand vertically in the al-
gorithm instantiationof Fig. 6. We do not have enough
Molecule modulesto implementmore complex algorithms
suchaslocomotionby modifying the centerof mass.Until
more modules are constructed,these experiments must
remainin simulationonly.

5The original gripper designsufiered from stresscracksin the ABS
parts built in our rapid prototyper The cracks occurredin the motor
housing, which was not thick enoughto withstand the upward force
generatedby themotorpinion/cravn gearinteraction.If acrackdeveloped
during an experiment,it could prevent the gripper from actuatingand
thus causethe experimentto fail. A motor housingredesignhas x ed
this problem.

VI. CONCLUSIONS

We have describedthe Molecule self-recon guringsys-
temandproposedwo typeslocomotiongaits for Molecule
robots. Statically stable gaits such as the Molecule pair
translationrequire ( n?) modulemovesto move a system
of n modulesa distanceof n lattice cells. A dynamically
stabl%rolling gait can producea theoreticallower bound
of (~ n) moves underidealﬁonditions,hoNeveramore
practicalsystemrequiresO(n’ n) moves.

Our experimentalresultsdemonstratdocomotionfor a
robot composedof four Molecule modules. The overall
succesgate for 19 trials is 78.9%, however mary of the
failuresoccurredin the early trials and the problemshave
beencorrected.The succesgate for the latter 13 trials is
92.3%.
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