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Abstract

We discuss a rolotic module called a Molecule
Molecules can be the basis for building self-
recon guring robots. They support multiple modal-
ities of locomotion and manipulation. We descrite
the design, functionality, and control of the Molecule.
We showhow a set of Molecules can aggiegate as ac-
tive three-dimensional structures that can move and
changeshape. Finally, we discussour Molecule exper-
iments.

1 Intro duction

A robot designedfor a single purposecan perform
somespeci ¢ task very well, but it will typically per-
form poorly on a di erent task in adierent erviron-
ment. This is acceptableif the environment is struc-
tured; howewer if the task is to operate autonomously
in unstructured ernvironments, then a robot with the
abilit y to changeits shape to suit the environment and
adapt to the required functionalit y will be more likely
to succeedthan a xed-architecture robot.

A self-recon guring robot consistsof a set of iden-
tical robotic modulesthat can autonomously and dy-
namically recon gure in a variety of shapesto best t
the terrain, ervironment, and task. Self-recon guring
robots can be viewed as a minimalist approad to de-
signing versatile and extensible robots with multiple
modalities of locomotion and manipulation. A sin-
gle, architecturally-lean autonomous module can ag-
gregatein a variety of structures with other identical
modules. If the module is robust and the aggregation
protocol is provably correct, the end result is a range
of reliable robots. Applications include tasks that re-
quire di erent locomotion and manipulation gaits. For
example, the modules could self-organizeas a linear
robotic structure for traversing a narrow tunnel, and

recon gure asa multi- ngered arm upon exit in order
to manipulate objects.

In this paper we describe our work towards build-
ing self-recon gurable robots. We describe the rohotic
Molecule (seeFigure 1) we designedand built asthe
basic module for creating self-recon gurable robots.
The Molecule is a 4 degree-of-freedom,small-scale
module capable of aggregating with other identical
modules to form three-dimensional dynamic struc-
tures. The Molecule consistsof two atoms connected
by a right-angle rigid bond (seeFigure 2.) Each atom
has 5 inter-Molecule connectors and two degreesof
freedom. One degree-of-freedonallows rotation about
one connector. The seconddegree-of-freedomallows
rotation of the atom about the bond.

A set of sucdh Molecules can self-aggregateas ar-
bitrary three-dimensional structures. We show this
result by demonstrating seweral dierent tilings of
the plane with the Molecule. The tilings can be
stacked so that the resulting structures are three-
dimensional. A structure made of a set of Molecules
can self-recon gure as a di erent structure by using
basic Molecule motions. The Molecule is capable of
(1) linear motion in a plane on top of a lattice of iden-
tical Molecules, irrespective of the absolute orienta-
tion of the plane; (2) corvex 90-degreeransitions be-
tweentwo planar surfacescomposedof identical mod-
ules; and (3) concave 90-degreetransitions between
two planar surfacescomposed of identical modules.
These basic motions allow the creation of dynamic,
self-recon gurable structures that can have multiple
locomotion modalities.

In our lab we have built a prototype Molecule and
experimerted with its basic motion capabilities. The
Molecule performed linear motion and transitions.

This paper is organized as follows. We cortinue



Figure 1: The robotic Molecule. The Moleculeis com-
posedof two atoms, connectedby an right-angle rigid
bond. The Molecule has 4 degreesof freedom: two
rotational degreesof freedomabout the bond and one
rotational degreeof freedom per atom about a single
inter-Molecule connector. The connectors have been
implemented with electromagnets.

with a summary of related work. We then describe
the medanical design of the Molecule and the fab-
rication process. We discussbriey the cortrol and
communication architecture. We then address how
this Molecule can form arbitrary three dimensional
structures by shawing dierent tilings. We cortinue
with algorithms that implement the locomotion gaits.
Finally, we discussour experimens.

2 Related work

Our work draws on previous experienceswith nav-
igation algorithms [Lat91], designing self-organizing
robots, and designing minimalist robot systems
[DJR97]. We are inspired by [Mu94, Yim93, PCSC]
who introduced the rst systems capable of self-
recon guration in the plane.

Related work in designingmodular robots includes
[PK95, PK93, NS96, HS96]. In [PK95] a method for
designing various robotic arms with dierent read-
ability properties out of the same set of 7 modules
is proposed. The medanical design algorithm is im-
plemented as simulated annealing that starts with a
random mechanical designand corvergesto the design
with desiredreadability properties. The modulesare
assenbled by hand asthe computed shape. Our work
is dierent in that our modules could self-aggregate
(without human intervention) and the planning phase

is of a task-directed, geometric nature. Our modular
self-recon guring robots are aggregatedaccording to
task and we can view reacability asa speci ¢ kind of
task.

Related work in self-organizing robots includes
robots in which modules are recon gurable using ex-
ternal intervertion [CLBD92]. In [FK90] a cellular
robotic systemis proposedto coordinate a set of spe-
cialized modules. [CB97] describe a theoretical frame-
work for counting the number of unique con gura-
tions realizablefrom a set of modulesand joints, with-
out consideringimplementation issues.[Yim93] stud-
ies multiple modes of locomotion that are achieved
by composing a few basic elemerns in dierent ways.
[Mu94, YM+97] consider a system of modules that
can achieve planar motion by walking over eat other
due to changesin the polarity of magnetic elds.
[PCSC] describes metamorphic robots that can ag-
gregateas stationary two-dimensionalstructures with
varying geometry and that implemert planar locomo-
tion. Our self-recon gurable moleculesare di erent
from metamorphic robots in their design and func-
tionality. The structures built from self-organizing
Moleculesare three-dimensional, can move along any
axis in a three-dimensional space, and have motion
autonomy relative to a three-dimensionalworld.

3 The Design of the Molecule
3.1 Concept

The initial goal for our Molecule designwasto cre-
ate a regular solid shape which could be closely padked
in 3-D space,and which could move about by attach-
ing itself to a substrate of similar units. Sincea cube
is the simplest regular solid which fully packs in 3-
D space,we decided on a cube-shaped design similar
to an atom in our current design(Figure 2). This de-
signhad inter-unit connectorson eadt faceof the cube,
with arotational degreeof freedomabout ead connec-
tor. This designwasnot capableof independert move-
ment however, two cooperating connectedunits were
necessaryfor movemert. Furthermore, movemert re-
quired that a unit be able to support the weight of
its partner. Becauseead unit required 6 rotational
degreesof freedom plus the weight of the connection
mecanisms,we felt it would bevery di cult to create
a unit which was strong enoughto lift another unit.

Consequetly, we attempted to reducethe number
of degreesof freedom in our unit without sewerely
reducing its capabilities. The result is our robotic
Molecule (see Figure 2). It consists of two atoms
linkedby arigid 90 degreeconnectionwe call the bond.
Each atom has v e inter-Molecule connection points
and two degreesof freedom. One degreeof freedom



Figure 2: The CAD model of the molecule. The
molecule consists of two atoms. A rigid bond that
connectsthe two atoms sothat their relative orienta-
tion is 90 degrees. The gure shows four actuators,
one per degreeof freedom. The stalks in the gure
represen inter-Molecule connection points.

allows the atom to rotate 180 degreesrelative to its
bond connection, and the other degreeof freedom al-
lows the atom (and therefore the ertire Molecule) to
rotate 180degreegelativeto oneof the inter-Molecule
connectors(the rotational degreeof freedomcannot be
about the connector opposite the bond connection).
This design is capable of independert movemert on
a substrate of identical Molecules,including straight-
line traversaland 90 degreeconcave and corvex tran-
sitions to adjacert surfaces. Howewer, the L-shaped
design cannot be as closely padked in 3-D spaceas a
cube-shaped design (seesection 6).

3.2 Implemen tation

Our current design usesR/C senomotors for the
rotational degrees of freedom and electromagnets
for the inter-Molecule connectors. The prototype
Molecule usesonly a single connector on ead atom.
This connectoris attached to the non-bond rotational
degreeof freedom as described above. The rotating
connection points on ead atom are the only connec-
tion points required for Molecule motion. The other
connection points are used for attachment to other
Moleculesto create stable 3-D structures. A Molecule
to Molecule connection requires the connecting elec-
tromagnetsto be oppositely polarized sothat the elec-
tromagnetic elds will attract. The 1" electromagnets
usedon our prototype are su cien tly powerful to sup-
port an ertire Molecule. To prevent the rotation of
one electromagnetwith respect to another, we dewvel-
oped interlocking sheathswhich encircle the contact-
ing facesof the electromagnets. The diameter of eath
atom is 5 inches (12.7 cm), making the atom-atom
distance in the Molecule approximately 7.07 inches
(18.0 cm). The weight of the Molecule is 1.8 pounds

(0.8 kg). If all facesof eath atom were equipped with
connectors,the Molecule would weigh 2.8 pounds (1.3
kg). The Molecule actuators are capable of lifting the
weight of a single Molecule. It is not possible for a
Molecule to lift another Molecule attached to it.

Each Molecule also contains a microprocessorand
the circuitry neededto cortrol the senomotors and
electromagnets. The microprocessor performs low-
level cortrol of the hardware but currertly the high-
level cortrol of the Molecule takes place o -b oard in
a workstation. The Molecule communicates with the
workstation using an RS-485 serial connection. The
cablesneededfor the serial connectionand power are
connecteddirectly to our prototype Molecule. How-
ever, our goalis to supply power and communications
to Moleculesvia the inter-Molecule connectors. This
would make ead Molecule autonomous with respect
to wiring aslong asthe group of Moleculesconsistof a
single connectedcomponert and at least one Molecule
is poweredthrough its connector. To this end we have
constructed a special base ervironment which is de-
signedto resenble the connectorsof a 3-D lattice of
Molecules. We plan to supply power and communica-
tions through these connectorsso that any Molecule
attached directly or indirectly to the basecan receiwe
power and communicate with the workstation. The
base also allows us to perform mobility experiments
using a single Molecule. Using this ervironment we
have demonstratedthat the prototype Moleculeis me-
chanically capable of walking horizontally and verti-
cally and of making concave and corvex surfacetran-
sitions.

3.3 Fabrication

We have built a prototype Moleculeto demonstrate
the feasibility of our approach. The parts cost of the
prototype Molecule is about $1000, and it takes ap-
proximately three days to fabricate and assenble all
parts. We have utilized seeral technologiesto re-
duce the designiteration time, improve the medan-
ical precision, and reducethe cost of the prototype'.
Our design begins with a fully detailed and dimen-
sioned 3-D CAD model of the prototype deweloped
with Pro/Engineer 18.0 from Parametric Tecnolgy
Corp. We then fabricate most of the structure us-
ing an FDM1600 Fused Deposition Modeling (FDM)
Rapid Prototyping machine manufactured by Strata-
sys, Inc. This machine and its asseiated software
converts the data from our CAD model directly into
high-strength, light weight ABS plastic parts. These
ABS parts are assenbled together with the electro-

1we thank Brian Locke and the Thayer School of Engineer-
ing for their help in this process.



Figure 3: lllustration of the rotational degreeof freedomof the Molecule actuated about the rigid bond connecting
the two atoms. The right atom is stationary and the left atom rotates. The snapshotsshav the Molecule in
con gurations rotated 0 degrees45 degrees,and 90 degreesfrom the original con guration

magnets,the senos, and a few other parts to createa
full Molecule.

4 Controlling Molecule Motion

An individual moleculemovesby attaching an atom
to some other Molecule and actuating one or more
of its four degreesof freedom (see Figure 3). Our
Molecule designis capable of linear walking on a pla-
nar lattice of Molecules,and concave and corvex tran-
sitions to planar lattices of Molecules oriented at 90
degreedo the original surface. By composingtheseca-
pabilities, what followsis that an individual Molecule
is general : it can traverse any Manhattan-style?
Molecular structure. We describe the algorithms for
thesebasic motions in the following sections.

Figure 4: A linear walk sequence.

4.1 Linear walking

Figure 4 shows the three stagesin a linear walk.
The arrows represen the positions of the rotating con-
nector actuators. The rotating connectorsare facing
the underlying Molecule lattice which is represened
by the chedkerboard pattern. The atom with the bold
outline is connectedto the underlying lattice. Fig-
ure 4(Left) represens the initial state of the Molecule.

2A Manhattan object has all its surfaces either parallel or
perpendicul ar to one another.

Figure 4(Center) shows the result after the Molecule
has pivoted clockwise 90 degreesabout the connected
atom (the atom with the gray arrow) and hasswapped
atom connections. Note that the atom designatedby
the black arrow also performed a 90-degreerotation

of its connector while it was being moved to its new
position (if the connectorhad not rotated with respect
to the atom it would be pointing right instead of up).

This wasdoneto compensatefor the rotation required
by the next move. Figure 4(Right) shows the result
after the Molecule hasrotated counterclockwise 90 de-
greesabout the connected atom (the atom with the
black arrow) and hasswapped atom connections. Note
again that the moving atom has also performed a 90
degreerotation of its connector. SinceFigure 4(Right)

shows the Moleculein the sameposeas Figure 4(Left)

and the Molecule hasmovedforward onewhite square,
this algorithm can repeated as often as necessaryto
move the Molecule a given amourt in a straight line,
assumingthat the underlying lattice existsto support

the Molecule.

4.2 Concave transition

Figure 5 shawvsthe sequenceof Molecule movesnec-
essaryto perform a concave transition. Atoms are
represetied by the black cubes with the small cube
on ead face represeting an inter-Molecule connec-
tor. The large gray and white cubes represen the
underlying Molecular lattice. Figure 5(Left) shows
the Molecule in the initial position. The atom near-
est to the wall is attached to the o or surface. Fig-
ure 5(Secondfrom Left) shows the pose after a 90-
degreerotation about the bond DOF of the attached
atom. This causesthe unattached atom to be sus-
pendedin midair one atom position above and to the
left of its original position. Figure 5(Second from
Right) showsthe poseafter a 90-degreeotation about



Figure 5: A concave transition sequence.

Figure 6: A corvex transition sequence.

the inter-Molecule connector of the attached atom.
The result of this motion is to bring the unattached
atom into contact with the wall. At this point
the atoms swap connections so that the previously
unattached atom is now attached, and the previously
attached atom is unattached. Figure 5(Right) shaws
the nal stage of the transition in which the lower
atom is rotated to place its rotating inter-Molecule
connector on the wall. From this point the Molecule
can executea linear walk to climb the wall.

4.3 Convex transition

Figure 6 shaws the sequenceof movesnecessaryto
perform a corvex transition. Figure 6(Left) shows
the initial position of the Molecule. The near atom
is attached to the chedered surface by its rotating
inter-Molecule connector. The rst rotation is about
this connector and it causesthe unattached atom to
swing out over the convex edge. Simultaneously, a ro-
tation occurs about the bond DOF of the unattached
atom positioning its rotating connectorsothat it faces
the vertical surface. The result of these two rota-
tions is shawn in Figure 6(Secondfrom Left). A rota-
tion about the bond DOF of the attached atom then
movesthe unattached atom into contact with the ver-
tical surface (Figure 6(Certer)). Atom connections
are then swapped allowing the previously attached
atom to move freely. The next two rotations move

the newly unattached atom into free spaceabove the
vertical surface and position the rotating connector
of the unattached atom so that it facesthe vertical
surface (Figure 6(Secondfrom Right)). Finally, the
unattached atom is movedinto cortact with the verti-
cal surfaceas shown in Figure 6(Right). At this point
the Molecule can traverse the vertical surface using
the linear walk algorithm.

5 Aggregating
Structures

In the previous section we demonstrated how the
Molecule can move on a substrate of other Molecules.
In this sectionwe examinethe classof structures that
can be created with Moleculesand hencecan be con-
sidered a \substrate" for Molecular motion.

A Molecule can connect with other identical
Moleculesto create dynamic three dimensional geo-
metric structures. Figure 7 shows examplesof planar
structures created by pading Molecules. It is pos-
sible to create arbitrary three-dimensional geometric
shapesconsisten with the Molecular structure. These
three-dimensional shapes can only have surfacesthat
meet at anglesof 90 degrees.

Moleculescan be placed next to ead other without
explicit connections. To increasethe robustnessof the
resulting structures, we insist that ead Moleculein a
structure be connectedto at least one other Molecule.

Three-dimensional



Figure 7: This gure shows three planar tilings using the Molecule. The \pair" generator on the left is usedto
create the leftmost tiling. The \string" generatorin the middle is usedto create the middle tiling. The \ring"
generatoron the right is usedto createthe rightmost tiling. The useof color (black or gray) assistsin visualizing
individual Molecule locations. In Section 6 we shaw that this particular color encaling of Molecular structures
has interesting geometric properties with respect to planning.

One can imagine stringing Moleculestogether subject
to this constraint in an arbitrary fashion. An inter-
esting question is, what the classof three-dimensional
structures that can be created using the Molecule?
We propose examining this question by de ning pla-
nar tilings using the Molecule.

Consider a possible tiling of the plane using the
Molecule. It is interesting to obsene that if we place
an xy grid whose size equals the atom size on the
plane, each Molecule will occupy three cells in this
grid, arranged as an \L" shape. We would like to
nd ways of covering every cell in such a planar grid
with the Molecule. Figure 7(Left) shows an example
of a possibletiling that covers every cell in the grid.
The generator for the tiling consists of a \pair* of
two Molecules. Other tilings are also possible. Fig-
ures 7(Certer) and 7(Right) show two other genera-
tors and the resulting tilings. Note that in all three
gures the Molecules are simplied by omitting the
actuators. In Section 6 we will shav how sud tilings
can be usedto generatedynamic structures made out
of moleculesthat can travel along any direction. We
now show how tilings help with constructing arbitrary
three dimensional objects out of Molecules.

To shaw this result, we will usea cell-decompsition
method. We de ne a cell decomposition of a three-
dimensional object O to be the division of the object
into a union of disjoint cells. An I-grid cell decom-
position is a cell decomposition into equal cells where
ead cell is a squareand the sideof the squareis|. An
[-grid approximates a three-dimensionalobject with a
Manhattan object that consistsof a union of identical
cubes.

Theorem 1 Any connected three-dimensional Man-
hattan object that allows an I-grid cell decomposition
where |, the size of the grid, is the size of a \pair" tile
can be created using Molecule rolots.

Pro of: It is possibleto place an xyz grid of size
equal to the tile sizeon the object. Since\pair" tiles
padc tightly in the plane, we can construct ead xy
sectionof the object by selectingan appropriate planar
shape. Since\pair" tiles are at (i.e. all atoms are
coplanar) we can stad thesetiles on top of oneanother
in atightly padked fashion. So, we can construct eat
Xy section of the object by selecting an appropriate
planar shape. These layers can be staced to obtain
the desiredobject.

Corollary 2 Any three-dimensionalstructure that al-
lows a cell decomposition where the size of the grid is
the size of an individual atom, can be approximated
using Molecule rolots, with an approximation error of
at most two cells for every cell on the xy exterior of
the structure.

Pro of: Begin by outlining ead xy slice of the de-
sired Manhattan object. Stadk \pair" tiles sothat all
cellsin ead slice of the object are completely covered.
Now, remaove any Moleculesthat do not cover at least
one cell in the desired object. Among the remain-
ing Molecules, there may be somethat cover one or
two cellsthat are not in the desired structure. These
Molecules,must, however, cover at leastonecellin the
desiredstructure or they would have beenremoved al-
ready. Furthermore, sincethis cell is adjacert to a cell
in the sameplane that is not in the desiredstructure,
it must be on the xy exterior. So,for ead cell on the
xy exterior of the desired structure, there can be at
most two cellsin the actual structure that are not in
the desiredstructure.

Note that Theorem 1 and Corollary 2 givea method
for constructing objects out of Moleculesand a mea-
sure for quartifying the approximation of the con-



Figure 8: This gure shows a molecule walking on a structure composed of identical molecules. The structure,
shown in grey, consistsof a horizontal plane and a vertical tower. The molecule, shown in black, starts on the
plane (Top, Left), rotates 180degreesabout the connectorof its right atom to the plane (T op, Certer), rotates 90
degreesabout the connector of its right atom to the plane (Top, Right), rotates 90 degreesabout the connector
of its left atom to the plane (Bottom, Left), rotates vertically 90 degreesabout the bond connector of the top
atom to transition and make contact with the tower (Bottom, Certer), and nally it rotates 180 degreesabout
the connector of its top atom to the wall to traversethe tower (Bottom, Right).

struction only when the size of the object is large rel-
ative to the size of an individual Molecule. One can
imagine building Moleculesat the MEMS scale. This
would make possiblethe construction of objects with
high-resolution surfaces.

A caveat of Theorem 1 and its corollary is that the
weight of the object must be able to be supported by
its Molecular layers. Sincethe body of our Moleculeis
currently made out of plastic, this placessomerestric-
tions over how many can be stacked on top of eah
other. We are currently investigating this question.

6 Mobilit y and Gaits

Moleculescanwalk on three dimensional structures
by composinggaits for linear motion in the x and y di-
rections, corvex transitions, and concave transitions.
Figure 8 shows an examplein which the moleculetrav-
elsto the baseof a tower and climbson the tower. The
planar surfaceis composedwith a\pair" tiling andthe
tower is created by stadking \pair" tilings. One can
imagine seeral moleculesmoving with the samegait
to aggregateas a larger tower.

Given a planar structure, the moleculewill usethe
linear walk algorithm described in Section 4. While
the basicidea of moving the moleculeis what we have
outlined in Section4, the particular details depend on

the geometric structure of the plane. The molecule
will have to rotate by di erent amounts about one of
its atoms to readh a position wherethe free atom can
make contact. The pattern of individual rotations that
achievesa given transition in the x (or y) direction is
called a gait.

To decide which gait is most appropriate for a lo-
comotion task, we introduce a gait complexity mea-
sure. The complexity of a gait with respect to a unit
translation® is computed asthe number and sizeof the
distinct rotations required to do the motion. In our
future work will examine how to use this complexity
measureto chooseappropriate gaits.

7 Exp erimen ts

We have built one Molecule and implemented the
cortrol algorithms for linear motion, convex transi-
tion, and concave transition. Becausewe only have
one Molecule, we simulated a lattice of Molecules by
building a plexiglass structure that supports linear
translations aswell ascorvex and concave transitions.
We bolted inter-Molecule connectorsat the locations

3Unit translations can be translations in the x direction by
one molecular unit, translations in the y direction by one molec-
ular unit, or any user-de ned measure that is relevant to the
required locomotion task.



where we expect to have Molecules. We performed
experimerts in which the Molecule successfullyper-
formed linear translations and corvex and concave
transitions.

8 Discussion and Future Work

Our vision is to create robots by using self-
recon guration: hundreds of small modules can au-
tonomously organize and reorganize as geometric
structures to best t the terrain on which the robot
has to move or the shape the object the robot has
to manipulate. In this paper we described our de-
sign for a module we call a Molecule that can be
usedto aggregateas arbitrary three-dimensional self-
recon gurable structures. We described the struc-
ture of the Molecule, the cortrol algorithms for e ect-
ing linear translations, convex transitions, and con-
cave transitions, and discussedthe potential for this
Molecule to be a universal module. Many questions
remain to be explored to construct a science-basdor
self-recon guring robots. Key questionsinclude: (1)
Givenn copiesof the universalmodule, an initial con-
guration, and a goal con guration, is there a plan to
recon gure the structure?; (2) How long doesit taketo
compute suc a plan and what is its complexity?; (3)
Givenn copiesof the universal module, can we char-
acterize geometrically and/or algebraically the set of
all structures that canbe built?; (4) What locomotion
gaits are supported by n-structures composed of the
universal module?; (5) What manipulation gaits are
supported by n-structures composedof the universal
module? We will addressthesequestionsin our future
work.
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