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Abstract

We discussa robotic module called a Molecule.
Molecules can be the basis for building self-
recon guring robots. They support multi-
ple modalities of locomotion and manipula-
tion. We describe the design, functionality,
and cortrol of the Molecule. We shonv how
a set of Molecules can aggregate as active
three-dimensionalstructures that can moveand
changeshape. Finally, we discussglobal motion
algorithms for Molecular structures.

1 Intro duction

Our vision is to create versatile robots by using self-
recon guration: hundreds of small modules will au-
tonomously organize and reorganizeas geometric struc-
tures to best t the terrain on which the robot has to
move, the shape of the object the robot hasto manip-
ulate, or the sensing needsfor the given task. Large
collections of small robots will actively organize as the
most optimal geometricstructure to perform useful coor-
dinated work, suc as repair, transport of artifacts, and
active manipulation of surface properties.

A self-recon guring robot consists of a set of iden-
tical modules that can dynamically and autonomously
recon gure in a variety of shapes,to best t the terrain,
ervironment, and task. When a modular robotic struc-
ture metamorphosesinto a di erent geometric structure
by internally reorganizingits modules, we get more ver-
satile robots. A modular self-recon guring robot will
aggregateas a snake shape to traversea tunnel, recon-
gure as a six-leggedrobot upon exit to traverserough
terrain, such asa Lunar surface,and change shape and
gait again to climb stairs and enter a building.

Self-recon guration provides a paradigm shift for
studying the fundamental principles of organization and
reorganization in physical systems. In robotics, self-
recon guration de nes a rich class of questions about
designing, cortrolling, and using massiwely distributed
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systemsof robots. Self-recon guration also o ers fertile
grounds for applying existing conceptsin novel ways.
For example, in this domain there is a need for two
kinds of planning algorithms: (1) to achieve a desired
geometric shape and (2) to move globally the result-
ing shape. In our researt), we have addresseddesign,
cortrol, and planning issuesfor self-recon guring and
self-organizing systems [Kotay et al, 1998b; Kotay et
al, 1998a; Rus and Kotay, 1998; Kotay and Rus, 1998;
McGray and Rus, 1994.

Self-recon guring robots have some clear advantages
over xed-architecture robots. First, they support mul-
tiple modalities of navigation and manipulation. If the
robot system needsto climb stairs, a con guration that
can crawl up stairs will be created. Just in time bridges
can be created if the robot needsto crossa river, and
just in time towers if the robot needsto reac a win-
dow. Second,they can be usedto create active surfaces
whoseapplications range from camou age to manipula-
tion of exible objects, such as cables, ropes, and car-
pets. When a force is applied to a exible object by
pushing or pulling, the e ect of the forceis often unpre-
dictable. If the manipulation operation takesplaceon a
self-recon guring surface,little ngers may be grown ac-
tively anywhere the object happensto be to redirect its
motion. Third, they can be usedin tasks that require
self-asserhly and fourth, they provide a robot system
with fault tolerance. If a module fails, the rest of the
system can self-organizeto eliminate the bad module
from the systemand replaceits funtion.

We build on the ground-breaking work of [Pameda
et al, 1996;Yim 1993; Murata et al, 1994; Fukuda and
Kawauchi, 1990 who introducedthe rst robot systems
capableof self-recon guration. We have designeda small
and simple robotic module we call a Molecule capable of
self-recon guration in three dimensions. The Molecule
(seeFigure 1) is capableof independent movemen on a
substrate of identical Molecules, including straight-line
traversal and 90 degreecorvex and concave transitions
to adjacert surfaces. In this paper we describe the mo-



tion control of these operations, we describe a language
for de ning the motion of one Molecule on a substrate
of identical modules, and we use this languageto de-
velop algorithms for global motions of self-recon guring
structures.

The Molecule is a 4 degree-of-freedom,small-scale
module capableof aggregatingwith other identical mod-
ulesto form three-dimensionaldynamic structures. The
Molecule consists of two atoms connected by a right-
anglerigid bond (seeFigure 3.) Each atom has5 inter-
Molecule connectorsand two degreesof freedom. One
degree of freedom allows rotation about one connec-
tor. The seconddegree-of-freedomallows rotation of the
atom about the bond. Detailed descriptions of the de-
sign and cortrol of the Molecule can be found in [Kotay
et al, 1998H.

A setof sudh Moleculescan self-aggregateas arbitrary
three-dimensional structures. We show this result by
demonstrating seweral di erent tilings of the plane with
the Molecule. The tilings can be stacked so that the
resulting structures are three-dimensional. A structure
made of Moleculescan self-recon gure by using the ba-
sic Molecule motions. For example, a structure made of
Moleculescan climb a set of stairs by self-recon guration
as follows (see Figure 6). Linear motions are used to
place the structure at the bottom of the staircase. Con-
cave transitions and linear motions enable Moleculesto
climb on top of ead other, composing a tower whose
height equalsthe height of the step. The tower can then
be used by other Moleculesto climb up and move onto
the step. This processis then repeated for ead step.

In our lab we have prototyped a Molecule and experi-
mented with its basic motion capabilities. The Molecule
performed linear motion and transitions. These experi-
ments validated our design. We plan to build 16 modules
to test our theory of self-recon guration.

This paper is organizedasfollows. We corntin ue with a
summary of related work. We then describe the medan-
ical design of the Molecule and the fabrication process.
We addresshow this Molecule can form arbitrary three
dimensional structures. We describe the primitiv e mo-
tions that allow an individual Moleculeto move relative
to a substrate of Moleculesin three dimensions. Finally,
we addressglobal motion algorithms for Molecular struc-
tures.

2 Related work

Our work draws on previous experienceswith navigation
algorithms [Latombe 1991], designing self-recon guring
robots, and designingminimalist robot systems[Donald
et al, 19974.

Related work in designing modular robots includes
[Paredis and Khosla, 1995; Paredis and Khosla, 1993;
Neville and Sanderson, 1996; Hamlin and Sanderson,

Figure 1: The current Robotic Molecule. The Molecule
is composed of two atoms, connectedby an right-angle
rigid bond. The Molecule has 4 degreesof freedom: two
rotational degreesof freedom about the bond and one
rotational degreeof freedom per atom about a single
inter-Molecule connector. The connectorshave beenim-
plemerted with electromagnets. This gure shows our
rst prototype.

1994. In [Paredis and Khosla, 1995 a method for de-
signing various robotic arms with di erent reacability
properties out of the sameset of 7 modulesis proposed.
Related work in self-recon guring robots includesrobots
in which modulesare recon gurable using external inter-
vertion [Cohenet at, 1992. In [Fukuda and Kawauchi,
1990 a cellular robotic system is proposedto coordi-
nate a set of specialized modules. [Chen and Burdick,
1997 describe a theoretical framework for courting the
number of unique con gurations realizable from a set
of modules and joints, without considering implemen-
tation issues. [Yim 1993 studies multiple modes of
locomotion that are achieved by composing a few ba-
sic elemerts in dierent ways. [Murata et al, 1994;
Yoshida et al, 1997 consider a system of modules
that can achieve planar motion by walking over eat
other due to changesin the polarity of magnetic elds.



Figure 2: The CAD model usedto dewelop the current
Robotic Molecule prototype. This is our secondproto-
type. Figure 3 shavs the CAD model usedto construct
the rst prototype.

[Pameda et al, 1994 describes metamorphic robots that
can aggregateas stationary two-dimensional structures
with varying geometry and that implement planar loco-
motion.

Our self-recon gurable robots [Kotay et al, 1998b;
Kotay and Rus, 1997b; Kotay and Rus, 1998; McGray
and Rus, 1994 are di erent from metamorphic robots in
their designand functionalit y. The structures built from
self-recon guring Molecules are three dimensional, can
move along any axis in a three dimensional space,and
have motion autonomy relative to a three-dimensional
world.

Figure 3: The CAD model of the rst Robotic Molecule
prototype. The Molecule consistsof two atoms. A rigid
bond that connectsthe two atoms sothat their relative
orientation is 90 degrees. The gure shows four actua-
tors, one per degreeof freedom. The stalks in the gure
represen inter-Molecule connection points.

3 The Design of the Molecule
3.1 Concept

The initial goal for our Molecule designwasto create a
regular solid shape which could be closelypaded in 3-D
space,and which could move about by attaching itself to
a substrate of similar units. Sincea cube is the simplest

regular solid which fully pads in 3-D space,we decided
on a cube-shaped designsimilar to an atom in our cur-
rent design(Figures 2 and 3). This designhad inter-unit
connectorson ead faceof the cube, with arotational de-
gree of freedom about ead connector. This designwas
not capable of independert movemert howewver, two co-
operating connectedunits were necessaryfor movemert.
Furthermore, movemert required that a unit be able to
support the weight of its partner. Becauseead unit re-
quired 6 rotational degreesof freedom plus the weight
of the connection mecanisms, we felt it would be very
dicult to createa unit which was strong enoughto lift
another unit.

Consequetly, we attempted to reducethe number of
degreesof freedom in our unit without sewerely reduc-
ing its capabilities. The result is our robotic Molecule
(seeFigure 2). It consistsof two atoms link ed by a rigid
90 degreeconnection we call the bond. Each atom has
v e inter-Molecule connection points and two degreesof
freedom. One degreeof freedom allows the atom to ro-
tate 180degreeselative to its bond connection, and the
other degreeof freedom allows the atom (and therefore
the ertire Molecule) to rotate 180degreegelativeto one
of the inter-Molecule connectors (the rotational degree
of freedom cannot be about the connector opposite the
bond connection). This designis capable of indepen-
dent movemert on a substrate of identical Molecules,
including straight-line traversal and 90 degreeconcase
and corvex transitions to adjacert surfaces. However,
the L-shaped design cannot be as closely padked in 3-D
spaceas a cube-shaped design (seesection 4).

3.2 Implemen tation

Our current design uses R/C senomotors for the ro-
tational degreesof freedom and electromagnetsfor the
inter-Molecule connectors. The prototype Molecule uses
only a single connector on eah atom. This connector
is attached to the non-bond rotational degree of free-
dom asdescribed above. The rotating connectionpoints
on eat atom are the only connection points required
for Molecule motion. The other connection points are
used for attachment to other Moleculesto create sta-
ble 3-D structures. A Molecule to Molecule connection
requiresthe connecting electromagnetsto be oppositely
polarized sothat the electromagnetic elds will attract.

The 14 mm electromagnetsused on our prototype are
su cien tly powerful to support an ertire Molecule. To
prevernt the rotation of one electromagnetwith respect
to another, we dewveloped interlocking sheathswhich en-
circle the cortacting facesof the electromagnets.

Each Molecule also cortains a microprocessorand the
circuitry neededto cortrol the senomotors and electro-
magnets. The microprocessorperforms low-level cortrol
of the hardware but currently the high-level cortrol of



the Moleculetakesplaceo -b oard in aworkstation. The
Molecule communicates with the workstation using an
RS-485serial connection.

3.3 Fabrication

We have built a prototype Molecule to demonstrate the
feasibility of our approach. The parts cost of the proto-
type Moleculeis about $1000,and it takesapproximately
three days to fabricate and assenble all parts. We have
utilized seweral technologiesto reduce the designitera-
tion time, improve the medanical precision, and reduce
the cost of the prototype'. Our design begins with a
fully detailed and dimensioned 3-D CAD model of the
prototype dewveloped with Pro/Engineer 18.0from Para-
metric Tednolgy Corp. We then fabricate most of the
structure using an FDM1600 Fused Deposition Model-
ing (FDM) Rapid Prototyping machine manufactured
by Stratasys, Inc. This machine and its assciated soft-
ware converts the data from our CAD model directly
into high-strength, light weight ABS plastic parts. These
ABS parts are assenbled together with the electromag-
nets, the senos, and a few other parts to create a full
Molecule.

Future Design Challenges. Our short-term goals
are to incorporate sensing,communication, and a better
inter-module connector. There are two typesof sensors
we would like to include: sensorsthat assistin making
connectionswith other modulesand report on the overall
connectivity of the system, and sensorsthat provide in-
formation about the ervironment. For communication,
we plan to investigate the trade-o s between broadcast
and point-to-p oint protocols for Robotic Molecule sys-
tems. The broadcast mode would permit sending mes-
sagesto all the modules in the system (using, for in-
stance, radio communication), but this approac would
serialize all communication. The point-to-p oint proto-
col supports parallelism but modules can only commu-
nicate locally to their neighbors. Messagedntended for
distant modules must passthrough many intermediaries
and thus might be delayed. The communication pattern
of the application will dictate which of these protocols
would be most e ective. A key challengeis how to engi-
neer and implement the communication hardware. The
spacefor mounting electronics on the modules is very
limited. One possibility is to use the inter-module con-
nectors for communication, but we needto do more re-
seard to designthe details of the solution. We are also
investigating some meansto power an ertire Molecule
system using a single power source. At the momern, a
separate power sourceis neededfor each module. One

lwe thank Brian Locke and the Thayer School of Engi-
neering for their help in this process.

possibility is to use the inter-Molecule connections to
transmit power.

Our longer-term goal is to improve the design of the
Robotic Molecule with the main goal of reducing the
size of the module. A smaller module size will permit
a larger range of higher precision structures that can be
built within givenapproximation limits. Looking far into
the future, atiny self-recon guring module might leadto
the creation of active mundane objects, suc asfurniture
and accessories. One possible direction of researt is
investigating whether the module could be constructed
at the MEMS scale. We are working on this idea as part
of adi erent project in collaboration with Bruce Donald.

4 Aggregating Three-dimensional
Structures

The Molecule can connectwith other identical Molecules
to create dynamic three dimensional geometric struc-
tures. Figure 4 shawvs an example of creating a wall

by padking Molecules. It is possibleto create arbitrary

three-dimensional geometric shapes consistent with the
Molecular structure. These three-dimensional shapes
canonly have surfacesthat meetat anglesof 90 degrees.

Figure 4: This gure shows a planar wall created by
tiling with the Molecule. This gure usesthe CAD de-
sign of our rst Molecule prototype. This gure details
ead Moleculeto illustrate the location of its connectors
and the actuators.

Molecules can be placed next to ead other without
explicit connections. To increasethe robustnessof the
resulting structures, we insist that ead Molecule in a



Figure 5: This gure shaws three planar tilings using the Molecule. The gure usesthe CAD design of our rst

Molecule prototype. The \pair" generator on the left is usedto create the leftmost tiling. The \string" generator
in the middle is usedto create the middle tiling. The \ring" generator on the right is usedto create the rightmost
tiling. The use of color (black or gray) is to visualize better where ead individual Molecule is located. Later in
Section 4 we show that this particular color encading of Molecular structures has interesting geometric properties

with respect to planning.

structure be connectedto at least one other Molecule.
One canimagine stringing Moleculestogether subject to
this constraint in an arbitrary fashion. An interesting
guestion is, what the class of three-dimensional struc-
tures that can be created using the Molecule? We pro-
pose examining this question by de ning planar 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 whosesizeequalsthe atom sizeon the plane, eath
Molecule will occupy three cellsin this grid, arrangedas
an\L" shape. Note that the bondsof two adjacert mod-
ules can sharea cell. We would liketo nd ways of cov-
ering every cell in such a planar grid with the Molecule.
Figure 5(Left) shanvsan exampleof a possibletiling that
coversevery cell in the grid. The generatorfor the tiling
consistsof a \string" of two Molecules. Other tilings are
also possible. Figures 5(Center) and 5(Right) show two
other generatorsand the resulting tilings. Note that in
all three gures the Molecules are simplied by omit-
ting the actuators. In Section 4 we will shov how suc
tilings can be usedto generatedynamic structures made
out of Moleculesthat can travel along any direction. In
this section we shav how tilings help with constructing
arbitrary three dimensional objects out of Molecules.

To show this result, we will use a 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 decompsi-
tion is a cell decompsition into equal cells where eath
cell is a squareand the side of the squareis|. An I-grid
approximates a three-dimensionalobject with a Manhat-
tan object? that consistsof a union of identical cubes.

Theorem 1 Any connected three-dimensional Manhat-
tan object that allows an I-grid cell decomposition where
[, the size of the grid, is the size of a pair tile can be

2A Manhattan object has all its surfaceseither parallel or
perpendicular to one another.

created using Molecule rolots.

Pro of: It is possibleto place an xyz grid of size
equalto the tile sizeon the object. Since pair tiles padk
tightly in the plane, we can construct ead xy section
of the object by selecting an appropriate planar shape.
Sincepair tiles are at (i.e. all atoms are coplanar) we
can stadk thesetiles on top of one another in a tightly
paded fashion. So, we can construct ead xy section
of the object by selecting an appropriate planar shape.
Theselayerscan be stacked to obtain the desiredobject.

Corollary 2 Any three-dimensional structure that al-
lows a cell decomposition where the size of the grid is
the size of an individual Atom, can be approximated us-
ing 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 desired
Manhattan Object. Stadk pair tiles so that all cellsin
ead slice of the object are completely covered. Now,
remove any Moleculesthat do not cover at least onecell
in the desired object. Among the remaining Molecules,
there may be somethat cover one or two cells that are
not in the desired structure. These Molecules, must,
howewer, cover at least one cell in the desired structure
or they would have beenremoved already. Furthermore,
since this cell is adjacert to a cell in the same plane
that is not in the desired structure, 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 give a method
for constructing objects out of Moleculesand a measure
for quartifying the approximation of the construction
only when the size of the object is large relative to the



sizeof an individual Molecule. One canimagine building
theseMoleculesat the MEMS scale. Sudh a construction
would make possible the construction of objects with
high-resolution surfaces.

A caveat of Theorem 1 and its corollary is that the
weight of the object can be supported by its molecu-
lar layers. Sincethe body of our Molecule is currently
made out of plastic, this places somerestrictions over
how many can be staded on top of eat other. There
are also restrictions on the number of modules a single
connection can support. We are currently investigating
theseissues.

5 Molecule Motion Control

In the previous section we described the classof three-
dimensional objects that can be built out of Molecules.
Objects belonging to this classcan metamorphoseinto
one another by using the Molecule degreesof freedom.
In this section we focus on the Molecule motion con-
trol for moving an individual Molecule on a substrate
of other Molecules. In Section 6 we give a algorithms
for translating, rotating, and stadking globally Molecu-
lar structures.

Molecule motion is cortrolled by attaching an atom to
some other Molecule and actuating one or more of the
four degreesof freedom of the Molecule. Becauseatoms
can only occupy points in a cubic lattice, only actuator
positions which rotate an atom (or the ertire Molecule)
by 90 degreesare valid for attachment. Therefore, in
theory, only discrete 90 degree actuator positions are
required. However, in practice, other actuator positions
are usedto compensatefor Molecule misalignment due
to medanical tolerances.

Our Molecule designis capable of linear walking on
a planar lattice of Molecules, and concare and corvex
transitions to planar lattices of Moleculesoriented at 90
degreesto the original surface. We describe the algo-
rithms for these motions in the following sections.

5.1 Linear walking

Figure 7 shows the cortrol algorithm for linear walk.
The chedered surfacerepresens a plane of Molecules.
An atom with a black dot is attached to the Molecule
below it. The left image represets the initial con g-
uration. A clockwise rotation of 90 degreesabout the
connected atom producesthe next image. The atoms
then swap attachment as indicated by the movemert of
the black dot. Finally, a counterclockwise rotation of 90
degreesproducesthe right image. Another attachment
swap would return the Moleculeto its initial pose,trans-
lated by two squaresin the vertical direction. A similar
sequencecould be usedto translate the Molecule hori-
zontally. Thus, these sequencef moves are su cien t
for Molecular translation to any pair of white squares

in the plane. Note that this gure does not illustrate
the an additional rotation that is necessaryto orient the
connector actuator sothat the next step is possible. At
ead step, the outer atom also performs a 90-degreero-
tation of its connection point while it was being moved
to its new position. This was done to compensate for
the rotation required by the next move.

Figure 7: A linear walk sequence.The chedered surface
represers a substrate of Molecules. The black dots show
which atom is rigidly connectedto the layer below it.

5.2 Concave transition

Figure 8 shaows the sequenceof Molecule moves neces-
sary to perform a concave transition. The atoms are
represeted by large cubes and the small cubes repre-
sert the inter-Molecule connectors. The chedered sur-
face represems a lattice of Molecule connectors. Fig-

ure 8(Left) shows the Molecule in the initial position.

The atom nearestto the wall is attached to the o or

surface. Figure 8(Secondfrom left) shaws the pose af-
ter a 90-degreerotation about the bond connection of
the attached atom. This causesthe unattached atom

to be suspendedin midair one atom position to the left

and one atom position above its original position. Fig-

ure 8(Secondfrom right) shavsthe poseafter a 90-degree
rotation about the inter-Molecule connector of the at-

tached atom. The result of this motion is to bring the

unattached atom into contact with the wall. At this

point the atoms swap connectionssothat the previously
unattached atom is now attached, and the previously at-

tached atom is unattached. Figure 8(Right) shaws the

nal stage of the transition in which the lower atom is
rotated to placeits inter-Molecule connectoron the wall.

From this point the Molecule can executea linear walk

to climb the wall.

5.3 Convex transition

Figure 9 shows the sequenceof movesnecessaryto per-
form a convex transition. Figure 9(Upper Left) shaws
the initial position of the Molecule. The rst rotation is
about this connectorand it causesthe unattached atom
to swing out over the convex edge. The next rotation
about the bond connection of the unattached atom posi-
tions the rotating connectorsothat it facesthe vertical



Figure 6: This gure showsa Molecule walking on a structure composedof identical Molecules. The structure, shovn
in gray, consistsof a horizontal plane and a vertical tower. The Molecule, shavn in black, starts on the plane (top,
left), rotates 180 degreesabout the connector of its right atom to the plane (top, 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.

Figure 8: A concave transition sequence.The chedered surfacerepresens a lattice of Molecule connectors.

surface. A rotation about the bond connectionof the at-
tached atom then movesthe unattached atom into con-
tact with the vertical surfacebelow the attached atom.
Atom connectionsare then swapped. The next three ro-
tations move the newly unattached atom into free space
above the vertical surface,position the rotating connec-
tor of the unattached atom sothat it facesthe vertical
surface,and movethe unattached atom into contact with
the vertical surface. At this point the Molecule can tra-
versethe vertical surfaceusingthe linear walk algorithm.

5.4 Exp erimen ts

We have built one Molecule and implemented the con-
trol algorithms for linear motion, convex transition, and
concave transition. Becausewe only have one molecule,

we simulated a lattice of Moleculesby building a plexi-
glassstructure that allows us to test linear translations
as well as convex and concave transitions. We bolted
inter-Molecule connectorsat the locations where we ex-
pect to have Molecules. We performed experiments in
which the Molecule successfullyperformed linear trans-
lations and corvex and concave transitions.

The errors did not seemto accunulate from step to
step. We beliewve this is becauseafter ead individual
rotation the Molecule connectswith a rigid connection.
The connection sheathsaligned the Molecules, minimiz-
ing the orientation errors and thus act as xtures that
eliminate orientation uncertainty.



Figure 9: A corvex transition sequence.

6 Global Motion Algorithms
6.1 A Language for Molecular Motion

In this section we presen a language designedfor de-
scribing Molecule motion. The four degreesof freedom
of the Molecule can be divided into bond rotations and
connectorrotations. A bond rotation is a rotation about
the DOF which connectsan atom to the bond. A connec-
tor rotation is a rotation about the DOF which rotates
one of the connectorson an atom. We use the letters
B and C to designatebond and connector rotations re-
spectively. A subscript attached to the letter indicates
which atom is participating in the rotation, and a su-
perscript indicates whether the rotation is +90 degrees
or -90 degrees(larger rotations are expressedas multi-
ple 90-degreerotations). For example, B; represefs a
+90 degreerotation of the DOF joining atom 0 and the
bond. C; denotesa -90 degreerotation of the rotating
connectorfor atom 1. A seriesof Molecule rotations can
be described by concatenating these rotation symbols,
asin B, C;C, B; B/ C;.

While the above notation is sucient to describe
changesin the rotational state of a Molecule, it is in-
sucient to describe the motion of a moving Molecule
becauseit doesnot accourt for inter-Molecule connec-
tivit y. Which Molecule connectorsare attached to other
Molecules determines how rotations move the Molecule
with respect to other Molecules. Although it would be
possible to describe ead inter-Molecule connection as
it is made or broken, this would add extraneousdetail.
It is sucient to indicate whether a rotation is free or

non-free. A free rotation is

a bond rotation of atom 0 (1) i no connector of
atom 0 (1) is attached to any other Molecule (which
implies that someconnector of atom 1 (0) must be
connected to another Molecule since no Molecule
may be completely unattached), or

aconnectorrotation in which the rotating connector
is not attached to another Molecule.

A non-free rotation is

a bond rotation of atom 0 (1) i some connector
of atom 0 (1) is attached to another Molecule and
no connector of atom 1 (0) is attached to any other
Molecule (if both atoms are attached the rotation is
impossible),or

a connector rotation in which the rotating connec-
tor is attached to someother Molecule and no other
connectoris attached to any other Molecule (other-
wise the rotation is impossible).

A freebond rotation of atom 0 causesatom O to rotate
about the bond DOF. A free connector rotation causes
only the connectorto rotate. A non-free bond rotation
of atom O rotates the bond and atom 1 about the bond-
atom 0 DOF. A non-freeconnectorrotation rotates both
atoms and the bond about the connector DOF. Non-
free rotations are denoted by the bold letters B and C.
Figure 10 illustrates a motion examplein this language.

Becausemany rotations are often performed sequen-
tially on the sameMolecule, it is redundart to indicate



Figure 10: A demonstration of the e ect of the rotation sequenceB,; C; B on Molecule O (the darker shaded
Molecule). Each atom is depicted as a large cube, with smaller cubes represeting the inter-Molecule connectors.
The rotating connectoris white. The view is from the positive z axis. The Moleculesare displayed in a prospective
projection which causesatoms nearerthe viewer to appear larger. The leftmost image shows the initial pose. Next,
the free rotation B, is performed on Molecule 0. Atom 1 (the darker shadedatom on the top row) rotates in place
to put its rotating connectorin contact with an atom of Molecule 1. Next, the non-freerotation C] causesatom 0
of Molecule 0 to be placed above atom 1 of Molecule 1. Finally, B; movesatom 0 of Molecule 0 above atom 0 of

Molecule 1.

the Moleculeidenti cation number for ead rotation. We
prefer to assignsymbolsto rotation sequenceéndicating
to which Molecule the sequencesre being applied. The
symbol consistsof a letter other than B or C and a sub-
script labeling the symbol. If a superscript is presen, it
indicates the Molecule identi cation number to which
the rotations are applied. For the rotation sequence
shown in Figure 10 we s&, Efiguwe10 = B; C] BT,
and the application of Erigure 10 to Molecule O would
be written asE2, ¢ 10-

Rotation sequence symbols can be combined us-
ing standard regular expressionoperators to represem
Molecule motion algorithms.

6.2 Translations

A single Molecule can perform a linear translation us-
ing connector rotations as described in Section 5. This
motion can be described using the following expression,
ET]_ = CIC]_ CO Cg

The rst rotation is non-free and therefore pivots the
Molecule about the atom 1 rotating connector. The sec-
ond rotation is free and movesthe atom 1 rotating con-
nector bad to its original position without moving the
Molecule. The third and fourth rotations perform the
sameactions to atom 0 although the rotation is in the
opposite direction. If the Molecule is given the identi -
cation number 0, then one step of a one-Moleculelinear
translation, Translate;, is given by Translate; = E‘T)l,
and an unboundedlinear translation linear translation is
expressedby (Translate;) . A speci c number of steps
can be written as(Translate;)", wheren is the number
of stepsto perform. All one-Moleculemovemerts require
a substrate of Moleculesto which the moving Molecule
can connect. Otherwise, joint movemerts have no rigid
structure against which they can exert force.

Two Molecules perform a linear translation by

leapfrogging: rear Molecule climbs over the front
Molecule to becomethe new front Molecule. This al-
gorithm can be represeted using the following two ex-

pressions:
Et2a = B;CiB;By;B;C,B,CyCs
T ?o4 b , and
BOBlClClBlBlBOClCO
Etan = C;B;ByB;BIB,C;Cy

CoBy1BgBo CgCy BB

If the two Moleculesbegin in the poseshown in Fig-
ure 11 (Left), then E9, E1, will result in the pose
shown in Figure 11 (Right). Howewer, this poseis not
identical to the starting poseso Et,4 and Et,p cannot
be applied to cortinue the translation. Two more se-
guencesare neededto perform the additional movemert
that complete the cycle:

Etoc = BSCOBOBlBlCIBIClCl
o~ ~F ¥ ¥ ,and
BlBOCOCOBOBOBlCOCl
Etoq = ClBgBlBlBOBICO(.:11L
CiBgB1BICyCyBy By

and thuswhen E9, E1,, are applied to the poseshann
in Figure 11 (Right) the starting poseis the result. Note
that Et,. has the same sequenceof B and C sym-
bols as Et,,, the only di erence being that the atom
designators and rotation directions have been comple-
mented (0 becomesl, 1 becomes0, becomes+, and
+ becomes ). To showv complemenation we write
Etoc = Et2a, and E12q = Et2,. Two Molecules can
thereforelinearly translate onestep usingthis expression
Translate; = E9, E1, EY, El,,, and an unbounded
linear translation can be expressedas (Translate,) .

A two Molecule translation requires a substrate of
existing Molecules becausethe two-Molecule translat-
ing system is not statically stable for all intermediate
poses. The substrate of Molecules is used to make
rigid connectionswhich provide the necessarystabilit y.



Figure 11: Three snapshotstaken from a two-Molecule linear translation sequence.

Figure 12: Three snapshotstaken from a four-Molecule linear translation sequence.

A four-Molecule system, howewer, can perform a one-
dimensional translation without the substrate because
it is statically stable. Therefore, a four-Molecule sys-
tem can traverse a horizontal surface without making
any rigid connectionsto the surface. If the surfaceis not
exactly perpendicular to the direction of gravity, then
the Moleculescan traversethe surfaceaslong asenough
friction exists betweenthe inter-Molecule connectorsand
the surfaceto prevent sliding. The four-Molecule linear
translation algorithm can be described using the follow-
ing expressions,

Etsa = B3

B, C1BgCyCyBuBICyCy
CoCoB1BrC BIBIByCyCy

Ets = C,B{B,B,C/B,BiC,CIC}
C,B,B{C,B,C,BIBClCl

Et4c = E14a, and

Et4d = ETab.

EY, ,E1,, appliedto Figure 12 (Upper Left) will cause
the 0-1 pair of Moleculesto leapfrog the 2-3 pair. Ap-
plying E2,.E3,, will then leapfrogthe 2-3 pair over the
0-1 pair, to the the original pose. Therefore, a single
step in the four-Molecule linear translation, Translate,,
can be written as Translate, = EY,,E}, E2,.E3,,,
and an unbounded translation can be expressedas
(Translatey) .

The four-Molecule linear translation can be extended
to a 2k-Molecule linear chain of Molecule pairs as shavn
by the following theorems.

Theorem 3 The upper surface of any linear chain of
Molecule pairs of length 2k, where k > 0 and the chain
is created by adding the pairs suchthat alternating pairs
of Moleculesare in identical poses,can be traversel along
the length of the chain by a single Molecule.

Pro of: A Molecule's atoms occupy diagonal lattice

points in the plane formed by the points at the certers
of eadh atom and the point at the certer of the lattice
point occupiedthe the bond. Moleculescan attach their
connectorsto the connectorsof any two diagonal atoms
in the plane normal to the axis of the connection. Since
an atom's rotating connectorcan rotate at least 180 de-
grees,a Molecule connectedto any atom can reach any
other atom diagonal to it in the plane normal to the
connection axis. Thus, an unbroken sequenceof diago-
nal atoms can be traversedby a single Molecule. Such
a surface exists on the top surface of the four-Molecule
group usedin the Translate, algorithm. The e ect of
adding more Molecule pairs sud that alternating pairs
are in identical posesguaranteesthat an unbroken se-
guenceof diagonal atoms exists. Therefore, the upper
surface of such a linear chain of Molecule pairs can be
traversedalong the length of the chain.

Theorem 4 The Translate, algorithm can be extendd
to any linear chain of Molecule pairs of length 2k, where
k > 0 and the chain is created by adding the pairs such
that alternating pairs of Moleculesare in identical poses.

Pro of: The Translate, algorithm movesead of the
rear Moleculesto the front of the forward pair. Each
Molecule movesin two phases,1) to a position on top of
the one of the Moleculesof the pair in front of it, and 2)
to a position in front of the forward-most Molecule pair.
If the Molecule group consists of more than two pairs,
phase2 cannot follow phasel immediately becauseafter
phasel the Molecule is not on top of the forward-most
Molecule pair. Howewer, by Theorem 3 a Molecule at
one end of a linear chain of Molecule pairs can move to
the other end, allowing the Molecule to position itself
to execute phase 2 at the forward-most Molecule pair.



Therefore the Translate, algorithm can be extendedto
any linear chain of Molecule pairs of length 2k, where
k > 0 and the chain is created by adding the pairs suc

that alternating pairs of Moleculesare in identical poses.

Symmetrical algorithms exist for all the linear trans-
lation algorithms described above which allow the
Molecule group to translate in the opposite direction.

6.3 Rotations

Rotations in the xy plane allow groups of Moleculesto
change their direction of travel. A four-Molecule rota-
tion of 90 degreescan be performed using the following
expressiong(seeFigure 13),

Ers4a = BSCQBiB}LClBIBOCiC(}ngCO
ClClClBOBlBOBOBlBlClCO '

Erap = ClBaBlBlCSBOBI
CoCiCrCoCoBy

Erac = B; C; Ba Ba CI Ca By Co
BSCSCQCQC%CICIBIBO ,
ClClCOCOClCOBOCO

Eraa = B, ,

Erse = CaBl BSBSCl BIBOCI
COCSBl BSCOCIClBOBO BI '

Erast = ByCyC;BIBICy ,

ER4g = Cg , and

ER4h = BSCS .

A four-Molecule 90-degreerotation in the xy plane,
Rotate4, would then be:
Rotates = ERaEzaERacERaaER4eERar ERagERan-

Figure 13 shawsthe result of sequetially applying the
eight rotation sequencesf Rotate, to the initial position
shown in Figure 13(Upper Left). Once a rotation has
beencompleted, the Molecule group can move in either
direction in the plane orthogonal to the initial direction
using the linear translation algorithm preserted above,
which meansthe Rotate, algorithm is su cien t for both
+90-degreeand -90-degreerotations.

6.4 Stacking

Groups of Molecules can move in the z dimension by
stacking Molecule pairs. One Molecule pair stacks on
another Molecule pair when eat Molecule in the pair
positions itself directly above a Molecule in the pair be-
low in the sameposeirrespective of z-axis displacemer.

Theorem 5 A linear chain of Molecule pairs of length
2k, where k > 0 and the chain is created by adding the
pairs suchthat alternating pairs of Moleculesare in iden-
tical poses,can be stackel into a tower of Molecule pairs
of height 2k.

Pro of: Stadked Molecule pairs form a 2x3 rectangu-
lar tower with the 3-atom width sidesperpendicular to

the length of the linear chain of Molecule pairs. Suppose
a linear chain of Molecule pairs exists with the pairs in
increasing order from right to left, and that the tower
will be createdin front of the 1st (rightmost) Molecule
pair. Also assumethat k > 1, sincea single pair can be
consideredto be stadked. The 2k pair can move from the
end of the chain to a position in front of the 1st pair by
Theorem 4 (Figure 14(Upper Left)). The 2k 1 pair can
moveto a stadked position above the 2k pair by moving
on top of the 2k 2 pair and then traversing the up-
per surfaceof the linear chain of pairs (Figure 14(Upper
Right)). Similarly, the 2k 2 pair can stad itself on
top of the 1st pair and then can stad itself on top of
the 2k 1 pair (Figure 14(Lower Left)). Next, if k > 2
the 2k 3 pair movesto a staced position on top of
the 1st Molecule pair (if k = 2, asin Figure 14, then
the Molecule pair 2 is already in position to climb the
tower). For this pair to stad itself on top of the 2k 1
pair, eadh Molecule must make a concave transition to
the sideof the tower, translate to the top of the side,and
then make a corvex transition to the upper surface. [Ko-
tay et al, 19984 demonstratedthe abilit y of Moleculesto
perform concase and convex transitions. The side of the
tower is a 3-atom-wide planar surface with atoms fully
pading two adjacert vertical columns. This guarantees
that there is an unbroken sequenceof diagonal atoms
over the full height of the tower. Thus, by Theorem 3
the side of the tower is traversable,and the 2k 3 pair
can stad itself on top of the tower. Sincethe stading
of pairs on top of the tower cannot make the side of the
tower untraversable,all of the remaining Molecule pairs
can stadk themselweson top of the tower. The result will
be a tower with the Molecule pairs in descendingorder
from the bottom to the top of the tower.

6.5 Molecule Stair Clim bing

The ability to stad pairs can be usedto dewelop a stair
climbing algorithm as follows (see Figure 15). Linear
translations are usedto position a group of Molecules
at the bottom of the staircase (Figure 6.5(Top, Left)).

Molecule pairs then move in successiorfrom the rear of
the group to a position on top of the tower built upon
the Molecule pair nearestto the staircase, as seenin
Figure 15(Top, Right). After the tower is built, Molecule
pairs descendfrom the top of the tower onto the rst

step, building a new tower (Figure 15(Bottom, Left)).

This continues until enough Molecules exist to balance
the structure sothat no support is required from the base
of the original tower (Figure 15(Bottom, Secondfrom
Left)). All Molecule pairs in the original tower below
the level of the rst stair then move onto the tower being
built on the rst step (Figure 15(Bottom, Secondfrom
Right)). Finally, all remaining Molecule pairs are moved



Figure 13: Nine snapshotstaken from a four-Molecule rotation sequence.

to the top of the new tower, completing the ascen of one
step (Figure 15(Bottom, Right)). This processis then
repeated for eath step.

In this stair-climbing algorithm, Molecule pairs move
using linear motion, concavetransition, and corvextran-
sition algorithms. Note that at least eight Moleculesare
necessaryto execute the stair climbing algorithm. To
remove the bottom modulesfrom the lower step the en-
tire structure needsto be supported and balancedby the
Molecules on the upper step. Self-recon guring robots
can adapt to the geometry of the terrain, but planning
for such versatility requiresadditional constraints about
the dynamics of the robot structure. The stair climbing
algorithm described here (and all the other algorithms
in this section) were derived by hand. We are currently
working on dynamic planner for computing automati-
cally such motions.

6.6 Global Trajectories

In this section we show that by combining the motions
described in the previous sections, self-recon guring
molecular structures can travel along three-dimensional
trajectories. Structures can move arbitrarily in the xy
plane and can then build a tower in the z plane to have
someMolecule reach an arbitrary point in 3-space,but
the structure cannot travel arbitrarily in the z dimen-
sion.

Suppose xyz is a system of coordinates sud that
the xy plane coincideswith the support surfacefor the

molecular structure. This support o or could bea o or,
a table top, the surfaceof a stair, etc. Let s be the size
of a molecular step described above and t the size of a
turn. The next result follows easily.

Theorem 6 A Molecular structure can self-recon gure
to traverseany three-dimensionaltr ajectory that satis es
the following three constraints:

1. the trajectory consistsof a sequene of sggmentspar-
allel to the x; y, or z axes

2. each linear sgmentis of the form ms; m 2 N and
eachturn is of the form nw; n 2 N

3. the Molecular structure is always supported on the
xy plane.

Pro of: A trajectory consists of a sequenceof lin-
ear motions and right angle rotations in the plane of
translation or into a plane perpendicular to the current
plane of translation. We can compose the linear mo-
tion algorithm described in Section6.2 with the rotation
algorithms described in Section6.3to cortrol sud atra-
jectory.

6.7 Exp erimen ts

We have implemented the algorithms for two-Molecule
translation, four-Molecule translation, 16-Molecule
translation, 4-Molecule rotation, and 8-Molecule stack-
ing in simulation. We plan to build 16 physical Molecules
and implement our algorithms using these modules.



Figure 14: Four snapshotstaken from an eight-Molecule stadking sequence.

Figure 15: A stair climbing sequence.The gray and white cubeson the right of ead image represeis the rst step

in a staircase.

7 Discussion

We have described the self-recon guring robotic
Molecule. This is a four degree-of-freedonmodule that
can move relative to structures made of identical mod-
ules. Arbitrary Manhattan objects (at the resolution
of the Molecule) can be formed out of Molecules. A
Molecule can perform linear translations and corvex and
concave transitions relative to three-dimensional Molec-
ular structures. Molecular structures can move globally
by translating and rotating in the plane, and by forming
stacks in the direction perpendicular to the plane.

Much work on global motion planning algorithms for
Molecular structures needsto be done. We are currently
investigating seeral approadies to de ning gaits for
moving Molecular structures of dierent terrain types,
and transformations betweenthese gaits.

Our current experiments should we viewed as pilot

studies for the Molecular design. These experiments
have establishedthat it is possibleto cortrol the four de-
greesof freedom of Moleculesto e ect rotations of +90
degreesand 90 degrees. Individual Molecules can be
cortrolled to move relative to other Moleculesto e ect
linear translations and corvex and concave transitions.
These results shov great promise for robotic molecule
systems. As a result of these experimens, we added
an extra degreeof freedomthat allows the bond to ex-
tend and corntract by a 10 mm to the Robotic Molecule.
This additional degreeof freedom permits in-place mo-
tion. We plan to build 16 Moleculesto evaluate our
self-recon guring theory.
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