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Abstract

We discuss a rolotic system composel of Crys-
talline modules. Crystaline modules can aggregate to-
gether to form distributed robot systems. Crystalline
modules can move relative to each other by expmnd-
ing and contracting. This actuation mechanism per-
mits automated shape metamorphosis. We descrite
the crystalline module concept and showthe basic mo-
tions that enable a crystalline rolot systemto self-
recon gure. We presentan algorithm for geneal self-
recon gur ation and descrite simulation expgeriments.

1 Intro duction

We wish to dewelop versatile and extensible
massiwely-parallel distributed robotic systems. We be-
lieve that versatility can be obtained by deweloping
self-recon gurable systems. Self-recon guring robots
havethe abilit y to adapt to the operating ervironment
and the required functionality by changing shape.
They consistof a set of identical robotic modulesthat
can autonomously and dynamically change their ag-
gregate geometric structure to suit di erent locomo-
tion, manipulation, and sensingtasks. For example,a
self-recon guring robot system could self-organizeas
a shake shape to passthrough a narrow tunnel and re-
organizeasa multi-legged walker upon exit to traverse
rough terrain.

Self-recon guration poses new challengesto de-
signing and cortrolling distributed robot systems.
Becausethe connectivity topology of these systems
changesdynamically, new models of synchronization,
communication, corntrol, and planning are needed. So-
lutions to these problems will impact more broadly
computation in distributed systems. For example,new
models of distributed computing are emergingdue to
the proliferation of wireless mobile computers. As
with self-recon guring robot systems, topology and
reachabilit y changesdynamically in wirelessnetworks

of mobile computers, requiring new solutions to com-
munication and routing?®.

In our previous work [13, 14, 18 we discuss a
small and simple robotic module we call a Rolotic
Molecule. This module has already been prototyped.
Our experiments demostrate that it is capable of
self-recon guration in three dimensions. We have
also demonstrated how systems composed of robotic
moleculescan useself-recon guration to increasetheir
locomotive versatility [15, 16]. The robotic molecule
uses4 rotational degreesof freedomto accomplishmo-
tion relative to a structure that consists of identical
modules.

In this paper we propose a dierent approadc to
self-recon guring robot systems. The new approac
usesan actuation mecanism inspired by that that of
musclesand amoebas. The ideais to createa medani-
cal module that canexpandand cortract by a constart
factor. In addition, this module should be capable
of making and breaking connectionswith neighboring
modules. By expandingand cortracting the neighbors
in a connectedstructure, an individual module can be
moved relative to the structure. This basic operation
leadsto new algorithms for global self-recon guration.
For example, Figure 2 shows three snapshotsfrom a
simulation of a four-unit robot.

The module we propose is called the Crystalline
module. It has cubic shape with connectorsto other
modulesin the middle of ead face. This module is ac-
tivated by three binary actuators that permit the cube
to shrink and expand by a factor of two. This actua-
tion shemeallows an individual module to relocate to
arbitrary positionson the surfaceof a corvex structure
of modulesin constart time (unlik e previous systems
that required linear time in the number of moduleson

1The solutions employed by cellular phone systems rely on
global broadcast, which is inadequate for our applications .



the surface[31, 24, 15, 16]). In this paper we focuson
algorithms for shape metamorphosisplanning for the
class of robot systemsconsisting of crystalline mod-
ules, called crystals. We presen an algorithm called
melt-growfor self-recon guration wherethe initial and
the goal structures have the samevolume. The melt-
grow planner achieves shape morphing by using an
intermediate structure, which is a projection of the
robot modules into a pool on the ground. This ap-
proach leadsto recon guration algorithms that main-
tain stability in real-world ervironments wheregravity
is present. The planner runs in O(n?) time, where n
is the number of modulesin the crystal. We also de-
scribe a simulator we have built to study crystalline
robot systemsand give examplesfrom our experience
using this simulator.

2 Related work

Related work in self-recon guring robots includes
robots in which modules are recon gurable using ex-
ternal intervention [5]. In [6] a cellular robotic system
is proposedto coordinate a set of specializedmodules.
Seweral specialized modules and ways of composing
them were proposed. [30] studies multiple modes of
locomotion that are achieved by manually composing
a few basic elemeris in di erent ways. This work also
presens extensive examplesof locomotion and recon-
guration in simulation. [19, 31, 29, 20] consider a
system of modulesthat can achieve planar motion by
walking over oneanother. The recon guration motion
is actuated by varying the polarity of electromagnets
that are embeddedin ead module. More recerly [2]]
this group deweloped a twelve DOF module capable of
three-dimensionalmotion. [24] describesmetamorphic
robots that can aggregateas two-dimensional struc-
tures with varying geometry The modules are de-
formable hexagons. This work also examinestheoret-
ical bounds for planning the self-recon guring motion
of such modules. In [18] we have showvn a constart-
time reduction between robotic molecule structures
our group hasdesignedto support self-recon guration
[15, 16] and metamorphic robots [24].

The robot proposedin this paper is di erent than
the previously proposedmodulesin its actuation capa-
bilities, which lead to new typesof self-recon guration
planning algorithms. The high-level idea of a shrink-
able module that canbe a cell in a recon gurable sys-
tem hasbeenpreseried asthe patent [28§].

3 The Crystalline Mo dule
3.1 Concept

The idea behind the crystalline module is to create
amecanism that hassomeof the motiv e properties of

muscles,that can be closely paced in 3D space,and
that can attach itself to similar units. We chosea de-
sign basedon cubeswith connectorsto other modules
in the middle of ead face. Our ideais to build a cube
that can contract by a factor of two and expandto the
original size (seeFigures 2 and 8). We wish to e ect
compressionalong all three principal directions (e.qg.,
X; y; 2) individually or in parallel. We call the module
an atom, and eat connectora bond. Figure 1 shonsa
designfor the medanics of a two-dimensional(square)
implementation of the atom. Our ideais to usecom-
plimentary rack and pinion medanismsto implement
the shrinking and expansion. In three dimensions,the
rack and pinion medanisms could be replaced with
lead screws. We are currently constructing this de-
sign, which will be the subject of a di erent paper.

Figure 1: The medanics of a 2D atom actuated
by complimentary rack-and-pinion mecanisms. The
atom is 4 inchestall (not including electronics, which
are not shown). When expanded (left), the atom oc-
cupies a 4 inch square; when cortracted (right) the
atom occupiesa 2 inch square.

3.2 Motion relativ e to a structure

A crystalline module can connect with identical
modulesto create crystalline robot systems. Only lat-
ticeswhosefacesare normal to the x; y; and z axescan
be created using crystalline robots. By manipulating
the sizeof the atom, it is possibleto approximate any
nite solid shape to an arbitrary precision using crys-
talline modules’.

Crystalline robot systemsare dynamic structures:
(1) they can move using sequence®f recon gurations
to implement locomotion gaits; and (2) they can un-
dergo shape metamorphosis. The dynamic nature of

2The aliasing error for any shape on a raster display can be
arbitrarily reduced by increasing the resolution of the display.



Figure 2: Three snapshotsfrom a simulation using crystalline robots. The left image shaws the initial state. The
middle image shaws the robot after shrinking two modules. The right image shows the robot after relaxing the
shrunk modules. Notice that the ertire structure moved forward one unit, in an inchworm-lik e fashion.

thesesystemsis supported by the abilit y of individual
modulesto move globally relative to the structure.

The basic operations in a crystalline robot system
are:

(expand <atom, dimension>) - expand a com-
pressedatom in the desired dimension (x;y, or

2)

(contract <atom, dimension>) - compressan
expandedatom in the desireddimension

(bond <atom, dimension>) - activate oneof the
atom's connectors to bond with a neighboring
atom in the structure

(free <atom, dimension>) - deactivate one of
the atom's connectorsto break a bond with a
neighboring atom in the structure

Figure 2 illustrates the use of these primitiv esfor
generating a linear propagation algorithm called the
inchworm propagation algorithm for crystals. The
robot consistsof four connected crystalline modules.
The modules rest on a substrate of other crystalline
modules’. We assumethat ead module can compress
by a factor of 2. In the rst phaseof the algorithm,
the rightmost module attachesto the substrate and
the middle modules compress. This operation causes
the leftmost module to advance by one unit (where
the unit is denoted by the size of the module). In
the secondphase of the algorithm the leftmost mod-
ule makes a connection to the substrate, the right-
most module disconnectsand the middle two modules
expand. The net e ect of this algorithm is a global
translation of oneunit for the crystal. It is possibleto
describe similar algorithms for e ecting global trans-
lations and 90 degreeconcave and corvex transitions
about crystalline structures.

3Note that the substrate is not necessary for all locomotion
gaits.

3.3 Relocating a Mo dule on a Crystal

An interesting property of theserobots isillustrated
in Figure 3. The problemisto nd away to movethe
crystalline module on the surface of the cubic crystal
to any other location. Instead of propagating the mod-
ule along the surface of the large cube, which would
require time linear in the side length of the cube, it
is possibleto read the goal using a constart number
of primitiv e operations. The number of operations re-
mains constart no matter wherethe start and goal lo-
cations are oriented relative to ead other. First, the
module is pulled inside the cube by compresingtwo
internal modules, selecteddepending on the goal loca-
tion. The two compressednodulesare at the intersec-
tion of the supporting line for the starting location and
the supporting line for the nal location. Second,the
compressedmodules are expandedin the direction of
the goallocation soasto pop out a crystalline module
in the desiredplace. If the two supporting lines do not
intersect, two transitions will be required instead of
one. Note that this popped module is not identical to
the original module on the faceof the structure. Using
this algorithm, a module can be relocated in constart
time on any convex substrate. This algorithm assumes
that the actuators are strong enoughto pull or push
any number of modules during these two operations.
If the actuators are not strong enough an inchworm-
lik e propagation can be usedinstead, but this will no
longer be a constart time operation. Alternativ ely,
parallelism can be employed to retain constart-time
performance.

When the crystalline robot structure is non-corvex,
a similar algorithm e ects the module relocation oper-
ation in O(k)-time, wherek is the number of concave
anglesin the structure. The idea is to iterate the al-
gorithm for corvex substrates at eac concave angle
betweenthe starting location and the goal location.

Figure 4 shaws the details of the algorithm for re-
locating a module on the surfaceof a crystal with two



Figure 3: A crystalline module can be pushedinto the large cube and popped out at any location on the surface
of the cube in constart time. The three imagesare snapshotsfrom a simulation. The left image shows the initial
con guration (with the extra cube located on the side face) and the right image shows the nal con guration
(where the extra cube is on the top face). The middle image shaws the basecube where two internal modules

are compressed(not visible in the gure).

concave corners. The algorithm iterates compression
and expansionsteps.

We de ne a scrunchto be two adjacert, connected
atoms that are compressedin the dimension normal
to their connectedfaces. We de ne an axis to be a
connectedstring of at least two atoms along one di-
mension. Two axesintersect if they have one atom in
common. It follows that:

Theorem 1 If an axis contains a scrunch, that
scrunch can be movel to any position on the axis by
the inchworm propagation algorithm. If one of two in-
tersecting axescontains a scrunch, that scrunch can be
transfered to the other axis, provided there existssu -
cient surrounding structure to maintain connectedness
throughoutthe operation.

Pro of: We have described the intuition behind
theseresults. The technical proof is omitted for space
considerations.

To obtain a general algorithm for relocating crys-
talline modules on the surface of three-dimensional
crystals the following two stepsare su cien t:

1. Find apath with segmers oriented alongthe x; vy,
and z directions from the starting location to the
target location.

2. lterate the algorithm in Figure 4 to travel around
ead turn in the path.

The complexity of the algorithm is O(t), wheret is
the number of turns in the path. Note that t = O(k),
with k the number of concare anglesin the structure.

4 A Planner for Shape Metamorphosis
In this section we descrite a planner for self-
recon guration in crystalline robot systems. More

precisely given a pair of crystals (S;G), ead com-
posedof n atoms, nd a feasiblerecon guration plan
P that transforms S into G. A recon guration plan P
is a partially orderedsequenceof primitiv e operations.
A recon guration plan is feasiblei at no time dur-
ing the execution of the plan doesthe crystal become
disconnected.

The key obsenation for planning is that our crys-
talline systemsconsist of identical modules. Sinceall
the modules are identical and interchangeable, it is
not necessaryto compute goal locations for eat ele-
ment. Thus, self-recon guration is di erent from the
related warehouse problem (where modules are as-
signed unique ids and have to be placed at desired
locations), which is intractable.

We have deweloped a certralized planning algo-
rithm called the melt-grow planner that is complete
over a useful subset Grain(4) of crystals and runs in
O(n?) time, where n is the number of atoms in the
crystal:

1. Melt S into an intermediate crystal | 4.

2. Grow G out of |.

The set Grain(n) cortains the crystals that can be
tiled by cubesof n n n atoms (or squaresofn n
atomsin 2D) called grains, sothat the setof planes(or
edgesin 2D) that coincide with all sidesof all grains
intersect only at grain edgesand corners. Figure 5
givesan exampleof a 2D crystal in Grain(4) and a 2D
crystal not in Grain(4). The subsetGrain(4) is useful
becausewe can argue that by manipulating the scale
of the atom, it is possibleto approximate any nite
solid shape to an arbitrary precisionwith a crystal in
Grain(4).

4] is the projection of a 3D structure onto the ground plane
or the projection of a 2D structure onto a line.



Figure 4: This gure illustrates the algorithm for relocating a crystalline module on a concave substrate of
crystalline modules. The left gure shaws the initial con guration. The relocating atom is in the upper right
corner of the structure. The goal location is in the bottom left corner. Large dark diamonds mark two atoms
about to be be compressed.Small dark diamonds mark two compressedatoms about to be expanded. Dark lines
mark compressedoairs. The second gure shaws the structure after the compressionof the rst pair of candidate
atoms, and two atoms preparing for the next compression.The third gure shows two pairs of compressedatoms
and a hole. The fourth gure shows the rst compressedpair expandedinto the hole and a candidate pair of
atoms for the next compression. The fth gure shaws the state of the structure after this compression,with
the resulting hole. The right-most gure shows the structure after an expansioninto the hole. At this point, the
remaining compressedair can be expandedinto the goal location.

Melt-Grow(Crystal S, Crystal G)
Grain stem <- Locate-Stem(S)
Crystal | <- Melt(S, stem)

Figure 5: (Left): a 2D crystal in Grain(4). (Right): a Grow(l, stem, G)

2D crystal not in Grain(4).

Melt(Crystal S, Grain stem)

Crystal | <- stem

We usethe intermetiate crystal | both to maintain S <- S-stem
stability during recon guration and in order to avoid Crystal C <- Design-Pool(Volume( S), stem)
backtracking®. We project the 3D structures S and While !empty(S)
G to and from a planar |. Physical stability can be Grain mover <- Find-Mobile(S)
guaranteed throughout the recon guration in erviron- Grain parent <- Find-Parent(l, C)
ments wheregravity is presen by transforming S into Transport(mover, parent, union(S,l))
| from the top down and | into G from the bottom return |
up.

At ahigh level, the Melt algorithm works by nding Grow(Crystal 1, Grain stem, Crystal G)
a mobile grain g in S, transporting g to a placein I, Crystal C <- stem
and repeating until all grains are in 1. Similarly, the | <- I-stem
Grow algorithm works by selectingmobile grains from While lempty(l)
| and transporting them to locations in G until all Grain mover <- Find-Mobile(l)
grainsarein G. A grain is mobilei it canberemoved Grain parent <- Find-Parent(C, G)
without disconnectingthe crystal. Transport(mover, parent, union(C,l))

Figure 6 shows the details of the melt-grow algo-
rithm. The rst stepin the algorithm is to compute ) _ _
the location of the intermediate structure 1. This F_;ﬁure 6: The implementation of the melt-grow algo-

rithm.

is done by the function Locate-Stem. The function

5Another planner might generate intermediate states in
which no out-of-place grain is mobile, which would require
backtrac kin g.
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Figure 7: Recon guring a Tableto a Chair using the melt-grow algorithm. Each squarerepresems one grain (16

atoms). Grains marked X are mobile, the stem grain is marked [, and candidate parent grains are marked .
This gure represemts schematically the output of a simulation where the table and chair are composedof 176

crystals ead.

Design-Pool generatesan intermediate crystal with
suitable volume. Many types of intermediate crys-
tal are possible;for simplicity, we usea planar spiral
of grains (or a one-dimensionalline of grains for 2D
systems). Such an intermediate crystal design makes
locating mobile grainsin | trivial.

The secondstep of the algorithm isto melt Sinto | ;
the third stepisto grow | into G. Thesestepsrequire
locating a mobile grain, locating a good destination
for this grain, and nding a path for the grain to the
destination. Mobile grainsin crystal C canbe located
by searhing for vertices which are not articulation
points in GCG(C), the Grain Connectivity Graph of
crystal C. GCG(C) is an undirected graph whosever-
tices represem grainsin C and whoseedgesrepresen
active connectionsbetweenneighboring grains. While
Melting, any mobile grain still in S is a suitable mover;
while Growing, any mobile grain still in | is a suitable
mover. Parent grains can be located by searding for

grains that are adjacert to yet-to-be- lled vacancies.

While Melting, any suc grain in | is a suitable par-
ert; while Growing, any sud grain in G is a suitable
parert.

After locating a mobile grain and a parent, the mo-
bile grain is transported to a spaceadjacert to the
parert by (1) Finding a route through the crystal (i.e.
by Depth-First-Search from parent in GCG(C)); (2)
Decomposing the route into a sequenceof grain mo-
tion primitiv es,and from there into a sequencef atom

motion primitiv es;and (3) Executing the atom motion
primitiv es. The following are the grain motion primi-
tives:

(scrunch <grain, dimension, sense>) - cre-
ate a planar (linear in 2D) compressionin a mo-
bile grain at oneof its six faces(+ x, X, +y, vV,
+z, 2)

(relax <grain>) - expanda compressionat one
face of a grain into a grain-in-progress

(transfer  <grain>) - transfer a compressionat
one face of a grain to the adjacert grain

(propagate <grain>) - move a compressionat
one face of a grain to the opposing face of the
grain

(convert <grain, dimension, sense>)
- move a compressionat one face of a grain to
one of the facesin an orthogonal dimension

Any mobile grain in a Grain(4) crystal can always
be scrunched. A scrundh can always be transported
to any parert grain by a sequenceof transfer, propa-
gate, and corvert operations. Finally, any candidate
parert cortaining a scrund can always relax into an
adjacert grain-in-progress. The algorithmic simplicity
a orded by theseguaranteesis the reasonfor intro duc-
ing the Grain(4) abstraction.



Figure 7 shows an example where the melt-grow
algorithm was usedto automatically transform a 2D
tableinto a 2D chair. Sincethe melt-grow algorithm
operates at the grain level, not the atom level, eath
squarein Figure 7 represems one grain (16 atoms).

Theorem 2 The melt-grow algorithm is complete for
the subsetGrain(4) of crystals. The running time of
the melt-grow algorithm is O(n?), where n is the num-
ber of atoms in the crystal.

Pro of: Omitted for spaceconsiderations.

5 Simulation

We have dewveloped a simulator for 3D crystalline
robots called xtalsim. We implemented the melt-
grow algorithm in xtalsim, and we have performed ex-
periments in simulation which verify that crystalline
robots can self-recon gure. The ertire table to chair
metamorphosisin Figure 7 was generated automati-
cally by the melt-grow planner. Each object consists
of 176 atoms. Figure 8 shaws seweral snapshotsfrom
a smaller 3D simulation in which a dog-shaped object
is made to metamorphoseinto a cout-shaped object
via a hand-written plan.

Simulations are speci ed to xtalsim in a high-level
language, either as initial and goal Grain(4) crys-
tals, as sequencesof grain motion primitiv es, or as
sequencef atom motion primitiv es. The language
includes constructs to allow parallel and serial com-
binations of actions and supports reusable, modular
algorithms.

Xtalsim facilitates high-level experimentation with
crystalline robots sinceit (1) e cien tly extrapolates
the global e ects of individual atom movemerns, (2)
veri es that all speci ed actions are feasible, and (3)
displays the resulting atom actions asa 3D animation.

6 Discussion and Future Work

We presetted the crystalline robotic module which
is capableof self-recon guration by using a muscle-like
actuation medhanism. The module is capable of mak-
ing and breaking connectionswith identical modules,
and of compressingby a constart factor. This actua-
tion mecanism supports very fast algorithms for re-
locating one module on the surfaceof a crystal, which
leadsto an e cien t O(n?) planner for shape metamor-
phosis. We are currently prototyping this module.
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