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Abstract.  Self-repair robots are modular robots that have the ca-
pabilit y of detecting and recovering from failures. Typically, sudc robots
are unit-modular and carry a number of redundart modules on their
bodies. Self-repair consistsof detecting the failure of a module, ejecting
the bad module and replacing it with one of the extra modules. In this
paper we show how self-repair can be accomplishedby self-recon guring
Crystalline robots. We describe the Crystalline robots, which consist
of modules that can aggregatetogether to form distributed robot sys-
tems and are actuated by expanding and contracting ead unit. This
actuation medhanism permits automated shape metamorphosis. We also
describe an algorithm that usesthis actuation medcanism for self-repair.

1 Intro duction

Self-recon guring robots have the ability to adapt to the operating environment and
the required functionality by changingshape. They consistof a set of identical robotic
modules that can autonomously and dynamically change their aggregategeometric
structure to suit dierent locomotion, manipulation, and sensingtasks. A primary
designgoal for a self-recon guring robot is to allow the robot to assumeany geometric
shape, asopposedto other typesof shape-cdangingrobots, which may only take one of
a small number of shapes.

Self-recon guring robots typically consist of multiple modules, which confersthe
robot systemredundancy This built-in redundancyleadsto interesting fault-tolerance
and self-repair properties. If an arbitrary part of a xed-architecture robot fails, the
robot cannotusually perform self-repair;a humanor adi erent robot must perform the
task. Intuitiv ely, a self-repairsystemmust have at leasttwo qualities: the ability to self-
modify, and the availability of new parts or resourceso x broken parts. Most extant
systemslack these properties. However, self-repair behavior is prevalernt in biological
systems,the most notable being human tissue repair [6], and this serwesas inspiration
for our work.

Our goalis to build on the ground-breakingwork of Yoshidaet al [19], who intro-
ducedthe conceptof a self-repairrobot and preserted a simulated-annealingalgorithm
for this operation. We focus instead on geometric motion planning algorithms for
self-repairing robots consisting of Crystalline modules [12]. We begin by describing
our approad to homogeneousself-recon guring robot systems,which usesa module
calleda Crystalline Atom that is actuated by expansionand cortraction. By expanding

1There are two basic typesof self-recon guring robot systems: heterogen@us and homayen@us. In
a heterogeneoussystem, the modules may be di erent. In a homogeneoussystemall the modules are
identical.



Figure 1: Five snapshotsfrom a Crystalline robot simulation. The initial con guration is
a dog-shaped object, and the nal con guration is couc-shaped. The middle imagesshow
intermediate steps in the transformation. The planning for this transformation was done
manually. Note that someatoms are left in a compressedstate.

Figure 2: The left image shows the coud in Figure 1 with a defective module highlighted.
The middle gure showsthat coud after the bad module was ejected. The right gure shows
the repaired couch. One of the compressedmodules was usedto Il in the gap.

and cortracting the neighbors in a connectedstructure, an individual module can be
moved in generalways relative to the ertire structure. This basic operation leadsto
new algorithms for global self-recon guration planning. This basic operation allows a
crystalline robot systemto realize a wide range of geometries;for example, Figure 1
shows snapshotsfrom a simulation in which a dog-shagd object transformsitself into
a coud-shaped object. We focus on algorithms that permit a robot to detect a failed
module, eject it, and replaceit with one of the extra modules on the body, so as to
repair the arm-rest of the coud in Figure 2, for instance.

2 Related Work

This researth was donein the cortext of previouswork in self-recon guring and self-
repair robots. Yoshida et al [19] present the rst algorithm for self-repairin self-
recon guring robots, basedon simulated annealing. Fukuda et al proposea cellular
robotic systemto coordinate a set of specializedmodules[1]. Se\eral specializedmod-
ules and ways of composing them were proposed. Yim studies multiple modes of lo-
comotion that are achieved physically by manually composing a few basic elemerts in
di erent ways [17]. In [18], Yim proposesa dodecahedron-basedodule capableof self-
recon guration. In [8, 15, 9], Murata et al considera systemof modules called Fracta
that canadhieve planar motion by walking over oneanother, with actuation provided by
varying the polarity of embeddedelectromagnetsand generalizeto 3-D motion in [10].
In [11] Chirikjian et al describe metamorphic robots that can aggregateas 2-D struc-
tures with varying geometry and examine theoretical bounds for self-recon guration
planning. In [7] we have shavn a constan-time reduction between robotic molecule
structures our group has designedto support self-recon guration [2, 3] and metamor-
phic robots [11]. In [12, 13] we described the Crystalline robot. This robot's novel
compression/expansioractuation leadsto new types of self-recon guration planning
algorithms. The high-level idea of a shrinkable module in a recon gurable systemhas



Figure 3: The medanics of a 2D Atom actuated by complimentary rack-and-pinion mecd-
anisms. The Atom is 4 inchestall (not including electronics, which are not showvn). When
expanded (left), the Atom occupiesa 4 inch square; when contracted (middle) the Atom
occupiesa 2 inch square. The physical prototype for the Crystalline Atom is shown at the
right.

beenpreserted by Tanie et al asthe patent [14].

3 The Crystalline Mo dule
3.1 Conapt

The Crystalline module is a medanism that has some of the motive properties of
muscles, can be closely padked in 3-D space,and can attach itself to similar units.

We chosea design basedon cubes with connectorsto other modules in the middle

of ead face. The idea is to build a cube that can cortract by a factor of two and
expandto the original size (Figure 1). We wish to e ect compressionalong all three
principal directions (e.g., X;y;z) individually or in parallel. We call the module an

Atom, and ead connectora bond. Figure 3 shaws a designfor the mecdanicsof a 2-D

(squarerather than cubic) implemertation of the Atom and alsothe physical prototype.
We usecomplimentary rack and pinion mecanismsto implemen the cortraction and
expansionactuation for the 2-D prototype. In three dimensions,the rack and pinion

medanismscould be replacedwith lead screws.Becausesquaresand cubesare highly

regular, most planning algorithms developedin two dimensionscanbe easilygeneralized
to three. Similarly, algorithms deweloped in three dimensionscan be easily specialized
to 2-D structures.

3.2 A Physial Implementation

Crystalline Atomic modules can be constructedin both two and three dimensions. In
two dimensions Atoms aresquare;in three dimensionsthey are cubic. In this sectionwe
descrike the 2-D versionof the module we constructed, shavn in Figure 3. The module
has an expansion/coriraction ratio of 2. All the facesof the Atom have to be fully
extendedor fully cortracted. Each face of the module hasa connectionslot. However,
only two out of the four faceg have active connectionslots (seeFigure 3). Theseactive

2The active connection slots are situated on adjacert faces,which allows any lattice of Crystalline
Atoms to be fully connected.



slots provide a key-and-lack medhanism for forming rigid connectionswith adjacen
modules. Thus, the ertire unit can be realizedwith three degreesof freedom: one to
expand/cortract the facesof the Atom, and two for the active connectors. All three
degreesof freedomcan be implemerted with binary actuators. Since Atoms can never
rotate relative to one another, the use of two rather than four connectivity degreesof
freedomleadsto no medanical limitations. Every inter-Atomic interfaceof a structure
will have one active connectionmecanism. The module has on-board electronicsand
four 3V 2=3A sizeLithium batteries, sothat it canfunction untethered.

The expansion/coriraction degreeof freedom has beenimplemerted with a rack-
and-pinion medanism. A vertically mounted pinion at the certer of the core matesall
rack simultaneously Gear racks are rigidly mourted to the rear of eat face. Racks
from opposingfacesare mounted o -center and racks from adjacert facesare staggered
vertically sothat they do not overlap at the certer of the core. The pinion is driven
by a gear motor. Spinning it in one direction extends the racks, which causesthe
Atom to expand. Spinning in the other direction retracts the racks which causesthe
Atom to cortract. The motor usedfor thesemotionsis a Legotoy Mini-Motor , which
was selectedfor its small size (5=8 inch cube), usefultorque (20z-inat 10rpm, 12V and
80mA), and low-cost($11). Two hall-e ect sensorsene asbi-level position sensorsand
are usedto cortrol the expansion/corraction movemerts of the Atoms. One sensoris
usedto determineif the faceshave moved closeenoughto the coreduring a cortraction
movemert; the other sensorindicateswhether the faceshave movedfar enoughoutward
during an expansion.

The connectionmedanismsare basedon a channeland key concept. The passiwe
face contains a deep horizontal channel on its outer surface. Pockets are built into
the upper and lower inside surfacesof this channel at the certer of the face. The
active face cortains a gear-motor (the samemodel Lego mini-motor usedto actuate
expansion/corraction). A bar is attached to the output shaft of the motor. At one
angle, the bar can move unobstructed through the channel of the passie face and the
connectoris freed. At another angle, the bar is rotated so that it extendsinto the
pockets of the passiwe faceand the connectoris bonded.

When fully cortracted, the Atom is a squarewith a 2 inch side. When fully ex-
panded, the Atom is a squarewith a 4 inch side. The height of the Atom is 7 inches
and its weight is 12 ounces. A Crystalline Atom can connectwith identical modules
to create Crystalline robot systems. Only lattices whosefacesare normal to the x;y;
and z axescan be created using Crystalline robots. By manipulating the size of the
Atom, it is possibleto appraximate any nite solid shape to an arbitrary precisionusing
Crystalline modules’.

Eadh Atom cortains an on-board processor(Amtel AT89C2051 microcortroller),
power supply (four 2=3 A Lithium batteries), and support circuitry, which allows both
fully untethered and tethered operations. Atoms are connectedby a wired serial link
to a host computer to download programs. For untethered operations, an experiment
speci ¢ operating programspeci ed asa state sequencés rst downloadedover a tether.
When the tether is removed, an on-board IR receiver is usedto detect syndironization
beaconsfrom the host.

3The aliasing error for any shape on a raster display can be arbitrarily reducedby increasingthe
resolution of the display.



4 Self-Repair

In this sectionwe dewelop an algorithm that allows systemsof Crystalline modulesto
self-repair. The main bene t of this capability is an increasein the reliability of our
robots. Our work is inspired by Murata et al[19].

We start by observingthat the processof self-repair consistsof three phases: (1)
detect failure, (2) eject the failed module, and (3) replacethe failed module. We have
not yet addressedletecting module failure, asin generalit is highly dependert on the
implemenation of the system. There are a number of possibleapproates, however,
sud as polling by a certral unit or nearest-neigbor testing. Biological systems,suct
as human skin cells,usea \cry for help" method wherethe failed unit (damagedcell)
sendsa broadcast messagedy releasingits cortents into the microenvironment as it
dies[6].

We present algorithms for phases(2) and (3) of self-repair. Our solution assumes
Crystal robots that can self-recon gurein the plane only, with a known failed module.
Without lossof generality, we focus our discussionon the casewhen only one module
fails in the system. Our algorithms can be iterated to cope with multiple module
failures.

4.1 Ejecting a bad module from the system

A bad module may not be able to move under its own power, so\liv e" modulesin the
systemshould manipulate the \dead" module into position for ejection. The strategy
we pursueis to move the deadmodule to a placewhereit will simply fall o of the robot
whenreleasedby any attached live modules. Our solution (1) identi es all the location
on the surfaceof the robot from whereit is possibleto releasethe bad module; (2)
computesa shortest path to that region; and (3) usesa gait to propel the bad module
along the shorted path.

Since we envision robots comprising large numbers of modules, we are concerned
with scalability. Therefore, we would like an algorithm that is parameterizedby the
overall geometric shape of the robot rather than the number of individual modules.
Assuming sudh a model, which is simple polygon with holes, we refer to the locations
we compute for ejectionascli edges(seeFigure 4). Intuitiv ely, acli edgeis an edge
that would be lit by a light sourcealong the x-axis, if the robot is placedin the rst
quadrart.

Wedewelopedan algorithm called nd-clis that analyzesa geometricrepresemation
of a crystalline robot andreturns asetof cli edges.Intuitiv ely, we chooseouter edgesof
the robot that can\see" the ground. Assumingthe robot is not embeddedin the surface
on which it sits, there are unique bottom-left and bottom-right vertices. Considering
the right half of the robot, we begin at the bottom-right point and walk through the
edges. As long as we walk toward non-decreasing« values,the edgesare cli edges.
If we readh a non-cli edge,howewer, there are two casesto consider. First, the edge
may point up and in towardsthe structure (increasingy, decreasingk). Herewe simply
draw an imaginary vertical line and cortinue the edgewalk until we intersectthis line,
wherewe proceedasbefore. If the edgeanglesdown and towards the robot (decreasing
y, decreasingx), then we have mislabeled edgesascli edges.We skip this edgeand
cortinue, and make a secondpassfrom top to bottom to deletethe incorrectly labeled
cli edges.The other side of the robot is processedsymmetrically.
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Figure 4: A simple polygone denot- Figure 5: Two casesfor non-cli edges. (a)
ing a robot, with highlighted cli Jumping to intersection point. (b) Secondpass
edges. deletesmistakes.

Algorithm 1

1. Determinethe bottom-right, right-most, bottom-left, and left-mostverticesvy; vi; V; vs.

2. Walk through edgesfrom v, to vy, choosingedgesthat angle away from robot.

3. If the next edgeanglesup and towards the robot, jump vertically and cortinue.
Elseif the edgeanglesbeneathpreviously marked cli edgesskip and cortinue.

4. Make a secondpass,from v; to vp, deleting mislabelled cli edges.

5. Repeat for v, to vz, symmetrically.

Due to spaceconsiderations,we omit the correctnessproof for this algorithm.

4.2 A Planner that Minimizes Turns

Givenarobot, afailed module, andasetofcli edgeswewould liketo havean e cien t
algorithm for moving the failed module to the cli edgeand replacingit with a spare.
In this sectionwe presen an algorithm that solvesboth problems.

Recall that Crystal modules can only move rectilinearly in a robot structure. In a
Crystal robot system,it is simpler and cheaper to move along a line than to executea
turn. Therefore,wefocusour e orts on nding a motion plan that producesManhattan
paths and minimizesturns. The simplestsolution is to usebreadth- rst seart on the
module-connectivity graph. Howewer, the running time would then depend on the total
number of modules,which we avoid for scalability and instead usethe geometricmodel.
If we parameterizethe cost function of straight line motion and turns, we can use a
shortest path algorithm to compute a path, and then iterate the appropriate gaits to
traversethe path.

Finding minimum distancepathsin Con guration spaceusingthe euclideandistance
metric is well-studied [4]. Finding shortestpaths in usingthe rectilinear metric hasalso
beenstudied, mainly in the context of VLSI chip design. Leeet al [5] provide a useful
review of problem avors and solutions. Most notably, Lee et al de ne the Minimum
Bend ShortestPath (MBSP) Problem and the Shortest Minimum Bend Path (SMBP)
Problem. MBSP seardesfor a path with minimum bends,or turns, amongall shortest
rectilinear distance paths. SMBP seardiesfor the minimum rectilinear distance path
amongall minimum bend paths. Algorithms to solvetheseproblemsusegraphtheoretic
or wave front approates(or both) and achieve the optimal running time of O(eloge),
where e is the number of obstacleedges. The algorithm we chooseto use comesfrom
Yang et al. [16], and usesa combination of the two approatiesto solve both SMBP
and MBSP.

Assumingthe dead module can not move under its own power, we can selecta gait
to manipulate it to a cli edge. One sud gait is shavn in gure 6. We usea MBSP
algorithm for this particular gait, sincestraight line motion is easierto plan than turns
but the gait actually requiresconstart time per unit distance. Oncethe dead module



Figure 6: Simulation displaying sample gait to push dead module.

is ejected,we usea SMBP to plan the replacemem motion, sincemodule relocation is
linear in the number of turns in the path.
The planning algorithm is summarizedas follows:

Algorithm 2

Using the MBSP algorithm, compute a path from the deadunit to acli edge.
Iterate the pushinggait for ead stepin the path, evertually ejectingthe module.
Compute the SMBP from the ejection location to the closestredundart module.
Usefast module relocation, following the computedpath, to virtually relocatethe
replacememn module to the ejection location.

HownNPE

5 Exp erimen ts in Simulation

We conductedself-repairexperimens usingthe xtalsim simulator. Xtalsim wascreated
aspart of the original Crystalline robot developmern e ort and wasusedto explorethe
self-recon guring abilities of the robots. The simulator readsa le-based speci cation
of a robot and motions of individual modules. It veri es the validity of the requested
motions and displays a 3-D animation of the robot in motion.

The existing xtalsim versionrequired modi cation to support self-repairfunction-
ality. We extended the software to allow speci cation of dead modules along with
graphical distinction in the animation. Also, we added removal featuresto simulate
ejected modules. Figure 6 depicts snapshotsfrom the simulator output. Our exper-
iments demonstrate pushing gaits to move a disabled module, and module relocation
to Il holes. We traversethe computed shortest path by iterating the pushing gait
algorithms for straight line movemern and for turns.

6 Conclusions and Future Work

We discussedhe Crystalline robot and proposeda multi-step strategy for implemerting
self-repair. Our algorithms for ejecting and replacing failed modules analyzethe robot
structure and compute e cien t motion plans, taking into accourt manhattan distance
and turn minimization. Although here we descrilke self-repair in simulation, we are
currently deweloping hardware experimerts. Working with hardware will help us in
addressinghe problem of failure detection. We would alsoliketo extendour algorithms
from 2-D to 3-D models,and are consideringissuessud asplanning for robots in motion
and the idea of self-recon guration planning for more e cien t module ejection.
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