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Abstract— In this paper we describe a modular self-
reconfiguring robot composed of Molecule robot modules.
We present the architecture of this robot and discuss how
self-reconfiguration can be used as a locomotion gait for
this system. We present two types of locomotion algorithms
for this robot: a statically stable tumbling algorithm and
a dynamically stable algorithm that achieves locomotion by
modifying the center of mass of the robot. For each algorithm
we analyze the efficiency of the self-reconfiguration gait for
locomotion. Finally we present experimental data for the
tumbling algorithm implemented on a four-module Molecule
robot.

Index Terms— Self-reconfiguring robot, Molecule robot,
locomotion.

I. INTRODUCTION

Self-reconfiguring robots are modular robots that are
physically connected and can achieve structural geometric
changes autonomously. In this paper we explore the use
of self-reconfiguration as a kinematic gait in the context
of a particular robot system we designed and built in our
laboratory.

Modular robots are well-suited for locomotion in
unknown environments. For example, self-reconfiguring
robots can climb stairs even in the absence of models of the
height, width, and length of the stairway. The robot will
be given the command to move forward. The robot will
proceed with a translation motion until the front sensors
mounted on the forward modules detect an obstacle (e.g.,
the first step). At this point the robot will change the
locomotion modality from translation to stacking. When the
top modules detect free space again (that is, after the first
step has been cleared), the robot will change locomotion
modality again to unstacking and then translation. These
capabilities lead to on-line algorithms for navigation that
take advantage of self-reconfiguring capabilities to create
a “water-flow”-like locomotion.

In [2] we describe a generic algorithm for imple-
menting the “water-flow” locomotion gain using the self-
reconfiguration property. In this paper we instantiate the
algorithm to the Molecule robot. We describe a distributed
statically stable algorithm for the “water-flow” locomotion
gait using the specific degrees of freedom of Molecule
modules. In this gait a group of modules tumble on top
of each other to implement forward progress. We analyze
the efficiency of this gait in terms of the number of
actuations. We use this result as inspiration to develop a

Fig. 1. The two types of Molecule modules. The male Molecule (top)
has the active gripper mechanism, and the female Molecule (bottom) has
the passive fixture which is grabbed by the gripper arms.

rolling gait which is dynamically but not statically stable.
Using self-reconfiguration, a group of modules can actively
change their center of mass to generate forward motion.
We analyze the efficiency of this gait and show that the
dynamically stable algorithm is more efficient. Finally, we
demonstrate the locomotion tumbling gait on a four-module
Molecule robot and discuss our experimental data.

II. RELATED WORK

A self-reconfiguring robot was first proposed in [5],
although this planar system featured modules which could
function in isolation. The majority of subsequent self-
reconfiguring robot research has focused on simpler mod-
ules that only function as a member of a group. [6] extends
the CEBOT system of [5], developing the next generation
of modules. [4], [14] describe planar self-reconfiguring
robots with simple modules that normally remain con-
nected (a minimum number of connected modules are
required for a functional system). In these systems, sta-



tionary modules occupy fixed lattice locations, hence they
are referred to as lattice model systems. Other examples
of lattice model systems are the 3-D Fractum [15] and
Crystalline robot [17]. [7] proposes a 2-D lattice model
system which uses a cellular automata paradigm for recon-
figuration control. We build on this work in our generic,
distributed approach to self-reconfiguration control.

Chain model systems are an alternative to lattice model
systems in which modules are not restricted to lattice cell
positions. Chain model modules are often connected end-
to-end to form legs or other appendages, and insect-like
structures such as hexapods and centipedes are commonly
used for locomotion. Connecting the endpoints of module
chains requires kinematic analysis to align the connectors
of the modules. In contrast, modules in lattice model sys-
tems tend to move individually on a static module substrate
and thus module movement and analysis is simplified.
Examples of chain model systems are the PolyBot robot of
[19] and the CONRO system of [3]. [18] describes in detail
the kinematics of CONRO module chain docking. The M-
TRAN robot of [16] has characteristics of both lattice and
chain model systems, allowing the modules to pack tightly
in lattices or join together into long chains.

Our previous research includes work on the Molecule
robot [8]–[13] and reconfiguration planning using our
generic, distributed approach [1], [2], [13].

Fig. 2. Two views of a Molecule module highlighting the rota-
tional degrees-of-freedom. The top image indicates the bond degrees-
of-freedom, and the bottom image indicates the connector degrees-of-
freedom.

III. MOLECULE MODULE DESCRIPTION

The Molecule is a robotic module capable of aggregat-
ing with other identical modules to form dynamic three-
dimensional structures. Molecules can selectively form

Fig. 3. CAD drawings of the gripper assembly. In the top image the
north arm has been removed to show the internal configuration. The north
and east arm shafts are shown in exploded view. The bottom image shows
the drive train in detail, with the shaft (a flat head machine screw) and
worm gear cap shown in exploded view.

rigid connections to other Molecules and, by using these
connections and their rotating degrees of freedom, modules
can move to different locations on Molecule structures.
A Molecule robot is an example of a lattice model self-
reconfiguring system.

A Molecule module is composed of two cubical atoms
linked by a rigid 90-degree link called the bond (see
Fig. 1). Each atom has five inter-Molecule connection
points and two degrees of freedom (see Fig. 2). One degree
of freedom allows the atom to rotate 180 degrees relative
to its bond connection, and the other degree of freedom
allows the atom (and therefore the entire Molecule) to
rotate 180 degrees relative to one of the inter-Molecule
connectors. The bond and connector degrees of freedom
permit independent movement on a substrate of identical
Molecules, including straight-line traversal and 90 degree
concave and convex transitions to adjacent surfaces. A
Molecule moves by attaching an atom to some other
Molecule and actuating one or more of its four degrees of
freedom. Attachments are made using the gripper connector
mechanism, which consists of an active four-armed gripper
and a passive “grippee” which provides an anchoring
surface for connection.

A. Molecule design

Our design goal for the Molecule was two-fold: (1)
creating a module that could independently relocate on
a static module substrate, and (2) reducing the required
actuation hardware to the absolute minimum to minimize
module size and weight. Given a cubic lattice and a face-
to-face connection scheme, it is easy to see that three



Fig. 4. Five snapshots taken from a Molecule pair translation simulation utilizing two Molecule pairs. The motion is in the +x direction.

movement modalities are sufficient to traverse any struc-
ture: translation, concave transition, and convex transition.
Concave transition is the simplest of these modalities—a
single cube in a lattice automatically spans the concave
transition formed by two neighboring cubes. Translation
involves moving from one cube face to another cube face,
where both faces are in the same plane. In a system with
discrete connection points, a module must span the distance
between the two faces. This can be achieved by using
a two-unit meta-module, such as the Fractum pair [15].
Convex transition is the most demanding modality since the
module must span the distance from one face of a cube to
a neighboring face on the same cube. This can be achieved
by using an “L”-shaped module occupying three lattice
positions. Since an “L”-shape is also capable of concave
transitions and translations it is sufficient for independent
lattice traversal.

However, simply composing three cubical units would
require large actuation forces due to the combined weight
of the modules and the distance between the units at the
ends of the “L”-shape (atoms). The simplest optimization
is to replace the center module with a rigid link (bond).
The atoms are required for connection during a convex
transition, and are also sufficient for translations and con-
cave transitions. Further analysis shows that each of the
atoms require only two degrees of freedom: (1) rotation
about the bond, and (2) rotation of one of the connection
points whose face is adjacent to the face which connects to
the rigid link. Both degrees of freedom require a minimum
rotation of 180 degrees. The result is a module with four
rotating degrees of freedom and ten connectors.

The Molecule gripper connector is a binary connector
with 90-degree symmetry, a large amount of compliance,
and the ability to retract within the bounding sphere of
the atom which permits in-place atom rotations. Fig. 3
(top) shows the active male part of the gripper system
which contains the motor, gears, and the four arms which
rotate into place to grip the passive female part. The arm
subassemblies surround a central worm gear which turns
to actuate the arm gears. The worm gear is on the same

shaft as a crown gear which is turned by the gearmotor, as
shown in Fig. 3 (bottom). The gearmotor has a diameter of
8 mm and an integral 256:1 geartrain. This system bears
some resemblance to the hook-type coupling mechanism
on the Series II CEBOT modules [6], however there are
significant differences as described in [13].

IV. MOLECULE ROBOT LOCOMOTION

Molecule structures move by dynamically changing the
shape of the structure. The structure reconfiguration can
either be static, where the structure is statically stable
throughout the locomotion, or dynamic, where instability
is exploited to increase the locomotion efficiency.

A. Statically stable locomotion: tumbling gait

Locomotion entails the relocation of modules in the
direction of motion while maintaining a stable structure.
For example, if modules at the rear of the structure move
to the front then the structure achieves a net displacement.
Fig. 4 shows a simulation of two Molecule pairs moving
from the right to the left side of the group, effectively
translating the structure. This process can be repeated by
continually moving the rearmost pair to the front, allowing
for arbitrary translation distances. This algorithm works for
an arbitrary size robot as described in [13].

A related locomotion algorithm is an instantiation of the
generic, distributed locomotion algorithm in [2]. This ap-
proach uses local rules to support algorithmic distribution,
extending the work of [7]. Fig. 5 shows the rule set written
in the form of productions with the left side representing
the preconditions necessary for the rule to be executed, and
the right side representing the postconditions after the rule
is executed. This rule set produces locomotion by moving
modules on the west (left) side of the structure northward
(up), then eastward (right) along the top of the structure,
and finally southward (down) at the front of the structure.
The result is a caterpillar-like locomotion gait. A simulation
of this algorithm is shown in Fig. 6.

Although our generic, distributed algorithms are based
on an abstract module, a key component of our approach
is instantiation of rule sets onto real self-reconfiguring
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Fig. 5. Five rules for eastward locomotion without obstacles, with the direction of motion given for each.

Fig. 6. Three snapshots of a simulation of the instantiation of the algorithm in Fig. 5 to the Molecule pair. Molecule pairs at the west (left) of the
group move to the top and then to the east (right), resulting in eastward locomotion of the structure.

systems such as the Molecule. By using pairs of modules
as a single conceptual module, or “meta-module,” it is
possible to instantiate the five-rule locomotion rule set onto
the Molecule system. An example of this is shown in the
simulation of Fig. 6, where a 4x3 structure of Molecule
pairs is translated to the right (east) by moving the pairs
according to the rules in Fig. 5.

1) Analysis: The locomotion efficiency by self-
reconfiguration can be quantified by the number of module
relocations required to move the structure a given distance.
If the system is composed of n modules, then the number of
module moves required to translate the structure a distance
of n lattice spaces is a useful measure of locomotion
efficiency. In the case of the generic, distributed approach
described above, modules move one lattice cell at a time,
and thus the number of moves correlates to the Manhattan
distance a module has moved. In the Molecule pair trans-
lation experiment, however, modules move from one end
of the structure to the other in a single sequence of rota-
tions and connection changes. Modules move individually
despite the fact that when stationary they are part of a pair
meta-module. Thus we consider the number of “moves”
to be the actual distance moved by the pair as if the pair
moved one meta-module lattice cell at a time. For example,
in the Molecule pair translation experiment each pair moves
a distance of two meta-module lattice cells, for a total of 4
“moves.” It is easy to see that moving any linear chain of
n modules a distance of n requires each module to move

a distance of n, resulting in n2 moves. This is, in fact,
a lower bound for static locomotion, since the structure
has a minimum vertical component. Adding height to the
structure means that modules must move vertically as well
as horizontally to relocate from the rear to the front of the
structure. Thus, a square instance of the rule set in Fig. 5
requires 2n2 − n

√
n moves since each module must move

2
√

n − 1 times, and moving all modules once results in a
structure displacement of

√
n, requiring

√
n repetitions to

translate the structure a distance of n.1

In the preceding analysis, “moves” refers to relocations
of Molecule pairs, not the number of DOF movements of
the individual modules. However, since any pair reloca-
tion to an adjacent lattice cell requires a fixed number
of Molecule DOF rotations and connection changes, the
bound still holds. The number of module rotations varies
for the different motions in Fig. 5. For example, the
southeast move (Rule 4) can require 40 module rotations,
while the east move (Rule 3) needs only 18 in some cases.2

B. Locomotion by modifying the center of mass
This gait involves manipulation of the the center of

mass of the structure to produce a rolling motion. The

1Although the linear chain has greater locomotion efficiency, a more
vertical structure is useful for climbing over obstacles. See [1], [2] for
details.

2The Molecule pairs are oriented differently based on the lattice
location because of the male and female component Molecules in each
pair. Moving from some orientations to others requires a slightly different
number of DOF rotations.



Fig. 7. Examples of nonstable structures which can improve locomotion efficiency. An idealized ring of fixed modules with a single module moving
along the inner surface of the ring is shown in (left). This system could produce movement on a level, planar surface if the outer surface is a perfect
circle. By increasing the width of the ring to its maximum value, (center), a theoretical lower bound on the number of moves can be achieved. However,
this system is not practical since the center of mass deviation is too small to move the ring under non-ideal conditions. A more practical system is
shown in (right), with a non-ideal ring composed of 600 modules and 118 moving modules. These systems can be extended in the z dimension by
stacking along the ring axis.

advantage of this technique is that the relocation of a
subset of the modules may be sufficient to move the
entire group, unlike static locomotion where every module
is relocated during the locomotion. Using a static ring
structure with modules moving along the inner surface
of the ring produces a nonstable structure for locomotion.
Fig. 7 shows examples of various implementations of this
concept, with the squares representing abstract modules or
meta-modules such as the Molecule pair. The number of
moving modules relative to the number of static modules
in the ring determines the locomotion efficiency of the
system. Note that the rolling motion is not necessarily of
constant velocity and therefore does not require modules
to move in a synchronized way. Instead, modules move at
their own rate and the structure rolls incrementally based
on the shifting center of mass.

1) Analysis: Dynamic locomotion can improve on the
Ω(n2) lower bound for stable locomotion, since some mod-
ules do not have to move during the structure relocation.
A theoretical lower bound of Ω(

√
n) is possible for Fig. 7

(center) due to the large number of static modules with
only one moving module.3 However, this system would
only be functional in ideal conditions: a perfectly circular
outer ring surface and a level, planar supporting surface.
An actual system would have a stepped outer ring surface
due to the finite number of modules which compose the
ring. By balancing the mass of the moving modules and
the static ring modules it is possible to induce a center
of mass deviation large enough to overcome the stepped

3For Fig. 7 (center), n is within a constant factor of πr
2
−π12, where

r is the outer radius of the ring and the inside ring radius is 1. The number
of rotations of the ring required to move a distance of n is the number
of modules divided by the distance per rotation (the circumference), or
πr

2
−π

2πr
. The number of moves required is the number of rotations of the

ring multiplied by the the number of moves needed to cause one rotation
in the ring. For a system with one moving module, a constant number of
moves is required for each rotation (the perimeter of the inner surface of
the ring). In the case of Fig. 7 (center) it is four, but it certainly is never
more than 2π since the inner radius is 1. Therefore the total number of
moves is πr

2
−π+1

r
. Since r is essentially equal to

√

n, the total number
of moves is Ω(

√

n).

outer surface of the ring. An example is shown in Fig. 7
(right), which requires 4n

√
n moves to move the n modules

a distance of n.4 This result scales with the number of
modules, since the relative numbers of modules in the
static ring and the moving modules remain the same as
the number of modules increases. Imagine each module in
Fig. 7 (right) being composed of four modules, doubling
the width and height of the ring. This module count
increase would not change the relative masses of the static
and moving module groups. Thus, a more practical bound
for moving by modifying the center of mass is O(n

√
n).

However, even this system may not function on rough or
sloped terrain. In these cases, some static ring modules
may need to relocate to produce a greater center of mass
deviation.

V. MOLECULE EXPERIMENTS

We have performed several types of Molecule experi-
ments, ranging from single-module structure traversal to
multi-module locomotion. Fig. 8 shows the Molecule pair
translation experiment in which each Molecule pair moves
from the rear to the front of the structure once. This is the
statically stable tumbling gait described in Section IV-A
and shown in Fig. 4.

Table I shows the results for 19 four-Molecule translation
experiments. Modules 0 and 1 are the leftmost pair in
Fig. 8 (top left) and modules 2 and 3 are the rightmost pair.
Module movement order is 0, 1, 2, and 3. Runs are con-
tingent on the predecessors completing their moves, thus
a failed run by Molecule 1 will terminate the experiment
without executing Molecule 2’s and Molecule 3’s moves.
The success rate for the female modules is 100%, while the
success rate for the male modules is approximately 90%.

4For Fig. 7 (right) n is equal to 718. For a ring rotation of 6 degrees,
approximately 14 modules must move a distance of about 25 lattice cells.
Thus the number of module moves per ring rotation is 21,000. The number
of ring rotations required to move a distance of n is n

2πr
, where r is the

radius of the outer surface of the ring. In this case, r is equal to 32.
Therefore the number of rotations is 3.57, and the total number of moves
required is about 75,000 which is about four times n

√

n.



Fig. 8. Five snapshots from a Molecule pair translation experiment utilizing two Molecule pairs. The motion is in the +x direction.

Module Attempted Successful Success Rate
Female 0 19 19 100.0%
Male 1 19 17 89.5%
Female 2 17 17 100.0%
Male 3 17 15 88.2%
All 19 15 78.9%
All (last 13 runs) 13 12 92.3%

TABLE I
RESULTS FOR 19 FOUR-MOLECULE TRANSLATION EXPERIMENTS.

The difference in success rate is due to some impediments
and instability in early experiments since the male modules
are larger and heavier than the female modules. Modifica-
tions to the system have eliminated these errors in later
experiments. Also, some experiment failures were due to
gripper malfunctions due to a design flaw.5 Because of the
improvements made to the modules, the success rate for
the latter 13 trials is 92.3%.

The Molecule movements demonstrated in the four-
Molecule translation experiment are sufficient to perform
the moves of Fig. 5. The major difference is that the
Molecule pairs are oriented horizontally in the four-
Molecule translation experiment and vertically in the al-
gorithm instantiation of Fig. 6. We do not have enough
Molecule modules to implement more complex algorithms
such as locomotion by modifying the center of mass. Until
more modules are constructed, these experiments must
remain in simulation only.

5The original gripper design suffered from stress cracks in the ABS
parts built in our rapid prototyper. The cracks occurred in the motor
housing, which was not thick enough to withstand the upward force
generated by the motor pinion/crown gear interaction. If a crack developed
during an experiment, it could prevent the gripper from actuating and
thus cause the experiment to fail. A motor housing redesign has fixed
this problem.

VI. CONCLUSIONS

We have described the Molecule self-reconfiguring sys-
tem and proposed two types locomotion gaits for Molecule
robots. Statically stable gaits such as the Molecule pair
translation require Ω(n2) module moves to move a system
of n modules a distance of n lattice cells. A dynamically
stable rolling gait can produce a theoretical lower bound
of Ω(

√
n) moves under ideal conditions, however a more

practical system requires O(n
√

n) moves.
Our experimental results demonstrate locomotion for a

robot composed of four Molecule modules. The overall
success rate for 19 trials is 78.9%, however many of the
failures occurred in the early trials and the problems have
been corrected. The success rate for the latter 13 trials is
92.3%.
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