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Abstract

Modular, self-reconfigurable robots show the promise of
great versatility, robustness and low cost. This paper
presents examples and issues in realizing those promises.
PolyBot is a modular, self-reconfigurable system that is
being used to explore the hardware reality of a robot with
a large number of interchangeable modules. Three
generations of PolyBot have been built over the last three
years which include ever increasing levels of functionality
and integration. PolyBot has shown versatility, by
demonstrating locomotion over a variety of terrain and
manipulating a variety of objects. PolyBot is the first
robot to demonstrate sequentially two topologically
distinct locomotion modes by self-reconfiguration.
PolyBot has raised issues regarding software scalability
and hardware dependency and as the design evolves the
issues of low cost and robustness are being addressed
while exploring the potential of modular, self-
reconfigurable robots.

1. Introduction

Modular robotic systems are those systems that are
composed of modules that can be disconnected and
reconnected in different arrangements to form a new
configuration enabling new functionalities. There have
been a variety of modular reconfigurable systems as there
are many aspects of robot systems that can be modular
and reconfigurable. These include: manual reconfiguration
[10] and automatic reconfiguration [5], homogenous and
heterogeneous modules [4].

The systems addressed here are automaticaly
reconfiguring, hardware systems that tend to be more
homogenous than heterogeneous. That is that the system
may have different types of modules but the ratio of the
number of module types to the total number of modulesis
low. Systems with all of these characteristics are called n-
modular where n refers to the number of module types
and nissmall typically one or two, (e.g. a system with two
types of modules is called 2-modular). The general
philosophy is to simplify the design and construction of
components while enhancing functionality and versatility

through larger numbers of modules. Thus, the low
heterogeneity of the system is a design leverage point
getting more functionality for a given amount of design.
The analog in architecture is the building of a cathedral
from many simple bricks. In nature, the analog is complex
organisms like mammals, which have billions of cells, but
only hundreds of cell types.

Modular self-reconfigurable robot systems can aso
reconfigure (re-arrange) their own modules. There are a
growing number of modular reconfigurable robotic
systems that fit the n-modular profile
[51[71[8][9][11][12][14][20]. These systems claim to have
many desirable properties including versatility (from
many configurations), robustness (through redundancy
and self-repair) and low cost (from batch fabrication).
However, the practical application outside of research has
yet to be seen. While the number of modules has been
large in simulation, the physical implementation of these
systems has rarely had more than 10 modules. Section 2
explores these desirable properties and examines some of
the issues that need to be addressed before n-modular
systems with large numbers of modules can be made
practical. Section 3 presents the PolyBot system design,
which has been designed to explore the versatility issue.
An overview of the functionality is presented along with
some programming strategies.

2. ThreePromises of N-modular Systems

Modular reconfigurable robotic systems that are
composed of many modules have three promises. They
promise to be versatile, robust, and low cost [4][7][9][13].
However, there are important issues that must be
addressed before these promises can be realized.

2.1 Versatility

Modular reconfigurable robots with many modules have
the ability to form a large variety of shapes with large
numbers of degrees of freedom (DOF). The robot may
change its shape to suit different tasks. A classical



example scenario was introduced in [15] and on the
Internet in 1994 [17]. It shows, in a purely kinematic
simulation, a robot using three different modes of
locomotion depending on the terrain type; rolling type for
efficiency and speed over flat terrain, earthworm type to
dlither through obstacles, and over large steps and finally a
spider form to stride over uncertain hilly terrain. Three
images from this visualization are shown in Figure 1.
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Figure 1: Polypod simulation showing reconfiguration,
a) using efficient rolling track gait, b) using obstacle
crossing earthworm gait, ) using stable spider gait.

One measure of the versatility of a modular system may
be the number of isomorphic configurations that are
capable by a given system [2]. For many systems, this
number grows exponentially with the number of modules.
Another measure may be the number of DOF in the
system. This also grows with the number of modules
though linearly in this case.

However, it is not clear that large numbers of modules
will lead to increased versdtility. Even if many
configurations and motions are possible, systems must
have methods for planning and controlling the motion to

take advantage of these configurations. Computational
time complexities in planning and control often grow
exponentially with the number of modules. In most cases,
the computational resources also grow, though linearly,
with the number of modules as each module often carries
some computational resource itself. For the promise of
versatility to come to fruition, methods of exploiting the
distributed computational resource and strategies for
dealing with the exponential size of many of the spaces
will need to be devel oped.

2.1.1 Applications

Even though the versatility gives the capability to do a
large set of specific tasks it is not necessarily reasonable
to use the technology for that task. It is usualy the case
that tools made specifically for a task are cheaper and
more efficient at that specific task than the versdtile tools
capable of doing many different tasks. For example, an
adjustable wrench can be used for tightening a variety of
bolts, but a box wrench specifically designed for a
particular bolt will work more reliably (with less chance
of stripping the head) and cost less.

Applications in which the n-modular systems excel are
those in which versatility is critical. Typicaly, these are
situations in which @ some information about the
environment is not known a priori or b) situations in
which the robot needs to perform multiple tasks for which
having a number task specific mechanisms would exceed
operationa requirements. When the environment is not
well understood a system cannot be designed specifically
for a task, since the task that is needed is not known.
Examples of such applications include planetary
exploration, undersea mining, search and rescue and other
tasks in unstructured unknown environments. In situations
in which the robot needs to perform multiple tasks it may
be more appropriate to have a general purpose system
which can be reconfigured to each task rather than severa
task specific systems. The adjustable wrench is again a
good example. When there is a large variety of bolts to
tighten and the performance of the adjustable wrench is
acceptable, an adjustable wrench can be less expensive
and lighter weight than an entire set of box wrenches.

Finally, robotic systems, like other tools should be
evaluated in the context of life cycle cost of atotal system.
General purposes tools are frequently justifiable when
instantiations of the same tool can be used for multiple
applications since training, repair and replacement
inventory and development time are all reduced



2.2 Reliability

Another result of being modular and self-reconfigurable is
the ability of the system to repair itself [7]. When a system
has many identical modules and one fails, any module can
replace it. As the number of modules increases, the
redundancy also increases. Having redundancy does not
necessarily increase the robustness of the system. More
modules mean that there are more modules that can fail. If
a system has millions of modules, it is likely that many of
them will not be working properly.

To employ compensation requires the understanding of
the failure modes of the modules and the construction of
algorithms, configurations and designs tolerant to failure
of some percentage of the modules.

There are two basic strategies to increase robustness to
failing modules. The first is to use the redundancy of a
system and global feedback to compensate for local errors
of individua modules. The classical feedback control
view would be that the failed module inserts some
disturbance into the system and the global control of the
system compensates for the introduced error. The second
strategy is sometimes called self-repair [4][7]. In some
instances, it may be appropriate to gect a failed module
(detach it) from the system and replace it with a working
module from a non-critical position. If a module fails in
such a way that the ability to detach is aso lost, the
working modules that are attached directly to the failed
module may detach and carry the failed module away.

2.3 Low Cost

Low cost is the hardest promise for modular robotics to
deliver. The cost savings are indirect and may require
computation over the life cycle of several systems to
support. In the context of a single task it is less expensive
to develop a single purpose machine than to develop and
build a multi-purpose machine. But this argument could as
easily be made against a drill press or a conventional
industrial robot arm. Each of these devices would cost
more than a task specific machine if one didn't get the
benefit of all the previous development and economies of
scale that had already preceded them. One of the general
tenets of the modular reconfigurable approach is that
versatility comes from the programming of the devices.
Hence, rather than developing unique hardware and then
programming it for a given robotic task, the problem is
instead reduced to (re)programming the existing versatile
hardware. The broad utility of this method will require the
development of programming tools to facilitate and
simplify programming.

As the flexible automation industry discovered in the
1980's, the cost of programming (and reprogramming)
systems is often more than the cost of the hardware, thus
reducing the value of the flexible nature of the hardware.
The extreme versatility of n-modular systems reguires a
new paradigm in programming.

3. PolyBot

PolyBot is a modular reconfigurable robot system
composed of two types of modules, one called a segment
and one called a node. The segment module has 1 DOF
and 2 connection ports. The node module is rigid with no
internal DOF and 6 connection ports. So far, the systems
have concentrated on addressing the versatility issue.
Future generations will address the promises of robustness
and low cost.

Figure 2. Nine G2 modules attached together in a
snake configuration. A micro video camera with
transmitter and 9V battery isattached at the front.

31 PolyBot design

The design philosophy behind PolyBot is that each
module is very simple and that by itself cannot do very
much. In combination with many others a more complex
system can be built to achieve more complex tasks.
Another design goa for PolyBot is that each module
should fit within a cube 5cm on a side.

Three PolyBot systems have been built and experimented
with. The first is called generation 1 (G1) which is a
simple quickly made prototype with hobby RC servos.



The structure was built using laser-cut plastic parts. Up to
32 modules were bolted together and controlled via gait
control tables with off board computing. Generation 2
(G2) functionality adds self-reconfiguration capability,
additional strength and on-board computing. G3 is
currently in development. It is much more compact than
G2 and adds a brake/ratchet to the main actuation.

G2 is pictured in Figure 2. The segment module can be
divided into three subsystems: 1) connection plate (shown
in Figure 3), 2) sensing, computation and communication,
and 3) structure and actuation,.

3.1.1 Connection Plate

Each segment has two connection plates. The connection
plate serves two purposes. One is to attach two modules
physically together. The other is to attach two modules
electrically together as both power and communications
are passed from module to module.

PolyBot alows two connection plates to mate in 90
degree increments alowing two modules to act together
in-plane or out-of-plane.  This multi-way attachment
requires the electrical connectors to be both
hermaphroditic as well as 4 times redundant.

These connectors were custom made as no commercial
hermaphroditic connectors could be found with large
enough current capacity and high enough density (1mm
pitch). The connection plate consists of 4 grooved pins
along with 4 chamfered holes as shown in Figure 3. An
SMA actuator rotates a latching plate that catches the
groovesin the four pins from a mating connection plate.

Chamfered holes x4

& %Gmwﬂ pins x4

Figure 3: A G1 module showing the connection plate
with 4 pins, 4 mating chamfered holes and 4
hermaphroditic electrical connector sets.

Each connection plate has 2 photo-diodes and 4 LED’s
that are sequenced to allow the determination of the
relative 6 DOF position and orientation of a mating plate.
This facilitates closed loop docking of two modules and
their connection plates.

3.1.2 Sensing, Computation and Communication

Each module contains a Motorola PowerPC 555
embedded processor with 1 megabyte of external RAM.
This is a relatively powerful processor to have on every
module and its full processing power has not yet been
utilized. The final goal of full autonomy may require the
use of these processors and memory.

In G2, the sensing is limited to hall-effect sensors built
into the brushless DC motors serving both for
commutation as well as joint position with a resolution of
0.45 degrees. In G3, sensing will include the BLDC hall
effect sensors as well as a joint angle potentiometer,
tactile whiskers, tension sensors on the interface pins and
accelerometers for orientation and potentially bump.

Each module communicates over a semi-global bus using
the (controller area network) CANbus standard. Two
CANbuses on each module alows the chaining of
multiple module groups to communicate without running
into bus address space limitations.

3.1.3 Structure and Actuation

The segment structure consists of two frame elements
which rotate relative to one another and carry the
connection plate components, the actuator and the
electronics. The can be rotated up to +90 or — 90 degrees.
A brushless DC motor with gear reduction sits in the
middle of the segment on the axis of rotation and actuates
thissingle DOF.

Hobby servos typically used for radio controlled cars,
boats and plane have been quite successfully used in all of
the G1 versions. The standard size servos used deliver
maximum torques of 0.7Nm with torque densities up to
1INm/kg. While these hobby servos come in a variety of
sizes and are easy to interface with both electrically and
mechanically they are somewhat underpowered and
fragile for this application (dozens of them have been
broken over the last three years. More torque and
robustness were desired for G2. An off the shelf MicroMo
gear motor was selected which could deliver 5.6Nm of
torque. This gear motor has a torque density of 19Nm/kg,
and was satisfactory in many respects but weighs 300g
and is about 110mm long. It was desired that the G3
modules conform to a 50mm x 50mm x 50mm volume
limit. No standard BLDC motor with multi-stage planetary



Figure 4: The PolyBot G3 drive train showing motor,
planetary first stage and harmonic second stage.

gear set could satisfy the volume and form constraints of
G3. A custom drive train (Figure 4) using a modified
Maxon pancake motor, a custom planetary first stage and
a Harmonic Drive Systems Inc. harmonic drive second
stage was developed for G3. This drive can deliver
1.5Nm, weighs 72g and has a torque density of 21INm/kg.

3.1.4 Node

The node is arigid cube made of 6 connection plates (one
for each face). It serves two purposes; one is to allow for
non-serial chaing/parallel structures, the other is to house
higher power computation and power supplies. Portable
power is very difficult to incorporate into modular
systems, so PolyBot currently runs tethered to a power

supply.
3.2 Locomotion and Manipulation Versatility

The PolyBot systems have demonstrated that n-modular
systems can be very versatile by showing multiple modes
of locomotion with a variety of characteristics. In
addition, they have demonstrated some manipulation as
well.

Some of the gaits that have been implemented resemble: a
rolling track as in Figure 5, earthworm locomotion,
turning and straight sinusoid snake-like locomotion as in
Figure 6, three-legged caterpillar-like locomotion, a3 x 4
array of cilialike locomotion/manipulation, a 6 legged
locomotion (using a tripod gait), a 3-segment dlinky-like
tumbling locomotion, and a 4 legged lizard-like
locomotion.

Videos of most of these gaits are available for viewing on
the Internet [16] and the video proceedings [17]. The
earthworm, caterpillar, and 3-segment dinky were
presented in previous publications [14].

Figure 5: A loop of 23 G2 modules using a rolling
track locomotion.
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Figure 6: A snake-like sinusoid gait. The travelling
wave causes forwar d locomotion.

In addition to the physically implemented gaits, severa
further gaits have been simulated: a 4 armed cartwheel-
locomotion, exotic gait: carrying an object while rolling, a
rolling loop with many feet on the outside rolling/walking,
dlinky locomotion moving on an x-y grid. Videos of these
simulations may also be viewed on the Internet [16].

Since locomotion is essentialy a dua of manipulation,
many of the legged gaits were demonstrated to show
manipulation of objects. In addition, open loop multi-arm
mani pulation was demonstrated asillustrated in Figure 8.

The sinusoid snake-like locomotion was demonstrated to
work over a variety of obstacles including crawling in 4”
diameter aluminum ducting pipes, up ramps (up to 30
degrees), over chicken wire, climbing 1.75" steps, over
loose debris and wooden pallets.

In crossing obstacles with a single chain of modules like
the sinusoid locomotion, two properties were determined
to be essential. One is characteristic torque, a unitless
quantity indicating the number of modules that can be
raised to a cantilevered condition. In order to cross large



Figure 8. Four arms with three G1 modules each. A
small ball is balanced on the end of one arm and
passed to the top of an adjacent arm.

obstacles, like climbing stairs, the actuators need to supply
large torques. For stairs, torque enough to lift about 0.3
meters worth of modules would be useful. The other
property is compliance, compliance within the modules is
useful for the system to conform to the terrain and gain
maximal foot contact. For highly geared systems these two
properties often conflict. The G1 modules with a
characteristic torque of less than 5 do not have enough
torque to demonstrate some gaits, but with their
proportionally controlled, back drivable servos naturally
conform to terrain and duct work. The G2 modules have a
characteristic torque of 8 and PID control giving them
little compliance. G3 will have a characteristic torque
closer to 6. The additiona sensors on G3 should facilitate
some form of active compliance to terrain while an
actuated ratchet mechanism will provide large static
torque on demand.

3.3 Programming strategies

Programming the motion of n-modular systems with large
numbers of modules can be difficult. Planning the self-
collision-free motions can be difficult as the size of this
space is exponential with the number of modules, n
(proportional to the number of DOF) [6]. The inverse
kinematics of serial chains with large n is aso non-trivial
as is the forward kinematics for parallel chains [3].
Adding the additional constraints of torque limits, joint
limits and stability under gravity, the problem becomes
impractical to solve optimally for the general case and
even non-optimaly in real-time.

Precomputed gait control tables have been an effective
way to control large numbers of modules [15]. In fact, gait

control tables controlled all of the implementations listed
in Section 3.2. The details of the gait control table have
been published previously [14]. In one demonstration,
PolyBot G2 was tested over an obstacle course while
under semi-teleoperated control, one module contains a
set of gait control tables which were downloaded
dynamically to the modules to perform such actions as
turning, reversing direction, atering the speed and
amplitude of the sinusoid gait and changing from loop gait
to snake gait.

This method can be extended for general reconfiguration.
Decomposing a structure into well known “sub-structures”
which have precomputed motions for reconfiguration is
one approach [1].

For many applications, a fixed set of configurations is
sufficient. In this case, reconfigurations can be pre-
planned off-line between every member of the set and
stored in a table. In fact, configurations in the fixed set
may be chosen specifically for ease of reconfiguration. In
the reconfiguration example of Figure 1, the
reconfiguration was hand-coded, though it only required
seven attach and detach actions total. However, to fully
exploit the versatility of the system, both for self-repair
and task adaptation, generic reconfigurability will be
required.

4. Conclusionsand Future Work

Several issues need to be resolved before the three
promises of modular reconfigurable systems; (versatility,
robustness and low cost) can be realized. As the number
of modules scales up, it is not clear that these properties
apply. PolyBot is being constructed to explore these
issues. The first two generations G1 and G2 address the
versatility promise. Currently the maximum number of
modules utilized in one connected PolyBot system is 32.
PolyBot G1 and G2 generations have shown versatility in
a variety of locomotion and manipulation tasks. G2
demonstrated reconfiguration including docking.

The next generation, G3, will need to address the
robustness and self-repair issues, as there will be up to
200 modules (almost an order of magnitude more than any
other implementation). In 2002 the project will
demonstrate these 200 modules under teleoperated
control. The goal for PolyBot G3 is to show 200 modules
using robust autonomous locomotion, manipulation, and
reconfiguration.
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