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Abstract. Metamorphic robots are modular robots that can reconfigure their shape. Such capability is desirable in
tasks such as earthquake search and rescue and battlefield surveillance and scouting, where robots must go through
unexpected situations and obstacles and perform tasks that are difficult for fixed-shape robots. The capabilities of the
robots are determined by the design specification of their modules. In this paper, we present the design specification
of a CONRO module, a small, self-sufficient and relatively homogeneous module that can be connected to other
modules to form complex robots. These robots have not only the capability of changing their shape (intra-robot
metamorphing) but also can split into smaller robots or merge with other robots to create a single larger robot (inter-
robot metamorphing), i.e., CONRO robots can alter their shape and their size. Thus, heterogeneous robot teams can
be built with homogeneous components. Furthermore, the CONRO robots can separate the reconfiguration stage
from the locomotion stage, allowing the selection of configuration-dependent gaits. The locomotion and automatic
inter-module docking capabilities of such robots were tested using tethered prototypes that can be reconfigured
manually. We conclude the paper discussing the future work needed to fully realize the construction of these robots.
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1. Introduction

Metamorphic robots are robots that can reconfigure
their shape, i.e., intra-robot metamorphing. These
robots are formed and controlled by connecting mod-
ules together and synchronizing their actions. The
capabilities of the robots are thus determined by the
characteristics and functionality of their modules.

Metamorphic robots are useful in applications that
benefit from or require the use of robots with different
topologies. Such a robot may change its shape to adapt
to different tasks or environments. It could become a
snake to travel down a pipe, reconfigure into a hexapod
to climb a slope or into a ball to roll down a hill, or may
transform a leg into a gripper to perform a grasping
operation.

Metamorphic robots have been proposed by a num-
ber of robotics researchers. Fukuda and Kawauchi
(1990) proposed a cellular robotic system to coordi-
nate a set of specialized modules. Yim (1993) studied

how to achieve multiple modes of locomotion using
robots composed of a few basic modules. Murata et al.
(1994) and Yoshida et al. (1997), separately, designed
and constructed systems that can achieve planar mo-
tion by arranging modules. Pamecha et al. (1997)
described metamorphic robots that can aggregate as
stationary 2-D structures with varying geometry and
that implement planar locomotion. Kotay et al. (1998)
proposed and implemented metamorphic robots based
on a module called the “robotic molecule”. Nilsson
(1998) designed and implemented a torsion-free joint
for modular snake-like robots. Fujita et al. (1998)
built a biologically inspired reconfigurable robot.
Paredis and Khosla (1995) proposed modular compo-
nents for building fault tolerant multipurpose robots.
Neville and Sanderson (1996) proposed a module
for the dynamic construction of complex structures.
Farritor et al. (1996) studied the application of genetic
algorithms to the generation of task-oriented heteroge-
neous metamorphic robots.



310 Castano, Shen and Will

Figure 1. Basic shape of a CONRO module.

An objective of the CONRO project is to design
metamorphic robots with inter-robot metamorphing ca-
pabilities, i.e., a change of shape that results in the cre-
ation or merging of individual robots. The basic shape
of the CONRO modules is that of three segments con-
nected in a chain, as shown in Fig. 1. The extremes of
each module have connectors (one on each shaded face)
that allow it to connect to other modules. A set of these
modules can be connected together to make complex
robots like the hexapod and snake shown in Fig. 2. A
new robot is created when a large robot releases some
of its modules for this purpose. Similarly, two inde-
pendent robots merge when they link their modules to
create a single larger robot.

Robots with inter-robot metamorphic capabilities
are useful in applications that require robots of different
sizes or tasks for which there is not a clear preference
for a single large robot or a group of small robots. In
these tasks, the creation of a robot requires the split of
a large robot into two smaller robots. Thus, a single
robot can function both as a large robot and later as a
small robot by activating only one of the robots cre-
ated after the split. For example, in a surveillance (or
rescue) mission, a large robot is required to travel to

Figure 2. A hexapod and a snake CONRO robots.

a designated location in a reasonable amount of time.
Then, this robot may create a small robot that can ap-
proach an objective without being noticed (or can step
onto unsettled rubble). After the task is performed the
small robot may re-attach itself to the large robot. This
functionality is analogous to that of marsupial robots,
in which large robots carry small robots to the locations
where the small robots are needed.

Inter-robot metamorphing also allows a large robot
to split into a number of small robots offering a tradeoff
between the characteristics of a single large robot (e.g.,
high payload capacity) and those of a group of small
robots (e.g., low payload capacity, able to perform sim-
ple tasks in parallel). For example, a group of small
robots may explore, in parallel, a large area (e.g., the
surface of a planet or a mine-field). When they finish,
they might merge into a single large robot capable of
carrying the tools needed to examine the discoveries
made during the wide-area search.

Metamorphic robots offer a new vision where large
scale results may be accomplished by the coordinated
actions of a large number of small modules. Metamor-
phic robots with inter-robot metamorphing capabilities
take this vision even further, adding variable-size and
single/multiple robot capabilities to the robots, but now
the system requires the coordinated action of individ-
ual robots at both the micro and macro scales. At a
micro scale, the coordinated actions of the individual
modules generate robot gaits and reconfigurations. At
a macro scale, the coordinated actions of the individ-
ual robots generate actions of the robots as a group.
The coordination of these actions, at both micro and
macro level, lies in the domain of the control of dis-
tributed systems. In particular, the control of a group
of CONRO robots can be seen as the control of a dis-
tributed system (the set of independent robots) where
each robot is itself a distributed system (the set of in-
dependent modules). All the communication, control,
actuation, and sensing capabilities that are required to
make the overall system work are based on the design
and capabilities of the modules.

The goal of this paper is to describe the process, ex-
periments and results that guided the specific design
of our version of a reconfigurable robot. This paper
is organized as follows. Section 2 identifies and ana-
lyzes the capabilities required for a robot to be able to
support both intra and inter-robot metamorphing.
Section 3 describes our approach to design a module
that can support these capabilities. Section 4 describes
two CONRO robot prototypes used as test-beds for
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actuator selection and development of gait and dock-
ing algorithms. Finally, we discuss the future work
and present our conclusions in Sections 5 and 6,
respectively.

2. Overview of the CONRO Robot

Depending on the situation, a CONRO robot needs to
perform as a standard fixed-size fixed-shape mobile
robot, as a robot with intra-robot metamorphic capa-
bilities or as a robot with inter-robot metamorphic ca-
pabilities. At any given level, the robot must have the
capabilities needed to perform at the lower levels.

At the lowest level of complexity, a CONRO robot
that has adopted a given configuration must be able
to perform tasks that fixed-size fixed-shape robots of
the same configuration can perform (e.g., locomotion,
manipulation). For example, a snake CONRO robot
must be able to perform actions that a similar non-
reconfigurable snake robot performs like locomotion
using a traveling wave gait (e.g., Paap et al., 1996;
Poi et al., 1998) or grasping objects in a plane (e.g.,
Chirikjian and Burdick, 1991). Likewise, a hexapod
CONRO robot must be able to perform actions that
fixed-shape hexapods perform such as forward, back-
wards and sideways locomotion as well as turns. The
difficulties of the design of a modular robot that per-
forms the actions of robots of different topologies are
a reflection of the difficulties of designing the software
and hardware of its modules.

Most modular robots do not have inter-robot meta-
morphic capabilities. An operator decides on a shape
for the robot and arranges the modules by hand; at each
moment, the robot performs solely as a fixed-shape
robot. Non-mobile modular robots (e.g., manipulators)
require modules with sensors, actuators and the sig-
nal and power networks needed to control them. The
control and power can be supplied by external sources
(e.g., Schonlau, 1999; Will and Grossman, 1975). Un-
tethered mobile modular robots like CONRO cannot be
connected to an external source. They must either carry
their CPU and power supply (e.g., Fujita et al., 1998) or
be controlled and powered using wireless technologies.

At the next level of complexity, a CONRO robot
with intra-robot metamorphic capabilities must be able
to rearrange its modules into different configurations.
This capability allows the robot to change its shape
and provides a self-repairing mechanism by allowing
it to dispose of a damaged module and either replace it
with a spare or reconfigure to a new shape that requires

fewer modules. Unlike most reconfigurable robots that
change their shape by either sliding modules along their
neighbors or rotating modules about their neighbors, a
CONRO robot moves its modules to non-adjacent po-
sitions by extending a chain of modules and docking
the module at the extreme of the chain onto a connector
of another module. The robot must have software and
hardware adequate to perform this version of the peg-
in-a-hole problem. This type of reconfiguration allows
the robots to separate the locomotion and reconfigura-
tion actions. CONRO robots do not need to reconfig-
ure in order to move. Instead, they may reconfigure
and then select a gait suitable for the particular config-
uration.

The number of possible configurations is deter-
mined, in part, by the number of connectors of the
modules, as shown in Fig. 1. The connectors must be
identical and symmetric to allow any module to con-
nect to any other module. Two connectors per module
(i.e., one at each extreme of the module) allow the con-
struction of linear structures such as snakes. The con-
struction of structures with “branches” requires the use
of multiple connectors per extreme. For example, the
hexapod shown in Fig. 2 can be built using modules
that have one connector at one extreme and three con-
nectors on the other because no extreme of any module
of the hexapod has more than three points of contact
with other modules. The maximum number of connec-
tors per extreme for a cubic structure such as that used
by our modules is five (Chen and Burdick (1995) have
also considered modules with this type of connector).

At the highest level of complexity, a CONRO robot
with inter-robot metamorphic capabilities must be able
to split itself to create two different robots or merge with
a similar robot to create a single larger robot. There-
fore, the design of the modules must guarantee that a
split of the robot will not lead to a brain-less or power-
less robot. The merging operation places two additional
requirements on the robot. First, a robot must be able to
communicate remotely with another robot to request or
agree on a merging operation and therefore, the robot
must have some type of wireless communication. Sec-
ond, to initiate the merging, a robot must be able to
generate a beaconing signal to guide the other robot
toward it, from a distance.

3. Design of the CONRO Modules

In this section we present our approach to design a mod-
ule that can support the capabilities of the CONRO
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robot described in Section 2. This approach defines
the general characteristics of a module in terms of its
level of self-sufficiency, autonomy and homogeneity,
its size and its remote sensing capabilities. The results
of our analysis call for a totally self-sufficient module,
with a basic level of autonomy, a basic level of homo-
geneity, miniature in size and with remote sensing and
communication capabilities supported by infrared (IR)
transceivers.

3.1. Self-Sufficiency and Autonomy

Our use of the terms self-sufficiency and autonomy
makes a distinction between the hardware and soft-
ware components of a mobile robot. We use the term
self-sufficientrobot to mean a robot with the necessary
on-board hardware capabilities to allow it to operate
untethered. For example, a mobile robot that has an
on-board CPU, power supply, sensors and actuators is
a self-sufficient robot. Other examples are untethered
mobile robots that are controlled by a remote host using
wireless communication or are powered using wireless
transmission of energy. We use the termautonomous
robot to mean a robot (not necessarily mobile) that is
able to execute tasks without having a human in the
loop, i.e., a robot with the software necessary to allow
it to perform some tasks automatically. The complex-
ity of these tasks determines the level of autonomy of
the robot. For example, a robot able to avoid collisions
while it is being guided manually to travel to a location
A has a lower level of autonomy than a robot able to
travel to the location A without being guided explicitly.

With respect to the hardware, a module that supports
inter-robot metamorphing must guarantee that robots
created from a split operation will be self-sufficient. In
the simplest split operation, a robot may split a single
module. Hence, a single module qualifies as a robot
and thus, the module itself must be self-sufficient: it
must have its own CPU, power supply, and have control
over its sensors and actuators. Of these components,
the most difficult to incorporate into a module is the
power supply because of its size and weight. Unfortu-
nately, designs of battery-less self-sufficient modules
(e.g., using wireless transmission of energy or solar
power) would have serious power efficiency problems.

With respect to the software, the on-board proces-
sor must give the module autonomy with respect to
its local operations. Because a module has exclusive
control over its actuators and sensors, other modules
of the robot must be able to communicate with it to

either request motions or query its sensors. The mod-
ule must also be autonomous with respect to reactive
behaviors because there is no time for deliberations
between modules due to constraints of resources such
as the low bandwidth and high traffic of the network.
The global control of the robot needed for deliberative
tasks can be achieved using centralized control or dis-
tributed control. A local centralized control uses the
CPU of a module as a master computer and the CPUs
of all the other modules of the robot as slaves. A re-
mote centralized control uses a remote host with large
computational capabilities to play the role of the master
module. A distributed control is based on the collab-
oration of agents local to each module. The design of
the module makes no assumptions about the type of
global control used.

3.2. Level of Homogeneity

Reconfigurable robots are classified as homogeneous
or heterogeneous depending on whether or not they use
a single type of module. Heterogeneous modules are
designed for a specific function that determines their
final positions in the robot, e.g., a limb module, a head
module, a power module (Farritor et al., 1996; Fujita
et al., 1998). Homogeneous modules are generic and
their position in the robot determines their function.
Examples of homogeneous robots are snake robots
(e.g., Paap et al., 1996; Poi et al., 1998), some planar
robots (e.g., Pamecha et al., 1996), and lattice-based
robots (e.g., Kotay et al., 1998; Murata et al., 1994,
1998). We now discuss the costs of the level of homo-
geneity of a module associated with the hardware and
software of both the module and the robot. These costs
are summarized in Table 1.

Cost of module hardware.A homogeneous module
requires a single design, manufacturing and assembly
process. A set of heterogeneous modules requires many
designs and a manufacturing and assembly process for
each design. Usually, modular robot designers have
opted for a middle ground between design/manufac-
turing complexity and economic/time costs where the
robot is heterogeneous but the number of different mod-
ules is restricted to only two or three. In the case of the
CONRO modules, they must have, at least, a basic level
of homogeneity that guarantees self-sufficiency: they
must have a CPU, battery, actuators, communication
capabilities and connectors.
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Table 1. Tradeoffs between homogeneous and heterogeneous module design.

Homogeneous (1 type of module) Heterogeneous (N types of modules)

Module

Hardware 1 design/manufacturing process N designs/manufacturing processes

Software 1 large generic program N small specific programs

Robot

Hardware Large size, weight, power Small size, weight, power

Software Easy reconfiguration/self-repair Complex reconfiguration/self-repair

Cost of module software.In the CONRO case, where
each module is autonomous and runs a local control
program, the issue is whether to design a large pro-
gram for a homogeneous module or to design several
small programs for specific heterogeneous modules.
Since some functions of all modules overlap (e.g.,
status, communication) and given the need to support
the hardware associated with module self-sufficiency,
the code for a heterogeneous module is not necessar-
ily significantly smaller than the code for a homoge-
neous module. Therefore, the cost of code develop-
ment, debugging and maintenance appears to favor a
single generic program as used in a homogeneous mod-
ule over a number of comparable-size specialized pro-
grams as required for heterogeneous modules.

Cost of robot hardware.A small increase in module
size to accommodate in a homogeneous module all the
functions that a set of heterogeneous modules have,
translates into a large increase in robot size, weight
and power requirements. The effect of this growth can
be analyzed by considering the number of modules that
a given module can lift as a parameter of design. As
the module grows larger, the number of modules that
its actuator can lift is reduced and so is the possibility of
using the module to form complex three-dimensional
robots. Thus, to maximize the number of modules that
a single module can lift, the module must be as small
as possible. A middle ground between having a large
homogeneous robot and a small heterogeneous robot
is to divide the components that we would like the mod-
ule to have according to whether or not they are needed
to preserve its self-sufficiency. Any components not re-
quired to preserve it (e.g., GPS, antennas, etc.) will not
be part of the module and will be either piggy-backed
on a particular module or carried by the robot as a load.

Cost of robot software.The reconfiguration and self-
repair operations need to take into account the type of

modules of a robot and their positions in the current
configuration. These operations are simpler to perform
in a homogeneous robot, where any module can replace
any other module, than in a heterogeneous robot, where
specialized modules can only be replaced by identi-
cal specialized modules. The reconfiguration costs of a
heterogeneous robot are also high in terms of algorith-
mic complexity and reconfiguration time: the recon-
figuration of a heterogeneous robot is bound to require
many more intermediate reconfigurations than that of
a homogeneous robot.

3.3. Module Size

The size of the module is selected to increase as much as
possible the ratio of actuator torque to module size. We
recall the physics fundamentals involved in this ratio
and relate them to a simplified version of a module, as
shown in Fig. 3. We consider two modules: module
A has dimensionsL ×W× H and module B, a scaled
version of module A, has dimensionsLk×Wk× Hk
for k < 1. Their volumes are

VA = LW H, VB = VAk3.

Let the modules have a homogeneous densityδ. Then,
the masses of the modules are

MA = VAδ, MB = MAk3.

Let the modules have only one actuator located at the
center of the module and let one segment of the module
be fixed to the horizontal plane. We consider motions
of the free segment in the horizontal and vertical planes.
In the first case (Fig. 3(a)) the actuator must overcome
the friction of the horizontal plane. The magnitudes of
the torques needed by modules A and B to move the
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Figure 3. Actuator rotating segment of module under the presence of (a) friction, (b) gravity.

free segment are

τA = MA

2
gµs

L

4
, τB = MAk3

2
gµs

Lk

4
(1)

whereµs is the static coefficient of friction of the hori-
zontal plane andg is the acceleration due to gravity. In
the second case (Fig. 3(b)) the actuator must overcome
the force of gravity. The magnitudes of the torques
needed by modules A and B to lift the free segment are

τA = MA

2
g

L

4
sin(α), τB= MAk3

2
g

Lk

4
sin(α) (2)

whereα is the angle of pitch of the segment with re-
spect to the vertical plane. Therefore, in both cases,
the scaling of the module reduces the magnitude of the
torque required to move the free segment by

τB

τA
= k4.

The scaling of the module also reduces the rotational
inertia of the segment about the axis of the actuator.
Approximate the segment by a thin rod. Then, the rota-
tional inertias about the axes of the actuators of modules
A and B are

IA = MA

2

(L/2)2

3
, IB = MAk3

2

(L/2)2k2

3
.

Therefore, the scaling reduces the rotational inertia by

IB

IA
= k5.

The scaling of the module is limited by the power
consumed by the electronics, the time that we want the

module to work, the weights and sizes of the actuators
and batteries available and the number of modules that
the actuator must be able to manipulate. For the fol-
lowing discussion we define some design parameters
that will help us define a lower bound on the scale fac-
tor k. Let the average power consumed by the module
be

P̄m = P̄e+ P̄a (3)

whereP̄e and P̄a are the average powers consumed by
the electronics and the actuator (and its associated cir-
cuitry), respectively. Let the total weight of the module
be

Wm = We+Wb+Wa (4)

whereWe, Wb andWa are the weights of the electronics,
the batteries and the actuator, respectively. Lett be the
period of time that we want the module to be able to
operate before replacing or recharging the battery. Let
the electronics and actuator be rated at a voltageV . Let
n be the number of modules that we want the actuator
to manipulate (Fig. 4 shows the case forn = 1).

Two inequalities limit the scale factork. First, the
battery must have a current delivery capacityCb greater
or equal to that needed to supply the required average
power P̄m at the rated voltageV for a given period of
time t , i.e., the capacity of the battery must satisfy

Cb ≥ Cm = P̄m · t
V

. (5)

Second, the torque of the actuatorτa must be greater
than or equal to that needed to handlen modules of
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Figure 4. Actuator rotating segment of module andn additional
modules (n = 1).

weightWm and lengthLm, i.e., the torque of the actu-
ator must satisfy

τa ≥ τm = Mm(1+ 2n)

2
g

Lm(1+ 2n)

4

= WmLm
(1+ 2n)2

8
. (6)

This torque is the maximum torque that the actuator
might need to deliver continuously and can be obtained
from either Eq. (1) or (2) by settingµs = 1 orα = π/2,
respectively. These two inequalities restrict the possi-
ble modules to the set that can physically contain these
batteries and actuators and bound the scale factork be-
cause the module cannot be smaller that the smallest
member of this set.

Given a specification of the module in terms of time
of operationt and number of modules to handlen, we
use Eqs. (5) and (6) to search for a combination of
actuator and battery that satisfies the inequalities. The
result provides the starting point for a detailed design
of the module where the generalizations and simplifi-
cations can be removed.

Table 2. Characteristics of some MicroMo coreless DC motors and gearheads.

Actuator Maxτi Kτ N : 1 η (%) Max τa La (in) Wa (oz) τm τi Cm (mA-h)

0816-08/1 0.02 0.467 4 90 8.5 1.0 0.22 2.9 0.8 3450

0816-08/1 0.02 0.467 1024 55 8.5 1.4 0.34 5.8 0.01 62

1016-10/1 0.07 0.426 4 90 0.7 1.0 0.44 5.15 1.43 6730

1016-10/1 0.07 0.426 16 80 2.1 1.1 0.48 6.1 0.47 2220

1016-10/1 0.07 0.426 64 70 7.6 1.2 0.51 7.0 0.15 720

1016-10/1 0.07 0.426 256 60 14.2 1.4 0.58 9.2 0.06 300

1016-10/1 0.07 0.426 1024 55 14.2 1.5 0.62 10.5 0.02 110

1016-10/1 0.07 0.426 4096 48 14.2 1.6 0.69 12.3 0.006 50

Example. Suppose that we want to build a CONRO
module with the following parameters:V = 6 volts,
P̄e = 60 mW,We = 0.01 oz,t = 2 hours andn = 4
modules. Using Eqs. (3)–(6) we find that the capacity
and torque equations that we need to satisfy are

Cb ≥ Cm = (0.06+ P̄a)

3
Ah. (7)

and

τa ≥ τm = 10.1(0.01+Wb+Wa)Lm oz-in. (8)

Let us assume that the only batteries available are size-
10 1.4-volt zinc-air hearing-aid batteries. These batter-
ies have a capacity of 70 mAh, weight 0.012 oz and their
diameter and height are 0.23 and 0.14 in, respectively.
Let us assume that the only 6 volt actuators available are
the MicroMo coreless DC motors described in Table 2.
The columns of this table are the name of the motor
and its gearhead, the maximum continuous torque of
the motor, its torque constantKτ , the reduction ratioN
of the gearhead, its efficiencyη for this particular ratio,
the maximum continuous torque that the gearhead can
provide for this particular ratio and the lengthLa and
weight Wa of the actuator. The torques are expressed
in oz-in and the motor constant in oz-in/A. The values
in the last three columns are tailored for the example
and will be explained shortly.

Since we are using a combination of motor and gear-
head as the actuator, we need an additional equation to
verify that the motor can provide the required torque.
The motor torque has to be smaller that the maximum
torque that the motor can provide:

maxτi ≥ τi = τa

ηN
oz-in (9)

whereτa is the actuator torque, i.e., the torque at the
shaft of the gearhead. Also, since the average power
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consumed by the actuator is

P̄a = Vτi

Kτ W

then we can rewrite Eq. (7) as:

Cb ≥ Cm = 0.02+ 2τi

Kτ

Ah. (10)

Any module that satisfies Eqs. (8), (9) and (10) can be
used as a starting point for the design of the module.

As an example of how this analysis may be used,
consider the smallest actuator available and the small-
est battery capable of providing 6 volts. We use a stack
of five size-10 batteries for a total voltage of 7.0 volts, a
current delivery capacity ofCb = 350 mA-h, a weight
of Wb = 0.06 oz and a battery height ofLb = 0.7
in. We assume that the voltage of the stack has a flat
discharge curve around 6.0 volts. Selecting the 0816-
08/1 actuator with a 4 : 1 gearhead reduction ratio we
find that La = 1.0 in, Wa = 0.22 oz and the maxi-
mum torques of the motor and the gearhead are 0.02
and 8.5 oz-in, respectively. Let the components of the
module be organized as shown in Fig. 5. The actuator
torque is transfered to the center of the module using
bevel gears as shown in Fig. 5(a). Figure 5(b) shows
the actuator lifting its free segment (the gears are not
shown). According to our arrangement of the module,
Lm ≈ max(La, Lb) = 1.0 in.

The evaluation of Eqs. (8), (9) and (10) indicates
whether this combination of battery and actuator satis-
fies the requirements of the module. The first inequal-
ity,

τa ≥ τm = 10.1(0.01+ 0.06+ 0.22)1.0= 2.9 oz-in

Figure 5. Top and orthographic views of a possible module (gears
removed).

is satisfied because the gearhead can provide up to 8.5
oz-in of torque. The second inequality,

maxτi ≥ τi = 2.9

0.9 · 4 = 0.8 oz-in

is not satisfied because the motor can provide only a
maximum torque of 0.02 oz-in. The third inequality,

Cb ≥ Cm = 0.02+ 2 · 0.8
0.467

= 3450 mAh

is not satisfied because the batteries have a capacity
of only 350 mAh. Thus, this particular configuration
would not be appropriate. These values for several
other actuators are tabulated in the last three columns
of Table 2. All the actuators of the table that satisfy
max τa ≥ τm, maxτi ≥ τi andCm ≤ 350 mAh have
their names in boldface and could be used as a starting
point for a detailed design of the module.

The data in Table 2 leads to two conclusions. First,
we cannot reduce the length of the module beyond the
value ofLm for the smallest combination that satisfies
the inequalities, i.e., 1.4 in. This does not necessar-
ily mean that we can make a real 1.4 in long module
that satisfies the requirements; it means that we cannot
make it smaller than 1.4 in. Second, the set of legal
combinations can be reduced using secondary para-
meters, e.g., a constraint on the desired speed of the
actuator.

3.4. Remote Sensing and Communication

A CONRO robot needs communication capabilities to
transfer messages between modules and remote sens-
ing capabilities for docking, when a module needs to
move toward another module. To support inter-robot
metamorphing, we need to provide for a scenario where
modules might belong to two different robots. As we
now show, both remote sensing and communication
can be provided using an IR transmitter and receiver
pair located on the connector. The IR pair serves as a
device for local and remote communication and as a
beacon-sensor pair for docking operations.

There is a physical path between any two modules
of a robot that can be used to extend a communication
network. In the simplest case, each module could pass
messages according to a routing table that describes
the topology of the network. In a more complex case,
the modules do not have a routing table and a message
needs to be broadcast over the entire net to guarantee
delivery. In either case, each module uses its adjacent
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modules to communicate with non-adjacent modules.
Since the points of contact between any two adjacent
modules are their connectors, it is reasonable to give to
the connector the function of the physical communica-
tion interface. We can easily establish the communi-
cation link between adjacent modules using an IR pair
on each connector.

The communication between modules of two inde-
pendent robots must be remote because there is no
physical path between them. A radio link allows the
robots to communicate over large areas. In contrast, an
IR link requires both robots to be within a line of sight,
within the range of the infrared and oriented appropri-
ately with respect to each other. For these reasons, most
untethered mobile robots with wireless communication
use a radio link. However, for the case of the CONRO
robot, where we must handle both the intra and the
inter-robot communication cases, the use of infrared-
based communication is ideal because it works in both
cases. Two robots that need to communicate need only
to aim the connector of one of their modules toward
each other to establish a link. A single IR communi-
cation system fulfills two roles that otherwise would
require different systems.

A module must be able to signal its position and to
guide another module during both intra and inter-robot
docking. The docking operation is similar to the “peg-
in-a-hole” problem: a module A at the end of a chain
of modules is the peg and the hole is on module B
with which we want it to dock. The operation requires
module B to act as a beacon and signal its position
to module A and module A to be able to sense the
position of module B in order to move toward it. These
functions can be carried out by an IR pair where the
emitter of module B serves as a beacon, signaling its
position to module A, and the receiver of module A,
serves as the sensor (see Furuta and Sampei (1988) for
a similar use of lasers). Hence, the same IR pair used
for communication can be used as a beacon-sensor pair
needed during docking.

4. Experimental Prototypes

We have built two modular robots, a snake and a hexa-
pod, to test the actuators and docking algorithms of
a CONRO robot of similar size. Their bodies have
the same structure that a CONRO robot configured as a
snake or hexapod would have and thus, their gaits can
be ported without change. For the docking procedure
we used the same IR pair that the connectors of a
CONRO robot would have.

Figure 6. Prototype control setup.

The control setup of these robots is shown in Fig. 6.
The robots are tethered, controlled from a host run-
ning Linux and powered by an external power supply.
The actuators are RC servos driven by 8-axis servo
controller cards. The control software is composed of
two programs. A low-level program provides an inter-
face to a library of functions, serial port and controller
drivers, synchronization routines, a motion scheduler
and a trajectory generator. A high-level program uses
the interface to specify motions, their speeds or their
duration. These two programs communicate through a
UNIX socket so it is possible to run them on different
computers to take advantage of the processor of each
host or they can run on a single computer for purposes
of portability. A laptop was used to display live video
from the camera of the hexapod or when a user was
controlling either robot directly, using a glove.

The first prototype, shown in Fig. 7 in two different
configurations, is an eight degree of freedom (DOF)
snake. Its weight is 250 g and its length is 515 mm.
The second robot, shown in Fig. 8(a), is a hexapod
with two-module chains for legs, as shown in Fig. 8(b).
These chains can be reassembled manually to form a
fully functional snake robot, a scaled-down version of
the first prototype. The spine of the hexapod is a plat-
form designed to carry an on-board digital camera. The
weight of the hexapod is 500 g.

4.1. Selection of Actuator and Gaits

One of the reasons to build the robots was to verify
that a given actuator was strong enough for a CONRO
module. We wanted the CONRO module to be a two-
actuator module, with pitch and yaw DOF, analogous
to a leg of the hexapod. According to the methodology
that we have outlined, we estimated that such a module
would be about 10 cm long. Thus, the modules of the
two prototypes were designed to be around this length.
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Figure 7. Snake prototype using (a) traveling wave and (b) rolling loop gaits.

Figure 8. Hexapod prototype: (a) moving forwards, (b) leg detail.

The first robot that we built was the snake. Using a
conservative approach, the module of the snake has a
single actuator that allows the snake to move in a plane.
The length of the module is 7 cm which increases the
torque-to-module-weight of the actuator when com-
pared with a 10 cm long module. The actuator, also
selected conservatively, is a Naro Pro GWS RC servo
with a torque of 30.55 oz-in. This actuator is strong
enough to support the traveling wave and the rolling
loop gaits, as shown in Fig. 7(a) and (b) (the robot was
reconfigured manually). These gaits have been imple-
mented in many other hyper-redundant planar robots
(e.g., see Poi et al. (1998), Yim (1993)), and can be
used by a CONRO robot configured as a snake.

The second robot that we built was the hexapod. Its
leg, which has the DOF of the CONRO module that

we want, is 8.8 cm long. The actuators of the legs are
Cirrus CS-21 RC servos with a torque of 23 oz-in. As
shown in Fig. 8(a), these actuators are strong enough to
support hexapod locomotion. The forward, backward
and turns implemented in the prototype can be used by
a CONRO robot configured as a hexapod.

The experience acquired with these prototypes has
been decisive in the design of a CONRO module that
uses RC servos for actuators.

4.2. Docking

A CONRO robot uses a docking operation to recon-
figure at both the intra and inter-robot levels. During
intra-robot reconfiguration, the robot docks its limbs
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with other parts of its body. During inter-robot recon-
figuration, a limb of one of the robots docks with the
body of another robot. In either case, the basic step
for reconfiguration is the process used by a module to
search for a designated location and dock with it.

If module A is going to dock with module B, mod-
ule B must be able to signal its position to module A
and module A must be able to sense this signal. As we
described earlier, the beaconing and sensing elements
of the module are implemented using an infrared diode
(the transmitter or TX) and an infrared photo-transistor
(the receiver or RX) located on the faces of the con-
nectors that are docking.

The docking algorithm has three steps: open loop
phase, closed loop phase and entrapment. The open
loop step moves the modules to a position and pose
where the receiver can sense the signals of the trans-
mitter. The closed loop step moves the receiver toward
the transmitter by maximizing the perceived intensity

of the IR pulses. The entrapment step finalizes the
docking.

As a development platform for this docking algo-
rithm, we modified the snake to allow us to recon-
figure it into a ring by docking its extremes. At both
extremes of the snake we installed IR pairs that dupli-
cate the signal-sensor capabilities of a connector of a
CONRO module and magnets to simplify the entrap-
ment phase.

The first step of the docking procedure is to config-
ure the snake, in open loop, to a position where the
sensor at one extreme of the snake is within range of
the emitter at the other extreme of the snake. We aim the
two extremes toward each other to increase the proba-
bility that the sensor will pick up the pulses from the
transmitter. The positions of the modules{4, 5}, {2, 3,
6, 7} and{1, 8} are set to 36, 45 and 55 degrees, respec-
tively, as shown in Fig. 9(a). The distance between the
IR RX and TX after the open loop motion is finished
is 10 cm. For this particular set up, where the docking
is finalized with the help of magnets, a pure open loop
docking is possible. However, such docking is not very
useful because it does not work in the case where the

modules belong to two robots or when the entrapment
is not executed with magnets, i.e., uncertainties due to
the control, the environment and the model of the mod-
ule cause an accumulation of error that prevent a pure
open loop docking.

The second step of the docking procedure is to move
the extremes of the snake toward each other in closed
loop. We restrict the motions to rotations of the joints of
modules 1, 2 and 3, which are treated as a three-link pla-
nar manipulator. We locate the frame of reference 0 at
the end-effector (the extreme of module 1), as shown in
Fig. 9(a). The connector of module 8 emits light pulses
that can be sensed by the receiver at the end-effector.
The forward kinematics of the three-link chain can be
computed as follows. Let the joint angles associated
with the joints 3, 2 and 1 beθa, θb andθc, respectively,
as shown in Fig. 9(b). Then, the homogeneous transfor-
mation that maps a vector expressed in homogeneous
coordinates with respect to the end-effector frame 0 to
the reference frame of the manipulator 3 is

3A0 =


cosabc −sinabc 0 (n+m)(cosθa + cos(θa + θb))+ n cosabc

sinabc cosabc 0 (n+m)(sinθa + sin(θa + θb))+ n sinabc

0 0 1 0

0 0 0 1


wheren and m are the lengths of the segments of a
module, andabc = θa + θb + θc (Paul, 1981). To
specify the position and pose of the end-effector we
select as variables{X,Y}, the coordinates of the end-
effector, andφ, the angle between module 1 and the
x̂ direction, as shown in Fig. 9(b). Thus, given joint
angles{θa, θb, θc}, the coordinates of the end-effector
{X,Y} as seen from the origin of the manipulator are

X

Y

0

1

 = 3A0


0

0

0

1


and the angleφ is

φ = θa + θb + θc.

The inverse kinematics of the manipulator are deter-
mined by writing{θa, θb, θc} in terms ofX,Y andφ:

θa = tan−1

(
Cy

Cx

)
− tan−1

(
sinθb

1+ cosθb

)
,

θb = tan−1

(
±
√

1− D2

D

)
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Figure 9. Three-link manipulator (a) position in snake after open loop, (b) geometric representation.

and

θc = φ − θa − θb

where

Cx = X ±
√

n2

1+ tan2 φ
, Cy = Y− (X−Cx) tanφ,

D = C2
x + C2

y

2(n+m)2
− 1.

Cx andCy are the coordinates of joint 1.
The feedback signal for the closed loop isVr, the

voltage of the IR receiver, which is proportional to the

Figure 10. Infrared receiver voltageVr versus distance between emitter and receiverd (horizontal scale is not linear).

detected irradiance. To estimate the parameters of the
IR circuits, we placed the receiver and transmitter
facing each other. Figure 10 showsVr as a function of
d, the distance between the emitter and receiver. The
radiance of the pulses of the IR emitter are a function
of the current of the emitter. This current is controlled
with a resistorRe; the lowerRe, the brighter the emit-
ted pulse. The different curves of the graph showVr

for various values ofRe.
We can varyVr by either increasing the radiance of

the emitter or by changing the relative position of the
receiver with respect to the emitter (e.g., varyingd by
moving the receiver toward or away from the emitter).
As Fig. 10 shows, with the given set of resistors the
receiver cannot sense the emitter ifd is greater than
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10 cm. As we reduced, Vr increases until the sensor
saturates; further reduction ofd is not reflected as an
increase inVr. For example, the voltageVr that cor-
responds toRe = 1 kÄ allows us to observe whether
we are moving toward or away from the emitter for
1.5 < d < 3 cm. Since no singleRe allows us to
observe this motion for a large range we are forced to
use different resistors at different moments. If a mo-
tion saturates the sensor, we attenuate the signal of the
emitter by increasingRe. If a motion takes the sensor
so far from the emitter that it cannot sense the light
at all, we reduce the attenuation of the signal of the
emitter by reducingRe.

The following pseudo-code describes the closed loop
algorithm:

Closed-Loop-Approach ()
1 atten← 0
2 Do forever
3 for joint← 1 to 3
4 [Intensity, θjoint] ← sweep ( joint, atten)
5 if Intensity< min
6 atten← Reduce-Atten()
7 if atten< minatten
8 Cartesian-sweep()
9 else ifIntensity> max
10 atten← Increase-Atten()
11 if atten> max
12 break

In lines 3 and 4, we sweep the space about each joint
and search for the angleθjoint that maximizesVr. In
lines 5 to 8, ifVr is so low that the sensor can barely
see the pulses we reduce the attenuation by reducing
the value ofRe. If we cannot reduceRe any further, we
perform a vertical sweep, to recover the signal. In lines
9 to 12, ifVr is so large that the sensor has saturated and
is no longer giving us any information, we increase the
attenuation by increasing the value ofRe. If we cannot
increaseRe any further thend is smaller than 0.5 cm
and the closed loop approach is finished. Figure 11(a)
shows the sweep of joints 1 and 3.

The routineCartesian-sweep is called when the
sensor has lost the location of the light. In this case,
we perform a fine search using joint 1 to sweep along
the vertical line. This routine is not called often and is
used only after searches using the brightest pulses have
failed. The pseudo-code ofCartesian-sweep is the
following:

Figure 11. Closed loop sweeps (a) normal sweep of joints 1 and 3,
(b) positions during Cartesian sweep.

Cartesian-sweep ()
1 Do forever
2 [Intensity, θc] ← sweep (1, atten)
3 if Intensity> min
4 break
5 [X, Y, φ] ← fwd-kinematics (θa, θb, θc, E0)
6 [θa, θb, θc] ←inv-kinematics (X, Y− δY, φ)
7 Move-to (θa, θb, θc)

Line 2 sweeps the space using joint 1 only.sweep
returns the value of the maximum intensity found dur-
ing the sweep and the angle at which this intensity was
reached. Lines 3 and 4 determine if the light was found.
In line 5, if the pulses were not found, we find the
Cartesian position of the end-effector given the current
angles of the manipulator. In lines 6 and 7, we move
the end-effector to a position that is a distanceδY away
from its previous position. Figure 11(b) shows some
positions of a Cartesian sweep, each of them starting at
coordinates{X, Y + nδY, φ} for n integer. The pro-
cess is repeated until the light is found. A legal vertical
range can be used as an exit condition to indicate that
the light could not be found; in such case the docking
procedure fails.

The third step of the docking procedure, entrapment,
uses the fields of permanent magnets located on the
connectors to finalize the docking. As shown in Fig. 10,
the closed loop approach can be used to guide the re-
ceiver toward the transmitter up to a distance of 0.5 cm.
At this distance, the sensor saturates and thus, the IR
pair is useless; the saturation of the sensor is so fast that
using other resistors does not help. However, a distance
of 0.5 cm is small enough for the magnets to enter into
each others’ field and thus, they pull toward each other
finalizing the docking. The magnets, although strong
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Figure 12. Snake reconfiguring into a ring.

enough to finalize the docking, cannot secure the con-
nected modules in place. The CONRO modules will
be secured instead using a locking mechanism based
on a shape memory alloy actuator.

The average time to dock the extremes of the snake
starting from a position where all the modules lie along
a line is 45 secs. Figure 12 shows the prototype exe-
cuting the docking.

The docking algorithm was developed for portabi-
lity to a distributed system. Unless the communica-
tion bandwidth between the modules is large enough
to allow a single module to coordinate the docking,
each module involved in the docking process must be
able to use its own information and cooperate on dock-
ing the chain with the target. We cannot use a con-
ventional approach that would require the solution to
the inverse kinematics of the chain every time a cor-
rection is estimated. Instead, the procedure described
solves the docking problem while minimizing commu-
nication between the modules. The first step, the open
loop phase, requires a master module to direct each
module to a given position. Each module is informed
of its goal position with a single message. The second
step, the closed loop phase, decouples the motion of
each joint. Each module could run the sameclosed-
loop-approach algorithm (after removing line 3)
independently of the other modules. The third step,
entrapment, is independent of the software. The only
moment when there is a need for message passing and
coordination is when the sensor loses contact with the
emitter and the Cartesian sweep routine is called. In
this case, both forward and inverse kinematics need
to be solved and the traffic on the network increases.

However, as discussed before, the Cartesian sweep rou-
tine is seldom called.

5. Future Work

Most of the work performed on the project has been
devoted to the design and construction of the mod-
ules. As the hardware matures, effort will be shifted
to the software component, particularly to the areas
of robot control and the dynamics of morphing. This
control will be studied at the levels of centralized and
distributed control.

Self-reconfigurable robots must know when a new
configuration is needed, what the new shape should
be, and how to transform into a new configuration.
Solutions to such problems require research on inte-
grating information from distributed sensors to form a
global situation assessment, detecting and selecting a
better configuration when needed, and determining a
sequence of actions to perform the transformation.

In parallel with the previous work, we are developing
custom-made components for the module: a miniature
CMOS camera, a symmetric connector, and actuators
based on shape memory alloy and solenoids.

6. Conclusion

We have introduced the design specification of
CONRO, a deployable reconfigurable robot with inter-
robot metamorphic capabilities. We have analyzed
some necessary and desirable capabilities that a robotic
module must have and introduced the CONRO modules
as a possible solution to the technical challenges raised
by the desired capabilities. We have pointed out that the
design and implementation of feasible metamorphic
robots in terms of today’s technology must take into
account some key concepts. Our design calls for self-
sufficient modules with local autonomy, a basic level
of homogeneity, miniature size and with remote sen-
sing capabilities. The module is totally self-sufficient;
it has an on-board CPU, battery, actuators and commu-
nication capabilities. The level of autonomy gives the
module local and exclusive control over its resources.
The basic level of homogeneity of the modules makes
the design and manufacturing processes cost-effective,
adds robustness to the robot in the form of redun-
dancy and simplifies the reconfiguration process. The
miniaturization of the module gives its actuator a high
torque-to-module-weight ratio allowing it to manipu-
late a large number of identical modules. Finally, the
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CONRO modules use an infrared pair for local and re-
mote communication and for docking operations. The
present design and experimental results suggests that
our approach may provide a feasible solution for the
realization of a new class of metamorphic robots.
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