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Title in English

A Modular Robot Architecture Capable of Learning to Move and Be Automatically

Recon�gured

T��tulo en espa~nol

Arquitectura de Robot Modular Capaz de Aprender a Moverse y Ser Autom�aticamente

Recon�gurada

Abstract: Tackling the problem of making a modular robot automatically learn the

movements necessary to locomote in di�erent environments is not an easy task. The

ability of modular robots to have an arbitrary morphology provides an advantage over

usual monolithic robots when moving in di�erent environments. However, being able to

recon�gure also has its problems. Movement control for recon�gurable robots is di�cult

to design and implement. Morphology can also in
uence the sensing capabilities of a

modular robot. Only a few studies include sensor information when adjusting or optimiz-

ing controllers for modular robots. The main contribution of this work is the development

of an architecture that includes a locomotion training framework that enables a modular

robot to move in di�erent environments taking into account sensor information. The

framework is composed of four main parts: a control strategy, a con�gurable environment

approach, an adaptation mechanism and a new modular robot platform: the EMERGE

modular robot. The EMERGE modular robot platform is designed to be easy to be

assembled and can be quickly recon�gured thanks to the magnetic connectors present

in its modules. This in turn enables an external agent, like a robot manipulator to

recon�gure the robot. Results show that well coordinated movements turn out to be very

important for controllers using sensors to improve when being adapted. The mechanisms

inside the controller, for example, decision structures, also play a major part in allowing

a robot to adapt to move in di�erent environments and be improved. Evaluating robots

in reality is a very expensive task and di�erences between simulation and reality also

make robots behave very di�erently. The magnetic connector makes the assembly of an

EMERGE morphology easier but hinders the disassembly process.

Resumen: Resolver el problema de hacer, de forma autom�atica, que un robot modular

se mueva en diferentes ambientes no es tarea f�acil. La habilidad de los robots modulares

de tener morfolog��a arbitraria provee una ventaja sobre robots monol��ticos normales al

moverse en diferentes ambientes. Sin embargo, ser capaz de auto recon�gurarse tiene

sus propios problemas. El control de movimiento para robots modulares es dif��cil de

dise~nar e implementar. La morfolog��a de los robots tambi�en in
uencia la capacidad de

percibir de los robots modulares. Solo contados estudios incluyen informaci�on sensorial

al ajustar u optimizar controladores para este tipo de robots. La mayor contribuci�on

de este trabajo es el desarrollo de una arquitectura de robot modular que hace que este



pueda moverse en diferentes ambientes teniendo en cuenta informaci�on sensorial. Esta

arquitectura est�a compuesta por cuatro partes principales: una estrategia de control,

un modelo de ambiente con�gurable, un mecanismo de adaptaci�on y una plataforma

de robot modular nueva: el robot EMERGE. El robot modular EMERGE, es dise~nado

para ser f�acil de construir y de recon�gurar gracias a sus conectores magn�eticos. Esto

tambi�en posibilita a un agente externo, como un manipulador rob�otico, a recon�gurar

el robot. Los resultados de los experimentos muestran que la buena coordinaci�on del

robot es muy importante para que los controles que usan sensores puedan mejorar. Los

mecanismos internos del controlador, por ejemplo, las estructuras de decisi�on tambi�en

tienen un rol importante al adaptar el robot a diferentes ambientes. Evaluar robots en

la realidad es una tarea muy costosa y las diferencias entre la simulaci�on y la realidad

hacen que los robots se comporten muy diferente. Los conectores magn�eticos hacen que

armar las morfolog��as de m�odulos de EMERGE sean f�aciles de armar, mas no de desarmar.

Keywords: Modular Robots, Coordination, Con�gurable environments, Sensors, Loco-

motion, EMERGE, Automatic Recon�guration

Palabras clave: Robots modulares, Coordinaci�on, Ambientes Con�gurables, Sensores,

Locomoci�on, EMERGE, Recon�guraci�on Autom�atica
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CHAPTER 1

Introduction

Moving through di�erent environments is a task that seems trivial when performed by
many living beings. In general, the majority of living beings we interact with have bodies
that do not change shape, at least in the time scale where locomotion takes place and
depending on the species, and are almost always aware of what tho do when they perceive
an obstacle. Internally, however, livings beings coordinate di�erent body parts when
locomoting. Sensor information travels throughout the body and adjusts this coordination
accordingly. Imagine now that instead of a living being, a robot is trying to move through
di�erent environments, but this robot can have any shape and any sensor distribution. The
robot still has to coordinate all its parts and integrate information from all its sensors.

This is the case of modular robots. A modular robot is a multi-robot system that
encapsulates part of its functionality in basic units called modules. By joining modules
together, in di�erent ways, di�erent robot morphologies can be built. The ability of mod-
ular robots to have an arbitrary morphology provides an advantage over usual monolithic
robots when moving in di�erent environments [113].

However, being able to recon�gure also has its problems. The control of movement
for recon�gurable robots is di�cult to design and implement. For example, a robot in a
quadruped con�guration moves its limbs in a way that is not very useful when the robot
recon�gures into a snake. Past studies in modular robot locomotion have concentrated in
designing control strategies that cope with the recon�guration ability of modular robots
[113]. Yet, only few of them include sensor information when adjusting or optimizing
controllers. Sensing obstacles plays a very important role in generating and adapting
movements for traveling through di�erent environments. This can be observed in the
plethora of sensor arrangements and systems that are found in living beings.

Yoneda et al [135] use real valued genetic algorithms to evolve controller parameters
for simulated modules attached trough actuated springs to each other. The modules are
in a ring con�guration and must travel to a light source, that each module can sense
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with its own light sensor. Zahadat et al [140] evolve controllers based on Fractal Gene
Regulatory Networks (FGRN) that can react to changes in the environment. Fitness is
computed based on distance to two individual target goals where the simulated robotic
system must arrive to, using locomotion movements. Even if these works consider mod-
ular robots with sensors, they do not examine the in
uence of sensor signals in module
coordination and only use one morphology for testing, which is important as di�erent
modular robot morphologies can have di�erent sensing capabilities. Rossi et al [94] make
this in
uence explicit by including a term in the control of inter-module joints and also
tests in di�erent morphologies. In [94] they evolve sinusoidal controller parameters for
di�erent con�gurations of a modular robot with sensors on one of its modules. However,
only one module is �tted with two proximity sensors, called \head" module. Evolution
tunes the in
uence of the \head" module sensors readings in the output of all modules
sinusoidal controllers. Furthermore, only Zahadat et al work with realistic modules, and
none consider communication among modules.

Besides, several works that involve modular robots learning to locomote, including the
ones described, most often than not use simple environments [18, 19, 24, 52, 66, 67, 85,
103, 111, 119, 120, 121, 136, 137, 138, 140], like 
at surfaces and isolated obstacles. Few
studies use rough terrains, made by randomly adjusting the height of parts of the terrain
[28] and only some employ environments with multiple features[123].

This work proposes a locomotion training framework that enables a modular robot to
move in di�erent environments taking into account sensor information. The framework
is composed of four main parts: First a control strategy, which includes a coordination
mechanism that uses communication to coordinate neighboring modules, a sensor infor-
mation handling mechanism, that aggregates and �lters sensor signals coming from all
modules, and a decision mechanism which explicitly de�nes the behavior of the coordi-
nation mechanism based on the outputs of the sensor information handling mechanism.
Second, a con�gurable environment approach, which allows the controller to be tested in
di�erent environments with di�erent features. Next, an adaptation mechanism to adapt
the controller to the di�erent features of the environment. And �nally a new modular
robot platform: the EMERGE modular robot. The EMERGE modular robot platform is
designed to be easily assembled and can be quickly recon�gured thanks to its magnetic
connectors.

The locomotion training framework is part of the main purpose of this work: de�ne
a modular robot architecture capable of learning to move according to the environment
and be automatically recon�gured. In this respect, this dissertation concentrates on the
following objectives:

To characterize the di�erent ways modular robots can learn by doing a
literature review. The basic concepts of modular robots, their control and learning
strategies used are reviewed (Chapter2). Movement control for recon�gurable robots is
di�cult to design and implement. Deciding when to use speci�c movements is not trivial
when changing con�gurations. Most existing automatic controller generation strategies
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have only made robot morphologies move in 
at surfaces with simple obstacles. Sensor
information has also been greatly ignored and only few works study the in
uence of sensor
information in the automatic generation of controllers, in very basic settings.

To de�ne a learning model to enable a modular robot to learn to move by
itself in di�erent con�gurations by using a learning technique. A coordination
mechanism using CPG, a way to aggregate and �lter sensor information being communi-
cated among modules, as well as an ANN decision mechanism, are de�ned and used as
a basic control strategy for the model. A con�gurable environment model is introduced
as a mechanism to train in di�erent features of structured environments. Evolutionary
algorithms are used as an adaptation technique to train the robot controller to move in
the di�erent environment features. All this parts comprise a locomotion training frame-
work that enable a modular robot to learn to move. Modular robots using the de�ned
locomotion training framework (Chapter 3) are expected to generalize in environments
that possess the same features in di�erent arrangements.

To de�ne an automatic recon�guration strategy for a speci�c type of mod-
ular robot. Taking advantage of the fast connection feature of the passive magnetic con-
nectors of EMERGE modules, a method for assembling and disassembling modules using
an external robot manipulator is proposed as a practical alternative to self-recon�gurable
robots and manual recon�guration systems (Chapter 4). This is specially useful in chain
type modular robots like EMERGE, where self-recon�guration is limited due to kinematic
restrictions. For this purpose a force analysis of the magnetic connectors of EMERGE in
regard to the recon�guration process is performed and a proof of concept test is carried
out using real industrial manipulator arms.

To test the movement learning model proposed and the automatic recon-
�guration strategy in a modular robot hardware with a limited number of
DOF. The locomotion training framework is tested in simulation and in reality (Chapter
5). Controllers are evolved in simulation using di�erent approaches that include the use
of previously generated seeds with well coordinated movements. Di�erent morphologies
built using EMERGE modules are used for these tests. The con�gurable environment
approach is used to measure the generalization ability of the robots, �rst for controllers
without sensors and later for controllers with sensors. The best controllers obtained in
simulation are transferred to reality and a small evolution experiment is also performed
directly in the real EMERGE modules.

The main contribution of this work is the development and testing of an architecture
including a locomotion training framework to enable a modular robot to learn to move in
di�erent environments. This framework is used to train controllers capable of integrating
sensor information in a distributed way and for which the control model is de�ned. A
con�gurable model of the environment that can show di�erent features to an adaptation
process in a controllable way is also proposed and tested [75]. A new modular robot
prototype designed to be easily built and open for anyone to use and modify, the EMERGE
modular robot, is also proposed and described in this work [77]. A recon�guration strategy
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for EMERGE modules using an external robotic manipulator is also de�ned [73]. The
remainder of this work is organised as follows:

Chapter 2 provides a look into the literature of modular robots, the most represen-
tative prototypes to date, existing control strategies and their problems when used for
learning to move in di�erent environments. Chapter 3 introduces the locomotion training
framework that enables a modular robot to move in di�erent environments. Each part is
explained using a simple modular robot with sensors. Chapter4 describes the new modular
robot platform and the automatic recon�guration strategy designed. Chapter 5 describes
experiments performed to test the capabilities of the locomotion training framework in
simulation and in reality. Finally some conclusions and future work are outlined.



CHAPTER 2

Basic Concepts

2.1 Introduction

Search and rescue missions, space exploration, and similar tasks sometimes are performed
in situations and environments that are harsh, or even completely inaccessible, to humans.
Robots are designed as tools for helping humans to explore such environments. While
exploring these kinds of environments, robots encounter di�erent kinds of obstacles. One
possible solution to enable robots to avoid obstacles is to use remote control. However,
di�erent factors like distance or control signal interference demand robots to have some
level of autonomy, ideally working in a completely autonomous way. Di�erent sponsored
competitions and challenges have been devised with the idea of developing a completely
autonomous robot [47].

The morphology of a robot determines its capacity to explore di�erent environments
(to move in di�erent conditions). In other words, a robot with wheels can move in a
speci�c set of environmental conditions, di�erent from those where robot with tracks or
limbs can move. Most of the time, a robot is designed without the possibility of changing
its form, but including di�erent ways of moving that can tackle di�erent kinds of terrains
[12]. A modular robot is a multi-robot system that encapsulates part of its functionality in
basic units called modules. Di�erent robot morphologies can be built by joining together
a prede�ned number of modules. The ability of modular robots to have an arbitrary
morphology provides an advantage over usual monolithic robots when moving in di�erent
environments [113].

For example, a modular robot system can adopt a wheel con�guration to move very
quickly in 
at surfaces [ 96] and become a quadruped when facing environments containing
small obstacles and uneven terrains. Changing the morphology of the system can be
achieved by the modules themselves or by an agent external to the modules. However,
being able to recon�gure has its problems. Movement control for recon�gurable robots is
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di�cult to design and implement. For example, a robot in a quadruped con�guration uses
movements to move its limbs, which are not very useful when the robot rearranges itself
into a snake con�guration. Control mechanisms that can cope with the recon�guration
ability of modular robots have been designed and tested in several prototypes [113].

Morphology can also in
uence the sensing capabilities of a modular robot. Sensing
obstacles plays a very important role in generating and adapting movements for trav-
eling through di�erent environments. This can be observed in the plethora of sensor
arrangements and systems that are found in living beings. In monolithic robots, sensor
information usually travels from the sensors to the controllers in order to be used. Since
the robot is not designed to change its morphology, the receiving controller can interpret
the sensor position without trouble. In recon�gurable modular robots, any sensor infor-
mation generated by a module can be di�cult to handle as its position and orientation can
vary from morphology to morphology, thus the spatial meaning of a sensor can change.
A mechanism for handling sensor information that is capable of coping with this spatial
meaning issue is also required in order to let a robot move through di�erent environmental
conditions.

In this chapter, the basic concepts of modular robots are introduced. First, the main
features of modular robots are presented, including an analysis of some modular robot
prototypes that have been used in locomotion tasks. Second, a short review is presented
about the strategies that have been developed for controlling modular robots, which are
the base for the control strategy proposed in this work. Finally, some control techniques
for solving the problem of automatically generating controllers are also presented.

2.2 Modular Robots

Modular robots have an advantage over monolithic robots when traveling through dif-
ferent environments, since they are able to change their morphology to avoid obstacles,
move in uneven terrains or simply enter previously inaccessible places. Modular robots
are mechanically connected compositions of autonomous devices, called modules, which
encapsulate part of their functionality [ 113]. Identical modules are easy to produce and
can be assembled in various con�gurations leading to di�erent robot morphologies (Figure
2.1). These robot morphologies are bigger and can achieve more complex tasks than in-
dividual modules [49]. Depending on the speci�c system, modules are likely to have their
own processor units, sensors, actuators and means of communication with other modules.

Initial modular robots research was concentrated on developing the mechanical compo-
nents of its modules. Fukada and Kawauchi, for example, developed a cellular distributed
robot (CEBOT [ 29]) inspired on rapid CNC tool interchangers in the eighties. In the
nineties, Chirikjian [ 15], Murata [ 83] and Yim [128] developed modular robot systems
based on lattice structures and modules with simple actuators.
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Figure 2.1. Modular Robot

Later, research has focused more on developing distributed algorithms for control
and dynamic self-discovery of module topologies [69, 100]. Other works concentrated
on stochastic assembly and simulation of thousands or even millions of modules. More
recently, research about module designs, comprising modules with mobile capabilities[25]
have appeared as well as modular robot systems that can perform high level tasks [50].

Modular robots are often designed to have one or more of the following features:

� Re-usability and recon�gurability: Re-usability is achieved by means of modularity
[70]. It is cheaper to use the same materials by recon�guring similar parts, rather
than making a completely new solution to the same task.

� Self-recon�guration and self-assembly: While manual assembly and disassembly have
been used extensively [68, 28] to recon�gure modules, it requires an operator, which
reduces autonomy. A self-recon�gurable modular robot can change its modules as-
sembly con�guration by itself [ 81].

� Scalability: Scalability is often di�cult in mechanical systems but can be easily
achieved by using modules [81]. Modular robot systems are, in theory, capable of
adding up functionality by increasing the number of modules.

� Robustness and Reliability: Modular self-recon�gurable robots could react to failure
in one or more of its modules by rearranging the whole structure or simply by
disconnecting the malfunctioning module from the others [98]. Robots could also
replace the malfunctioning module with a new one [27]. Modular robots that are
reliable and robust are, however, still far from being implemented pratically in real
hardware.

2.2.1 Types of Modular Robots

Modular robots can be either homogeneous (all their modules share the same design and
features) or heterogeneous (there are di�erent types of modules with di�erent actuation
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and sensing capabilities) [81]. A more meaningful way of classifying modular robots is
based on their recon�guration capabilities. There are three types of recon�guration in
modular robot systems: Lattice-based and chain-based, as established by Yim et al. [131],
and mobile based (Figure2.2).

� Chain-type: Chain-type modular robots can form, as the name implies, chain like
structures when attached to each other. Chains of modules can attach to other
chains in relatively arbitrary positions depending on the connector type. Limbed
con�gurations, like, arms, legs, or tentacles, formed by modules, can be used for
locomotion and manipulation tasks. Self-recon�guration is di�cult in chain based
modular robots due to the arbitrary position of the connections that can be formed
[81], and the many DOFs (Degrees of Freedom) that the robot system can potentially
have. Chain-type modular robots have a good power-weight ratio with few actuators.
Some chain type modular robots have only one degree of freedom per module, which
does not stop them from reaching any point in space [33], for example, by bending
themselves (Figure2.2a).

� Lattice-type: Latticed-based modular robots are capable of aligning themselves into
periodic, and almost always symmetric con�gurations. Lattice based modular robots
are usually self-recon�gurable due to the periodic nature of the positions that mod-
ules can take, i.e. every step used to go from a given con�guration to another is
already well de�ned [131]. Each module is concerned only with the nearest position
along the lattice rather than with all the arbitrary positions a chain-based mod-
ule can achieve, thus better abstractions can be used than with chain-based modules
[131]. Lattice restricted movements are also a disadvantage, because modules cannot
reach anything outside of the lattice structure (Figure 2.2b).

� Mobile-type: Mobile-based modular robots recon�gure by freely moving their mod-
ules out of a given con�guration to another in contrast with chain and lattice-based
robots, which never disconnect from the main structure to perform a movement.
Modules can move by means of threads or wheels [50] (Figure 2.2c).

Some prototypes, like SMORES [25], explore the possibilities of mechanical designs
that merge the features of the three types of recon�guration: lattice, chain and mobile
(Section 2.2.2.6). Di�erent types of modular robots can move in di�erent ways. Pure
lattice-type robots can move by recon�guring their modules, often called 
ow , but they
must solve �rst the self-recon�guration problem. Self-recon�guration in chain-type mod-
ular robots comes with the problem of connecting and disconnecting modules from the
structure and aligning them. However, traveling through di�erent terrains is easier in
chain-type robots than in lattice-type. The former ones do not have to self-recon�gure
in order to move, i.e. chain-type modular robots form limbed con�gurations with high
power-weight ratio, that move by using their main actuators.
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(a)

(b)

(c)

Figure 2.2. Types of modular robots: (a) Chain Type,(b) Lattice Type, ( c) Mobile type
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2.2.2 Modular Robot Prototypes

Numerous modular robotic systems have been developed over the last decades. Table
2.1 shows some of the modular robot prototypes that have been developed around the
world. As mentioned before, the morphology of a module directly in
uences its ability
to locomote while avoiding obstacles. The achievable morphologies for a speci�c modular
robot system are determined by the module (or module types in the case of heterogeneous
robots) and connector designs. The shape and complexity of a module also limits the
kind and number of sensors that can be placed in it. Di�erent types of connectors enable
di�erent types of recon�guration and how fast they can be performed. The module and
connector designs can be as elaborated as required, for example to be able to achieve a
high number of morphologies or to self-recon�gure, but this can also make their assembly
more di�cult. This subsection summarizes some of the most representative ones. For a
more detailed overview check [113].

2.2.2.1 Polybot

Polybot modules are built as 1DOF hinges with a rotational actuator at their center.
Connectors are placed in opposing faces parallel to the hinge actuator and in some versions
on the faces supporting the rotational actuator (Figure 2.3 Polybot G1 and G3). Chain
morphologies with only one chain or chains and perpendicular bifurcations are possible
with this type of module, depending on the speci�c version of the design currently, �ve
versions of the module design exist (Figure2.3) [27]. Additionally, wheel, worm, and legged
robots have been built using Polybot modules. Due to its hinge shape, sensors are placed
inside the module, in the case of orientation and force sensors, and on the connector faces
that are parallel to the rotational actuator (infrared docking aid). Versions G2 and G3
have connectors that let them self-recon�gure based on pin-hole mechanisms and Shape
Memory Alloy (SMA) wires. Module construction varies from version to version, being
the self-recon�gurable ones the most complex to build since they possess small actuated
mechanisms and specialized parts (Figure2.3 Polybot G3).

2.2.2.2 M-TRAN

M-TRAN is a modular self-recon�gurable robot developed by the National Institute of
Advanced Industrial Science and Technology (AIST) of Japan and the Technological In-
stitute of Tokyo (Tokyo-Tech). Each module is made using two semi cylindrical, semi
cubical parts with connectors on 5 of their 
at faces. One of the semi-cubical parts has
male connectors while the other has female connectors. Male connectors contain hooks
that can be automatically extended or retracted providing a mechanical link with female
modules that enables self-recon�guration. A stick connects the two semi-cubical parts
extending what was previously a simple hinge into two (Figure2.4b) [84]. Each end of
the central stick contains a rotational actuator that makes the semi cubical parts rotate
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Table 2.1. Modular robot Prototypes around the world. (Authors inside table)

Name Class DOF Author A�liation Year
CEBOT Mobile Various Fukuda et al. Nagoya 1988
Polypod Chain 2-3D Yim Stamford 1993
Metamorphic Lattice 3-2D Chirikjian JHU 1993
Fracta Lattice 3-2D Murata MEL 1994
Tetrobot Chain 1-3D Hamlin et al. RPI 1996
3D Fracta Lattice 6-3D Murata et al. MEL 1998
Molecule Lattice 4-3D Kotay & Rus Dartmouth 1998
CONRO Chain 2-3D Will & Shen USC/ISI 1998
PolyBot Chain 1-3D Yim et al. PARC 1998
TeleCube Lattice 6-3D Suh et al. PARC 1998
Vertical Lattice 1-2D Hosakawa et al. Riken 1998
Cristal Lattice 4-2D Vona & Rus Dartmouth 1999
I-Cube Lattice 1-3D Unsal CMU 1999
Pneumatic Lattice 1-2D Inoue et al. TiTech 2002
UniRover Mobile 2-2D Hirose et al. TiTech 2002
M-TRAN Hybrid 2-3D Murata et al. AIST 2002
ATRON Lattice 1-3D Stoy et al. U.S Denmark 2003
Swarm-Bot Mobile 3-2D Mondada et al. EPFL 2003
Stochastic 2D Mobile 0-2D White et al. Cornell U. 2004
SuperBot Hybrid 3-3D Shen et al. USC/ISI 2005
Stochastic 3D Mobile 0-3D White et al. Cornell U. 2005
Catom Lattice 0-2D Goldstein et al. CMU 2005
Prog. Parts Mobile 0-2D Klavins U. Washington 2005
Molecube Chain 1-3D Zykov et al. Cornell U. 2005
YaMoR Chain 1-2D Ijspeert et al. EPFL 2005
Miche Lattice 0-3D Rus et al. MIT 2006
JL-I Mobile 3-2D Zhang et al U. Hamburg 2006
Shady3D Chain 3-3D Yoon et al MIT 2006
EM-Cube Mobile 0-2D Byoung Dran Lab. 2007
Evolve Chain 2-3D Chang et al. NUS 2008
Morpho Lattice 1-3D Chin-Han et al. Harvard/MIT 2008
ODIN Lattice 1-3D Lyder et al. Moller Inst. 2008
Roombots Lattice 1-3D Sproewitz U. Lausane 2008
Beanbag Robotics Mobile 1-2D Kriestel et al. Cornell U. 2008
Locokit Hybrid 1-3D Larsen et al Moller Inst 2010
L-shaped Hybrid 3-3D Kutzer et al Johns Hopkins U. 2010
Cross-Ball Hybrid 2-3D Meng et al Stevens IT 2011
U-Bot Chain 2-3D Zhao et al Science Garden of HIT 2011
SMORES Hybrid 4-3D Davey et al U. New South Wales 2012
MICROTUB Chain 1-3D Brunete et al U. Carlos III 2012
EDHMOR Chain Hetero Faina et al Universidade da Coru~na 2013
REPLICATOR Chain Hetero Liedke et al EU Project 2013
Fable Chain Hetero Pacheco et al DTU 2013
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Figure 2.3. Di�erent versions of Polybot (Taken from [ 88])

(a) (b)

Figure 2.4. M-TRAN: recon�guring ( a) and module (b) (Taken from [1])

about the stick. The module shape lets M-TRAN modules form chain type and lattice
type structures, because each semi cubical part can fold itself by 90 degrees around the
central stick. Limbed and snake con�gurations, as well as wheels, that can turn into each
other by self-recon�guration, have been tested (Figure2.4a) [54]. Cameras and other types
of sensors are placed in special modules that are attached to a robot con�guration. The
modules themselves only include orientation and joint position sensors. Although the ad-
vantages that the module design o�ers its shape requires specialized DC motors and gears
in order to move joints and connectors that make assembly more di�cult. Mechanical
hooks also make the recon�guration process slower and more energy ine�cient than with
other types of connectors.
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Figure 2.5. ATRON modules (Taken from [20])

2.2.2.3 ATRON

Developed by the University of Southern Denmark, the ATRON modular robot is a self-
recon�gurable robot with semi-spherical shape [10]. The module is composed of two
hemispheres connected by a rotational joint (Figure2.5). The hemispheres can rotate rel-
ative to each other and can act as wheels thanks to a slip ring located in the center of the
module. Modules have automatic mechanical male connectors based on hooks that can
latch to female connectors in other modules allowing the connection of up to 8 modules to
the same base. ATRON modules semi-spherical shape enables tightly packed lattice con-
nections that can move by self-recon�guration. The main rotational actuator also allows
ATRON modules to move like chains. Snakes, cars and other similar con�gurations have
been achieved. Each module houses a tilt sensor as well as infrared proximity sensors at the
connectors to help align modules during self-recon�guration. The slip ring enables a di�er-
ent kind of main actuator and mechanical design for a modular robot, compared to other
prototypes like Polybot, but it also complicates the construction of the module as very
specialized parts should be used to maintain electrical connection between hemispheres.
Although mechanical connectors are strong [86], they can make the self-recon�guration
process slow compared to other kinds of connector mechanisms.

2.2.2.4 Superbot

Superbot is a robot built in the Polyphormic Robotics Laboratory of the Information Sci-
ence Institute of the University of South California by Salemi et al [96]. The basic structure
of a Superbot module has two semi cubical parts joined together by a central link, in the
same fashion as M-TRAN modules. The main di�erence is an extra actuated rotational
joint located in the center of the link, that lets the two semi cubical parts rotate in the
same axis of the central link (Figure2.6) [101]. This extra DOF enables Superbot modules
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Figure 2.6. SuperBot in biped con�guration (Taken from [ 58])

to form con�gurations similar to those formed by M-TRAN modules and CONRO modules
[14]. Superbot modules have mechanical connectors in faces corresponding to those of the
M-TRAN module. Reported sensors include an onboard 3D accelerometer/inclinometer
sensor [96] and an externally mounted camera [91]. The extra DOF has the disadvantage
of adding more parts (actuators, gearboxes) to the overall design. Superbot also has the
disadvantage that its connector faces need to be secured with screws to other modules
making the recon�guration process slow.

2.2.2.5 REPLICATOR

The REPLICATOR project is an EU funded project with the aim of developing a super-
large-scale swarm of autonomous mobile micro-robots that can self-assemble into large
arti�cial organisms. REPLICATOR modules are heterogeneous and three di�erent types
exist (Figure 2.7). All of them are capable of moving by themselves: A backbone module
and a scout module, both with morphology similar to Polybot modules. The backbone
module has a powerful rotational actuator that can lift several other modules, has actuated
connectors and can move sideways in the plane thanks to additional actuators. The scout
module specializes in fast locomotion using tracks and houses proximity sensors to scout
its surroundings [62]. An active wheel module is also available to carry electronics and
battery packs [90]. Chain-type morphologies (worms, limbed) are possible with the �rst
two types of modules, and can be extended by using the active wheel type of module.
Backbone modules and scout modules pack a lot of functionality in their body, which of
course complicates the module assembly.

2.2.2.6 SMORES

Self Assembling Modular Robot for Extreme Shape Shifting is a modular robot system
created in the University of Pennsylvania. Modules possess four DOF, three of them in
the same plane, and one perpendicular to the others. It is designed to be able to recon-



CHAPTER 2. BASIC CONCEPTS 15

Figure 2.7. REPLICATOR modules (Taken from [ 90])

�gure as a lattice, chain or mobile type modular robot, as a universal modular system
[25]. The overall module shape resembles a Polybot module with circular rotating con-
nector faces attached (Figure2.8a). SMORES modules can achieve similar con�gurations
to those of other modular robots like M-TRAN or Superbot with the addition of being
mobile. Genderless connectors are placed on the four available faces, being three of them
active and one passive. The combination of active and passive connectors enables self-
recon�guration and, since the connectors are magnetic, this process is faster than in other
self-recon�gurable modular robots. However, the process still requires the use of a mechan-
ical key and the movement of the whole connector face, which makes the design complex
to build. A later version called SMORES-EP (Figure 2.8b) uses Electro Permanent (EP)
magnets instead of normal magnets [50] in its connectors. Electro permanent magnets can
de-polarize and re-polarize when short pulses of current through a coil generate a magnetic
�eld around them. Thanks to the use of EP magnets, mechanical separating mechanisms
are not needed anymore, but more electrical energy is consumed. No sensors have been
reported for this system.

2.2.2.7 Fable

This modular robot system is designed to explore modular playware [87]. This hetero-
geneous chain type modular robot system is composed of three di�erent types of mod-
ules following a simple to build design (Figure2.9): Joint modules, with actuated joints;
branching modules that are used to connect several modules together in tree-like con�gura-
tions; and termination modules that close o� open connectors on a robot and provide extra
sensing and actuating modes to the robot. The overall shape of the module resembles one
half of an American football with cut ends. All di�erent types of modules have a magnetic
genderless connector, which can be connected to other similar connectors of di�erent sizes.
Only manual recon�guration is possible given the shape of the module and the speci�c
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(a)

(b)

Figure 2.8. SMORES: Original SMORES Modules (a), SMORES-EP (b) (Taken from [72])

Figure 2.9. Fable modules (Taken from [87])

connector design, but this also enables robots to be recon�gured very quickly compared to
other platforms. Limbed robots, snakes and vehicles have been achieved. Modules contain
accelerometers and gyroscopes, as well as a small speaker and termination modules with
proximity sensors.

2.2.2.8 Printable modular robot

With a similar shape to that of Polybot modules, this robot structure is designed to be
completely 3D printed using standard FDM printers [55]. Modules use magnets to at-
tach to each other and electrical connections and communications are routed through the
magnets themselves. Magnetic connectors provide a very simple and quick way to recon-
�gure modules manually. However, only two faces of the module are used as connectors,
hence only simple morphologies like snakes can be achieved. The hinge rotational joint is
actuated by an o�-the-shelf hobby servo and other electronic components are also o�-the-
shelf parts (Figure 2.10). This modular robot is an example of a very simple system and
lacks other features, like the capabilities of forming more complex con�gurations and read-
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Figure 2.10. Printable Modular Robot (Taken from [ 55])

(a)

(b)

Figure 2.11. Modular robot in two di�erent morphologies: A snake morphology (a), a random
morphology (b)

ing sensors, that would make it more useful for implementing and testing the techniques
described in this work.

2.3 Control

Locomotion movement control for modular recon�gurable robots is di�cult to design and
implement. As morphology can be arbitrary, movements or mechanisms designed to cor-
rectly move one morphology could not be useful for others. Control strategies used for
modular robots have to cope with their distributed nature and high number of actuated
DOF and sensors. Centralized and decentralized control methods have been developed
[79].

On one hand, centralized strategies use a main controller, usually an external com-
puter or a speci�c module of the structure, which sends commands to every module at
a given time. Centralized controllers have the advantage of being very simple to devise
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(a)
(b)

Figure 2.12. Centralized control (a) vs Distributed control ( b) in modular robots. Centralized
controllers must communicate with all modules in a morphology.

and implement. On the other hand, decentralized controllers work distributing the tasks
that were done by the central controller among the modules in the robotic structure. One
way of achieving this is de�ning a task coordinator module [111]. Any module inside the
structure can act as a coordinator, and the coordinator can be changed in case of failure.

Due to several problems, centralized controllers are not the �rst option to e�ectively
control modular robots [44]. First, trying to communicate with all the modules of the
structure may create bottlenecks and hinder the scalability of the system. Second, the
controller robustness is diminished, because if the central controller fails, all the system
fails. Thus, this work will concentrate in the use of decentralized control strategies.

2.3.1 Decentralized Control Strategies

Several decentralized techniques have been proposed for controlling modular robots [79].
According to Stoy et al. [111], there are two main types of decentralized control:

� Synchronous Decentralized Control: Each module performs synchronized tasks using
internal clocks or sequential algorithms, \Movement tables" are examples of this kind
of control. Global synchronization of the system can produce its own problems and
decrease performance.

� Asynchronous Decentralized Control: Asynchronous decentralized control strategies
consider each module as an independent and autonomous entity, like in multi agent
systems. In this case, global behaviors \emerge" from local interactions between
modules [139]. Examples of this type of control are Central Pattern Generators.

The most basic example of a synchronous decentralized control strategy for modular
robots involves creating sequences of movements for each module, which is also called
\movement tables". This form of control was proposed by Yim [129] in 1994 and is based
on a table that represents, for a given robot morphology, the state of every module at
every step of a time driven sequence of movements. The table contains module identi�ers
in its columns vs. time steps in its rows. Once the last time-step is reached, the sequence
starts anew from the �rst time step. This strategy enables the implementation of cyclic
movements or \gaits", which are common in living beings.



CHAPTER 2. BASIC CONCEPTS 19

Figure 2.13. Example of CPG generating coordinated movement on a snake con�guration of a
modular robot

The table can be hard coded or created using an algorithm that assigns movements
to modules at each time step. Modulei executes only its corresponding column (thei th
column) of the table, which is stored inside the module. The main problem with this
control strategy is that a movement table must be created for every con�guration the
robotic system can take. Another problem is that it does not take into account sensor
information, rendering it to be an open loop approach.

Sinusoidal movement generators have also been used to control the movement of mod-
ular robots synchronously [94, 28]. In this case, a sinusoidal wave is generated for each
actuator in the robotic structure. Each wave is con�gured with a di�erent phase, thus
di�erent modules are coordinated to achieve a gait. The main disadvantage of this control
technique is that there should be an strict synchronization among all modules in order to
move the robot correctly.

In the case of asynchronous decentralized control strategies, there is a technique that
draws inspiration from biological control structures found mainly on vertebrates. These
structures are capable of generating complex oscillatory movement from a relatively sim-
ple input and are usually in charge of repetitive tasks like chewing, swimming, walking
or breathing [35]. The generated movement can be synchronized with the movement
produced by other similar structures [115, 127]. Structures of this type are called Cen-
tral Pattern Generators (CPGs) and have the advantage of being a decentralized control
method, which can work with local information to achieve coordinated movements [46].
CPG structures can be used to generate locomotion movements in a simple fashion by
using their local coordination features, thus providing a good low-level locomotion control
and coordination mechanism [92].

With these properties, di�erent CPG implementations have been used to control a
number of modular robot prototypes obtaining robust locomotion patterns that can sup-
port di�erent terrain conditions for a given morphology (Figure 2.13). CPGs can thus be
used to provide an stable coordination strategy that is able to generate basic locomotion
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(a)

(b)

Figure 2.14. Hormone inspired messages.aMessages are processed di�erently in each arriving
module, b Example of message propagation.

movements for di�erent robot morphologies. Moreover, movements generated by CPGs
for a speci�c robot morphology can be tuned, so that the robot can locomote in di�erent
environmental conditions [84]. Feedback can be introduced to adjust the output to sensor
information as in [84, 94]. However it has been used in very speci�c ways. Depending
on the type of implementation, CPGs can be very unstable at the beginning of a robot
movement, while control signals converge to stable values.

Hormone inspired messages is another technique used to asynchronously control mod-
ular robots (Figure 2.14). In previous work [102] hormone inspired messages have been
de�ned as messages that can be interpreted in di�erent ways by di�erent receiving modules
and that can be delayed or modi�ed before being propagated [42]. This kind of control
strategy is decentralized, robust to changes in con�guration [97, 110] and has been used
to achieve synchronization among sets of modules [16, 43]. Hormone inspired messages
di�er from CPGs in that they are somewhat separated from the module themselves, that
is, modules only react to hormones arriving from their neighbors, while CPGs controlled
modules can act in complete isolation from other CPGs.

Similar to some variations of hormone inspired messages that model di�usion reactions
[99, 37], Gene Regulatory Networks (GRN) model the control mechanisms of a number of
important cellular behaviors [71, 7]. Since a parallel between cells in a body and modules
in a modular robot con�guration can be made, GRN based techniques have been used to
control modular robots. In [140] Zahadat et al. uses GRN as reactive controllers inside
individual modules of a con�guration that can execute a light following task. Meng et al.
have also used a hierarchical controller with a GRN to control self-recon�guration of a
modular robot in simulated environments.



CHAPTER 2. BASIC CONCEPTS 21

Although some of these bio-inspired control techniques are capable of including sensor
information in their calculations, usually no more than one or two sensors are included in
the control model for a whole robot morphology [94, 82]. Modular robots can potentially
have sensors in each of its modules. This feature can be exploited to study how several
simple sources of sensor information throughout the body (as a �rst step towards proprio-
ception or sensor-actuator fusion) can a�ect the motion of the robot and how motion can
be adapted taking into account sensors when moving in di�erent environments.

2.3.2 Automatic controller generation

Implementing the control techniques described in subsection2.3.1to actual modular robots
can be a tedious task, specially when controllers have several tunable parameters and
di�erent controllers can be used for di�erent modules. Additionally, typical modular robot
con�gurations have several modules and each of them has its own control parameters. For
this reason several works have concentrated in the automatic generation of controllers for
robot morphologies or individual modules. Methods like reinforcement learning [24, 19],
evolutionary algorithms [137] and motion planning [136, 114], have been used for this
purpose.

Reinforcement learning is a machine learning method in which a reward, or punish-
ment, is given to an agent when it follows a policy (an action or a set of actions that are
executed by the agent) [2]. Reinforcement learning involves the use of a critic. A critic is
someone or something that gives a reward or a punishment to the learning agents based
on their actions and the state of the environment. An internal representation of the utility
of each action given a certain external state or observation is necessary and it is updated
over time using prede�ned formulas. The main objective is to choose the best action in
terms of reward or the best state in terms of utility.

Works that make use of reinforcement learning in modular robots often test in simu-
lated and rather abstract models, as some issues, like grow in state variables and actions,
can lead to higher complexity. Varshavskaya et al [120], Shiba et al [103] and Karigiannis
and Tzafestas [53], follow this approach. Varshavskaya, Pack and Rus apply a Gradient
Ascent in Policy Space (GAPS) [119] algorithm and a Distributed Gradient Ascent in
Policy Space (DGAPS) [120] algorithm to square shaped modules which can slide along-
side each other in a simulated 2D environment with basic physical laws. Shiba et al
[103], applies Q-Learning to a 4-armed planar robot to make it recon�gure from an initial
con�guration to a goal con�guration. Karigiannis and Tzafestas [ 53] use reinforcement
learning in a nested-hierarchical multi-agent environment where all agents are links in a
2D manipulator.

Communication has been seldom explored in works using reinforcement learning ap-
proaches and only few works have studied the role of communicating sensor information
between modules when learning. The DGAPS algorithm proposed by Varshavskaya et
al [121] will converge to a local optimum given that the distributed agents get the same
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