Challenges in the Locomotion of Self-Reconfigurable
Modular Robots

THESE N° 6791 (2015)

PRESENTEE LE 11 DECEMBRE 2015
A LA FACULTE DES SCIENCES ET TECHNIQUES DE L'INGENIEUR
LABORATOIRE DE BIOROBOTIQUE
PROGRAMME DOCTORAL EN SYSTEMES DE PRODUCTION ET ROBOTIQUE

ECOLE POLYTECHNIQUE FEDERALE DE LAUSANNE

POUR L'OBTENTION DU GRADE DE DOCTEUR ES SCIENCES

PAR

Massimo VESPIGNANI

acceptée sur proposition du jury:

Prof. P. Dillenbourg, président du jury
Prof. A. ljspeert, Prof. R. Pfeifer, directeurs de thése
Prof. F. lida, rapporteur
Prof. A. Ishiguro, rapporteur
Prof. J. Paik, rapporteuse

(Pr

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Suisse
2015






Abstract

Self-Reconfigurable Modular Robots (SRMRs) are assemblies of autonomous robotic units,
referred to as modules, joined together using active connection mechanisms. By changing
the connectivity of these modules, SRMRs are able to deliberately change their own shape
in order to adapt to new environmental circumstances. One of the main motivations for the
development of SRMRs is that conventional robots are limited in their capabilities by their
morphology. The promise of the field of self-reconfigurable modular robotics is to design
robots that are robust, self-healing, versatile, multi-purpose, and inexpensive.

Despite significant efforts by numerous research groups worldwide, the potential advantages
of SRMRs have yet to be realized. A high number of degrees of freedom and connectors make
SRMRs more versatile, but also more complex both in terms of mechanical design and control
algorithms. Scalability issues affect these robots in terms of hardware, low-level control, and
high-level planning. In this thesis we identify and target three major challenges: (i) Hardware
design; (ii) Planning and control; and, (iii) Application challenges.

To tackle the hardware challenges we redesigned and manufactured the Self-Reconfigurable
Modular Robot Roombots to meet desired requirements and characteristics. We explored
in detail and improved two major mechanical components of an SRMR: the actuation and
the connection mechanisms. We also analyzed the use of compliant extensions to increase
locomotion performance in terms of locomotion speed and power consumption.

We contributed to the control challenge by developing new methods that allow an arbitrary
SRMR structure to learn to locomote in an efficient way. We defined a novel bio-inspired
locomotion-learning framework that allows the quick and reliable optimization of new gaits
after a morphological change due to self-reconfiguration or human construction.

In order to find new suitable application scenarios for SRMRs we envision the use of Roombots
modules to create Self-Reconfigurable Robotic Furniture. As a first step towards this vision,
we explored the use and control of Plug-n-Play Robotic Elements that can augment existing
pieces of furniture and create new functionalities in a household to improve quality of life.

Key words: Self-reconfigurable modular robots, mechanical design, locomotion, self-reconfi-
guration, user-interfaces






Résumé

Les Robots Modulaires Auto-Reconfigurables (RMARs) sont constitués d unités robotiques au-
tonomes appelés modules reliés entre eux par des mécanismes de connexion. En changeant la
connectivité de ces modules, les RMARs sont capables de changer volontairement leur propre
forme afin de I'adapter aux nouvelles conditions environnementales. L'une des principales
raisons de 'utilisation de ces robots reconfigurables est que les robots conventionnels sont
limités dans leurs capacités par leur morphologie. La promesse du domaine de la robotique
modulaire auto-reconfigurable est la conception de robots robustes, polyvalents, multi-usages,
et peu coliteux.

Malgré les efforts importants de nombreux groupes de recherche, les avantages potentiels
des Robots Modulaires Auto-Reconfigurables doivent encore étre concrétisés. Le nombre
élevé de degrés de liberté et de connecteurs rend les RMARs plus polyvalents, mais également
plus complexes a la fois en matiére de conception mécanique mais aussi du point de vue des
algorithmes de controle. Les contraintes liées a cette capacité d’évolutivité affectent ces robots
en matiere de matériel, de contrdle bas niveau et de planification haut niveau. Dans cette
these, nous identifions et abordons trois défis majeurs : (i) la conception mécanique; (ii) la
planification et le contréle; et, (iii) les défis de I'application.

Pour relever les défis de la conception mécanique nous avons repensé et fabriqué les Ro-
bots Modulaires Auto-Reconfigurables Roombots, développés a 'EPFL, pour répondre aux
exigences et caractéristiques souhaitées. Nous avons exploré en détail et amélioré deux princi-
paux composants mécaniques d'un RMAR : le systéme d’actionnement et les mécanismes de
connexion. Nous avons également analysé I'utilisation d’extensions élastiques pour augmenter
les performances de la locomotion en matiére de vitesse de locomotion et de consommation
d’énergie.

Nous avons contribué a relever le défi du controle de tels robots en développant de nouvelles
méthodes qui permettent a une structure de RMARs a la morphologie arbitraire d’apprendre a
se déplacer d'une maniere efficace. Nous avons défini une nouvelle stratégie d’apprentissage
bio-inspirée de la locomotion qui permet d’optimiser rapidement et de maniere fiable de
nouvelles démarches aprés un changement morphologique résultant d'un processus d’auto-
reconfiguration ou d’assemblage manuel.

Afin de trouver de nouveaux scénarios d'usage appropriés pour les RMARs, nous avons en-
visagé 'utilisation des modules Roombots pour créer des meubles robotiques adaptatifs

iii



capables de se mouvoir librement et de s’adapter a des situations et des environnements de
la vie quotidienne. Comme premier pas vers cette vision a long terme, nous avons exploré
l'utilisation et le controle d’éléments robotiques « Plug-n-Play » qui peuvent augmenter des
meubles existants et créer de nouvelles fonctionnalités dans un ménage pour améliorer la
qualité de vie.

Mots clef : Robots modulaires auto-reconfigurables, conception mécanique, locomotion,
auto-reconfiguration, interfaces utilisateur
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|§ Thesis Outline

1.1 Motivation and Challenges

People have long imagined creatures or machines with shapeshifting abilities. While in old
mythological stories human beings were physically transformed into animals or monstrous
creatures, for example using magic spells or divine intervention as a form of punishment,
more recent fictional stories envisioned machines that can morph at will to gain new abilities,
self-heal, or adapt to new conditions. A great example from science fiction is the T-1000 robot
from the movie Terminator 2: Judgment Day, which is made from futuristic liquid-like metal
and can change its shape, copy forms, and self-heal when dismembered. Transformers can
assemble and combine their bodies into a single machine that is larger and more powerful
than each of them individually. In the recent movie Big Hero 6, the main character creates
Microbots: tiny robots that can connect together to form various shapes and perform tasks
cooperatively while controlled with a single wearable neurotransmitter.

Since the 1980s, scientists have aimed to develop shapeshifting machines in the form of
Self-Reconfigurable Modular Robots (SRMRs). Beyond standard properties common to fixed-
morphology robots, SRMRs are able to deliberately change their own shape by rearranging the
connectivity of their modules in order to adapt to new environmental circumstances [249].
One of the main motivations for this is that conventional robots are limited in their capabilities
by their morphology: a robotic arm has a predefined limited reachable workspace; a search
and rescue quadruped robot has a fixed width and height and cannot crawl through tight
spaces in the rubble of a collapsed building. With a self-reconfigurable system, a modular
legged robot could change to a snake robot to go through small holes. The ability to reconfigure
allows a robot to disassemble and reassemble to form new morphologies that are better suited
for a new task that was not known in advance.

While this practically-oriented motivation is sufficient for developing and working with
Self-Reconfigurable Modular Robots, their advantages and potential capabilities are much
deeper [208]. The long term vision is to design robots that are robust, self-healing, versa-
tile, multi-purpose, and inexpensive [250]. If a module fails, other units can keep working



Chapter 1. Thesis Outline

toward the achievement of the goal. The defective module can be ejected from the structure
and autonomously replaced with a functioning one. Alternatively, the remaining modules
can re-arrange their connectivity to form a more suitable configuration. Potentially, Self-
Reconfigurable systems can also lower the overall robot cost due to production at scale of
many copies of the same modules. However, despite these premises, the potential advantages
of Self-Reconfigurable Modular Robots have yet to be realized [209].

Unfortunately, unlike Microbots’ fictional unlimited bonding and actuation strength, invisible
power source, perfect synchronization and coordination, and simple and effective end-user
interface, real systems have to face a number of hardware, planning, and control challenges
and limitations. The high number of degrees of freedom (DoF) and connectors make SRMRs
more versatile, but also more complex both in terms of mechanical design and control al-
gorithms. Scalability issues affect these robots in terms of hardware, low-level control, and
high-level planning. The promised application scenarios envision hundreds or thousands of
modules working together; however, to date, the modular robot with most active modules,
Polybot, had only 56 units. There are hardware design challenges with fundamental limiting
factors that prevent large numbers of modules [249], including:

¢ Limits on power density and efficiency of the actuators, torque and speed output,
motion precision and accuracy

¢ Limits on bonding strength, precision, robustness, and area of acceptance of the con-
nection mechanisms

¢ Limits on the features and capabilities that can be embedded in each individual module
Mechanical challenges include designing modules that can lift several times their own weight,
connectors that can self-align and guarantee a strong bond under load, and structural parts
that will not collapse when many modules join together. Design, materials, and assembly

techniques should guarantee a scalable manufacturing process to allow for a large number of
modules to be mass produced.

Once a Self-Reconfigurable Structure is built, we face planning and control challenges in
order to efficiently coordinate its large number of degrees of freedom, such as:
* Finding optimal algorithms to plan the self-reconfiguration process

¢ Handling different failure modes, from malfunctioning modules to misalignment prob-
lems

* Defining algorithms that decide when it is necessary to self-reconfigure, and what is the
most suitable form for the task and environment

* Creating a fast, efficient, and scalable communication method between modules



1.2. Goals

¢ Coordinating the modules’ movement to produce effective locomotion

In this context we are particularly interested in this last point, i.e. defining a locomotion-
learning framework that would allow a Self-Reconfigurable Modular Robots assembled in
any arbitrary morphology to locomote in an efficient way. If a modular robot employed in
a time-critical mission undergoes a reconfiguration process, it should be able to find new
locomotion-control parameters that would allow it to continue its mission in the shortest time
possible.

Moreover, despite the promised versatility, robustness, and reduced cost, there is still the
challenge of finding the optimal uses for SRMRs (application challenge). Given a known task
and environment, a dedicated conventional robot will be simpler and better performing than
a comparable reconfigurable robot. As a consequence, Self-Reconfigurable Modular Robots
become advantageous only when the task or environment cannot be known in advance,
or in situations in which multiple types of robots are needed to complete a task. We yet
have to find the “killer application” for these types of robots. Optimal scenarios are space
exploration missions, disaster areas, and deep-sea underwater structures, although SRMRs
can also prove to be useful in more practical applications such as robot construction Kkits,
educational robotics, and reconfigurable furniture for assisted living.

1.2 Goals

The goal of this thesis is to contribute in tackling some of the current challenges in the
field of Self-Reconfigurable Modular Robotics in four different ways. First, we wish to re-
design and manufacture a Self-Reconfigurable Modular Robot (Roombots) that meets de-
sired requirements and characteristics. Second, we want to give an arbitrary structure built
with our Self-Reconfigurable Modular Robot the ability to locomote in an efficient way. For
this purpose, we want to define a locomotion-learning framework which allows for a fast
control-parameter optimization to quickly learn new gaits after a morphological change due
to self-reconfiguration or human construction. Third, we wish to analyze the effect and ef-
fectiveness of external attachments, in particular of passive compliant elements that could
be used to improve locomotion capabilities. Fourth, we want to explore new application
scenarios for Self-Reconfigurable Modular Robots testing their usefulness as building blocks
for Self-Reconfigurable Robotic Furniture and exploring new natural ways to control them.

1.3 Outline

This thesis is divided into four major parts:

 Part I contains the problem statement with a description of the goals and motivation
behind this work.
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A review of the state of the art on (Self-) Reconfigurable Modular Robots is presented
in Chapter 2, along with an introduction to the Roombots project, which is key to
this work. We will conclude this part presenting the Lola-OP™ Modular Snake Robot,
which is an easy-to-use Reconfigurable Modular Robot that we adopted for some of
our studies on the use of compliant elements for locomotion.

¢ Part II concerns the challenges of a homogeneous modular mechanical design, in
which every component must be thought and designed to work in the worst possible
scenario while trying to keep it compact and lightweight.

In Chapter 3 we give an overview of the different components contained in a Room-
bots module.

We then analyze in detail the mechanical design of two of the most critical parts
of a Self-Reconfigurable Modular Robot, namely the gearbox-actuator system, in
Chapter 4, and the active connection mechanism, in Chapter 5.

We conclude this part with Chapter 6, proposing the design and use of external
attachments in the form of passive parts, specialized parts, and compliant parts, to
enhance the construction of modular structures, provide them with new specialized
features, and improving their locomotion capabilities.

e PartIII is about locomotion challenges, learning how to coordinate the large number
of degrees of freedom in a modular structure after self-reconfiguration, and how to
improve locomotion performance through the use of compliance.

In Chapter 7 we give an overview of the locomotion and optimization framework
that we used for most of the studies herein.

In Chapter 8 we describe one bio-inspired approach to reduce time needed to opti-
mize locomotion parameters for any Self-Reconfigurable Modular structure. This is
useful for quickly learning new gaits after self-reconfiguration.

In Chapter 9 we present a hybrid optimization algorithm that allows to produce
results from offline optimization that are at the same time well matched with the
hardware robot. This allows to transfer learned control parameters from simulation
to hardware with little reality gap.

We conclude this part with Chapter 10, proposing the use of compliance to increase
the locomotion performance of a (Self-) Reconfigurable Modular Robot, for instance
in terms of locomotion speed and power consumption.

» Part IV describes possible applications for our Self-Reconfigurable Modular Robot.

In Chapter 11 we envision Self-Reconfigurable Robotic Furniture that can be used
for assisted living scenarios and present preliminary experiments using Roombots
modules to build Plug-n-Play Robotic Elements that can be used in a household to
improve the quality of life.



1.4. Contributions

In Chapter 12 we describe two intuitive interfaces that allow non-expert users to
control Roombots modules and Plug-n-Play Robotic Elements using natural gestures.
We wrap-up the thesis with conclusions and outlook in Chapter 13.

Lastly, in the Appendix we provide additional material and describe some experiments that
are not the main focus of this thesis.

1.4 Contributions

The original contributions, which are described in more detail in Chapter 13, of this thesis are:

1. Global analysis of different challenges in modular robotics

2. Improvement of the mechanical design of an existing Self-Reconfigurable Modular
Robot, Roombots, to meet application requirements and allow a more scalable produc-
tion

3. Anovel bio-inspired parameter reduction technique that allows quick learning of new
locomotion control parameters

4. A new hybrid optimization method to enhance offline optimization by better matching
simulation results with hardware “replayability”

5. Investigation of the use of in-series passive compliant elements in modular robots to
improve their speed of locomotion and energy efficiency

6. Demonstrations of application of Self-Reconfigurable Modular Robots for creating
augmented furniture and new features for a domestic environment

7. Intuitive user interfaces to control Self-Reconfigurable Modular Robots using natural
gestures.






y4 Self-Reconfigurable Modular Robots

The field of Self-Reconfigurable Modular Robotics addresses the design, fabrication, motion
planning, and control of autonomous robots able to deliberately change their own shape by
rearranging the connectivity of their parts in order to adapt to new circumstances, perform
new tasks, or recover from damage [249]. The goal may be a robot built for a specific task (a
snake to pass through a tunnel that then changes into a quadruped structure to quickly cover
open uneven ground) or an object/structure designed for a particular job (such as a wrench, a
bridge, or a set of chairs and a table). When the task is complete, the modules in the structure
can disconnect and be reused for a different task or to create a different object [64].

In Section 2.1 we present some of the most influential (Self-) Reconfigurable Modular Robots
while presenting some of the classification methods used to characterize the different systems.
The field started in the 1980s with the cell structured robot CEBOT and today there are more
than a hundred different systems.

We briefly present our SRMR, Roombots, in Section 2.2. The Roombots project aims at creating
self-assembling furniture-like structures that have morphing and locomotion capabilities.
One Roombots module is a fully autonomous robot with 3 active degrees of freedom and
active or passive ports that are used to connect to other modules or passive connectors in the
environment. A detailed description of the mechanics is provided in Part II.

We conclude the chapter in Section 2.3 with a description of the Lola-OP™ Modular Snake
Robot, which is a Reconfigurable Modular Robot (RMR) that we used for some studies pre-
sented herein. Each module of Lola-OP™ has one oscillating degree of freedom assembled
using the Bioloid Educational Robot Kit [12]. In our work we used a chain configuration with 8
degrees of freedom.



Chapter 2. Self-Reconfigurable Modular Robots

Some parts of this chapter have been adapted from:

[204] A. Sprowitz, R. Moeckel, M. Vespignani, S. Bonardi, and A.J. Ijspeert. “Roombots: A Hard-
ware Perspective on 3D Self-Reconfiguration and Locomotion with a Homogeneous Modular Robot”. In
Robotics and Autonomous Systems, Volume 62, Issue 7, July 2014, Pages 1016-1033, 2014.

My original contribution: Conceptual contribution, Experimental setup, Hardware experiments,
Partial writing.
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2.1. History and Classification

2.1 History and Classification

The field of self-reconfigurable modular robotics started with a paper presented by Toshio
Fukuda et al. in 1988 [57] in which he introduced the topic of modular robots as “Dynamically
Reconfigurable Robotic Systems (DRRS)”. Their robot, CEBOT (CEllular roBOTic system), is
the first self-reconfiguring modular robot and was designed to provide a more “optimally
configured” robot compared to other one-purpose industrial robots.

”

CEBOT can be classified as a heterogeneous modular robot since it features different “cells
specialized in different tasks (i.e. actuating cells, branching cell, and working cells, shown in
Figure 2.1.a). The specialization via a heterogeneous design allows a system to be composed
of simpler modules, as not all the functionality has to be integrated into one single module.
An example is the Polypod bi-unit modular robot [246] built up of two types of modules:
“segments”, containing a 2-DoF parallel mechanism, and “nodes”, whose main purpose is to
hold the batteries. This presents a big advantage, both on the design and the debugging level.
However heterogeneity can often limit applications as modules cannot be easily replaced
with any other (e.g. in case of specialized modules, in case of modules with male-female
heterogeneous connectors). The reconfiguration planning of homogeneous systems is easier as
it requires only to take care of one module type. One of the earliest examples of homogeneous
modular robot is Fracta. First published in 1994 by Murata et al. [135], Fracta is made from

(a)

(d)

Figure 2.1 — Examples of Modular Robots: (a) CEBOT. (b) Molecule. (c) PolyBot G3. (d) Odin.
Pictures from [57, 99, 249, 111].
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Chapter 2. Self-Reconfigurable Modular Robots

multiple, 2-dimensional (planar) Fractum units. Each Fractum is made from layered electro-
magnetic coils, with which a Fractum can connect to and rotate around neighboring Fractum
units.

From a hardware architecture point of view, Fracta can be classified as a lattice-type Modular
Robot, as its units are arranged and connected in a regular pattern and can change shape
by moving into discrete positions on a virtual grid, or lattice [245]. While Fracta and Meta-
morphic [33] are planar lattice robots, the first 3-dimensional lattice-type robots were the
Molecule [99] (Figure 2.1.b) and the 3-d units [100]. Such design makes reconfiguration sim-
ple but locomotion more difficult. Lattice robots generate locomotion through a “flow” of
modules on top of each other, one by one, which makes the locomotion complex and slow.

Using the hardware architecture as a classifier, another class are the chain/tree-type Recon-
figurable Robots, which have units that are connected together in a string or tree topology
and can move and reach any point in space. In the simplest configuration, they have two
connectors (e.g. on both sides of their module’s shell), hence modules can only be connected
into chains. Strictly speaking, this limits possible robot configurations to variations of snake-
like robots, track- or wheel-like robots, and spiral-shaped robots. Modules with more than
two connectors can be employed as “branches”. Among others (e.g. CONRO [237, 31], CK-
BOT [183)), this is implemented in the PolyBot modular robot [244] (Figure 2.1.c). A four
connector node (in addition to the intrinsic two connectors per module) allows PolyBot to
form quadruped configurations.

Mobile Reconfigurable Robots have an elevated degree of self-mobility. They are equipped
with wheels/tracks or with many degrees of freedom that allows them to move independently
in the environment. Once attached to each other, mobile robots can form either lattice or
chain structures. Swarm-Bot modules [132] use tracks for driving and large grippers to grab
onto neighboring Swarm-Bot units. Once they are connected in a chain structure, they can
overcome large obstacles or gaps.

Truss-type robots use struts that can stretch and contract. Usually this type of robot are
composed of active units that can vary their length, passive struts with fixed length, and
joint components. Examples of truss-type robots are Odin [111] (shown in Figure 2.1.d),
Tetrobot [74], and Morpho [257].

Some modular robotic systems that clearly defy characterization as either a chain or a lattice
have been grouped in free-form-type robots [64]. They don’t need to form a regular lattice and
have the ability to assemble modules in semi-arbitrary positions. Two instances of free-form
Modular Robots are Slimebot [196] and Catoms [95].

With the emergence of more modular robots the clean distinction between lattice and chain
type robots started to fade, e.g. the SuperBot module is described as a “hybrid chain and lattice
architecture” [180]. Hybrid-type modules connect to each other and move like chain structures,
but can also align to the grid and assume lattice structures. The first hybrid-type Modular
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Figure 2.2 — Overall trend of total number of Modular Robots. Data from Table A.1, reported in
Appendix A.

Robot was the M-TRAN (Modular-TRANsformer) robotic system [136, 102] (Figure 2.3.a).
The M-TRAN design is clearly one of the most sophisticated and successful ones and it was
influential for a number of upcoming modular and self-reconfigurable robots (e.g. Em-cube
[4], SuperBot [180, 194]).

In the last decade the number of Reconfigurable Modular platforms has been growing steadily,
as shown in Figure 2.2. While the development of a few of these platforms reached only
early prototyping stages, some proved to be robust robotic systems used for research or as
educational kits.

SuperBot modules (Figure 2.3.b) integrate the necessary features from both M-TRAN and
CONRO to accomplish multimodal locomotion [194]. Each SuperBot module has three joints;
the middle joint can rotate continuously in both directions, largely increasing 3D reconfigu-
ration capabilities. ATRON (Figure 2.3.c) has 1-DoF modules that align to a lattice inspired
by the Rhenium Trioxide crystal lattice [146]. Thanks to its spherical shape and unlimited
rotation, ATRON is capable of performing fixed topology locomotion (e.g. cars, walker, snake)
and locomotion by self-reconfiguration (cluster flow) [23, 22].

Molecubes [264] feature a diametrical joint inside a regular cube, i.e. with the axis along the
cube’s largest diagonal. This leaves space for six possible connector faces, i.e. all available
sides of the cube. Molecubes have been redesigned to be relatively easy to manufacture and
assembled, have been made open-source [266, 265], and new specialized modules have been
developed (e.g. gripper modules shown in Figure 2.3.d).

Sambot [231, 232] and SMORES (Self-assembling MOdular Robot for Extreme Shape-shifting)
[46, 114] have both mobile and hybrid-type configuration properties. SMORES is capable of
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(b) ()

(d (e)

Figure 2.3 — More examples of Modular Robots: (a) M-TRAN. (b) SuperBot. (c) ATRON. (d)
Molecubes. (e) SMORES. (f) Soldercubes. Pictures from [138, 180, 134, 265, 223, 142]

emulating many of the other existing systems and promises to be a step towards a universal
modular robot.

Using the CKBOT [183], Sastra et al. showed for the first time dynamic legged locomotion
driven only by body articulation, using passively compliant leg attachments [181]. Recently,
White et al. used CKBOT to demonstrate the efficacy of a method to experimentally determine
the stiffness matrix for chain style reconfigurable robots [235].

Soldercubes are designed with manufacturability for large batch production in mind [142].
They integrate a self-soldering connector which weights only 2g and use three types of modules
(actuation, structural, and energy module).

The Cubelets modular robotics construction kit toy is a commercial product designed to
introduce the ideas of tangible distributed computing [188]. The same company, Modular
Robotics, released MOSS: a highly heterogeneous system that uses spheres and magnets to
connect modules, create ball joints and hinges, and transfer power between units [129].

The recent widespread availability of rapid prototyping machines, cheaper robotic kits, and
open source electronic boards and microcontrollers pushed forward the development of
printable modular robots [48], on-demand custom printable robots [117], and design-build-
test-disassemble robots [24].

An exhaustive review on Modular Robotic Systems was recently published by Ahmadzadeh et
al. [2].
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2.2. Roombots: a Self-Reconfigurable Modular Robot for a Living Environment

2.2 Roombots: a Self-Reconfigurable Modular Robot for a Living
Environment

We are developing Roombots (RB) with the aim of assembling furniture-like structures that
can provide morphing and locomotion capabilities to the elements that compose our living
environment. We are working towards the idea of an active environment, where typical
“roomware” components are merged and enhanced by elements from robotics and information
technology to build intelligent furniture and other components of our daily life. The ultimate
goal of the Roombots project is to build adaptive robotic modules that can autonomously
connect into different shapes, such as stools, tables, or sofas. Using intuitive interfaces, end-
users are be able to give high-level commands to trigger reconfiguration sequences or ask
the robot to move around. Roombots structures could also automatically adapt to the user’s
needs, for instance by following an elderly person around the house to serve as support in
case of sudden loss of balance.

Roombots is a hybrid-type Self-Reconfigurable Modular Robot that uses a standard cubic
lattice. Each of its modules occupies two grid units and has three degrees of freedom ac-
tuated by DC motors. The clever placement of the rotating axes of the actuators allows a
single Roombots module to perform lattice locomotion on a planar surface and over concave
corners. Collaboration between two modules, forming a Roombots metamodule, is needed
to pass convex edges. Roombots modules connect using 4-way symmetric, hermaphrodite

Figure 2.4 — Main areas of research of the Roombots project shown for the automatic assembly
of a table made of Roombots modules and lightweight passive elements: (1) Locomotion
on non-structured ground (off-grid). (2) (On-grid) locomotion through self-reconfiguration.
(3) Collaborative manipulation of passive parts. (4) User interfaces. Tiles on the floor are
connector ports that can be used to perform on-grid locomotion. Image adapted from [204].
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Chapter 2. Self-Reconfigurable Modular Robots

Active Connection Mechanisms based on mechanical latches. Each robotic unit has 10 sockets
that can be equipped with passive or active connectors. Roombots modules are autonomous
robots, each with its own power source, computation boards, and wireless communication de-
vice. In the usual configuration, a computer acts as central host to generate motor commands
and coordinate the movement of the SRMR.

A key element for the success of our robotic furniture is the combination of active units
(Roombots modules) with passive objects, as shown in Figure 2.4. These passive objects can be
anything from structural elements to lightweight blocks, to aesthetic parts, to existing furniture
equipped with connectors. The combined use of active and passive parts helps reduce the
overall number of active robotics modules required to construct a specific structure, also
making it lighter, structurally stronger, and simpler than one entirely made of Modular Robots.
Connector “ports” play an important role in this scenario. Some of these ports are part of the
Roombots modules as active and passive connectors. Others are distributed around the room
as passive connectors in the floor, walls, ceilings, and on the lightweight elements.

2.3 Lola-OP™ Reconfigurable Modular Snake Robot

For some studies reported in Chapter 10 we used different versions of the Lola-OP™ robot.
Lola-OP™ js a Modular Snake Robot [120, 122] composed of a series of n 1-DoF modules
connected to each other with a twist shift of 90° on their rotating axes (Figure 2.5). This
robot is built using off-the-shelf Dynamixel AX-12A® actuators and Bioloid plastic structural
frames [12]. The choice of off-the-shelf building parts allowed us to dramatically reduce
the development time, to have commercial-grade robustness for the different components,
and to decrease the overall cost and assembly-time for one copy of the robot compared to
custom-made solutions.

We considered 8-DoF Lola-OP™ robots, with eight actuated modules. As explained in Chap-
ter 6.3, we modified the original design of the robot by including seven in-series compliant
elements between the different actuators.

Figure 2.5 — The hardware implementation of the 8-DoF Lola-OP™ robot with eight degrees
of freedom and in-series compliant elements.
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8] Overview of the Design of Roombots

In this chapter we give a short overview of the hardware components that are included in each
Roombots module. Most of the design choices presented in this chapter were already defined
by other members of the Biorobotics Laboratory (EPFL) before the work presented herein.
They are reported here for clarity. These choices defined certain constraints that we had to
consider during the mechanical redesign and improvement of some sub-parts of the robot.
We will point to the next chapters for detailed descriptions of our contributions.

In Section 3.1 we give a description of the principles that lead to the first implementation of
the Roombots modules.

Section 3.2 gives details about the specific orientation of the three degrees of freedom (DoF).
These allow one module to use on-grid locomotion to move to any place on a flat (horizontal
or vertical) surface and overcome concave corners. Collaboration between two Roombots
modules is required only to pass convex corners.

The actuation system is briefly described in Section 3.3. More details and improvements to this
system are presented in Chapter 4. The Roombots’s DoF are actuated by electric DC motors
capable of continuous rotation, which is potentially advantageous for motion planning and
locomotion tasks.

Details about the Active Connection Mechanism (ACM), which provides the Roombots mod-
ules with Self-Reconfiguration capabilities, are given in Section 3.4. The Roombots ACM is a
4-way symmetric hermaphrodite connector based on mechanical latches. We can include up
to ten active or passive connection ports in each module. In Chapter 5 we describe how we
improved this crucial sub-part.

In Section 3.5 we shortly explain the electronics contained within each module. We describe
the placement and connections of each board. The need for a wired inter-module communi-
cation bus, along with the choice of having continuous rotation capabilities, influenced the
mechanical design of the gearbox-actuator system.
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Chapter 3. Overview of the Design of Roombots

Finally, in Section 3.6 we analyze the limitations of the original Roombots design and describe
our novel contributions giving a list of which sub-parts have been improved in the last four
years.

Some parts of this chapter have been adapted from:

[204] A. Sprowitz, R. Moeckel, M. Vespignani, S. Bonardi, and A.J. Ijspeert. “Roombots: A Hard-
ware Perspective on 3D Self-Reconfiguration and Locomotion with a Homogeneous Modular Robot”. In
Robotics and Autonomous Systems, Volume 62, Issue 7, July 2014, Pages 1016-1033, 2014.

My original contribution: Conceptual contribution, Experimental setup, Hardware experiments,
Partial writing.
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3.1. Roombots Module Design

3.1 Roombots Module Design

One of the main challenges in mechatronic system integration is identifying appropriate
trade-offs between different potential features of a module and the need to have a compact
design that can include all components in a limited volume [208]. With today’s technology it
is not possible to design a general-purpose Self-Reconfigurable Modular Robot that is good
for every possible scenario. Choices have to be made based on the application scenario, and
these will greatly influence the whole design process.

The implementation of the Roombots modules has been based on the following potential
applications [200]:

* Reconfiguration and locomotion through reconfiguration. This application guided
many aspects of the design, starting from the choice of lattice (grid) to which the mod-
ules align. Self-reconfiguration movements are influenced by the number and choice of
connection ports, number and orientation of the degrees of freedom, and the ability of
two or more modules to collaborate to achieve a certain goal. The choice of kinematic
structure dictates the reachable space and the collision space of each robot. Reconfig-
uration capabilities are also determined by the type of joints used in the system (e.g.
revolution vs. prismatic joints) and their range (for revolute joints, this also means oscil-
lation vs. continuous rotation capabilities). This application has also an influence on
the choice of actuator strength: modules are more versatile if their joints have enough
torque to lift long levers of modules.

* Locomotion on unstructured terrains. For this type of locomotion, which happens
outside of the lattice and does not involve the use of grippers to attach to fixed structures,
the requirements are common to those of many mobile robots. The modules need
enough torque per joint to be able to lift the structure from the ground, but they also
need to be fast enough if dynamic movements are required. Continuous rotation can be
exploited for locomotion tasks by using parts of the modules as wheels. Considerations
on connection ports similar to the ones above also have an effect on the type and
number of morphologies that can be created with a limited number of modules, and on
the ability to actively change morphology by self-reconfiguration to adapt to different
terrains. This type of application also requires fully autonomous modules, also in terms
of power source.

* Roombots as building blocks for furniture. This target application partially influenced
the dimensioning of the robot, including the choice of lattice size and actuator strength.
Additional Roombots features that are advantageous for applications as building blocks
for furniture include the ability of ACMs to go into a “locked state” that does not require
energy to keep the connection and the possibility to intrinsically compensate for tensile
and pressure forces.

Based on these considerations and others not listed here, Roombots modules have been
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Chapter 3. Overview of the Design of Roombots

designed with the following characteristics:

A regular cubic lattice of side 110 mm. Each Roombots module takes a volume of two
cubic units (with a size 0 220x110x110 mm).

Three continuous rotational degrees of freedom, using electric DC motors. In the
worst condition, these actuators allow a module to lift a lever made of 1.5 Roombots in
addition to its own weight. Two of the three degrees of freedom are diametrical. The
third one allows neighboring-cube swiveling.

10 sockets that can house passive or active 4-way symmetric connection ports. Active
Connection Mechanisms (ACMs) use mechanical latches to create the connection with
the target connector. Roombots ACMs are hermaphrodite, meaning that both male and
female parts are on the same connector. This means that any ACM can connect to any
other ACM. In addition, ACMs can also connect to passive ports, which are basically
female connectors.

On-board computation and power source. Each module is fully autonomous and has
its own set of control boards and batteries. High level commands are coordinated from
a central host that is able to communicate individually with each module.

Each of these sub-parts is explained with more details in the next sections. Figure 3.1 shows
an exploded view of one Roombots module. A summary of the specifications of one Roombots
module is reported in Table 3.1.

Figure 3.1 — Rendered exploded view of a Roombots module. (1) Rapid prototyped shells.
(2) ACMs. (3) Passive ports. (4) Outer (diametrical) actuators with 305:1 reduction and absolute
encoder. (5) Inner actuator with 366:1 reduction and absolute encoder.
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Table 3.1 - Hardware specifications of a Roombots module.

Specification

Value

Overall dimensions
Weight

Degrees of freedom

Outer motors

Inner motor

Outer gearboxes reduction
Inner gearbox reduction
Outer DoF speed (No load)
Inner DoF speed (No load)
Outer DoF nominal torque
Inner DoF nominal torque
Number of connection ports

220x 110 x 110 mm (2 lattice cubes)
1.4 kg

3 (continuous rotational)
Faulhaber 2342 012 CR
Faulhaber 2232 012 SR
305:1

366:1

26.6 RPM

19.4 RPM

4.9 Nm

3.6 Nm

10 (active or passive)

Active connection type 4-way symmetric, hermaphrodite
based on mechanical latches
Bluetooth

4-cell 1200 mAh LiPo battery;

autonomy ~1 hour

Communication
Energy source

3.2 Roombots DoF and Housing

The Roombots Self-Reconfigurable Modular Robot uses a regular cubic lattice (grid) of size
110x110x110 mm. Each module extends for two lattice cubes, similar to M-TRAN mod-
ules [136], and is composed of four coupled hemispheres. Figure 3.2 shows the steps necessary
to generate the external shape of each hemisphere. The process starts with a cube that has
the lattice dimensions (side equal to 110 mm). We extract a diametrical line! from this cube;
we then consider a plane p passing through the center of the cube and orthogonal to this
line. Using this plane, we cut in half the intersection between the cube of side 110 mm and a
sphere of diameter 128 mm. Lastly, to allow two connected Roombots modules to move freely
without any possible self-collision, we cut each hemisphere with a plane that is at an offset of
59.4 mm from plane p.

Four Roombots hemispheres are connected together as shown in Figure 3.3. The axes show the
location of the three degrees of freedom. Two degrees of freedom (my and m3) are diametrical,
inspired by the DoF of the Molecubes [264]. The other (m;) is in the center and allows
swiveling of one half of the module with respect to the other, similar to the central DoF of
SuperBot [194]. This DoF is advantageous for self-reconfiguration [200]. Hemispheres Hy and
Hj are mechanically identical, differing only by color to allow the user to easily recognize the

1A diametrical line passes through two opposite vertices of the cube.
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(e) (f) (8) (h)

Figure 3.2 — Steps required to sketch a Roombots hemisphere.

orientation of each module, and have three sockets each for (active or passive) connection
ports. In both H; and H» one of the sockets is used to fit the m; motor and gearbox, as seen
in Figure 3.1. Thus, only two sockets are available in these two hemispheres, for a total of 10
available sockets for each Roombots module.

This DoF configuration was chosen because it allows one module to use on-grid locomotion
to move to any place on a flat (horizontal or vertical) surface. Roombots is one of the very
few SRMRs that can do this. The resulting movement is a combination of a zig-zag motion,
as we explain in [19]. By using a sequence of DoF movements that we calculated using
inverse kinematics, a single Roombots module can also overcome concave corners (Figure 3.4).
Collaboration between two Roombots modules is required only to pass convex corners?.
This requires Roombots actuators to be able to produce sufficient torque to lift at least one

additional module.

3.3 Motor and Gearbox

In this section we give an overview of the original Roombots actuation system (referred in
the following as Gearbox A) as designed by Dr. Alexander Spréwitz [200]. The motor and
gearbox system will be covered with more details in Chapter 4, where we present our original
contribution.

The actuation is a critical sub-part of a Roombots module and its design is highly influenced

2A description of these locomotion through self-reconfiguration tasks is reported Appendix B.
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3.3. Motor and Gearbox

Figure 3.3 — Naming convention and main axes in a Roombots module. Each module is
composed of four hemispheres connected together by three DoE Ten sockets are available for
active or passive connection ports.

Figure 3.4 —- Roombots module approaching a concave corner using its three DoF simulta-
neously to keep its rightmost connector parallel to the vertical surface at all times. Image
from [204].
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by other components. Among others, some of the main design constraints are:

¢ Size. There is limited space inside the housing; a change in size affects the design of
most of the surrounding components.

* Weight. This is closely related to size. A larger motor-gearbox system can usually provide
more output power; however it will also increase the overall weight of each module and
therefore the required motor torque.

¢ Torque vs. speed. Robotic systems are usually designed with high reduction ratio gear-
boxes to increase the output torque of the motor to the level required for the specific
application. Higher reductions typically require more space. Additionally, while increas-
ing the output torque, they also reduce the output speed, which reduces the dynamics
of the system.

* Hollow design. In the electronic design of the module (Section 3.5) we decided to use
electrical slip rings to transfer power and data between hemispheres. This put a hard
constraint on the gearbox design as it must be hollow in order to allow the passage of
the wires.

¢ Type of actuator. Each type of actuator has a specific power density, but also requires a
number of electronics and components to work.

* Cost. The goal of a SRMR is to have many modules collaborating in order to perform a
specific task. In order to have a scalable production, the cost of the single module has to
be reasonable.

After several design iterations, it was concluded that off-the-shelf gearboxes are not a viable
option given the reduced available space and the required output torque. Instead, a custom
gearbox was designed using worst case scenario calculations.

Based on the estimated weight of a module (approximately 1.5 kg), the required torque to
lift a lever made of two Roombots modules was evaluated to be 4.9 Nm for the diametrical
degrees of freedom and 2.5 Nm for the central one [200]. The original Roombots gearbox
design [200], which will be referred to as “Gearbox A” in this thesis, was implemented with a
double-stage planetary gearbox with a pre-set of spur gears. An exploded view of Gearbox A
is shown in Figure 4.1 in Chapter 4. The design uses a low cost combination of 3D-printed
ABS and off-the-shelf plastic gears. The outer (diametrical) degrees of freedom are driven
by Faulhaber FH2342 DC motors and have a reduction of approximately 305 : 1. The inner
(central) DoF has almost an identical design except for one spur gear with a different number
of teeth which changes the reduction to 366 : 1, and a smaller more compact motor (Faulhaber
FH2232). The motors are shifted off the central axis to allow a hollow axis to pass through the
center of the gearbox.

More details on the assembly, new proposed versions of the gearbox, and a stress test of the
system are reported in Chapter 4.
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3.4 Active Connection Mechanism

Similarly to the previous section, here we briefly introduce the Active Connection Mechanism
(ACM) which allows Roombots modules to self-reconfigure. In Chapter 5 we will describe in
more detail classification methods for ACMs.

The Roombots ACM (Figure 3.5) was partially inspired by the AMAS [215] connector, based on
physical latches. Given the desire to use Roombots to create modular robotic furniture, several
possible design options were ruled out. The original Roombots ACM, that we call ACMv3
in accordance with [200], is a 4-way symmetric hermaphrodite connector. The connection
is established by four mechanical latches (male part of the connector) that can grab the
destination connector through some grooves (female part of the connector). In the ACMv3
both male and female parts coexist in the same connector, meaning that any ACM can connect
to any other. The connection is unilateral, meaning that it can be established by just one
ACM without the need of a collaborating action by the target connector (although a double
connection from both ACMs gives a stronger bond). The downside of unilateral connection is
that a non-responsive connected module cannot be disconnected.

In addition to ACMs, we can have connectors that have only the female part. We will call these
connectors passive ports. They are simple fr-4 (glass fiber) plates cut with the right pattern.
The advantage of passive ports is that they are extremely cheap and do not require power nor
control. They can be mounted on some of the available sockets on a Roombots module, or
included in the environment to create a grid substrate for on-grid locomotion, or added to
passive parts or existing furniture, as presented in Chapter 6.

One key feature of the ACMv3 is that, once in the connected state, it is not backdrivable. This
is advantageous because no power is required to keep a connection active. This is especially

(@) (b)

Figure 3.5 — Active Connection Mechanism (ACM): (a) ACMv4 (more details in Section 5.3).
(b) Latches emerging from the connector.
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useful in the living furniture scenario, in which a certain shape or configuration needs to be
held for a long time.

We can include up to ten ACMs in one module, although we noticed that for most experiments
two ACMs placed on Hy and Hs are sufficient. We can use the other 8 available sockets as
passive ports.

3.5 Electronics

The original version of the Roombots electronics were designed by Dr. Rico Moeckel. A detailed
description can be found in [204]. Figure 3.6 shows a simplified diagram of the Roombots
electronics.

Each module is autonomous and able to run its locomotion controller with a set of parameters.
However the high level control (i.e. motion planning) is done by an external computer (PC).
Communication between modules and PC is done via a wireless Bluetooth® link. The Com-
munication Board (BT) transmits the received commands and control-parameter sets to the
other electronic boards using a wired communication bus. Electronic slip rings (SR) allow the
distribution of the bus signal to every hemisphere.

Motor Boards (MB) can receive locomotion commands and are responsible for the low-level
control of the DC motors and for running a central pattern generator controller. There are
three motor boards, one for each actuator. Each active connector is equipped with an ACM
Control Board (ACM) that controls the opening and closing of the mechanical latches.

Each module is powered by a 4-cell, 1200 mAh LiPo battery (BAT) which guarantees an
autonomy of at least one hour. The battery level is regulated and stabilized by a Power
Board (PB).

Figure 3.6 — Roombots electronics: active connection mechanism control board (CONN),
motor-driver board (MB), power board (PB), batteries (BATT), Bluetooth communication
board (BT), and slip ring (SR). Image adapted from [204].
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(a) (b)

Figure 3.7 — Bending of a Roombots module. (a) Cantilevered Roombots metamodule under
the effect of gravity. (b) Gap between hemispheres caused by the deformation of the main
plates.

3.6 Proposed Mechanical Improvements

In this section we discuss limitations and improvement opportunities that we observed in
the original design of Roombots modules. For each of them we clarify whether the new
development was required to fix a technical/performance issue, to provide new features, or to
allow for a more scalable production.

The main limitation of having successful on-grid locomotion and self-reconfiguration experi-
ments are various sources of deflection, backlash, and position uncertainty within a module or
in the connection with other modules or grid elements. These uncertainties add up and cause
the open-loop controller to fail to accomplish the desired task. The typical mode of failure is
a misalignment between an ACM and its target connector, which prevents the module from
successfully executing the next step of a self-reconfiguration process.

While exploring ways to also compensate for this misalignment via software [9], we identified
three main mechanical sources of failure: bending of the “main plates” (as seen in Figure 3.7.b),
backlash in the gearboxes, and limited range and self-alignment properties of the ACM.

Main Plates

Figure 3.7.a shows the deflection of a cantilevered Roombots metamodule under the effect
of gravity. One of the most evident causes for this is the deformation of the main plates,
which are fr-4 (glass fiber) plates used in the diametrical degrees of freedom to connect the
motor-gearbox system to the external housing (shells). Each DoF has two main plates that
slide on top of each other. Their deformation produced a wide gap between hemispheres, as
seen in Figure 3.7.b.
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Figure 3.8 — Finite Element Analysis (FEA), using SolidWorks Simulation, of a main plate
under load. (a) Original flat design in glass fiber. (b) Proposed design in aluminum with
reinforcement ribs.

As afirst attempt, we tried to analyze the geometry and material properties of these main plates.
We used Finite Element Analysis (FEA) to evaluate different designs using reinforcement ribs
and aluminum as building material. We simplified the CAD design by including just one main
plate, locked at the center (at the points where it is attached to the gearbox), and a section
of the external housing. Although Figure 3.8 shows a theoretical threefold reduction in the
deformation caused by purely normal forces applied to the shell element, tests performed on
a prototype of this new design revealed that this approach was not sufficient to reduce the gap
between hemispheres.

As an alternative solution, we constrained the main plates at their edges, at the point of
maximum lever arm. After evaluating several design options, we modified the main plates and
shell design to include a POM ring that holds the two plates together (Figure 3.9). This method
effectively eliminated the gap between hemispheres and is currently part of the Roombots
module design.

Additionally, using a clear material for this plastic ring allowed us to create a semi-transparent
band around each diametrical degree of freedom. This feature was used in the work presented
in Chapter 12 to provide visual feedback to the user through LED lights mounted inside the
module.

Gearboxes

Gearboxes have been the object of several design improvements, described in details in
Chapter 4. One of the main reasons that led the redesign process was the amount of backlash
for Gearbox A, estimated at approximately 1.5 degrees [9], increasing over time, and variable
between samples. As already mentioned before, this was considered one of the main causes of
misalignment during self-reconfiguration experiments.
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3.6. Proposed Mechanical Improvements

We adapted the design, materials, and production techniques to reduce backlash by improving
the matching between gears, but also to allow for a faster and more scalable production. To
further decrease the effect of backlash, we included absolute encoders at the output of each
gearbox to compensate for the backlash via closed-loop control. This required a complete
redesign of the system to reduce the height of the gearbox in order to fit the absolute encoder.
We took this redesign as an opportunity to also increase the DoF torque and speed by using
more powerful motors.

Chapter 4 gives an in-depth description of all these mechanical changes.

ACMs

The last sub-part that we identified as limiting for on-grid locomotion and for the self-
reconfiguration process is the Active Connection Mechanisms.

The ACMv3 design is already quite packed, taking most of the available space in each socket.
This does not leave too much room for a complete redesign without affecting all the rest of
Roombots’s components. Instead in the ACMv4 we tried to get a smaller degree of improve-
ment by changing the latches design and actuation. This improvement alone allowed us to
complete a completely autonomous on-grid locomotion sequence with a Roombots module
on a vertical grid for the first time.

In order to increase the self-aligning properties of the connector, we included small magnets at
the center of each ACM or passive port. This hybrid ACM dramatically increased repeatability

Figure 3.9 — Broken out section of the POM ring. (1) H> hemisphere. (2) Main plate fixed to
H, (pink). (3) POM ring (green). (4) Main plate fixed to Hs (blue). (5) H; hemisphere. Colors
shown for descriptive purposes only. Only half of a Roombots module is shown.
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for on-grid locomotion experiments. This is analyzed in Chapter 5.

Shells

The original Roombots shells (external housing) were manufactured using 3D-printed ABS
plastic. After a minor redesign of the internal features in order to accommodate the POM ring
that holds the main plates together, we decided to produce the new ones with laser sintered
Polyamide (PA2200). We also considered the possibility of using injection molding; however,
given the complexity in our parts and the small number required, we discarded the idea
because it was not cost-effective.

Electronics

The Roombots electronic boards have been completely redesigned over the last years and their
new versions are currently being tested. We will not go into the details of the changes as it was
work done by other members of the team, namely Dr. Rico Moeckel and Mehmet Mutlu, with
the assistance of Dr. Alessandro Crespi and André Badertscher. The main features of these new
electronics are more stable wireless Bluetooth chips (the previous ones had disconnection
issues), a better power management board, and the possibility for Motor Boards to connect to
the new absolute encoders that have been included at the output of the gearboxes.

External Attachments

One aspect that we investigated is the possibility of attaching external parts to Roombots
structures.

We imagine structures not only made of active robotic units but also of passive elements to
which Roombots can attach using their ACMs. The most simple example is structural passive
parts equipped with passive connection ports. These parts would be particularly useful in the
“Roombots as building blocks for furniture” scenario, as they can be used to reduce the total
number of Roombots modules needed to build a structure (thus decreasing the overall cost
and weight of said structure). Moreover, by cleverly placing these structural parts, Roombots
modules could create constraining connections that would lock their degrees of freedom [200],
allowing them to hold their position even without actuation.

We can also “augment” existing furniture by placing compatible connectors on it and attach-
ing Roombots modules to provide it with locomotion and manipulation capabilities. Some
examples of this use are shown in Chapter 6. We thought about possible specialized parts
that could be directly connected to Roombots modules to provide them with specific new
functionalities. These parts could include exteroceptive sensors or new types of actuators.

Finally, we explored the use of compliant passive extensions that could be used to improve
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locomotion performance. We give more details about the implementation of these compliant
extensions in Section 6.3 and describe locomotion studies in Chapter 10.

3.7 Conclusions

In this chapter we described design choices and limitations of the first version of the Roombots
modules [200]. The mechatronic design of a Self-Reconfigurable Modular Robot is challenging
because each component of its modules (e.g. actuators, connection mechanisms, control
and communication electron